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Foreword

Kia Ora!
The organising committee would like to 
welcome you to the 2014 Australasian Dairy 
Science Symposium in the heart of New 
Zealand’s Waikato. The Waikato region of New 
Zealand remains New Zealand’s stronghold of 
dairy farming, producing 24% of New Zealand’s 
milk. In fact, there are approximately 1 million 
cows within a one-hour drive of where we 
sit today. It also has a proud history of dairy 
research, with names like McMeekan, Brumby, 
Hutton, Phillips, Edmeades, Jury, Bryant, 
Macmillan, Woolford, Clark, and many more, 
synonymous internationally with high quality 
applied dairy research

At this, the 6th Australasian Dairy Science 
Symposium, it is our pleasure to showcase 
the depth and breadth of dairy research 
being undertaken in the Australasian region 
that is relevant to improved productivity and 
sustainability on-farm. An eclectic programme 
featuring keynote presentations from Europe, 
the United States, Australia, and New Zealand 
on plant and animal sciences and productive 
and sustainable farm systems, as well as short 
presentations and poster sessions of current 
research, promises to interest and inform. 
The conference will be an excellent forum 
for networking with colleagues and building 
collaborative partnerships into the future.

Ngâ mihi nui

John Roche
Chair,
Organising Committee
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From the Editors

Editorial processes adopted 
for Australasian Dairy 
Science Symposium 2014
The invited reviews published in this volume were 
commissioned by the organising committee 
for Australasian Dairy Science Symposium 2014. 
In selecting author teams for each topic, the 
organising committee applied criteria related to 
the scientific achievements of the prospective 
authors and their standing in the discipline. The 
organizing committee also sought a balance in 
the number of invitations issued to New Zealand 
and Australian scientists and where-ever possible, 
sought to invite early-career scientists to lead the 
author team – providing of course the criteria of 
scientific achievement and standing were met.

Each offered paper published in this volume 
was selected following review of an abstract 
submitted for consideration under one of the 
themes of the symposium. The final selection 
was made by the organising committee based 
on the quality of the research presented and 
its relevance to the Symposium themes and 
objectives.

The editors also chose to publish papers 
submitted by authors who were allocated 
poster space in lieu of an oral presentation.  
These papers help contribute towards the 
production of a significant Symposium volume 
for 2014.

Papers included in the publication were 
refereed by two anonymous reviewers. 
Authors were required to amend their papers 
accordingly and amended papers were re-
reviewed by the editors before acceptance for 
publication. 

John Roche
Editor 2014
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Breeding the dairy cow of the future – what do we need?

D.P. BERRY

Animal & Bioscience Research Department, Animal & Grassland Research and Innovation Centre,Teagasc, Moorepark, 
Fermoy,Co. Cork,Ireland.  

Email donagh.berry@teagasc.ie 

ABSTRACT

Genetics is responsible for approximately half the observed changes in animal performance in well-structured 
breeding programs. Key characteristics of the dairy cow of the future include 1) produce a large quantity of high 
value output (i.e., milk and meat), 2) good reproductive performance, 3) good health status, 4) good longevity, 5) 
does not eat a large quantity of food, 6) easy to manage (i.e., easy calving, docile), 7) good conformation (over and 
above reflective of health, reproductive performance and longevity), 8) low environmental footprint, and 9) resilient 
to external perturbations. Pertinent and balanced breeding goals must be developed and implemented to achieve 
this type of animal; excluding any characteristic from the breeding goal could be detrimental for genetic gain in 
this characteristic. Attributes currently not explicitly considered in most dairy cow breeding objectives include 
product quality, feed intake and efficiency, and environmental footprint; animal health is poorly represented in 
most breeding objectives. Lessons from the past deterioration in reproductive performance in the global Holstein 
population remind us of the consequences of ignoring or failing to monitor certain animal characteristics. More 
importantly, however, current knowledge clearly demonstrates that once unfavourable trends have been identified 
and the appropriate breeding strategy implemented, the reversal of genetic trends is achievable, even for low 
heritability traits like reproductive performance. Genetic variation exists in all the characteristics described. In the 
genomics era, the relevance of heritability statistics for most traits is subdued; the exception is traits not amenable 
to routine measurement in large populations. Phenotyping strategies (e.g., more detailed phenotypes, larger 
population) will remain a key component of an animal breeding strategy to achieve the cow of the future as well 
as providing the necessary tools and information to monitor performance. The inclusion of genomic information 
in genetic evaluations is, and will continue, to improve the accuracy of genetic evaluations which in turn will 
augment genetic gain; genomics, however, can also contribute to gains in performance over and above support 
of increased genetic gain. Nonetheless, the faster genetic gain and thus reduced ability to purge out unfavourable 
alleles necessitates the appropriate breeding goal and breeding scheme and very close monitoring of performance, 
in particular for traits not included in the breeding goals. Developments in other disciplines (e.g., reproductive 
technologies) coupled with commercial struggle for increased market share of the breeding industry, imply a 
possible change in the landscape of dairy cow breeding in the future. 

Keywords: Genetics, heritability, genomic, breeding objective

INTRODUCTION

Genetics is responsible for approximately half 
the observed changes in animal performance in 
well-structured breeding programs; change here 
implies improvements (e.g., milk production) and 
deterioration (e.g., reproductive performance). 
Almost all, if not all, individual characteristics, have 
a genetic basis. Once genetic variation exists, then 
breeding for improvement is possible. Moreover, 
despite antagonistic genetic correlations existing 
among some traits (e.g., milk production and 
reproductive performance; Berry et al. 2014), once 
the genetic correlations are less than unity, then 
genetic improvement in all traits is achievable; 
whether or not this is an appropriate strategy will be 
determined by the relative (economic) importance of 
the respective traits.

Lessons from the past suggest that the 

definition of a holistic and pertinent breeding goal 
is of fundamental importance. Genomic selection 
(Meuwissen et al. 2001) is receiving considerable 
attention of late as a tool to increase genetic gain. 
If however the most pertinent breeding objective 
and associated breeding program is not in place, 
then genomic selection could actually have serious 
repercussions for gains in dairy herd profit. Not all 
traits included in a breeding objective are amenable 
to routine measurement on very large populations 
from which to estimate breeding values. Controlled 
experiments on animals divergent for the breeding 
goal can be efficiently used to elucidate the expected 
correlated responses to selection for difficult/
expensive to measure traits. Thus, the first and 
most important step in deciding “what do we need” 
for a successful breeding program is to define the 
characteristics of the cow of the future. Once defined, 
the extent of genetic variation governing these 



Proceedings of the 5th Australasian Dairy Science Symposium 2014 17

characteristics and the genetic inter-relationships 
among these characteristics can be quantified. 
The final step is to define the best strategy (i.e., 
phenotyping, genetic evaluations, exploitation of 
genomic information) to achieve the desired gains. 
Continuous evaluation of the performance of the 
breeding strategies, including genetic change in the 
different traits and the cost:benefit of alternative 
breeding strategies, should be routinely undertaken. 

CHARACTERISTICS OF THE IDEAL 
COW

 When initially defining the ideal cow, it is 
crucial not to 1) overlook traits despite the sometimes 
perceived lack of genetic variation in the trait, and 2) 
ignore a trait if it cannot be (easily) measured given 
the current state-of-the-art. Also, when the objective 
is to define the ideal cow to guide a breeding program, 
the ideal cow should be that of the future. Therefore, 
traits of likely future importance and their associated 
(societal) values (e.g., environmental footprint) as 
well as the future production system the cows are 
likely to be producing in, must be considered. 

Characteristics of the dairy cow of the future 
include;
1. Produce a large quantity of high value output 

(i.e., milk and meat)

2. Good reproductive performance

3. Good health status

4. Good longevity

5. Does not eat a large quantity of food

6. Easy to manage (i.e., easy calving, docile)

7. Good conformation (over and above reflective of 
health, reproductive performance and longevity)

8. Low environmental footprint

9. Resilient to external perturbations

All the aforementioned characteristics cannot be 
taken in isolation. A cow, for example, that produces 
a large quantity of high value output but does not 
eat a large quantity of food will likely enter negative 
energy balance which in turn has unfavourable 
ramifications for animal health and reproductive 
performance (Beam and Butler, 1999, Collard et al. 
2000).

 Production of a large quantity of high value 
output. 

Almost all international dairy cow breeding 
goals include milk, fat and protein yield. Milk fat 
is composed of both saturated and unsaturated 
fats, as well as the respective individual fatty acid 
components. The correlation, for example, between 
total milk fat composition and saturated milk fat 

composition is 0.90 (Soyeurt et al. 2007) suggesting 
some (limited) variability in the saturated content of 
fat exists. Similarly, milk protein is composed of a 
casein and whey fraction as well as the individual 
protein fractions. Milk processing characteristics 
(e.g., milk coagulation properties) are also important 
determinants of milk quality, especially in production 
systems supplying markets of high value added 
(speciality) cheeses (Sturaro et al. 2013). Although 
these individual components currently do not have 
an explicit economic value in most production 
systems, they can influence consumer perception of 
milk products and thus market demand. For example, 
the average milk fat of a dairy cow contains 70% 
saturated fatty acids, 25% monounsaturated fatty 
acids and 5% polyunsaturated fatty acids (Grummer, 
1991). Currently dairy products provide 15% to 25% 
of the fat consumption in the average human diet 
but represents 25 to 35% of the saturated fat intake 
(Chillard et al. 2001). Interest has also intensified 
recently in selection schemes for increased milk 
lactose yield. The genetic correlation between milk 
yield and lactose yield is 0.979 (Miglior et al. 2007) 
indicating limited (but exploitable) genetic gain is 
achievable. 

Although the main source of revenue from 
dairy herds is milk, beef, through the sale of cull 
cows and surplus calves, represents 10-20% of the 
gross income in most production systems (van der 
Werf et al. 1998). Thus, beef merit, however defined, 
is an important characteristic of dairy production 
and the future dairy cow. The importance of beef 
characteristics of dairy cows may be greater with the 
availability of low-cost and effective sexed semen as 
well as production systems where herd size is limited 
(e.g., finite land in grazing dairy production systems).

Good reproductive performance. 
The importance of excellent reproductive 

performance in dairy production systems has been 
extensively discussed for both seasonal-calving 
(Shalloo et al. 2014) and confinement (Cabrera, 
2014) production systems. Parturition is required 
for lactation and good reproductive performance 
is necessary to maximise revenue (e.g., longer 
lactations in seasonal calving herds) and reduce 
costs (e.g., hormonal interventions). The importance 
of superior reproductive performance is greatest in 
seasonal calving herds where the calving season 
is synchronised with the availability of low-cost 
feed (e.g., grazed grass). In seasonal calving herds, 
compromised reproduction is synonymous with 
the necessity for involuntary culling. The observed 
decline in reproductive performance in Holstein 
dairy cows in most populations until the early 2000’s 
(Berry et al. 2014) eroded the revenue generated 
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from the concurrent increase in milk production over 
the same time period (Evans et al. 2006).

Good health status. 
Not only does sub-optimal animal health erode 

herd profit through increased medicinal requirements 
and reduced performance (i.e., yield and reproductive 
performance) but compromised animal health status 
also influences consumer perception of modern-
day dairy production systems. Some health issues 
also incur explicit financial penalties; milk price, 
for example, in most countries is tiered based on 
the somatic cell count of the herd bulk milk pool. 
Producers are predominantly concerned with clinical 
signs of infection but non-observed, often sub-
clinical disease, also impairs performance (Dohoo 
and Martin 1984, de Graaf and Dwinger 1996). Past 
experience from the observed decline in reproductive 
performance in the global Holstein population 
(Royal et al. 2000, Evans et al. 2006, Berry et al. 
2014) clearly indicates that monitoring of temporal 
trends in a trait or suite of traits is vital to identify 
unfavourable trends early.  

Good longevity. 
A second lactation cow yields approximately 16 

to 19% more than a first lactation cow while a third 
lactation cow (e.g., mature cow) yields approximately 
28 to 31% more than a first lactation cow (Horan et 
al. 2005, Walsh et al. 2007). Therefore, achieving 
good longevity will not only reduce herd replacement 
cost but will increase herd revenue through the 
achievement of mature herd yield but also greater calf 
price of surplus calves from older cows (McHugh et 
al. 2010). Moreover, younger parity cows are more 
prone to calving difficulty (Berry et al. 2007, Mee 
et al. 2011), stillborn calves (Berry et al. 2007, 
Mee et al. 2008), and disease (Berry and Meaney 
2005) thereby impacting both labour requirements 
and overall herd profit; of course very old cows are 
also more prone to some diseases (Roche and Berry 
2006). The impact of reduced replacement rate 
on herd genetic gain must also be acknowledged; 
assuming a rate of genetic gain in calves born of 
1% per annum, a halving of replacement rate from 
20% to 10% (assuming culling is independent of 
genetic merit) equates to a loss in gain of just 0.1% 
per annum. In addition to the considerable impact 
on farm profit, poor cow longevity is also a growing 
consumer concern. 

Does not eat a large quantity of feed. 
Feed costs represent 50% to 80% of the overall 

costs of production in contrasting dairy production 
systems (USDA-NASS, 2011, Shalloo et al. 2004). 
Reducing feed intake, therefore, without any 
repercussion on the other animal characteristics 

described is likely to reduce costs and thus improve 
herd profitability. There is increasing commentary on 
the use of residual feed intake (RFI) as a measure 
of efficiency in dairy production systems (Berry 
and Crowley 2013) to reduce feed intake without 
necessarily impacting other performance traits. 
Selection for (lower) RFI or reduced feed intake 
is sensible within an overall breeding goal that 
includes all the aforementioned characteristics. If all 
the components of statistical model used to derive 
RFI are included in the breeding objective, then 
inclusion of either RFI or feed intake in the breeding 
objective is mathematically equivalent. Although a 
large proportion (0.86, Coleman et al. 2010) of the 
feed intake phenotypic variation in lactating dairy 
cows can be explained by the energy sinks and other 
confounding effects (e.g., year), phenotypic variation 
in RFI nonetheless exists. Lower feed intake implies 
lower herd feed costs, but also potentially greater cow 
numbers in dairy cow grazing production systems.

Easy to manage. 
Expanding herd size, and in some regions, access 

to only labour with less expertise in animal husbandry 
requires an easy-care cow. Characteristics of an easy-
case cow not already accounted for (i.e., good health 
and fertility) include good animal temperament and 
no requirement for assistance at calving. Polledness 
is also a management trait, as is the ability of the 
animal as a new-born calf to be vigorous and ingest 
and absorb sufficient colostrum. Milking speed 
could also be considered as an ease of management 
trait as it affects milking parlour throughput. (Berry 
et al. 2013) reported considerable phenotypic 
variation in milking duration among animals even 
after accounting for differences in the associated 
milk yield (and somatic cell count); the phenotypic 
correlation between milk yield and milking duration 
was 0.48. (Berry et al. 2013) reported a phenotypic 
standard deviation of 102.2 seconds per milking for 
milking duration independent of milk yield; across 
a 305-day lactation, milked twice daily, this equates 
to a standard deviation of over 17 hours. Therefore, 
considerable gains in milking parlour throughput 
may be achievable with selection for faster milking 
speed independent of milk yield and udder health.

Good conformation. 
Certain animal morphological characteristics 

are phenotypically associated with improved 
reproductive performance, health (e.g., mastitis, 
lameness) and longevity (Berry et al. 2005, Larroque 
and Ducrocq 2001). Good udder conformation, 
however, is required for efficient automatic milking 
and the appropriate animal size is necessary for the 
design of the milking parlour as well as the housing 
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facilities. Good cow conformation may become more 
influential on cow longevity as the actual longevity 
of dairy cows improve through genetic selection. 
Therefore, correlations between cow conformation 
and longevity may become stronger as factors 
other than reproductive performance influence the 
likelihood of culling. 

Low environmental footprint. 
Animal agriculture generates greenhouse gas 

emissions (GHG) as methane (CH
4
) from enteric 

fermentation and manure, nitrous oxide (N
2
O) from 

the widespread use of nitrogenous fertilizers and 
animal manure, nitrates from animal excretion, and 
carbon dioxide (CO

2
) from the fossil fuels for energy 

usage plus land use change. Methane, however, is not 
only an environmental hazard but is also associated 
with a loss of carbon from the rumen and therefore 
an unproductive use of energy (Johnson and 
Johnson, 1995). (O’Mara 2011) stated that animal 
agriculture is responsible for 8.0 to 10.8% of global 
greenhouse gas emissions based on calculations from 
the Intergovernmental Panel on Climate Change 
(IPCC). If however complete lifecycle analysis (i.e., 
accounting for the production of inputs to animal 
agriculture as well as change in land use such as 
deforestation) is undertaken this figure can be up 
to 18%. Cattle are the largest contributors to global 
greenhouse gas emissions (O’Mara 2011). 

One element of environmental footprint, 
practically ignored to date in animal production 
systems, is the efficiency of water usage. Water is 
overtaking oil as the world’s scarcest critical natural 
resource (Solomon 2010). Although the statistic 
of a 70% increase in food demand between the 
years 2010 and 2050 is often quoted (FAO 2009), 
less often quoted is the prediction by the United 
Nations (UNEP 2008) of a 50% increase in global 
water demand between the years 1995 and 2025. 
Irrigation currently covers 20% of all cultivated 
land and is responsible for approximately 40% of 
agricultural production (Molden, 2007). (Rosegrant 
et al. 2002) projected that by 2025, 64% of the 
world’s population will live in water stressed basins, 
an increase from 38% in 2006. Agriculture is by far 
the greatest user of freshwater in the world (Jury 
and Vaux 2007, Morison et al. 2008, Passioura and 
Angus 2010) accounting for 70% of total freshwater 
use (Steinfield et al. 2006). Therefore low water 
requirement as well as low methane emissions may 
be a desirable characteristic of the cow of the future. 

Resilient to perturbations. 
There is considerable commentary on the 

impact of ruminant production systems on climate 
change. Less discussed, however, is the impact of 

climate change on ruminant production systems. 
Climate change is expected to result in rising global 
temperature, changes in patterns of precipitation, and 
more extreme weather events. As well as imposing 
heat stress on individual animals, such climatic 
changes may alter the geographical risk areas for 
certain diseases (Yatoo et al. 2012) which may have 
implications for animal populations naïve to such 
diseases. The animal of the future, therefore, as well as 
achieving all the aforementioned characteristics, will 
have to be robust to various external perturbations. 
Because of the definition of heritability, such 
perturbations are likely to have less impact on higher 
heritability traits estimated from field data.

EXISTENCE OF GENETIC VARIATION

Most discussions on breeding programs and 
genetic gain focus on heritability estimates for 
different traits. Heritability however is only one 
of the factors that influences genetic gain. Annual 
genetic gain for a given trait may be described as 
(Rendel and Robertson, 1950):

where ∆G is annual genetic gain; i is the 
intensity of selection; r is the accuracy with which 
you know the genetic merit of each animal, σ is the 
genetic standard deviation, and L is the generation 
interval. The accuracy of selection is affected by 
both the heritability of the trait and the information 
available on the animal itself and its relatives. 
Heritability summarises the proportion of phenotypic 
variation, or differences among a cohort of animals, 
attributable to genetic variation between individuals. 
Animal breeders are generally concerned with the 
narrow sense heritability (h2), which is the proportion 
of phenotypic variation attributed to additive genetic 
variation (i.e., allelic effects transmitted from one 
generation to the next). Heritability varies from 0 (not 
heritable) to 1 (fully heritable); heritability estimates 
for a range of performance traits in dairy cattle are 
given in Figure 1. In general, traits associated with 
viability and fitness (i.e., health and reproductive 
performance) are lowly heritable while traits 
associated with animal morphological characteristics 
are more highly heritable corroborating similar 
observations in other species (Visscher et al. 2008, 
Falconer and Mackay 1996).

Figure 2 illustrates the interaction between the 
number of half-sib progeny records and heritability 
on the accuracy of selection (ignoring parental 
contribution). For a given number of progeny, the 
accuracy will be greater for higher heritability traits. 
Accuracy of selection of near unity is nonetheless 
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achievable, even for low heritability traits, if 
sufficient information is available. Therefore, with 
the appropriate breeding programme (e.g., large 
paternal half-sib groups, exploitation of genomic 
information) and infrastructure for the collection 
and storage of data, genetic gain in low heritability 
traits is certainly achievable if ample genetic 
variation is present. Hence, one could argue that 
the importance of heritability in the genomics era 
is less compared to historically when evaluating 
the potential of animal breeding to achieve the 
cow of the future at a population level. What is 
important is the extent of genetic variation present. 
Therefore scientific studies must always report the 
genetic variance for the traits being evaluated; 
this information has not always been provided in 
studies heretofore.

Figure 1 summarises the coefficient of genetic 
variation for a range of performance traits in dairy 
cattle. The coefficient of (genetic) variation is used 
because it is unit-less and therefore facilitates the 
direct comparison of the variation present in traits 
differing in mean values but moreso the units of 
measurement. Although heritability estimates varies 
considerably across traits, the coefficient of genetic 
variation is relatively consistent across traits (~5%). 
The existence of considerable genetic variation in 
all traits clearly signifies that once high accuracy of 
selection is achievable, rapid genetic gain in each 
of these traits is indeed possible. The actual rate of 
genetic gain achievable for a trait is a function of the 
relative (economic) weighting on the trait within the 
overall breeding goal but also the genetic correlations 
between that trait and the other traits in the breeding 
goal.

Figure 1: Mean heritability (squares) and 
coefficient of genetic variation (triangle) and 
variation (represented by error bars) for a range 
of performance traits including somatic cell count 
(SCC), milk urea nitrogen (MUN), calving interval 
(CIV), calving to first service interval (CFS), body 
conditions core (BCS) and live-weight (LWT)

DERIVATION OF A BREEDING GOAL 
TO ACHIEVE THE IDEAL COW 

Once the desired animal characteristics to be 
considered in the breeding goal have been decided, 
and the existence of genetic variation in these 
traits demonstrated, the relative importance of each 
should be quantified. From a breeding perspective, 
avoidance of double counting should be ensured. 
For example, in a breeding goal that includes milk 
production and fertility with their associated relative 
economic weights, the economic value on health 
should not include the effect of compromised health 
on either production or fertility. This is because an 
animal genetically predisposed to compromised 
health will also, on average, have inferior genetic 
merit for milk production and fertility (because 
of the genetic correlations, Berry et al. 2011). The 
economic repercussions of this association will be 
captured through the economic values and estimated 
breeding values of the animal for milk production 
and fertility. This is why the economic values on 
some traits in breeding goals may appear less than 
expected. 

Figure 2: Reliability of univariate genetic 
evaluations for a single trait of different heritability 
based only performance information for varying 
numbers of progeny.

Some traits currently have no explicit economic 
value (e.g., greenhouse gas emissions) or the expected 
responses to selection may not be socially acceptable. 
For example, the economic values in the UK national 
dairy cow breeding goal are such that genetic merit 
for calving interval is expected to deteriorate. This 
is because it is not economically appropriate to 
suffer a loss in genetic gain in other performance 
traits if a greater emphasis is placed on reproductive 
performance (Berry et al. 2014). Several studies have 
proposed approaches on how to best include such 
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traits in breeding objectives (Nielsen et al. 2005, 
Wall et al. 2010). Desired gains selection indexes or 
restriction selection indexes (i.e., a form of desired 
gains index) can be applied to achieve a theoretical 
gain in these traits. It must be acknowledged that 
using such desired gains approaches will reduce the 
expected gain in profit (Gibson and Kennedy 1990) 
unless the index weighting on the constrained trait in 
the unrestricted selection index is zero. Alternative 
approaches to deriving the relative weights on traits 
within a breeding goal include interpretation of 
results from a Delphi study (or other form of survey) 
or PAPRIKA (Potentially All Pairwise RanKings of 
all possible Alternatives, Hansen and Ombler 2009). 
Whatever the approach, the expected responses 
to selection should be calculated and ideally 
these expected responses should be acceptable to 
stakeholders (e.g., producers, consumers).

Figure 3: Expected genetic gain in a given trait in a 
two trait breeding goal with a second trait with the 
same genetic variance times economic weight as 
the first trait (triangle) or twice the genetic variance 
times economic weight of the first trait (squares) 
relative to selection solely on the trait itself; 
accuracy of selection for both traits was assumed to 
be 0.99.

 Concern exists about the impact on overall 
genetic gain from including (too) many traits in a 
breeding goal due to a perceived dilution in emphasis 
on the “more important traits”. Figure 3 illustrates 
the expected responses to selection for a given trait 
based on alternative two-trait breeding goals relative 
to a breeding goal with only one trait. An accuracy 
of selection of 0.99 is assumed for both traits and 
the genetic correlation between the traits is altered 
from -0.5 to +0.5. The genetic variance times the 
relative economic value of the second trait was either 
equal or double that of the first trait depending on the 
scenario investigated. It is sometimes (incorrectly) 
thought that including a trait in a breeding goal with a 
zero genetic correlation will not impact genetic gain 
in the other trait(s). For example, such a conclusion 
is often used when discussing RFI since, if derived 
using genetic regression, RFI will be independent 
of the traits included in the regression (i.e., milk 

production). Figure 3 illustrates that this is not true 
since it alters the selection intensity for the other 
traits in the breeding goal. This is more clearly 
demonstrated in Figure 4 where the top 10% of 
animals on a combined index includes, some, but not 
all of the top 10% of animals in each trait thereby 
reducing the selection intensity for each trait and thus 
genetic gain. Therefore, including RFI derived using 
genetic regression in a breeding goal will reduce the 
rate of genetic gain in, for example, milk production; 
the extent to which it reduces the genetic gain will be 
a function of the difference in genetic variance and 
relative weighting on both traits. 

Figure 4: Scatter plot of two uncorrected traits each 
standardised to a normal distribution. Triangles 
represent the top 10% of animals ranked on a 
combination of both traits each with the same 
weighting. 

The impact of genetic gain in a given trait is 
expected to reduce as the number of additional traits 
included in the breeding objective increase. The 
extent of the reduction in genetic gain for the original 
trait is dependent on 1) the genetic covariances among 
the breeding goal traits (reduction is expected to be 
larger if negative associations exist and the economic 
weights are the same sign), 2) the weighting on the 
additional traits relative to the original trait (genetic 
gain in the original trait is reduced as the relative 
weight on the additional traits increase), 3) the 
genetic variance of the additional traits (genetic gain 
in the original trait is reduced if the relative genetic 
variance of the additional traits is greater) and, 4) the 
accuracy of the genetic evaluations of the additional 
traits based on information on the additional traits 
themselves (genetic gain in the original trait will be 
reduced if the accuracy of the genetic evaluations 
of the additional traits based on information on 
those traits themselves increase). This phenomenon 
is illustrated in Figure 5 which depicts the relative 
genetic gain expected for a given trait as the number 
of traits included in the breeding goal increases. In 
this example the genetic variance and economic 
values of all traits were assumed equal, zero 
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covariances were assumed to exist among all traits, 
and the accuracy of selection for all traits was 0.99. 
Relative to a breeding goal with just a single trait, 
the genetic gain in the original trait is expected to 
be 22% of the original gain when an additional 19 
traits are included in the breeding goal. If the relative 
weighting of all 19 additional traits was just 10% of 
the original trait, then the expected genetic gain in the 
original trait was 91% of the genetic gain expected 
with a single-trait breeding goal. 

There is much on-going discussion about if 
including RFI, with a low associated reliability, 
in a breeding goal will adversely affect genetic 
gain. A two trait breeding goal including protein 
yield and RFI is assumed with a genetic standard 
deviation times the relative economic weight on 
both traits being approximately similar (Bell et al. 
2013, Gonzalez-Recio et al. 2014); zero genetic 
correlation is assumed between both traits. If the 
reliability of genetic evaluation for RFI is 10%, 
the genetic gain for protein yield is 96% that of 
a breeding goal that included only protein yield 
(although RFI is expected to also improve); a 
reliability of 20% for RFI reduces the genetic gain 
in protein yield to 91% of that achievable with 
single trait selection for protein yield. Based on 
the scenarios simulated here, although including 
additional traits in a breeding goal is likely to 
reduce genetic gain, the impact is expected to be 
less for the more important traits (assuming the 
genetic variance of all traits is the same and zero 
covariances exist). More importantly, inclusion of 
the additional (important) traits in the breeding goal 
will increase the overall response to selection on the 
entire breeding goal (Figure 5). 

The relative emphasis on an individual trait i in 
a breeding goal is usually depicted as the product of 
the genetic standard deviation times the economic 
weight of that trait divided by the sum of the same 
calculation for all traits in the breeding goal:
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standard deviation for trait i and j, respectively. 
Figure 5 clearly shows how misleading such a 
calculation can be using the parameters (i.e., 
same economic weights, same variances, same 
accuracy of selection and same covariances) 
already described for a breeding goal with up to 20 
traits. The relative emphasis for individual traits 
in a breeding goal should be expressed based on 
expected response to selection which can be derived 
using selection index theory. Another example can 

be used to emphasise the point. Assume a two-
trait breeding goal that includes protein yield and 
reproductive performance with a genetic correlation 
of -0.50 (Berry et al. 2014) between them and each 
with an accuracy of selection of 0.99. The same 
genetic variance is assumed to exist for both traits 
but the economic weight on protein yield is twice 
that for reproductive performance. No genetic 
gain in reproductive performance is expected with 
such a breeding goal but the relative emphasis on 
reproductive performance calculated using the 
approach just described is 33%. 

Figure 5: Expected genetic gain for a given trait 
as the number of traits included in the breeding 
goal increases from one to 20 (triangle) assuming 
equal genetic variance, weighting and accuracy of 
selection for each trait as well as no covariance 
between any trait as well as the relative economic 
gain (squares; per index standard deviation unit) 
for the entire index assuming an equal economic 
weight of one on all traits. Also included is the 
calculated relative emphasis for a trait within the 
breeding goal differing in number of included 
traits.

It should also be recognised that because of 
the linearity of breeding goals, there is a plane 
along with the expected response to selection in 
profit is equivalent, yet the relative weighting 
(and thus expected responses to selection) on 
the different components of the breeding goal 
may differ subtly. This is depicted in Figure 6 
where the straight line represents an axis of equal 
expected profit response to selection. Point X and 
Y therefore should be equally profitable yet the 
expected response to selection on the input traits 
at point Y is almost double that of the breeding 
goal represented at point X while the expected 
responses to selection for the output trait is only 
approximately 20% less. Such changes may be the 
difference between a breeding goal being accepted 
by industry or not.
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Table 1: Reasons in favor and against including dry matter intake (DMI) or residual feed intake (RFI) in a 
breeding goal

DMI in the breeding goal

For Against

Easy to explain and understand Cannot easily identify efficient animals

Economic value is relatively easy to calculate
May be mis-understood (positive EBV may be 
efficient)

Amenable to customised indexes Correlated with performance

Economic value on other components reflect reality in 
the market place (e.g., fat:protein price ratio)

Independent culling levels may be harmful to overall 
gain

Good predictors available
Misinterpreted that negative EBV might imply 
poorer performing animals

Higher “reliability” through selection index theory

May be less susceptible to genotype by environment 
interactions (GxE)

RFI in the breeding goal

For Against

Economic value is relatively easy to calculate Difficult to explain technically

Can “easily” slot in to current breeding goals Low reliability (currently)

(Theoretically) uncorrelated with performance Possibly more susceptible to GxE

Relatively simple message (if not caught up in details) Selection index within a selection index

Could materialize in faster genetic gain for efficiency

Sensible to select on something we do not understand?

(Never stopped us before!)

Mixed messages from “pro” and “against” camps

RFI in lactating animals (as currently defined) is not 
ideal

EBVs may change as the RFI model changes

 Possibly correlated with fertility (so is DMI!)

A final consideration in the development of 
breeding goals is the definition of the trait used in 
the breeding goal. There is an on-going debate 
on whether RFI or feed intake should be included 
in the breeding goal for dairy and beef cattle. If 
appropriately undertaken, and the performance 
traits included in the regression for the generation 
of RFI are also included in the breeding goal, then 
both approaches are equivalent (Kennedy et al. 
1993). Table 1 describes some of the advantages 
and disadvantages of including either feed intake 
or RFI in a breeding goal. The decision on which 
strategy to adopt may vary depending on how it will 
be eventually used and breeders’ understanding of 
the different concepts (Wulfhorst et al. 2010). More 
importantly however is that the policy of selection 
for lower feed intake (or RFI) must be undertaken 
within the context of a holistic breeding objective. 
Energy balance and RFI, for example, are strongly 
positively correlated (McParland et al. 2014) and 
therefore selection for reduced RFI (or DMI while 
also selecting for increased production) will thrust 

the cow into more severe negative energy balance 
which will have disastrous repercussions for animal 
well-being and reproductive performance (Beam and 
Butler 1999, Collard et al. 2000), and thus profit. 

Figure 6: Comparison of the effect of alternative 
breeding goals on input and output traits on expected 
responses in profit. Point X and Y will yield the same 
expected profit but relative expected responses for the 
input and output traits differ considerably.
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STRATEGIES TO ACHIEVE GENETIC 
GAIN – WHAT DO WE NEED?

 Dairy cow breeding programs are currently 
undergoing a paradigm shift with the widespread 
incorporation of low-cost genomic information 
into national genetic evaluations (Hayes et al. 
2009, Spelman et al. 2013). The exploitation of 
this genomic information is resulting in more rapid 
genetic gain but also offers exciting new opportunities 
to increase performance further for a wider range of 
traits, especially if undertaken in conjunction with 
other (developing) technologies. All national dairy 
cow breeding goals in Holsteins constituted solely 
of milk production traits prior to the mid 1990’s. 
Almost all dairy cow breeding goals now include 
other functional traits, in particular reproductive 
performance and animal health (Miglior et al. 
2005). The relative emphasis on these traits differ by 
production system. Missing suites of traits from most, 
if not all, breeding goals include product quality, feed 
intake, and environmental footprint. Animal health is 
also poorly represented in most dairy cow breeding 
goals. The earlier discussions on the ideal cow for the 
future suggest that national cow breeding objectives 
are sub-optimal. Strategies exist, however, to rectify 
this. This section will particularly focus on strategies 
to achieve gains in these suites of traits.

Phenotyping strategies 
Producers will only record or pay for a phenotype 

if 1) it helps them improve herd profitability through 
the exploitation of greater knowledge, 2) they are 
financially incentivised to do so, 3) they are legally 
required to do so or participation in a scheme (e.g., 
quality assurance scheme) requires them to do so, or 
4) if they are simply curious or have a desire to help 
achieve national objectives. 

Access to a biological sample (i.e., milk) 
approximately twice daily provides huge potential 
opportunities for routine phenotyping of dairy 
cows. Developments and mining of transcriptomic, 
metabolomic and proteomic information can be used 
to identify indicators of the biological state of the cow 
which can subsequently be incorporated into targeted 
phenotyping tools. Heritable genetic variation is 
known to exist for the milk metabolome (Wittenburg 
et al. 2013) and proteome (Schopen et al. 2009). 
Milk mid-infrared (MIR) spectroscopy has recently 
been advocated as a useful tool to predict milk 
quality attributes (Soyeurt et al. 2011, 2012), cow 
energy balance (McParland et al. 2011), feed intake 
(McParland et al. 2011), feed efficiency (McParland 
et al. 2014), methane emissions (Dehareng et al. 
2012) and milk urea nitrogen (Godden et al. 2000). 
Because MIR is routinely used to quantify milk fat, 

protein and lactose concentration on all milk recorded 
cows, the marginal cost of implementing prediction 
equations for other milk and animal characteristics 
is negligible once accurate prediction equations have 
been developed. Milk MIR therefore could be a very 
useful tool supporting the inclusion of novel traits 
reflecting milk quality, feed intake and efficiency, and 
environmental footprint in futuristic breeding goals. 
Absorption of light in the MIR regions corresponds to 
fundamental bands of molecular vibrations, whereas 
absorptions in near infra-red (NIR) region correspond 
to overtones and combinations of these fundamental 
bands (Williams and Norris 1987). Near-infrared 
spectroscopy however is more amenable to in-line 
measurement and thus could possibly also be useful 
in the low-cost, rapid and routine measurement 
of these quality and animal characteristics at each 
milking for each animal. 

The future may require producers to be 
(financially) incentivised to record novel traits (e.g., 
feed intake) as the benefits of the information to the 
producer may not be immediately recognised. The 
cost-benefit of embarking on such a phenotyping 
strategy must however be appropriately quantified 
taking cognisance of alternative, lower-cost 
predictors including the example of milk MIR 
already discussed. The prediction accuracy for the 
goal trait does not need to be near unity. The genetic 
correlation between milk protein yield and calving 
interval (i.e., reproductive performance) in dairy 
cattle was calculated by (Berry et al. 2014) in a 
meta-analysis of eight studies to be 0.50. Despite 
this, considerable (unintentional) dis-improvement 
in reproductive performance was achieved as 
an artefact of breeding strategies for increased 
production. Therefore, predictor traits correlated 
with the goal trait are useful in breeding goals; the 
reliability of the genetic evaluations of the goal trait 
however will never be greater than the square of the 
correlation with the predictor trait unless (phenotypic 
or genomic) information on the goal trait also exists. 
As previously discussed, inclusion of a (predicted) 
goal trait with low reliability will not impact greatly 
on the genetic gain in the other traits. Using feed 
intake in growing heifers as a predictor of feed intake 
of cows (Macdonald et al. 2014) could be a useful 
strategy for including feed intake in lactating cows in 
the breeding goal since disruption to normal routine 
for the measurement of feed intake is likely to have 
less impact in growing heifers than lactating cows.

Selection index theory can be used to combine 
several predictor traits in a multiple regression 
approach to predict the goal trait. (Berry and 
Crowley 2013) using information on four commonly 
recorded performance traits within a selection 
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index framework, reported that 89% of the genetic 
variation in feed intake in lactating dairy cows could 
be explained. (Berry and Crowley 2013) proceeded 
to suggest that relatively simply implementable 
technologies like sensors at the feed bunk to measure 
feeding activity, or measurement of heat loss, could 
aid in predicting some of the remaining unexplained 
variation. The marginal benefit in accuracy of 
selection from measurement of the gold standard 
feed intake phenotype may actually be low relative 
to the cost; this needs to be quantified. 

Considerable research is also underway on 
more refined measures of reproductive performance 
(Carthy et al. 2013, Walsh et al. 2014) as a means 
of increasing the heritability of reproductive 
performance. As previously alluded to however, 
it is not heritability per se which is important, it 
is genetic gain. Therefore if the more heritable 
reproductive traits are not easily amenable to large 
scale phenotyping, or incur a cost of phenotyping, 
then a benefit to such endeavours may not exist. 
The exception is if the heritability of the novel 
reproductive phenotypes is considerably larger, 
eliminating the necessity for phenotyping on a large 
population of animals. Furthermore, a more heritable 
phenotype may be advantageous in the selection of 
heifers for retention in a herd since the heritability is 
a reflection of how closely the genotype reflects the 
phenotype of an animal; the correlation between the 
observed phenotype and unobserved breeding value 
of an animal is the square root of the heritability.

Genomics
 Genetic evaluations and genomic 

evaluations to date have unashamedly exploited a 
“black box” approach (Hill 2010) where knowledge 
of the underlying genomic architecture governing 
phenotypic differences among animals was unknown. 
The progress however in all species has been immense 
(e.g., https://www.cdcb.us/eval/summary/trend.cfm). 
Weaknesses of quantitative genetics approaches 
based on exploiting knowledge on the expected 
relationships among animals include (Berry et al. 
2011): 1) the phenotype measured contains error (i.e., 
low heritability trait), 2) the phenotype may not be 
measurable in both genders (e.g., milk yield in dairy 
cattle), 3) adult performance cannot be measured in 
juveniles although it can be predicted and some traits 
like longevity require a long time horizon to measure, 
4) the animal may need to be sacrificed to obtain 
the phenotype, 5) antagonistic genetic correlations 
between traits of interest cannot be easily resolved, 
especially in young animals, and 6) genotype by 
environment interactions may exist, which may 
complicate the statistical analysis. Furthermore, the 
estimation of accurate breeding values requires the 

use of large and expensive breeding schemes such as 
progeny testing. Exploitation of genomic information 
in breeding strategies can aid in overcoming some 
of these shortcomings thus achieving the cow of the 
future more rapidly. Because genomic information is 
available from birth, there is no longer the requirement 
to wait several years until the female dairy animal 
start lactating, a further several years to obtain a 
phenotype for longevity, and also several years for 
the beef merit of the cow herself or her descendants 
to be observed. Genomic information is particularly 
useful in the generation of estimated breeding values 
for novel traits such as milk quality, feed intake, 
environmental footprint and animal health. Genomic 
information, however, for the foreseeable future will 
not negate the requirement of routine phenotypic 
information on these traits to achieve high accuracy 
of selection.

 One of the main complications hindering 
rapid genetic progress in dairy cattle is the genetic 
antagonisms (Berry et al. 2011, Berry and Crowley 
2013, Berry et al. 2014) between output traits (i.e., 
milk production) and cost of production traits (i.e., 
health and fertility). Genetic correlations are a 
manifestation of either the same genomic mutation 
affecting both traits (termed pleiotropic effect) or 
different genomic mutations affecting both traits 
but tending to, on average, be inherited together 
(i.e., linkage). Selection affects genetic correlations, 
and if selection has been for improvements in both 
traits (e.g., milk production to feed new born and 
reproduction success to generate the next generation) 
the correlation is expected to become unfavourable 
(Falconer and Mackay 1996), as currently observed 
in dairy cattle (Berry et al. 2014). This is because 
the pleiotropic alleles acting favourably on both 
characteristics will become quickly fixed under 
selection; these alleles will thus contribute little to the 
variation or the covariance between the two characters. 
Alleles that affect both animal characteristics in 
opposing direction will remain in intermediate 
frequencies and therefore contribute more to the 
covariance between the traits; this also however 
implies little response to selection (Falconer and 
Mackay 1996). Because rapid selection for increased 
milk production and reproductive performance is 
successful (Berry et al. 2014), this suggests that 
considerable exploitable covariance still exists which 
could be due to pleiotropy or linkage. Exploitation 
of genomic information can aid in elucidating the 
genomic architecture underlying estimated genetic 
correlations; the component of the antagonistic 
correlation attributable to linkage may be resolved 
using the appropriate genomic information. This 
may result in a weakening of the genetic correlation 
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between favourable performance characteristics and 
unfavourable reproductive performance. Such an 
approach is particularly important for example for 
traits like feed intake and milk production where 
the goal is to change the positively correlated traits 
(Berry and Crowley 2013) in opposite directions.

 Genomic information is currently included 
in national dairy cow genetic evaluations using, in 
most cases, an unsupervised statistical approach; this 
approach is commonly termed genomic selection 
(Meuwissen et al. 2001) and the practicalities of 
implementing genomic selection for cattle has been 
discussed in detail elsewhere (VanRaden 2008, 
Hayes et al. 2009, Calus 2010). Many studies are on-
going in search of the underlying causal mutations 
affecting phenotypic performance. The justification 
for such endeavours are usually to breed better 
animals through more informed (i.e., supervised) 
breeding schemes or “genotype building” (Dekkers 
and Hospital 2002). Access to large databases 
of sequence data, once accompanied by large 
quantities of associated accurate phenotypes, will 
expedite the process. Studies have nonetheless been 
successful in detecting genomic regions harbouring 
unfavourable (e.g., lethal) mutations using just 
genomic information without necessarily associated 
phenotypic information (VanRaden et al. 2011). 
Detection of genomic variants that affect a large 
proportion of the genetic variation will remain a 
considerable and expensive endeavour. Moreover, 
even if allelic variation underlying a large proportion 
of the genetic variation is detected, this still represents 
just a small proportion of the phenotypic variation for 
low heritability traits. Many other potential outlays 
for knowledge of the underlying causal mutations 
and associated genes or gene networks therefore 
must be considered (Figure 7) which can be used to 
generate and manage the cow of the future.

Genomics and precision mating
 Dairy cattle breeders have traditionally 

concerned themselves with the exploitation of 
additive genetic merit of individuals, because it 
is the additive allelic effects which are transmitted 
directly across generations. Non-additive genetic 
variation (i.e., inter- and intra-locus interactions) 
also contribute to the phenotypic variance (Wall et 
al. 2005, Sun et al. 2013) and has been successfully 
exploited through crossbreeding by, in particular, the 
New Zealand dairy industry (Lopez-Villalobos et al. 
2000). Heterosis from the mating of two individuals 
is due to intra-locus effects (i.e., dominance) and 
inter-locus effects (i.e., epistasis). Therefore, the total 
genetic merit of an animal is a function of its additive 
genetic merit (i.e., estimated breeding value), 
dominance merit, and epistasis merit. The number 

of possible epistastic interactions in the genome is 
unwieldy but can be partly resolved as more causative 
mutations are detected. Locus-specific dominance 
effects can however be estimated simultaneously with 
allelic additive genetic effects (Su et al. 2014). The 
predicted probability of the genotype of the progeny 
from a mating can be determined from the respective 
genotypes of the parents; for example, the predicted 
probability of a homozygous, heterozygous, and 
opposing homozygous genotype in the progeny 
of heterozygous parents is 0.25, 0.50 and 0.25, 
respectively. The merit of each locus genotype (i.e., 
additive genetic effect plus dominance effect for 
heterozygous state) can then be summed across the 
predicted probability of each genotype to generate a 
total genetic merit of an individual. Summed across 
all traits in the breeding goal, such information can 
be used to identify the specific combining ability 
for an individual mating or the general combining 
ability of a particular animal (e.g., bull) when mated 
to another group of animals (e.g., cow herd). Such 
calculations encapsulate both mate complementarity 
and heterosis effects.

Figure 7: Potential uses of genomic 
information in achieving increased animal 
performance. 

Inbreeding occurs when related animals are 
mated and the resulting inbreeding depression is 
known to impact animal performance (Smith et al. 
1998, McParland et al. 2007). The inbreeding level of 
an animal, or coancestry between a pair of individuals, 
has heretofore been calculated from pedigree where 
it is assumed that full-sibs for example, share, on 
average, half their genome identical by descent 
(assuming the parents are not inbred). The actual 
proportion of the genome shared by full-sibs (same 
principle for other relatives) can differ; the standard 
deviation around this expectation is four percentage 
units in humans (Visscher et al. 2006). Genomic 
information can therefore be used to more accurately 



Proceedings of the 5th Australasian Dairy Science Symposium 2014 27

quantify the genomic relationships among animals 
(Pryce et al. 2012). For example it is theoretically 
possible (but extremely unlikely) that two full sibs 
from non-inbred parents can be completely unrelated; 
similarly an individual can be completely unrelated 
to one of its grandparents. Although the examples 
given are extreme examples and highly unlikely, it 
does emphasise that mating of traditionally thought 
of “highly related” animals may not result in high 
levels of inbreeding. This is particularly true at the 
individual locus level where the presence of lethal 
or unfavourable mutations (VanRaden et al. 2011) 
within a family can be controlled through designed 
matings without the necessity for blanket culling of 
carrier animals. 

Combined genomics and reproductive technologies 
strategies

 Reproductive technologies have a huge 
potential role in increasing the annual rate of 
genetic gain in dairy cattle mainly through increased 
intensity of selection (i.e., numerator) and reducing 
the generation interval (i.e., denominator). In 
reality there are four selection pathways influencing 
population genetic gain:

GYR=
(iSS·rSS+iSD·rSD+iDS·rDS+iDD·rDD)· G

LSS+LSD+LDS+LDD
 σ

Where ∆G
YR

 is annual genetic gain, i
**

 is the 
standardised selection intensity for the ** pathway, 
r

**
 is the accuracy of selection for the ** pathway, σ

G
 

is the genetic standard deviation L
**

 is the generation 
interval for the ** pathway; the pathways SS, SD, 
DS and DD represent sire-to-sire, sire-to-dam, 
dam-to-sire and dam-to-dam, respectively. Because 
genomic information can be used to generate an 
accurate prediction of the genetic merit of an animal 
at birth, one of the current limiting factors in the 
sire to produce progeny pathway is the age at which 
sufficient high quality semen can be obtained from 
young bulls and used in the population without 
compromising reproductive performance. This 
requires research on optimal pre- and post-pubertal 
management strategies of bulls as well as optimum 
cryopreservation and management strategies of the 
semen. 

Cow natural reproductive rate limits the annual 
number of progeny per cow. Advances in ovum pick 
up and in vitro fertilisation techniques circumvent 
the necessity to wait for sexual maturity of potential 
dams thereby reducing the dam to produce progeny 
generation interval and increasing overall annual 
genetic gain. These approaches, coupled with 
multiple ovulation embryo transfer and embryo 
genotyping (Humblot et al. 2010), can also be used 

to reduce further the generation interval of the 
dam to progeny pathway while also increasing the 
respective selection intensity; such processes can 
also increase the selection intensity of the sire to 
progeny pathways. 

To accelerate genetic gain, low cost semen sexing 
or gender-biasing technologies producing normal 
conception rate are required. Not alone will access to 
sexed semen improve genetic progress, but it can also 
improve animal welfare by reducing the incidence of 
dystocia in dairy cattle where (lighter) females are 
generally sought after. In addition, productivity could 
be increased, and the environmental impact reduced 
by having less productive or unwanted male animals. 

Combined genomics and management strategies
 Pharmocogenomics is the study of how the 

response to medicinal intervention is affected by the 
genome of the individual; the outcomes from this 
discipline facilitate the development of tailor-made 
health programs for individuals differing in their 
underlying genome. For example, it may be decided 
to use dry cow therapy only on cows with a greater 
genomic risk of succumbing to udder infection in 
the following lactation. Nutrigenomics is the study 
of the effect of nutrition on gene expression, or in 
other words, the effect of the genome of the animal 
on response to alternative nutritional supplements. 
On-going dairy cow breeding programs have, and 
continue to take advantage of nutrigenomics at the 
macro level by selecting, for example, animals in 
confinement production systems that respond more 
to concentrate input. Controlled experiments have 
clearly showed than animals of superior genetic 
merit for milk production (generally of North 
Amercian ancestry) yield a greater milk production 
response to concentrate input compared to animals 
of lower genetic merit for milk production (Dillon 
et al. 2006). Genomics will facilitate more accurate 
identification of suitable animals for different 
production systems. I define reprogenomics here as 
the study of how the genome of the animal affects its 
response to alternative reproductive treatments (e.g., 
oestrus synchronisation treatments) or in other words 
the tailoring of reproductive treatments (if required) 
to the genome of the individual cow. Also included 
in this could be the receptiveness of individual 
cows to sexed semen; no information exists on 
whether genetic predisposition of individual cows 
to conception/pregnancy with sexed semen versus 
conventional semen exists although heritable genetic 
variation in sex ratio is known to exist (Berry et 
al. 2011). It is unlikely, however, that any single 
mutation or small number of mutations will control a 
large proportion of the genetic variation in response 
to medicinal, nutritional or reproductive intervention 
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in cattle and thus such strategies 1) will firstly require 
a huge amount of data to quantify the genetic by 
environmental effects, 2) segregation of animals for 
different management protocols will still have to 
be taken at the macro (i.e., estimated genetic value) 
level, albeit with greater accuracy to achievable 
heretofore. 

Sentinel herds 
 Lessons from the past dictate that 

performance of genetically elite animals for a 
breeding goal should be continuously monitored and 
compared to lower genetic merit animals. Elucidation 
of any deleterious impacts of selection is arguably best 
achieved under controlled environments in a limited 
population where more detailed, or more expensive 
measurements, can be routinely undertaken. 
Moreover, health events are usually measured once 
the animal is in a clinical state but observations 
at the sub-clinical level can be used as an early 
alert of the long-term consequences of selection. 
Detailed –omic technologies (e.g., transcripomics, 
metabolomics, proteomics) undertaken on different 
biological samples from a limited number of 
animals can be extremely beneficial to predict what 
the likely consequences of selection are several 
generations hence. These sentinel herds are different 
to nucleus herds since they must also consist of a 
control group for comparative purposes but also 
some of the interventions required to decipher the 
impacts of selection (e.g., biopsies, infection with 
pathogens) may impact animal performance which 
will subsequently impact the estimated genetic merit 
of the animal. Although including contemporary 
group in the genetic evaluation model may aid in 
eliminating these effects, the possible carryover of 
effects and interactions between effects may bias 
the genetic evaluations. While sentinel herds are 
expensive to operate, they should be viewed as an 
important insurance policy for breeding programs. 

BREEDING LANDSCAPE OF THE 
FUTURE?

 The rapid advancements in ‘-omic’ 
technologies and reproductive technologies 
necessitates a reassessment of modern-day breeding 
programs. Individual breeders in some countries can 
now receive genomic evaluations for their individual 
bulls, and therefore can obtain accurate estimates of 
genetic merit for routinely measured traits for tens 
of dollars compared to several thousands of dollars 
prior to the implementation of genomic selection. 
AI breeding companies must therefore identify 
additional added value for their bulls over and 
above the obvious like selling quality assured semen 

as well as access to sexed semen. Another value 
added resource may be accurate genetic/genomic 
evaluations for difficult to measure traits not already 
included in the national breeding objectives and 
thus not available to competing AI companies and 
breeders. 

Although international sharing of phenotypic 
(Berry et al. 2014) and genomic (Pryce et al. 2014) 
information for the derivation of international 
genomic evaluations of expensive to measure traits 
like feed intake is a plausible strategy, high accuracy 
of selection for the component of feed intake net 
of predictor traits is unlikely to be achievable. 
Furthermore, large scale phenotyping for gold 
standard feed intake measures in commercial herds 
is unlikely. Therefore, it is likely that the number of 
performance (or progeny) test centers may increase. 
Because the heritability of feed intake in lactating 
dairy cow is relatively high (0.10 to 0.54, Berry et 
al. 2007, Berry et al. 2014, Veerkamp and Thompson 
1999), not many records are required to achieve high 
accuracy of selection. The reliability of a univariate 
genetic evaluation for feed intake where the animal 
itself has a feed intake observation (ignoring 
parental contribution) is the heritability; this is likely 
to be greater with the incorporation of genomic 
information once the reference population to estimate 
the allele effects is large and related to the candidate 
population (Habier et al. 2007, Pszczola et al. 2012). 
Only two studies have attempted to estimate the 
genetic correlation between feed intake in growing 
females and lactating dairy cows (Nieuwhof et al. 
1992, Berry et al. 2014); the genetic correlation is 
0.67 to 0.74. Within a nucleus herd environment it 
may therefore be possible to phenotype the cow for 
feed intake during lactation. These data could be 
used to generate genomic evaluations for feed intake 
on candidate bulls which could be supplemented 
with actual feed intake records on the candidate 
bull itself during pre-pubertal growth; the feeding 
regime imposed should not affect subsequent semen 
production or quality. Moreover, consideration 
should be taken on the timing of the performance 
test relative to puberty, as bulls that reach puberty 
during the test may be expected to eat more and may 
subsequently be viewed as being poorly efficient. 
Methane emissions could also be simultaneously 
measured on all animals. 

Consideration could also be given to 
measurement of novel traits on siblings; depending 
on the phenotype, it may be possible to measure 
performance of the entire group rather than 
individually thereby saving resources. Full or half-
sib groups can be generated using MOET and 
some of the siblings sacrificed for phenotyping. An 
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example of such an approach may be the inoculation 
of full-sib or half-sib males with pathogens and the 
animal response(s) measured; such approaches are 
successfully implemented in genetic evaluations 
of disease resistance in aquaculture (Ødegård et al. 
2011). Although the maximum reliability achievable 
using traditional quantitative genetics from 
measurement on full-sibs (half-sibs) is 0.50 (0.25), 
genomic predictions derived from the phenotyped 
siblings could aid in achieving considerably higher 
accuracy of selection. This design is particularly 
useful as the reference population would be clearly 
related to the candidate population thereby achieving 
a high accuracy of genomic prediction (Habier et al. 
2007, Pszczola et al. 2012).

Intellectual property leakage is of increasing 
concern among breeding companies who invest 
considerable resources in the development of a 
genetically elite product (e.g., breeding values for 
novel traits). Semen from these genetically elite bulls, 
however, may be used by competitors to generate bull 
descendants with the elite characteristics. Figure 8 
shows how a base population can be rapidly upgraded 
to another (elite) population; within 3 generations the 
upgraded population contains, on average, 87.5% of 
the elite population which increases to 93.75% in 
generation 4. This process can be intensified through 
the exploitation of reproductive technologies (i.e., 
ovum pickup plus in vitro fertilisation) and the rate of 
upgrading can also be increased through exploitation 
of genomic information to retain animals with a 
greater proportion of the elite genetic line. Other 
than the necessity of invoking legislation to prevent 
such efforts, the marketing of female-only sexed 
semen will retain ownership of the proprietary lines, 
ensuring the necessary return on investment (at least 
in the short to medium term). Even if a male calve 
results, it possess only half the genome of the elite 
line and its progeny only, on average, a quarter of 
the genome.

Figure 8: Average proportion of genetically elite 
line per generation from upgrading of a population.

Artificial insemination has revolutionised dairy 
cattle breeding since its wide-spread adoption. AI, 
however, has only resulted in increased selection 
intensity in the sire to progeny selection pathway. 
Considerable gains in selection intensity, and thus 
genetic gain, could be achieved by applying similar 
principles to the dam to progeny selection pathways. 
This would involve a large scale generation of 
embryos or female progeny for sale to elite breeders 
which in turn could act as multiplier herds for 
commercial producers. Parents or siblings of the 
embryos could be phenotyped for novel traits and 
genomic predictions derived; the embryos could 
be genomically screened and sexed and the price 
requested tiered based on genetic merit. Moreover, 
favourable epigenetic effects could be sought by 
implanting the embryos into unstressed surrogate 
dams.

CONCLUSIONS

 The first step in breeding for the cow of 
the future is to agree on the characteristics that 
describe that ideal cow and the relative importance 
of each of those characteristics. Because of genetic 
antagonisms, it may not be possible to achieve ideal 
performance for each characteristic. Acquisition of 
phenotypic data remains one of the key components 
for achieving high accuracy of selection and thus 
genetic gain, even in the genomics era. Key suites of 
traits warranting immediate inclusion in dairy cow 
breeding goals include product quality, feed intake 
and efficiency, environmental footprint and animal 
health.
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ABSTRACT

Pasture grazed in-situ is one of the most competitive and sustainable feeding systems for dairy cows 
globally because of a low environmental footprint, the potential for excellent animal welfare and the relatively 
low cost in the production and utilisation of the feed. However because of seasonal variation in grass production 
and inclement weather conditions dairy cattle may have to be accommodated and/or fed off of the pasture. There 
are numerous infrastructural options for achieving this and the focus of this paper will be to review the research 
and discuss the merits of these alternate animal accommodation systems focussing on the impact that they 
have on the environment, animal welfare and farm profitability relative to pasture-only systems. Research data 
show that dairy cow welfare can be protected in a range of well managed alternative winter accommodation. 
In a temperate climate such as that which pertains in Ireland, adequately fed adult cattle will not use extra feed 
energy to maintain body temperature when accommodated outdoors and exposed to the effects of wind, rain 
and low temperatures as the heat produced from the digestion of feed is in excess of the requirement to maintain 
body temperature. The main welfare challenge of a wintering system in such conditions is to provide suitable 
lying facilities for cows to express normal lying behaviour and provide adequate feed. The primary economic 
focus of pasture based systems should be to maximise the length of the grass grazing season and consequently 
to minimise the period off pasture. Provided body condition targets can be met, there will be minimal effect 
of wintering systems on dairy cow productivity and the only economic differences will be in costs. The cost 
analysis should combine the capital costs of construction financed over its useful life and the annual operating 
costs including labour.

Keywords: Off pasture, winter, dairy cow accommodation.

INTRODUCTION

One of the major perceived concerns with keeping 
cows outdoors during the winter is the possibility of 
cold stress. The lowest critical temperature (LCT) of 
an animal - defined as the temperature above which the 
animal does not have to increase its heat production to 
maintain internal body temperature (Christopherson, 
1985) - is modulated by several factors. The perception 
of cold (LCT) by a homeotherm is not merely 
dependent on ambient temperature but on a complex 
interaction of nutrition level, animal hair length, 
subcutaneous fat depth and animal heat production and 
environmental conditions such as wind, temperature, 
moisture and level of nutrition (Young, 1981, Wagner, 
1988). Table 1 shows a comparison of the winter 
meteorological data for Southern Ireland (Moorepark 
Research Centre, Co. Cork Ireland, 52.1°N 8.3°W, 
approximately 60m above sea level); North Island of 
New Zealand (Ruakura, Research Centre, Hamilton, 
New Zealand, 37.3°S 175.1°E, approximately 40m 
above sea level), South Island of New Zealand 
(Lincoln University, Canterbury, New Zealand, 
43.5°S 172.5°E, approximately 40m above sea level); 
and Victoria, south-eastern Australia (Department 
of Primary Industries Ellinbank, Warragul, Victoria, 
Australia, 38.2°S 145.9°E, approximately 120m 
above sea level).

WELFARE ASPECT OF DAIRY COW 
MANAGEMENT ON AND OFF PASTURE

It is generally accepted that assessment of 
animal welfare should involve utilising a variety 
of measures to form an overall estimation of the 
animals’ welfare state. These measures generally 
include aspects of animal health (e.g. locomotory 
ability, somatic cell score), animal behaviour (e.g. 
daily lying time, activity levels), and sometimes 
attempts to understand the animals’ preferences, 
motivations, and mental state (e.g. flight zone size, 
free choice tests). The emphasis which is placed on 
the importance of each of these measures contributes 
to estimated overall level of welfare.

In a study by (Hickey et al. 2002), steers (474 
kg) accommodated outdoors on an out-wintering 
pad (OWP) with or without shelter were compared 
to steers housed indoors in a slatted floor shed at a 
space allowance of 3 m2/head, and all groups were 
fed grass silage ad-libitum and 5 kg concentrate. 
Heat energy production (HE) was calculated from 
metabolisable energy (ME) intake and net energy 
required for gain using the equations of NRC (1996) 
and heat of evaporation (He) was assumed to be 
0.15 of HE. Body surface area (SA) was calculated 
from liveweight0.67 * 0.09 (NRC, 1996). Net energy 
required for body weight gain (NEg) achieved, and 
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for maintenance (NEm) assuming no climatic 
energy demand, were also calculated using the 
equations of NRC (1996). The climatic energy 
demand (CED), where CED = (T

b
 – T

a
 – (r.R

n
.I

a
)/ (I

t
+ 

I
h
 + I

a
) where the CED = climatic energy demand 

(Watts (W)/ m2), T
b 

 = core body temperature 
(oC), T

a
 = air temperature (oC), r = interception 

factor associated with radiation exchange (0.62), 
R

n
 = net radiation (W/m2), I

a
= environmental 

thermal resistance (Km2W–1), I
t
 = tissue thermal 

resistance (Km2W–1) and I
h
 = hair coat thermal 

resistance (Km2W–1 ). To complete this equation 
they measured meteorological data: (daily 
temperature and relative humidity, rainfall and 
evapo-transpiration, wind speed and direction and 
net solar radiation for sheltered and non-sheltered 
OWP sites), animal core body temperature, hair 
length and subcutaneous fat depth.

When indoor and outdoor environments 
were compared the ambient air temperature was 
lower outside while relative humidity was higher 
indoors. Wind speed was significantly reduced by 
the provision of shelter but this reduction did not 

influence the estimated CED values, which were 
higher for animals out-wintered on OWPs, when 
compared with their counterparts indoors (70.3, 
71.1 and 59.2 W/m2 for animals sheltered, exposed 
and indoor animals, respectively, p<0.001). The 
CED (energy required to keep warm) and the HE/
SA – He (energy released due to feed digestion) over 
the period mid-December to mid-March is shown 
in Figure 1. On no occasion during the winter did 
the CED exceed the HE/SA – He for any group of 
animals. Animals retained outside showed some level 
of adaptation to this higher CED by increasing hair 
length which can reduce the bovine LCT (Wagner, 
1988). The cattle accommodated on the OWP’s had 
higher liveweight and carcass gains, as well as better 
feed conversion efficiency and lower fat scores, than 
those indoors which was an effect of space allowance 
and floor surface comfort provided in the slatted 
floor sheds (Table 2) . The energy intake by all these 
animal groups is similar to what would be expected 
with non-lactating dairy cows.

Table 1: Average winter rainfall (mm/month), pasture growth and maximum, minimum and mean temperature 
(oC) in southern Ireland, North Island New Zealand, South Island New Zealand, and Gippsland (Victoria) 
Australia.

Month* 1 2 3 10 11 12 Annual

Ireland Rainfall, mm/month 109 92 81 114 101 109 1024

Mean Max Temp, oC 8.9 9.1 10.5 13.9 10.7 9.3 13.8

Mean Min Temp, oC 2.3 2.2 3.2 6.7 3.9 2.7 6.0

Mean Ave. Temp, oC 5.2 5.6 7.1 10.2 7.3 6 9.8

Pasture growth, kg/ha.d-1 3 7 29 18 6 4 12,726

NZ North Rainfall, mm/month 156 104 100 96 102 99 1117

Island Mean Max Temp, oC 15.1 14.5 16.5 21.3 18.5 15.1 19.5

Mean Min Temp, oC 6.1 3.7 6.0 10.4 8.3 5.4 9.0

Mean Ave. Temp, oC 10.6 9.1 11.2 15.9 13.4 10.3 14.2

Pasture growth, kg/ha.d-1 42 41 78 22 35 23 19,035

NZ South Rainfall, mm/month 39 38 48 83 25 55 553

Island Mean Max Temp, oC 10.8 12.6 15.6 15.6 15.6 13.5 16.8

Mean Min Temp, oC 0.8 2.8 4.7 6.6 4.2 2.6 6.5

Mean Ave. Temp, oC 8.0 5.5 7.8 14.7 11.0 9.7 11.5

Pasture growth, kg/ha.d-1 18 24 43 40 33 23 18,182

Australia Rainfall, mm/month 133 118 101 90 91 81 1029

Mean Max Temp, oC 11.4 13.6 15.1 17.6 15.2 13.5 18.1

Mean Min Temp, oC 4.2 5.5 5.7 8.1 7.6 5.6 8.2

Mean Ave. Temp, oC 7.8 9.6 10.4 12.9 11.4 9.6 13.2

Pasture growth, kg/ha.d-1 14 28 45 17 26 24 10,870

*Month 1 = January in the northern hemisphere and July in the southern hemisphere.
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Table 2: Animal performance (liveweight gain g/day, and feed intake kg/day), carcass gain (g/day) and feed 
efficiency of finishing steers out-wintered on wood-mulch pads at different stocking densities (space allowed /
m2) with or without shelter relative to indoor housing on slats. (From Hickey et al. 2002)

Conditions (C) Exposed Sheltered Indoors (I) F test

Space allowance (m2) (S) 6 12 18 6 12 18 3 s.e. C S C x S CS v I†

Liveweight gain (g/day) 1165 1174 1216 1174 1136 1229 991 51.4 n.s. n.s. n.s. ***

Carcass gain (g/day) 695  700 710 656 657 734 616 26.1 n.s. n.s. n.s. *

Feed intake (kg dry 
matter (DM)/day)

9.92 10.01 10.22 9.85 10.08 10.06 9.64 0.110 n.s. n.s. n.s. *

Feed efficiency† 57.7 57.7 57.3 54.3 53.3 60.7 51.3 2.91 n.s. n.s. n.s. *
†Indoors versus all outdoor treatments,† g carcass gain/kg feed DM consumed.

Figure 1: The effect of winter accommodation on heat production and demand.

A subsequent study by (O Driscoll et al. 2010) compared the performance of dairy cows in three 
woodchip OWP designs along with indoor cubicle housing both during the winter period, and for 8 weeks 
post-partum (Table 3). The treatments were; an uncovered and covered OWP with a concrete feed apron; an 
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uncovered OWP with silage provided directly on 
top of the woodchips, and indoor cubicle housing. 
Data were compared over 2 years. Animals were 
assigned to treatments in autumn at the end of 
their lactation, and remained in those treatments 
while dry until the following calving, after which 
they were managed at pasture. There was no effect 
of treatment on cow liveweight in either year, or 
within years during either the winter period or 
post-partum (P > 0.05). During both years cows in 
uncovered treatments lost more heat than cows in 
covered treatments (P < 0.001). However, cows did 
not increase dry matter (DM) intake to compensate 
for greater heat loss as the heat production from 
the digestion of feed exceeded the heat loss to 
the environment. Moreover, liveweight in all 
treatments increased, and body condition score 
(BCS) did not drop, indicating that unsheltered 
cows did not need to mobilise body reserves.

Table 3: The effect of wintering system (indoor 
cubicles, and uncovered and covered out-wintering 
pads (OWP)) on dairy cow body condition score 
(BCS) at calving and milk production (kg milk solids 
(MS)/day) in the first 8 weeks of lactation. From 
(O’Driscoll et al. 2010)

 
Indoor 
cubicles

Uncovered 
OWP

Covered 
OWP

Self-feed 
OWP

BCS at 
calving

3.09 3.03 3.15 3.15

kg  
MS/day 1.98 1.99 1.90 2.09

Environmental consequence of a long grazing season

Any significant shift from pasture-based 
systems will inevitably lead to an increase in the 
area of land under arable crops and a consequential 
decline in the land area under pasture. In comparison 
with cropping, grassland is an important biological 
filter which reduces nutrient and chemical run off 
and supports biodiversity and carbon storage. 
Compared to arable land, grassland is associated 
with a better conservation of soil against erosion, 
and reduced runoff and leaching of nutrients into 
surface and ground water (Briemle and Elsasser, 
1997; Jankowska-Huflejt, 2006). Grassland also 
acts as an important carbon sink for greenhouse 
gas (GHG) emissions, due to its high organic 
matter content relative to arable land (Leip et 
al. 2010). Notwithstanding these benefits, the 
efficiency of nitrogen (N) use within grass based 
systems is variable and can potentially result in 
nutrient loss to water resources by leaching. To 
comply with the Irish obligations pursuant to the 
EU Nitrate Directive (91/676/EEC), a long term 

study of the factors influencing nitrate loss beneath 
intensive dairy production systems in vulnerable 
soil types was undertaken at Curtins Farm, Teagasc 
Moorepark, in the south of Ireland over a 10 year 
period from 2001 to 2011. The Curtins Farm soil 
type is representative of the highest risk soils 
to nitrate leaching in Ireland. On the 48 ha site, 
cow numbers increased from 108 in 2001 to 138 
in 2011 based on grazing management practices 
that increased grass growth and utilisation, which 
resulted in an increase in milk production from the 
site (Table 4). 

Table 4: The effect of stocking rate, grazing season 
length and fertiliser nitrogen (N) input on milk output 
and groundwater nitrate concentration over time at 
Curtins Farm (Teagasc, Ireland).

Year 2003 2005 2007 2009 2011

Stocking rate 
(cows/ha)

2.44 2.63 2.67 2.88 2.88

Grazing season 
(days)

293 295 306 287 285

Chemical N 
inputs (kg/ha) 

289 331 313 248 249

Concentrate 
(kg/cow)

716 636 590 288 430

Milk volume 
(‘000 L/ha)

15.6 15.5 14.6 14.4 15.3

Nitrate  
(NO

3
-N mg/l)1 

11.1 13.3 12.4 9.7 6.6

1Groundwater concentration in 50 m deep wells 

Best nutrient management practices were 
used on the farm to increase slurry use efficiency 
and reduce fertiliser N application to the levels 
stipulated by legislation. Based upon detailed 
field-scale knowledge of soil capacity for 
nutrient retention, improved timing and rate of 
organic fertiliser application, reduced reliance on 
chemical fertiliser and the adoption of minimum 
till cultivation reseeding, there was a consistent 
improvement in N-use efficiency and a decline in 
nitrate concentrations in groundwater at the site 
during the study period (Table 4). The results of 
this study indicated that intensive dairy production 
systems with long grazing seasons based on 
improved nutrient management and agronomic 
practices can quickly improve groundwater quality 
and lead to high water quality standards even on 
highly vulnerable free draining soils. In future, the 
sustainable intensification of animal production 
from pasture necessitates that management 
practices on the farm must be increasingly 
tailored to achieve excellent nutrient management 
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outcomes in addition to productivity improvement. 

ECONOMIC SUSTAINABILITY OF OFF 
PASTURE SYSTEMS

Figure 2 shows the relationship between costs 
of milk production per litre and the proportion of 
grazed grass in the dairy cow diet (derived by Clark 
and Jans, 1995,  Boyle et al. 2002, Dillon et al. 
2005). While the data used are relatively dated, they 
show the obvious relationship between lower cost 
of production with higher grazed grass in the diet, 
but also show a quadratic relationship which is an 
effect of reducing both fixed and variable costs as 
the proportion of grass in the diet increases above 
50%. There is a real risk that the competitiveness 
of pasture based systems will be undermined by an 
increase in capital investment towards the type of 
infrastructure used in total mixed ration (TMR)-
type systems. The data in the graph show that a 
small reduction in the proportion of grass in the diet 
leads to a significant increase in costs. Therefore the 
primary economic focus of pasture based systems 
should be to maximise the length of the grass 
grazing season and consequently to minimise the 
period off pasture. As the data in the welfare section 
above have shown, provided that body condition 
targets can be met, there will be minimal effect of 
wintering systems on dairy cow productivity and 
the only economic differences will be in costs. The 
cost analysis should combine the capital costs of 
construction financed over its useful life and the 
annual operating costs including labour.

Figure 2: Relationship between total costs of 
production (€ c/l) and proportion of grass (%) in the diet 
of cows from a number of countries (derived by Clark 
and Jans, 1995, Boyle et al. 2002, Dillon et al. 2005).

Table 5 gives an example of an analysis that 
combines the capital and operating costs of a range 
of wintering options for non-lactating spring calving 
dairy cows. The options include a conventional 
freestall cubicle shed with slatted slurry storage, an 
earth lined OWP and slurry lagoon, and a low cost un-
roofed freestall cubicle system with the slurry stored 
in a plastic lined lagoon. In the analysis the capital 
investment was depreciated over 15 years and was 
financed with borrowed money at 6% interest, and 
the woodchip for the OWP was costed in at €12/m3. 
The analysis in Table 5 estimates the total annualised 
housing costs and evaluates the sensitivity to both 
interest rate and woodchip price. 

The conventional system had the highest capital 
and annualised housing costs, whereas the OWP 
had the lowest capital cost and the low cost cubicle 
system had the lowest annualised housing cost. The 
cubicle systems were more sensitive to variations in 
interest rate whereas the OWP was most sensitive 
to changes in woodchip price. The low cost cubicle 
system in this scenario had the lowest annualised cost 
and would therefore be the most profitable option 
over the lifetime of the project. 

Table 5: The effect of winter accommodation system (conventional, roofless cubicles and out-wintering pad 
(OWP)) on construction, operating and annualised housing costs (€).

Conventional 
cubicle shed

Roofless cubicles with 
plastic lined slurry lagoon

OWP with earth 
lined slurry store

Slurry storage requirement m3 5.3 6.5 7.8

Total construction cost (€) 1218 708 371

Depreciation & interest (€) 125.4 72.7 38.1

Bedding & slurry spreading 16.9 19.9 75.4

Total housing cost/cow/year (€) 142 93 108

Sensitivity

2% rise in interest rate 159.2 102.3 113.7

€10/m3 rise in woodchip price 142.3 92.6 101.4



Proceedings of the 5th Australasian Dairy Science Symposium 2014 39

CONCLUSION

The primary economic focus of pasture-based 
systems should be to maximise the length of the 
grass grazing season and consequently to minimise 
the period off pasture. The main welfare challenges 
of off-pasture systems are to provide adequate feed 
and a suitable lying surface for the animal. Provided 
that body condition targets can be met there will be 
minimal effect of wintering systems on dairy cow 
productivity and the only economic differences will 
be in costs. The cost analysis should combine the 
capital costs of construction financed over its useful 
life and the annual operating costs including labour.
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ABSTRACT

As farmers continue to face increasingly uncertain and often rapidly changing conditions related to markets, 
climate or the policy environment, people involved in agricultural research, development and extension (RD&E) are 
also increasingly challenged to consider how their work can contribute to supporting farmer resilience.  Research 
from the social sciences conducted in the last decade has focused on adaptability or adaptive capacity as a key 
attribute for individuals and groups to possess for managing resilience.  It is therefore timely to ask:  Do current 
ways of doing and organising RD&E in the dairy sector in New Zealand and Australia contribute to supporting farm 
adaptability?   This paper reports on results from an examination of case studies of challenges to resilience in the 
dairy sector in Australia and New Zealand (i.e. dairy farm conversion; climate change adaptation; consent to farm) 
and the contribution of dairy RD&E in enhancing resilience of farmers, their farms and the broader industry. Drawing 
on concepts from resilience studies and considering an empowerment perspective, the analysis of these cases suggest 
that currently agricultural R&DE supports adaptability in general, but varies in the strength of presence and in level 
of activity in the areas known to enhance adaptability.   This analysis is used to generate principles for dairy scientists 
and others in the RD&E system to consider in: a) research designs; b) engaging different farmers in research and c) 
presenting research results differently.  This represents a significant shift for the science and advisory communities to 
move to methods that acknowledge uncertainty, and engage and facilitate learning.   

Key words: adaptability, social networks, role of RD&E

INTRODUCTION – THE CONTRIBUTION 
OF RESILIENCE CONCEPTS TO 
DEALING WITH UNCERTAINTY

Resilience has been defined by socio-ecological 
systems researchers as the capacity of a system to absorb 
disturbance and reorganize while undergoing change so 
as to still retain essentially the same function, structure, 
identity, and feedbacks (Walker et al. 2004).  Increased 
interest in studies of resilience is argued to have emerged 
from a need for a “better scientific basis for sustainable 
development” (Walker et al. 2004).  Farming systems 
research is no exception, where there has been an 
increased focus on resilience studies as the position of 
farmers is recognised as responding to an ever changing, 
rather than stable environment, in which a single focus 
on optimising production systems is replaced by a need 
to evolve and be adaptive (Milestad et al. 2012).  The 
need for a sound scientific basis to sustainable farming 
systems has been further strengthened from recognition 
that  adaptation in one system impacts the function of 
systems at other scales (Beilin et al. 2012, Sinclair et al. 
2014)  This has resulted in suggestions that agricultural 
research cannot be insulated from off-farm, non-science 
or non-agricultural knowledge or processes (Rickards 
and Howden 2012), and requires a shift to seeing farms 
as complex adaptive systems with less focus on how 
systems are and more focus on how systems become – 
how they morph and how trade-offs between efficiency 
and adaptability are managed (Schiere et al. 2012).  

Concepts in resilience approaches to 
understanding change in complex adaptive systems, 
should therefore assist people in the agricultural 
RDE system to: engage with the adaptation responses 
of farmers; understand multi-scale impacts; and 
influence or intervene to build resilience.  Four crucial 
aspects of resilience in socio-ecological systems  were 
defined by Walker et al, 2004: latitude (the maximum 
amount a system can be changed before losing its 
ability to recover);  resistance (the ease or difficulty 
of changing the system); precariousness(how 
close the current state of the system is to a limit or 
“threshold”); and, panarchy (how the resilience of a 
system at a particular focal scale will depend on the 
influences from states and dynamics at scales above 
and below (e.g. like market shifts or political change).  
The capacity of people to influence these aspects of 
resilience is defined as adaptability (Walker et al. 
2004). People  can influence resilience by altering the 
system or making thresholds easier or harder to reach, 
or they can manage cross-scale interactions (panarchy) 
to avoid or generate loss of resilience at other scales 
(Walker et al. 2004). Adaptability (sometimes referred 
to as ‘adaptive capacity’) is considered a positive 
system attribute (Engle 2011).  Accordingly, there 
has been much recent attention from researchers on 
the characteristics and measurement of adaptability 
(Walker 2004, Engle 2011), so that adaptability 
can be influenced or built (Marshall et al. 2013).  
Adaptation has been framed as a ‘decision-making 
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process and the set of actions undertaken to maintain 
the capacity to deal with current or future predicted 
change’ (Nelson et al. 2007) and inclusive of an ability 
to mobilise resources (Nelson et al. 2007, Leith et al. 
2012).  Dimensions to individual adaptive capacity 
have further been proposed as the management of 
risk and uncertainty; skills in planning, learning and 
reorganising; financial and emotional flexibility and an 
interest in adapting (Marshall et al. 2013).  The ability 
to mobilise resources can also be understood in terms 
of assets or attributes of groups, including leadership 
and self-organization (Beckley et al. 2008).  Together, 
these processes are suggested to be facilitated by 
‘enhancing the interaction between science, policy 
and practice’ (Park et al. 2014).  

Within farming systems research, the concept of 
adaptability is also increasing in importance, particularly 
in examining how farmers respond to external and 
internal drivers of change and how resilience of the farm 
evolves with social dimensions of resilience (Schiere et 
al. 2012, Milestad et al. 2012).  Social dimensions of 
resilience in dairy farming businesses in Australia, were 
identified as:  an ability to keep going with imperfect 
knowledge; how people interpret the challenge (e.g. as 
a disaster/crisis or hurdle); the extent of an individual’s 
networks and social capital; and, their adaptive capacity 
(Love et al. 2009, Nettle et al. 2012). Considering 
resilience at a dairy industry scale, (Sinclair et al. 
2014) and (Paine et al. 2011) identified characteristics  
enhancing  resilience as:  learning from the past; 
incorporating people factors; technology assessment; 
integrated research designs; strong participation by 
farmers; and information systems that support risk 
management  (ibid: 177-179). These studies suggest 
that people supporting the building of adaptive capacity 
among farmers need to understand the dynamics of 
complex systems, and be aware of key controlling 
variables, in order to develop multiple options for action 
and nurture experimentation and learning.  

Supporting farmer flexibility and learning are 
commonly identified as mechanisms for building 
adaptability. One of the main ways agricultural research, 
development and extension  contribute to supporting 
flexibility and learning is through the provision of 
information, case studies of farm change, or group-
learning forums.  This is most often directed at raising 
awareness, and whilst this has been associated with 
enhancing adaptive capacity of farmers (Marshall et 
al. 2013), it is recognised that increasing the supply of 
information will not, alone, lead to behaviour change 
(Dowd and Hobman 2013, Grothmann and Patt 2005).  
One reason for this is that people differ in their ability 
to seek appropriate information, ask questions and 
draw on a range of information from different sources 
and networks. There are many other strategies beyond 

information provision that support adaptive capacity 
of individuals and groups, including motivational 
strategies that promote interest in adapting (Dowd and 
Hobman 2013). The provision of opportunities for 
individuals to socially interact, share knowledge and 
connect to new ideas, information and new networks 
has also been identified as important (Dowd et al. 2014, 
Nettle et al. 2012).  The formation of new networks 
(e.g. those outside established network spheres of 
agricultural industries and government) expose people 
to different social norms and can offer a space to plan 
and implement novel strategies and options (Dowd  et 
al. 2014). Further, research investments can examine 
the possible outcomes and consequences from different 
change scenarios and explore the impacts of crisis 
events, legislation or incentives (Abel et al. 2006), that 
may stifle the capacity to adapt or expose the limits of 
current adaptation strategies (Park et al. 2011).    

The preceding overview has introduced resilience 
concepts pertinent to the role of agricultural R,D&E 
in supporting resilience of farmers and their farms 
in the face of uncertainty.  It was suggested earlier 
that resilience concepts should be helpful for people 
in the agricultural R,D&E system for considering 
their own practices and working with others to 
support adaptability.  One of the main criticisms of 
resilience as a concept has been that it remains largely 
descriptive and difficult to operationalise. Realizing 
the potential of resilience thinking to plan for desired 
change in complex systems  is noted as an outstanding 
challenge (Rickards 2013), along with  difficulties of 
operationalising resilience assessments (Miller,  et al. 
2010, Engle 2013) and more evidence of effective 
response options  that contribute to resilience (Cote 
and Nightingale 2012, Sinclair 2014). This raises the 
need to extend the imperative for resilience concepts 
from providing a scientific basis for sustainable 
development (Walker et al. 2004) to that of supporting 
practices that embody resilience or the “doing” of 
resilience (Nettle et al. 2012).

RESEARCH QUESTION AND AIM OF 
PAPER

This paper analyses three case studies of current 
dairy industry resilience challenges in New Zealand 
and Australia and,  a) the extent to which adaptability 
is supported by R,D&E, and; b) the role of different 
actors in the RD&E system that are important for 
resilience.  In this way it is intended that the critiques 
of resilience studies are addressed, in part, through a 
contribution to both the operationalization of resilience 
concepts, and the identification of areas for attention 
from individual and collective efforts of people in the 
dairy R,D&E system to influence resilience.  The key 
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research question guiding the analysis and discussion 
of the case studies in this paper is: Do current ways 
of organising and doing RD&E in the dairy sector in 
New Zealand and Australia contribute to supporting 
farm adaptability? A conceptual framework for the 
paper is provided next.  

AN EMPOWERMENT FRAMEWORK 
FOR ASSESSING THE CONTRIBUTION 

OF DAIRY RD&E TO ADAPTABILITY OF 
FARMERS 

At the centre of the concepts of resilience such 
as adaptability is the notion of ‘self-reliance’ (Pretty 
1995) and the ability to influence and to adapt to 
the wider systemic context (Burke et al. 2009).  To 
influence resilience then, means to influence how 
people help themselves (i.e.  their empowerment).   
Empowerment is not a new concept for those in the 
farming systems tradition.  In the 1980’s as a result 
of the failure of many agricultural technologies to 
resolve issues of poverty alleviation, Chambers 
(1989) proposed a change of paradigm in provision 
of information and technology. This proposal was 
to move away from expert-derived approaches to 
supporting farming systems development to a “Farmer 
First” approach whereby farmers’ own knowledge 
of their system was explicitly prioritised. In this 
paradigm farmers were defining problems in their 
own way and were supported by R,D&E to resolve 
their priorities.  This stimulated a range of initiatives 
in developing nations  with spill-over into developed 
countries in producer-initiated research (LWA 2001); 
Farming Systems Research (Darnhofer et al.  2012); 

participatory technology development (Martin and 
Sherrington 1997); self-directed learning groups 
(Nettle et al. 2000); and capacity building approaches 
(CVCB 2004).  Empowerment applied to farming 
systems considers the extent to which farmers can 
define their own problems and opportunities and 
seek their own avenues to address them (Roberts and 
Coutts 2006).    It follows the work of Chambers in 
recognition that  it is people in a specific situation 
that are best able to understand and act on issues 
directly concerning them . However, this is not to 
leave farmers without support or links to expertise; 
rather it is recognising that in a system of agricultural 
R,D&E, without empowered participants, most 
technology-push options fail.  For agricultural RD&E, 
empowerment means:  ’recognising the value of 
farmers’ and other actors’ cognitive autonomy and 
praxis, [and] enabling collective experimentation [so 
that] farmers can develop innovative processes and be 
part of the co-construction of solutions’ (Roling and 
van der Fliert 1994).  By considering empowerment  
as a critical aspect of doing RD&E, this shifts the role 
of researchers and others to aiding reflexivity, opening 
up networks outside social norms, and enabling the 
ability to mobilise and act collectively (Darnhofer et 
al. 2012, Dowd et al. 2014).  Bringing these concepts 
of empowerment and previous concepts of adaptability 
together, the following framework is proposed to 
examine the extent to which agricultural RD&E 
contributes to resilience.  The framework consists of 
elements that reflect empowerment and adaptability at 
individual and collective scales (Figure 1).

Figure 1: Diagrammatic representation of an empowerment framework for assessing the contribution of Dairy 
RD&E to adaptability. 
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The next section introduces the methods applied 
in answering the research question followed by the 3 
case studies to be analysed.

METHODOLOGY

To progress the aim of the paper, a method 
was needed that allowed a comparison of different 
examples of responses to resilience challenges in 
Australia and New Zealand. A comparative case 
study approach (Stake 2005) was considered the most 
appropriate method because it allowed for examination 
of initiatives within their particular context (New 
Zealand and Australia); the initiatives were discrete 
or bounded enough to enable examination of the 
key areas of interest; and a collection of cases would 
enable patterns of data to emerge and facilitate the 
triangulation of key observations (Stake 2005). In 
qualitative research, case studies are considered 
most suited for the study of patterns and processes 
(Gummesson, 1988).  New Zealand and Australia 
have a wide spectrum of initiatives that could fall 
into the area of interest and so cases were chosen 
for addressing three scales of interest in examining 
empowerment:  farm families; R&D projects and a 
community/regional problem or issue.  Individual 
authors had first-hand experience of these cases.  Case 
studies were compiled to provide a background to 
the issue or challenge from a resilience perspective; 
insights to the process of resilience; and, how dairy 
RD&E was contributing to resilience.  A cross-case 
analysis was conducted by using the empowerment 
framework to compare and contrast insights from 
the individual case studies to examine strengths and 
weaknesses in the role of RD&E.  

Each case study was chosen purposefully rather 
than as representative of contexts or responses 
from RD&E more generally. Whilst generalisations 
cannot therefore be made related to all resilience 
challenges or all RD&E responses the analysis 
provides some broad areas for further research and 
for ground-truthing amongst RD&E practitioners.  
In noting this, resilience researchers have called for 
more situated analysis of resilience contexts (Cote 
and Nightingale 2012) and, from outside resilience 
studies, the importance of learning from individual 
cases and directly from people involved (Jones 2004, 
Eysenck 1976). 

The next section describes each of the case 
studies in terms of the resilience challenge, current 
research into or experience of people involved in the 
RD&E system in supporting the resilience challenge, 
and findings and conclusions about resilience and 
the role of RD&E.  Following this, the conceptual 
framework is used to analyse the cases and discuss 
the broader implications for dairy RD&E. 

CASE STUDY 1: EMPOWERING 
FARMERS IN THEIR DECISION 

MAKING:   THE CASE OF A FARM 
CONVERSION IN TASMANIA

BACKGROUND

There are 437 dairy farms in Tasmania (Figure 
2) with an average herd size of 313 cows, the highest 
average herd size in Australia (Dairy Australia 2014).  
Milk production in Tasmania has increased by an 
average of 3% per annum over the past two decades 
(DairyTas 2014), reaching  805 million litresin 2013/14 
(Dairy Australia 2014).  There has been significant 
investment by the four major milk processors in 
Tasmania resulting in increased processing capability 
(DairyTas 2014) and hence the industry has set a 
target of achieving 1.15 billion litres by 2017/18. 
While some of the increased production can be met 
from growth within existing dairy farms, with the 
Tasmanian government investing in new irrigation 
schemes, there is potential for the establishment of 
new dairy farms in non-traditional dairy regions.  This 
will require conversion of farms into dairying.

In recognising the significant change in 
agricultural landscapes that conversion of farm 
land represents, an understanding of the people and 
processes behind recent farm conversions would aid 
RD&E providers in supporting farm decision making 
for farmers taking on conversions.   A qualitative 
social research study based on recent Tasmanian 
dairy conversions is currently being carried out by 
the Tasmanian Institute of Agriculture (TIA) Dairy 
Centre, within the Dairy Australia funded Dairy 
Smart project. The aim of this case is to unravel some 
of the complexity around the dairy farm conversion 
process; including how farmers have approached 
challenges and remained viable so that this could be 
a source of support to other dairy farmers undertaking 
future conversions.  The study involves interviews 
with eight farmers who have undertaken dairy farm 
conversions within the past ten years. The semi-
structured interviews explored why and how dairy 
farm conversions were carried out, and what social 
factors contributed to success. For the purposes of this 
paper, a single dairy farming family was chosen as a 
case study, to examine the process of conversion of 
land to dairying from the perspective of the farming 
family’s adaptability and how this relates to their 
resilience. From this examination, lessons were drawn 
for how people involved in supporting conversion 
decisions (whether that be researchers, advisers, 
financiers or regional development organisations) can 
consider what effective support entails. 
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CASE STUDY FARM 

Philip and Jan Bracknell (pseudonyms) undertook 
a dairy conversion at Meander, in the central-north of 
Tasmania during 2006/07 as part of a family succession 
plan.  Philip Bracknell and his brother Robert, grew-
up on a mixed-enterprise farm, owned and operated 
by their parents.  The family farm did not generate 
enough income to support the whole family after 
Philip finished University, and a succession plan was 
subsequently developed. The ultimate outcome was to 
use the assets of the family farm to purchase a second 
farm to be managed by Philip and Jan.  To stay within 
the debt limitations that had been determined, a sheep 
property was purchased and converted to a dairy farm.  
Whilst undertaking the dairy farm conversion, in itself 
a challenging process with time frames and financial 
pressures, there were additional personal challenges. 
Both of the Bracknell parents died and there was illness 
in Jan’s family.  Philip and Jan also had young children 
and Jan was working off-farm to support the family.  
Milking was due to start on the conversion property by 
the start of March 2007 but delays meant this did not 
occur until the end of April.  Because herd numbers had 
been increased on the family property to provide stock 
for the conversion property this delay, and poor seasonal 
conditions, created a feed deficit on the family farm and 
resulted in an additional 200 cows were transferred to 
the conversion property once the dairy was operational 
thereby placing immense pressure on this new property.

Despite these challenges, seven years after 
the first milking, both dairy farm businesses, 
were finalists in the 2014 Tasmanian Dairy Farm 
Business of the Year Award, based on their financial 
performance (Tasmanian Institute of Agriculture 
2014).  An analysis of the critical elements in the 
transition from a relatively vulnerable position for 
the family business to two financially successful 
and independent businesses suggests key processes 
related to resilience were involved.

FINDINGS – MANAGING THE DAIRY 
CONVERSION PROCESS AS A FAMILY

Planning
The Bracknell family undertook formal planning 

processes for both the development of the succession 
plan and the development of a dairy conversion plan.  
For the latter, they involved a private consultant who 
assisted with physical and financial projections using 
tools such as climate forecasting for regions and pasture 
yield and growth predictors.  This helped them to decide 
if a property could deliver their desired outcomes.  In 
making the purchase decision, they also sought the views 
of neighbouring property owners about the viability of 
undertaking a dairy conversion in the region. The dairy 

conversion plan budget specified how much could 
be spent on the various elements of the conversion.  
Staying within the budget was challenging at times, but 
the Lawrence’s resisted the temptation to spend more 
money when opportunities arose to make operations 
more efficient and life easier. This discipline resulted 
in the farm remaining profitable, as Philip describes, 
“you look at the year the [milk] price dropped, if we 
hadn’t had a budget and stuck to it, and that happened, 
it could have been the end of us. But we actually…
made money in that year when a lot of people didn’t.” 
The Bracknells were disciplined in their spending, but 
flexible in adapting to change, acknowledging that not 
everything goes to plan “…you just have to have plan b 
and plan c and just adjust as you go along.”

Confidence in ability
The development of an accurate budget and 

a series of adaptive plans indicate a high level of 
confidence in decision making. This confidence to 
move forward is necessary for progress and success, 
with Philip acknowledging that “If you’re worried 
about every little thing that could possibly go wrong 
you would never do anything would you?”  Confidence 
prompted action and was also essential through the 
many decisions that needed to be made throughout the 
development of a dairy farm that extend beyond the 
annual budget to  longer term impacts on the financial 
and human capacity of the business.,“… you do need 
to be prepared to listen and learn new things, but have 
enough confidence in what you’re doing ….that you’re 
not chopping and changing all the [time]; we don’t 
change anything without good reason.”  

Information seeking/continual learning
Philip confirms that his confidence has developed 

through experience and learning, “Well you have 
to have that knowledge and understanding of what 
you’re doing, I think, is the absolute key. … if you’ve 
got that and the right attitude to want to continue to 
learn and improve what you do, then, and you have to 
be prepared to work.”  Philip described the importance 
of being involved in the 20/12 Pasture Business 
Project in building his knowledge and confidence 
around managing pastures; recognised as one of 
the foundational building blocks of successful dairy 
farming (Department of Primary Industries 2007). 
This participatory approach involved a series of one-
on-one sessions between an advisor and dairy farmer 
that worked to increase farm profitability through 
step-wise improvements to pasture management. 
Philip continuously seeks improvement and greater 
farm efficiencies, and this has involved participation 
in local discussion groups and field days, continued 
benchmarking of the farm business, and voracious 
reading.  Consultants have been an important part of 
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business development and ongoing learning, providing 
input into the development of the succession plan, 
the dairy conversion plan, building specific skills 
(e.g. staff management), providing an outside-of-the-
business perspective and mandating reflection time.

CASE STUDY 2: EMPOWERING 
FARMERS IN RESEARCH: EXPLORING 
FARM DEVELOPMENT OPTIONS FOR 
DAIRY BUSINESSES UNDER FUTURE 

CLIMATES IN AUSTRALIA

BACKGROUND

As the projected changes to the Australian climate 
become reality in the last half of this century the 
impacts on the long-term trends in growth, production 
and resource use within the dairy industry are likely to 
be significant. However, little is known about the ways 
future climate impacts will affect the resilience of dairy 
businesses in Australia (Paine et al. 2011, Sinclair et 
al. 2014). Current dairy industry strategy emphasises 
increasing productivity primarily through the use of 
new management strategies including the genetic 
improvement of herd and pastures and technological 
innovations such as automatic milking (Garcia and 
Fulkerson 2005, Dairy Australia 2008). However this 
emphasis on technology as an adaptation response needs 
to also consider the social factors that will be impacted 
and/or contribute to adaptation in dairy systems under 
future climates.   Recognising the need to understand 
what adaptation options might be feasible and desirable 
for dairy businesses, Dairy Australia and the Australian 
Government have funded a major research initiative, 
the Dairy Businesses for Future Climates (DBFC) 
research project. The project aims to identify the trade-
offs between the profitability, risk, and social impacts 
of adaptive management strategies in dairy farm and 
business management. It also aims to identify the skills 
and support systems required under different climate 
scenarios to build industry capacity to help dairy 
businesses respond appropriately to future climates. 
It is therefore addressing an identified gap in applied 
research on the role of (farm) development trajectories 
on adaption thinking and outcomes in Australian 
primary industries (Rickards 2013). It also addresses 
the challenge of combining science and practitioner 
knowledge (Vogel et al. 2007) in adaptation theory and 
practice through innovative project design.

The Dairy Businesses for Future Climates project 
(DBfFC)

Conceived as an integrated research project from 
the outset, DBFC brings together dairy scientists from 
various disciplines (economics, climate modelling, 
farming systems modelling and social science) with 

dairy farmers, dairy industry experts and service 
providers. A key objective of the research is to identify 
the opportunities and barriers associated with a range 
of farm development options under future climates. 
These ‘farm development options’ (or development 
trajectories)  will be informed by biophysical and 
economic modelling of three case study farms under 
future climate scenarios (including extreme events). 
This modelling will produce scientific knowledge about 
the (theoretical) performance of a single farm under 
projected, future climates and particularly examine 
the impact of extreme events and combinations of 
extreme events like extreme heat or out of season 
floods. However, on its own this knowledge does not 
represent what a farm business manager might do 
given the perceived and actual threats and impacts of 
future climatic and other factors. Knowledge about 
what might be desirable or feasible in adapting dairy 
business management to future climates will therefore 
be provided by farmers as collaborators in this research. 
Therefore, working in three dairy regions in southern 
Australia—Gippsland, South Australia and Tasmania 
(see Figure 2) — development options will be identified 
by Regional Working Groups established by the project 
and further explored in focus groups.  

Figure 2: Location of Tasmanian case study farm 
and sites for research and development in the Dairy 
Business for Future Climates project. 

As the project has progressed, the farm 
development options from farmers have become the 
integrating element for researchers. Figure 3 provides 
a diagrammatic representation of the position of 
farmer-derived development options in the research.
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Figure 3: A diagrammatic representation of the position 
of farmer-derived development options in the research.

Challenges for RDE in supporting resilience of dairy 
farm businesses to future climates

The DBFC initiative aims to develop new 
information on how to build both individual farm business 
resilience as well as industry capacity to respond to 
climate variability including shocks (e.g. extreme events) 
and other impacts. To gain an initial understanding of 
what impacts the resilience of dairy businesses in the 
three case study regions, the adaptive capacity of farm 
businesses was explored through 19 interviews with 
dairy farmers (in December 2013 to March 2014). In the 
context of a dairy business, this includes the resources, 
skills, knowledge, roles and learning processes that impact 
the ability of an owner/manager, farm family, community 

or industry to ‘bounce-back’ from crisis or shock or to 
transform into a new system state. Broad indicators of 
the human and social dimensions of adaptive capacity 
were developed from the literature (Ellis 2000, Nelson 
et al. 2005) and used as a coding framework to analyse 
interview data. Early findings from this research include 
the identification of key vulnerabilities and strengths of 
dairy businesses that contribute to their capacity to adapt 
to future climates and other factors. (See Table 1 below). 

In summary, the following issues were found 
to influence the adaptive capacity of farm managers 
and owners:
• Slow incremental change in climate is expected 

by most: what impacts might extreme events, 
variability have on adaption?

• The level and degree of awareness and perception of 
future climates as a potential risk to dairy businesses;

• Opportunities for social learning through formal 
and informal networks to raise awareness and 
shape perceptions of climate futures and influence 
adaptation responses;

These findings will be further explored in focus 
groups with dairy farmers in each case study region 
using the ‘farm development options’ as the focus for 
discussions on the desirability and feasibility of these 
options along with the opportunities, risks, barriers 
and enablers are for implementing them. 

Table 1: Potential vulnerabilities and strengths of dairy businesses related to adaptive business management 
under future climates.
Potential Vulnerabilities of Dairy Businesses Potential Vulnerabilities of Dairy Businesses

Potential underestimation of climate risk
Reluctance to take (pre-emptive) adaptive action in absence 
of consistently observed climate change.
High self-efficacy that may prevent farmers being motivated 
to plan for projected climate change.
Self-efficacy in dairy business managers is lower than that of 
business owners, even in the presence of substantial debt.
Low level of awareness of the availability of detailed climate 
projections for their location and few reported recently 
accessing information on climate change.
Dairy farms have a variety of operational regimes that affect 
the degree to which operational factors can be adapted. Cost-
benefit ratios and profitability concerns limit deployment of 
operational adaptations.
Farmers commonly perceive adaptation options as costly, 
threatening and risky. Reducing the risk of innovative 
practices is a primary concern and farming networks have 
normative ways of validating innovations.
Variable levels of trust and confidence in research, 
development and extension institutions that may hinder 
knowledge exchange and learning.
Reported difficulties recruiting and retaining labour for 
farming/business operations.
Extreme climatic events have the potential to impact on 
dairying communities through loss of labour, closing of local 
industry and decrease in community morale and activities (e.g. 
impacts of drought on Lake Alexandrina in South Australia).

Awareness and perception of climate challenges amongst 
interviewees was generally widespread. 
Opinions of neighbours and discussion groups (peer groups 
and networks) are important mid-ground influencing and 
sense-making forums for farmers.
Perception that dairy farming has the capacity to generate 
significant wealth. The combination of low debt levels and 
relatively high average incomes reduced vulnerability to the 
financial impacts of climate challenge.
The consistent mastery of profitable farming through good 
and bad years builds up the self-efficacy of farmers in relation 
to the capability to deal with the costs of climate challenges 
and still prosper. 
Relatively high levels of formal education amongst 
interviewees provide a basis for problem solving and 
innovation with respect to climate challenges. 
Learning opportunities and forums (e.g. farmer discussion 
groups) were commonly seen as valuable and were the main 
forums for acquiring knowledge of practices and theory.. Some 
farmers reported learning from neighbours, research publications, 
agronomists employed by various vendors and dairy companies.
Farm families are an important source of social capital 
with dairy farming generally seen as a ‘family affair’ with 
succession and work-life balance emerging as issues for 
future business management.
Attachment to place is strong incentive for some farmers to 
undertake stewardship and adaptation actions through contributing 
to self-efficacy, motivation and commitment to community life.
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CASE STUDY 3:  EMPOWERING 
FARMERS IN A REGULATORY 

ENVIRONMENT? NEGOTIATING 
CONSENT TO FARM IN NEW ZEALAND

BACKGROUND

In 2007, the Horizons Regional Council (HRC) 
enacted legislation (titled “One Plan”) requiring 430 
farmers in targeted catchments in New Zealand (NZ) 
to apply for a land use consent to continue farming. 
The most affected area was the Tararua district, running 
between Dannevirke and Eketahuna in the lower North 
Island, which contains 289 of the affected farms (see 
Figure 4).  This district has been targeted for regulatory 
change because it contains the headwaters of the 
Manawatu River, considered to suffer from high levels 
of degradation.  In order to improve water quality the 
“One Plan” targets reduction in nitrogen, phosphorous, 
sediment and e. coli contamination.

A farmer’s ability to obtain consent was to be 
contingent on meeting prescribed Nitrogen loss 
targets, set out in Table 13.2 of the “One Plan”1. At 
the time the Plan was notified, it was expected that 
80% of farmers would fall under the limits and get 
consent.  A farm’s N loss would be estimated using 
the Overseer nutrient budgeting programme2, which 
is a farm level decision support tool used to advise 
on management of nutrients. It is increasingly being 
used as regulatory tool (although it was not designed 
for this purpose) because it is the only New Zealand 
specific tool available to estimate N losses from farm.  

This case study describes the events and activities 
of different stakeholders surrounding the enactment 
of “One Plan” from the perspective of a DairyNZ 
project manager tasked with developing a workable 
implementation plan with farmers, the council, 
consultants and milk companies.  

Figure 4: Location of Tararua district in New Zealand 

NEGOTIATING CONSENT TO FARM – 
KEY EVENTS

It was apparent that Tararua district dairy farmers 
would be impacted more severely than others in 
relation to the implementation of One Plan. Whereas 
80% of farms were originally expected to meet N 
loss targets across the region, a high proportion of 
the 20% of farms unlikely to meet the targets were in 
the Tararua district, due to the higher annual rainfall. 
Even so, 70% of farms were still expected to meet 
targets. Prior to 2012, a degree of concern was evident, 
led by organisations such as Federated Farmers. 
However, on-going Environment Court challenges to 
the “One Plan”, led by the main dairy co-operative 
Fonterra meant that, in general, farmer reaction was 
muted as they waited to see what their obligations 
would be.  In 2012 the N loss targets set out in Table 
13.2 were upheld by the Environment Court and in 
August that year, an upgrade in the Overseer model 
was undertaken, changing it to a drainage driven 
model. This change resulted in calculated N losses, 
using Overseer, regularly increasing by 50% on freer 
draining soils. Now only 20% of farms across the 
region were expected to meet the targets and in the 
Tararuas.

Making sense of the impacts in the region
Already concerned by the possible impact of the 

“One Plan” a group of neighbouring farmers started 
to work out what it would mean for their farms if 
they had to meet the targets contained in Table 13.2. 
They felt that it might be possible to meet the targets 
but to do so would require them to dramatically cut 
stocking rates and milk production, or else invest 
in expensive infrastructure to capture and manage 
effluent. The former option was the most palatable 
for  maintaining overall profitability.  The group 
surmised that reducing production meant fewer cows 
and fewer jobs on farm. It meant less demand for 
inputs from supporting land and service industries, 
and it meant less milk to be processed. This group 
of farmers wondered if their community understood 
these impacts.  The group took their concerns to a 
well-known local accountant and businessman to 
help work through the numbers and their assumptions 
more formally. Their joint conclusion was that 
meeting the N loss limits in the “One Plan” would 
mean a reduction in milk production of approximately 
9 million kgMS in the Tararua district. At a milk 
price of $7/kgMS this equated to a reduction in farm 
revenue of $63 million that would not flow through 
the community. They estimated this to result in a 
loss of 300 jobs initially, with more to follow.  This 
insight prompted the group to further investigate the 
question of water quality and what was going on 
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in the district. To do this, the group recruited water 
quality, economic and policy expertise from DairyNZ 
to work with them to develop an understanding of the 
issues and possible approaches to improving practice 
on farm to positively influence water quality.

Engaging with regulators
Armed with estimates of economic impact and 

a new understanding of the issues, the farmer group 
organised a community meeting to present their 
concerns to Horizons Regional Councillors. Initially 
intended as a small meeting of 40 or so people, as news 
of the potential impact spread, through the local media 
and word of mouth, the size of the meeting grew. On 
the day, 350 community members attended, including 
farmers, local businessmen and two members of 
parliament. The farmer group chaired the meeting and 
presented their findings, supported by speakers from 
DairyNZ, Fonterra and the owners of Overseer who 
were able to provide technical insights into issues 
such as water quality and the internal workings and 
intended purpose of Overseer.

The meeting became a turning point in regards to 
a wider understanding of the importance of the issue 
and the impact of the issue beyond dairy farmers 
alone.  The meeting received an undertaking from 
the council to revisit the implementation framework 
and create a better balance between pursuit of 
environmental outcomes, impact on the community 
and protecting the economic engine of the district. 
The Tararua Community Economic Impact Society 
(TCEIS) was also formed to act as the voice of the 
community and work with the council to progress a 
revised implementation plan. 

A revised Implementation Strategy for One Plan
Following the community meeting a report 

was jointly commissioned by DairyNZ and Horizons 
Regional Council to investigate the economic impact 
of the One Plan3 and test the likely impact of different 
implementation strategies. The report confirmed 
previous economic impact estimates if farmers had to 
hit the One Plan N loss limits.  However, some alternate 
strategies proved feasible.  Dairy farmers could achieve 
15-20% reductions in N loss without significantly 
affecting either profit or production through practices 
such as reducing cropping areas or shifting the timing 
of nitrogen applications.  Recognition of this possibility 
formed the basis of the revised implementation 
strategy. To gain a consent, farmers are now required to 
demonstrate that they are making every effort to farm 
in way that reduces N losses, but with the caveat that 
they are not required to significantly impact profit or 
production. In this way both environmental, economic 
and community aspects of sustainability have been 
balanced to a greater extent. 

Partnerships to progress implementation
In order to effectively implement the plan, 

DairyNZ and Horizons Regional Council (HRC) 
agreed an implementation pathway and service model 
that partners with local farm management consultants 
to help farmers develop a nutrient management plan 
tailored to their farm and their circumstances. It was 
considered important that farmers had a good idea 
of how the consent would be approached, who they 
could trust to work with and what it would cost. 
The total cost of obtaining consent is approximately 
$7,000 per farm. Because this is the first example 
of consents being required to farm in New Zealand, 
DairyNZ has subsidised the process by half in 
providing $3,500 for consultancy input and $950 
for application fees and additional dairy NZ staff 
to help farmers prepare their baseline information. 
This also provides Dairy NZ with an opportunity 
to learn about the process. The consultant is a key 
part of the process, as they bring their farm systems 
experience to the table to help the farmer investigate 
a wide range of options and the implications of 
pursuing each option. They also bring a reality check 
to the process through gauging the capability and 
commitment of the farmer to implement management 
strategies. Without this input many farmers would be 
at risk of venturing down paths that may not be in the 
best interests of their business or not achieving their 
targeted reductions in N-loss; failing to do so will 
have regulatory consequences. 

While DairyNZ and HRC have worked 
together with the consultants to develop a cohesive 
approach to the consenting requirements, the role 
of consultants in this process has been a key area of 
discussion and debate. In particular, there is a tension 
between whether they are acting for the regulator 
or the farmer, who pays the bill. If they act as the 
regulator and tell the farmer what to do the farmer 
commitment to change is likely to be lost. To manage 
this, the consultant works with the farmer to identify 
options to manage and mitigate nutrient losses but 
leaves the decision about which ones to implement 
up to the farmer.  Remaining areas of contention 
amongst farmers which is delaying their willingness 
to be involved in the consent process include the 
long term impact on their business resulting from the 
allocation of N and perceptions of equity between 
farms in the district. 

Acting to reduce N losses – the long haul
Once the application has been submitted and 

the consent granted, the challenge for the farm 
has, in many respect, only just begun. The consent 
effectively limits inputs and production to current 
levels unless the farmer is able to innovate and adapt 
their system. Strategies to achieve this exist and 
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farmers will innovate new ones over time. Supporting 
this level of adaptation is where industry efforts need 
to be directed next. This is likely to take the form 
of validating the science behind the innovation and 
helping others to understand and implement in their 
context. 

CROSS CASE ANALYSIS: DO CURRENT 
WAYS OF ORGANISING AND DOING 

RD&E IN THE DAIRY SECTOR IN 
NEW ZEALAND AND AUSTRALIA 

CONTRIBUTE TO SUPPORTING FARM 
ADAPTABILITY?

Across the  cases it is evident that the adaptability 
of farmers is being supported by current RD&E to 
varying extents and with different emphasis.  

In the Tasmanian case study, the Bracknell 
family reflect most of the characteristics of adaptive 
and empowered individuals as proposed by (Marshall 
et al. 2013), particularly in  their high level of 
planning, learning and reorganising. They interpreted 
significant challenges from a severe feed deficit to 
traumatic family events as hurdles rather than crises, 
while exhibiting financial stability and emotional 
flexibility. They acknowledge the role of their previous 
engagement in D&E discussion groups and courses in 
building their knowledge and the confidence to know 
“what questions to ask” and which advice not to take. 
Their empowered approach to seeking continuous 
improvement continues through engagement with 
their network of peers and experts, and participation in 
an annual benchmarking process to evaluate progress 
and plan future change. Because not all farmers are 
making the same decision at the same time, the need 
for RD&E to have information and resources widely 
available and accessible over extended periods of time, 
and focus on supporting the capacity of farmers in their 
own learning  is demonstrated in this case.  Further, 
the case reinforces the need for RD&E processes 
to take seriously what dairy farmers are doing, and 
why, to inform approaches. This case highlights the 
contribution to building confidence that RD&E can 
make through providing research findings that can be 
customised by farmers to their management ability and 
resources, and by doing so, support their adaptability. 
Many aspects of the RD&E system (social and 
biophysical research, consulting advice, participatory 
learning approaches) have contributed over time to 
building the adaptive capacity of the Bracknell family, 
which has been drawn upon in subsequent years as 
they have coped with new challenges and thrived as 
successful dairy farmers.

In the DBfFC project, the project design and 
management builds on previous work on resilience as 

a guiding philosophy for dairy industry development 
(Love and Paine 2008, Love et al. 2008, Nettle et al. 
2012).  That is, to build the capacity of participants 
and the industry to both achieve resilience outcomes 
(e.g. new understandings about adaptive capacity 
of businesses and the industry) and operationalise 
resilience thinking (Miller, Osbahr et al. 2010) as a way 
of dealing with complex problems of sustainability such 
as agricultural development and climate variability. A 
key driver for the project design was the recognition 
by Dairy Australia and regionally-based practitioners 
that a project delivering options for farmers based on 
100-year time frames and with a strong climate focus 
with limited engagement from farmers themselves 
may achieve important scientific contributions but 
not contribute what was needed in the industry.  
Also, increasing awareness of future climate options 
amongst a sceptical farming community as well as 
identifying meaningful regional adaptation options 
that farmers have contributed to and ensuring they are 
realistically costed were essential design features of 
the project.  The challenge of combining ‘top-down’ 
(e.g. modelling)  approaches with ‘bottom-up’ (e.g. 
based on farmer knowledge and practice) approaches  
has been highlighted as a key gap in climate change 
science (Nelson et al. 2010, Leith et al. 2012). The 
DBfFC project addresses this gap through a project 
design that has farmers and industry stakeholders as 
co-researchers and central to the generation of new 
knowledge. Doing research differently to support 
adaptation thinking and outcomes such as resilient 
farm businesses and a resilient dairy industry requires 
planned interactions and integrating mechanisms (such 
as the ‘farm development options’) (see Figure 2) 
between dairy science, dairy farmer and dairy industry 
knowledge and practice.  The multiple roles farmers 
can play in research is also revealed in this case.  
Farmers are involved in: project leadership; as expert 
advisors; as case study farmers contributing detailed 
biophysical information for analysis; as participants 
in the formation of realistic development options not 
only for their farm, but for farms in their local area; 
as focus group participants; and, through contributing 
knowledge to research as interviewees. In contributing 
development options for research, farmers are full 
collaborators and co-researchers, directing what will 
be analysed and why in the biophysical, economic 
and social research areas.  The integrated research 
design (Figure 2) formally represents the roles and 
contributions of farmers in research.

 In the consent to farm case from New Zealand, 
the formation of a community group (TCEIS) and 
their activities was highly reliant on the strong 
existing networks of farmers in the district and their 
relationships with local business owners and groups 
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like DairyNZ.  The revised implementation plan 
that emerged from a self-organised negotiation with 
the regulatory body enabled a greater emphasis on 
farmer autonomy to choose what action they put 
in place to manage nutrients that was best for their 
farm system. This was an important turning point 
as it gave farmers some confidence that the consent 
process could be adapted to meet the needs of 
their farm situation and their ability to meet targets 
was not beyond their reach. The availability of 
science knowledge in modelling different nutrient 
management options and the depth of capability 
and experience amongst consultants to work one- 
on-one with farmers on nutrient issues in a whole 
farm business context was essential for making the 
revised implementation plan work. This contributed 
to the adaptability of individual farmers, and also 
meant that the Tarurua district farming community 
was more collectively adaptable in this instance.  The 
process also exposed weaknesses in communicating 
the implications of the consent process for different 
farmers and different regions, with undifferentiated 
recommendations or standardised tools  creating 
greater risks and the potential to reduce adaptability 
if regulatory influences affect farmers’ perception of 
their ability to “give change a go”.  Finally, the new 
context of farming consent brings requirements for a 
new skill set among farmers, regulators, communities 
and those in the RD&E system.  Any one individual 
is unlikely to have the skills to manage in this new 
situation and farmers, scientists and professionals 
will need to become more adept at forming and 
working in teams to resolve issues.  

In combination, the cases demonstrate that 
strategies for supporting resilience take many forms 
(after Walker 2004).  Some processes in common can 
be identified, and also some potential areas for future 
focus.  Consistent across the cases was:   
a. use of existing networks and formation of multi-

scalar networks to enable adaptability of both 
individuals and groups.  In the Bracknell family 
case (Tasmania), the farmers were responsible 
for engaging with different networks.   Here the 
RD&E system could provide access to larger 
networks and experience in farm conversion 
(e.g from the south Island experience in NZ) 
and also engage with the broader impacts of 
dairy conversion on the environment and in the 
community like the consent to farm case from 
NZ.  Whilst the Tasmanian case represents a farm 
and farm family scale focus , the DBfFC project 
and farm consent case explicitly address farm-
scale and regional and industry implications of 
industry challenges to inform farm development 
options and industry support requirements. In 

the farm consent case it is interesting to note that 
it was the action of the farmer group that forced 
an analysis across scales to the impact in the 
region and enabled negotiation of a new plan. 

b. different people and groups within and outside 
the dairy RD&E system played different roles in 
supporting adaptability and there were different 
mechanisms  that brought farmers and the dairy 
RD&E effort together in each case.  In the 
Bracknell family case (Tasmania), the farmers 
were leading the integration of information 
and advice from RD&E, advisers and other 
professionals. In the climate futures case 
(DBfFC), the establishment of development 
options to be analysed in research, was the 
mechanism by which farmers, researchers and 
the broader farming community discuss and 
negotiate what is most important for future 
resilience of dairy businesses.  In the consent 
to farm case (NZ), the farm consultants are 
playing the main role in ensuring the autonomy 
of farm decision making about nutrient 
management options which are then linked 
to regulatory requirements.  This role is the 
primary mechanism enabling adaptability.  This 
suggests that RD&E systems require different 
mechanisms for integration (Ayre and Nettle, in 
press).  

c. farmer knowledge is being represented and 
valued in the formation of adaptation strategies.  
In the Bracknell family farm and DBfFC 
cases, social research was being deployed to 
better understand farmer adaptability in the 
specific context, and this was used to pre-empt 
the dimensions of resilience most important 
to farmers.  In the DBfFC case, the project 
involves active engagement with issues of 
climate change scepticism and an explicit 
examination of vulnerability and adaptability 
of dairy farming systems through the lens of the 
increased likelihood of extreme events.  This was 
found by the project team to tap into the direct 
motivations of farmers to adapt.  In addition,  
each Regional Working Group in the project 
is able to dictate the method and approach that 
suits their region in engaging with the project.  
In the consent to farm case (NZ), farmers self-
organised to present their knowledge of the 
farm impacts of legislation which then triggered 
greater investigation from science and policy.  
In this case, RD&E was responsive rather 
than encouraging of self-organisation and risk 
management.  However, as a result of farmer 
self-organising and RD&E support,  community 
members and those with an interest in the future 



Proceedings of the 5th Australasian Dairy Science Symposium 2014 51

of their community could find out about an issue 
that would affect them. 

d. collective learning to address challenges was 
evident.  In the Bracknell case, the harnessing 
of lessons from farm conversions to inform 
industry approaches is a collective learning 
approach.  In the DBfFC case, the project team 
are beginning to understand the project as one 
of action research and collective learning. In 
the consent to farm case, the active trialling of 
a co-investment model to share costs between 
industry, farm and legislator has emerged from 
the process of consent to date.  

e. The actions described in the cases indicate that 
there is a degree of flexibility in governance 
arrangements or existing adaptive governance to 
support collective learning, broadening of networks 
and responsive project designs.  In the consent to 
farm case, expertise was able to be mobilised to 
support the farmer group; within funding and 
milestone guidelines, the project team associated 
with future climates  are able to accommodate 
changes in the project functioning in accordance 
with farmer input, advice and interests.  

There are broad principles that emerge from 
this study for the institutional and governance 
arrangements that direct RD&E efforts to ensure:
• efforts in RD&E are collaborative and bring in 

non-traditional groups to widen the networks 
that support adaptability,  

• RD&E has a role in supporting the confidence 
of farmers to manage risk: this requires effort in 
considering what information is needed, how it 
is presented and how it helps  a decision process,

• research designs need to avoid information as 
a sole output and consider how the research 
process contributes to empowerment and 
adaptability, 

• better negotiation between farmers and scientists 
about the objects, value, uncertainties related 
to scientific knowledge and the formation of 
research priorities,

• adaptive capacity is recognised as inherent in 
people and places and networks – and so there 
are no generic and generalizable solutions, 
rather opportunities and support for collective 
learning are required,

• the ethical dimensions to decisions about 
resilience are recognised as critically important 
and R&DE networks consider this dimension,

• involvement of farmers in RD&E and in a way 
that fully values their contribution to resilience 
(Paine et al. 2011). 

Taking these broad principles and drawing on 
the literature (Figure 1), we propose critical questions 
for individuals or teams in RD&E to consider in their 
responses to better support farm adaptability (Table 2).

Table 2: Eleven critical questions for RD&E in 
supporting farmer adaptability. 

Does RD&E support adaptability of farmers 
and hence resilience by:

Supporting the management of risk and 
uncertainty and skills related to learning? 

Engaging with other groups to support financial and 
personal flexibility?

Supporting motivational strategies to increase 
interest in adapting?

Encouraging the formation of groups and self-
organisation?

Supporting and being available to the self-organising 
efforts of farmers?

Facilitating, valuing and supporting the self-efficacy 
and continual review of progress on-farm?

Seeking out and providing new networks – bringing 
alternative views/work.

Supporting innovative funding models for self-
organising and active participation of local actors in 
testing and adapting new options.  

Embodying ethics and representing those that cannot 
speak for themselves (see Bawden, 2012).  

Conducting analysis across scales (farm, community, 
region, value chain, catchment) to support resilience 
and learning. 

Applying adaptive governance models to enable 
response to emerging issues.

CONCLUSION

This paper has progressed the operationalisation 
of the concepts of adaptability and resilience to 
consider strengths and weaknesses of current 
RD&E practice and gaps for directing new RD&E 
efforts. Through the application of an empowerment 
framework across three case studies of resilience 
challenges in the Australian and New Zealand dairy 
industry, the conclusion can be drawn that research, 
development and extension is contributing to the 
adaptability of farmers and contributing to their 
resilience.  Although this framework does need to 
be tested and applied in more cases and contexts, it 
is proposed as a guidance tool for individuals and 
groups to consider the extent to which adaptability 
is being supported by personal or collective efforts.  
However future challenges for RD&E remain.  The 
agricultural RD&E system in Australia in particular 
is undergoing major changes in funding models, 
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in social organisation and in the role of extension 
(Murphy et al. 2013, Nettle et al. 2013).  The 
implications of this on the functioning of the RD&E 
system as a system are uncertain.  Further, given the 
increased variability and uncertainty associated with 
agricultural production into the future (Howden et al. 
2007), the demands on science and others supporting 
adaptability will only increase.  The results from the 
analysis of the case studies presented in this paper 
provide some insight into what should be preserved 
and developed to ensure the RD&E system is 
an empowering system.  One area of emerging 
importance is the need for more emphasis on the 
impacts, opportunities and/or vulnerabilities from 
cross-scale interactions (farming families, farms, 
regions, the environment, society), without which, 
adaptability will be constrained and resilience 
threatened. The remaining question from this study 
then is:   Is research, development and extension 
doing enough to influence adaptability? 
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Does feeding concentrates in a PMR improve the financial performance of commercial  
dairy farms? 
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ABSTRACT

A farm financial performance analysis was carried out for six partial mixed ration (PMR) farms and six 
all concentrates in-dairy (In-Dairy) farms in Western Australia over the 2011/12 and 2012/13 financial years. 
The PMR farms were larger both in cow numbers (P = 0.02) and effective milking area (P = 0.007). There was 
no difference in milk production, stocking rate, pasture harvested /ha or labour efficiency (P > 0.10) between 
groups. No significant differences were observed in cost of production ($/kg MS), milk price, equity, return 
on capital (RoC) or operating profit per hectare (OP/ha) between groups, however the PMR group had a lower 
average cost of consumed feed ($/t DM; P = 0.018). There was a high degree of variation in RoC within both 
groups, ranging from 3.0 - 8.1% in the PMR group and 0.9 - 7.1% in the In-Dairy group. The findings from this 
study indicate that factors other than the type of concentrate feeding system employed influenced the level of 
farm profitability. Given the limited sample size however, and also the variation in the extent to which PMR 
concentrate feeding was utilised within each PMR farm, further research is warranted in a commercial on-farm 
environment. This may involve using isoenergetic rations to compare milk production from a feeding system 
incorporating most or all concentrate in a PMR with a number of alternative feeding options, and consequently 
establishing if any potential differences in milk production between feeding systems lead to an increase in 
profitability.

Keywords: PMR, Concentrate feeding, Farm profitability.

INTRODUCTION

Increased fixed and variable costs and volatile 
milk prices have been a recurring issue for Australian 
dairy farmers over the last number of years. Return 
on assets (RoA) is generally used by the majority of 
farm financial benchmarking programs as an indicator 
of profitability, and is defined by the Dairy Farm 
Monitor Project (DFMP) as operating profit divided 
by the value of total assets under management, 
including leased assets. According to DFMP (2013), 
mean dairy farm financial performance in Victoria 
(Australia’s main dairying region) from 2007-2013, 
determined on the basis of RoA, was 4.0%. This 
figure, however, ranged from 0.1% to 9.8% within 
this period, reflecting the fluctuation of milk prices 
and the changes in fixed and variable costs in the 
dairy industry year-on-year. 

Dairy farms in Australia are broadly classified 
into five different feeding systems (Dairy Australia 
2012), ranging from largely pasture based systems 
feeding less than 1.0 t DM/cow/yr of concentrates in 
the dairy during milking (system 1), to total mixed 
ration feeding systems with zero grazing (system 5). 
National average annual concentrate consumption 
per cow in 2013 was 1.59 t DM/yr, while purchased 
feed was the largest single cost item for dairy farmers 
representing on average 26% of dairy farm cash costs 
(Dairy Australia 2013). 

Feeding concentrates in a partial mixed ration 
(PMR) has been shown to improve milk yield, as well 

as milk fat and protein contents when compared to 
supplementing pasture with concentrates in the dairy 
(Bargo et al. 2002). Additionally, (Auldist et al. 2013) 
reported that cows consuming an isoenergetic PMR 
containing lucerne hay, maize silage and maize grain 
had higher energy corrected milk (ECM) production 
responses than cows consuming concentrates in a 
simple pasture silage/barley grain PMR or in the 
more traditional method of feeding all concentrates 
in the milking parlour, supplemented by forage in the 
paddock. 

Western Australia’s Mediterranean climate 
means that fresh pasture is only available for 
approximately seven months of the year on a 
majority of farms (Dilley and Howes 1998), and 
irrigation is required to grow pasture in the summer 
months. As dairy cow diets are composed solely of 
supplementary forages and concentrates on dryland 
farms in summer, obtaining maximum returns from 
supplementary concentrates is critical. This study 
tested the hypothesis that the nutritional benefits of 
feeding some concentrates in a PMR as opposed to 
feeding all concentrates in the dairy will result in an 
improvement in farm financial performance. 

MATERIALS AND METHODS

Twelve farms were monitored in Western 
Australia over a 15-month period. The farms were 
selected based on a number of factors including 
willingness to participate, geographical location, 
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feeding system (PMR or In-Dairy) and farm size. 
There were six PMR and six In-Dairy farms in each 
group, which both included four dryland farms and 
two irrigated farms. Thirteen visits were carried 
out to each farm over the course of the monitoring 
period. Farmers were asked to record daily feed 
offered for the duration of the study while the 
project team collected feed samples for nutritional 
analysis on each visit. Milk processor records 
were used to record daily milk production and 
composition. Further details on the methodology 
used to collect the data, as well as the biophysical 
aspects of the monitored farms are presented in a 
separate paper (Edmunds et al. 2014). 

A financial and biophysical farm performance 
analysis was carried out on each farm for the 
2011/12 and 2012/13 financial years using the Red 
Sky Farm Performance Analysis software (Red Sky 
Agricultural Pty Ltd). Data was collected using the 
Red Sky data entry worksheet at the end of both 
financial years (July 1 – June 30). Lease costs 
associated with any leased assets were included 
in the operating profit calculation, while capital 
gains/losses from land values were excluded in 
the results presented here. Total pasture dry matter 
harvested was back calculated by Red Sky based 
on herd ME requirements and is defined as the 
equivalent tonnage of 11.0 MJ ME/kg DM pasture 
consumed per hectare (Red Sky Agricultural Pty 
Ltd). System based differences were analysed by 
means of ANOVA in Genstat (Version 16).

In the Red Sky analysis software, return on 
capital (RoC) is defined as operating profit divided 
by the total value of all assets under the farmers 

control, both owned and leased, and appears to be 
equivalent to the RoA measure used in the DFMP 
methodology. Therefore the Red Sky measure of 
RoC is used in the current study as an indicator of 
profitability.

RESULTS

Results are presented as the mean of the 
2011/12 and 2012/13 financial years for each 
farm. Table 1 shows the main physical parameters 
of both PMR and In-Dairy farms. The PMR farms 
were larger in area (P = 0.007) and had greater 
numbers of cows (P = 0.02) than the In-Dairy 
farms. There were no significant differences in 
stocking rate, milk production per cow, cows 
per full-time staff equivalent (FTE), pasture DM 
harvest or proportion of pasture in the total diet 
between the two groups (P > 0.10). 

Key financial performance indicators 
are shown in Table 2. Mean equity level was 
numerically higher in the In-Dairy group but this 
was not significant (P > 0.10). Return on capital, 
operating profit/ha and cost of production/kg MS 
were all higher in the PMR group but none of these 
differences were significant (P > 0.10). Average 
cost of total consumed feed was lower in the PMR 
group (313 v. 365 $/t DM; P = 0.02). There was no 
difference between the two groups in the cost of 
production (P > 0.10).

Figure 1 shows the individual RoC for each of 
the 12 farms, while Figure 2 shows individual feed 
costs for each of the 12 farms.

Table 1: Mean selected physical parameters for 2011/12 and 2012/13 financial years

PMR farms

(n=6)

In-Dairy farms

(n=6) P - value

 Mean (range) Mean (range)  

Effective milking hectares 311 (131-437) 149 (119-197) 0.007

Number of cows in Herd 689 (271-1072) 283 (190-409) 0.02

Stocking rate (cows/ha) 2.2 (1.2-3.1) 2.0 (1.3-2.9) 0.59

Milk solids per cow (kg) 535 (469-585) 509 (405-600) 0.45

Cows per FTE 102 (63-155) 91 (70-145) 0.56

Pasture dry matter harvested (t DM/Ha) 5.9 (3.3-9.2) 5.7 (4.4-7.4) 0.84

Pasture as % of total consumed 44% (25-59) 52% (37-70) 0.35
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Table 2: Mean financial key performance indicators for 2011/12 and 2012/13 financial years

 
PMR farms  
(n=6)

In-Dairy farms  
(n=6) P - value

 Mean (range) Mean (range)  

Equity % 65% (30-96) 78% (55-91) 0.26

Return on capital % 4.7% (3.0-8.1) 3.3% (0.9-7.1) 0.26

Operating profit per hectare ($) 1182 (392-2014) 768 (-25-1767) 0.29

Milk solids price ($/kg MS) 6.21 (5.86-6.93) 6.06 (5.50-6.67) 0.53

Cost of production ($/kg MS) 5.05 (4.02-5.83) 5.30 (5.01-5.51) 0.40

Mean cost of total consumed feed ($/t DM) 313 (277-339) 365 (334-425) 0.02

Figure 1: Mean individual return on capital for each 
farm for 2011/12 and 2012/13 financial years

Figure 2: Mean cost of all consumed feed for each 
farm for 2011/12 and 2012/13 financial years

DISCUSSION AND CONCLUSION

Our present findings do not appear to support 
the hypothesis tested in this study.  Despite the 
nutritional benefits of feeding a PMR as opposed to 
all concentrates in the dairy (Bargo et al. 2002), no 
apparent improvement in farm financial performance 
was achieved by feeding a PMR. The small sample 
size and high degree of variability between farms 
may have contributed to the absence of any difference 
in financial performance between the two groups. 
Despite these limitations it should be noted that four 
of the six farms in each group had an average RoC 
of between 2-4%, which is comparable with the Red 
Sky average figure for Western Australia in 2011/12 
and 2012/13 of 4.35% (Red Sky Agricultural Pty 
Ltd).  Return on capital/assets is the best measure 
for comparison of farm financial performance in the 
dairy industry (Malcolm et al. 2005), and Figure 
1 shows that there was one PMR farm and one In-

Dairy farm in the top two performing farms over 
the two years, with average RoCs of 8.1% and 7.1% 
respectively. These 2 farms compare favourably with 
the average RoC of 7.25% achieved by the top 15% 
of Western Australian dairy farms in 2011/12 and 
2012/13 (Red Sky Agricultural Pty Ltd).  Four of 
the PMR farms and four of the In-Dairy farms had 
a RoC of between 2-4%, and our data suggests that 
there was no financial benefit obtained from feeding 
concentrate in a PMR on these farms in the PMR 
group. This emphasises that management factors, and 
not just the feeding system employed, were the main 
factors affecting profitability, which has previously 
been reported by (Ho et al. 2013). Two PMR farms 
and one In-Dairy farm achieved a RoC of between 
6-8%. A stringent level of cost control was a feature 
on these farms, as well as moderate milk production. 

The PMR farms had lower feed costs, on 
average, than the In-Dairy farms, but this may be an 
effect of economy of scale given that the PMR farms 
were much larger, both in herd size and area. Farm 
‘PMR 2’ had the lowest average feed cost and highest 
RoC over the 2 years. As equity level is indicative 
of a farmer’s attitude to risk (DFMP 2013, Ho et al. 
2013), it is worth noting the average level of equity 
was higher for the In-Dairy farms but not significantly 
different, reflecting a large variation in equity across 
the two groups, and suggesting divergent attitudes to 
risk existed in both groups. It should also be taken into 
account that the extent to which PMR was utilised 
on the six PMR farms varied, with many of these 
farms still feeding a large proportion of concentrates 
in the dairy (as reported by Edmunds et al. 2014). 
Further research is required in a commercial on-farm 
environment to ascertain whether feeding most if 
not all concentrates in a PMR has milk production 
benefits over feeding all concentrates in the dairy. 
This may involve splitting a commercial herd into 
a number of groups consuming isoenergetic rations 
of varying composition for a defined period of time, 
and measuring milk production and composition 
for each group as well as feed intake. As stated 
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earlier, (Auldist et al. 2013) has previously shown 
in an experimental farm environment at Ellinbank 
in Victoria that ECM responses are greater in 
cows consuming a more complex PMR ration. If 
production benefits from feeding PMR as opposed 
to all concentrates in the dairy can be established in a 
commercial farm environment, then further work can 
be carried out to define whether the increased milk 
production from PMR results in an increase in farm 
financial performance. 
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ABSTRACT

Farm Standards such as kilograms of milksolids (kg MS) per hectare or per cow, when used for farm 
analysis and comparison cannot identify where marginal revenue from an input on a farm equals its marginal 
cost, beyond which it is not profitable to add more of the input. A 750-cow case study dairy farm was analysed 
using the GSL linear program (LP) for current MS production (262,935 kg MS/year; 350 kg MS/cow/yr; 
$740,235 profit); bought-in feed (648,500 kg); herd size (750 cows, 188 rising two year heifers; 197 rising one 
year heifers); nitrogen loss to water (N leached; 18 kg/ha/yr. as calculated using the Overseer model). New 
Zealand dairy farmers potentially face reductions in nitrate leaching as required by community agreed values. 
When the LP was constrained to 350 kg MS/cow/yr but optimised for all other inputs, profit was optimised 
($784,840) at 618 cows, 155 R 2 heifers, 162 R 1 heifers; 216,774 kg MS; 23,000 kg bought-in feed and 15 kg/
ha/yr  N leached. The farm can be more profitable, with less N leached, with fewer cows and less purchased 
feed.  Further analysis showed that once an efficient production system was reached, farm profit decreased at 
an increasing rate with each additional unit of N leaching reduction. Inefficient farms with high inputs, high 
leaching and poor profits should be targeted to reduce N leaching (as they will then also improve profits), not 
efficient farms where profits will fall rapidly due to the steeply rising marginal costs per additional reduction in 
N leached.

Key words: Optimum resource allocation, dairy herd size, profit, N leaching

INTRODUCTION

Farmers expect to make profits to ensure 
farm business survival but the community expects 
environmental standards to be achieved that will 
ensure their perception of ecological survival. As 
measurement of farm and environmental performance 
has become more precise, some analysis of farm 
performance is failing to accurately assess responses 
to resource use or to reliably predict future responses 
to such resources. This is largely due to averaging of 
data and the use of “farm standards” for comparing 
between farms despite this methodology having 
previously been shown to be inaccurate (Candler 
and Sargent, 1962). With increasingly extensive 
data capture and the ability to “analyse” such data 
rapidly, a range of “comparative” measures, ratios 
and benchmarks have been produced and used to 
promote expansion of the dairy industry. There is a 
perception that averaged figures can be combined 
to form scenarios in order to improve production on 
farms. However, calculations producing averages and 
ratios no longer retain the detail required to identify 
the point at which diminishing returns result in the 
marginal cost (MC) per unit of additional production 
being greater than the marginal return (MR) per 
unit of the additional production (MC>MR). 
Farm Standards provide no guidance on when to 
cease inputs. This has resulted in resources being 
overused to the detriment of both farm profits and 

the environment (N leaching).
This paper reports an analysis of the physical 

and financial performance of a commercial New 
Zealand dairy farm and the impact of changing its 
leaching of soil nitrogen into ground water. Marginal 
analysis using a linear programming model (GSL) 
demonstrated that increased profit and reduced N 
leaching can be achieved on many farms with more 
efficient resource allocation.

METHOD

A commercial dairy case farm situated in Central 
Hawkes Bay was studied. This farm imports about 
20% of feed, typical DairyNZ System 3.(DairyNZ 
“Facts and Figures for NZ Dairy Farmers”. Booklet 
Page 5 DairyNZ.co.nz). The current situation (300 
ha; 750 cows; 262,935 kg MS; $740,230 “profit” 
and 18kg N leaching per hectare) was progressively 
optimised to provide 30% reduced N leaching into 
the environment ( 500 cows; 189,560 kg MS and 
$754,500 “profit” with 11kg N leaching per hectare). 

A resource allocation model (GSL), through a 
number of associated production data inputs, allowed 
a series of simple production functions to be formed. 
These were “tagged” with information specific to each 
function and a database system enabled each of these to 
be assembled either to allow optimisation, or for varying 
levels of constraints to be applied. These were then 
entered into a linear programming (LP) routine which 
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undertook as much iteration as required to reach an 
objective function, normally maximising the financial 
return. The iteration process allowed marginal analysis 
of additional inputs, both for timing and quantity, 
enabling a proper continuing financial analysis. All 
inputs were scrutinised in a continuous process until the 
most profitable combinations were found.

Because the model solves quickly, it allowed 
multiple, systematically adjusted runs to be compared. 
This facilitated the integration of resources, the 
identification of constraints within the system and 
the value of overcoming them. Such a model ensures 
that inputs (unless constrained) will be used only to 
the point where MC=MR and that resources must 
fit the allocation system in a balanced way. In the 
GSL model specific resources can be constrained, 
others optimised. This allows a consistent base 
for comparative purposes between differing input 
quantities and/or costs and output prices. Run 2, for 
example, used the resources available to the farm, 
but the model was “optimised”, selecting the most 
profitable combination of those resources for the 
constraint of 350 kg MS/cow. 

RESULTS

This farm was estimated to be feeding 865 kg 
DM/cow/yr of bought in feed and producing $740,234 
“profit” (cash income less cash expenditure) as the 
farm system remained constrained for additional 
inputs and capital expenditure in all iterations (Base 
Farm, Table 1). However, using Farm Management 
principles, including marginal analysis, the same farm 
could milk 618 cows, 350 kg MS/cow, predominantly 
on pasture, producing a profit of $784,840 (Run 2). In 
effect, the farm ran an additional, “marginal herd” of 
132 cows on bought in feeds. This 132 cow marginal 
herd erodes the profit of the 618 cow herd by $44,840 
due to costs of feed and maintenance (animal health, 
breeding, labour, some direct farm expenses). These 
extra 132 cows cause not only a 6% drop in profit, 
but also a 20% increase in N leached from 15 kg N/
ha to 18kg N/ha (Table 2).

Figure 1 illustrates that, as N leaching reaches 
lower levels, the decrease in production required to 
achieve an additional N leaching unit increases at an 
increasing rate due to the predicted extra (marginal) 
N leaching response diminishing. This has the 
effect of reducing farm income at an increasing rate 
and may require areas of land to be removed from 
farming. An efficient farmer of the case-study farm 
would start at about 13 N leached so the first unit 
reduction would lose about $50,000, a negative MR 
per unit of N leached. An inefficient farmer would be 
starting at 18 kg N leached and would increase MR 
by $120,000 for the first unit of N leaching reduction.

Figure 1: Profit versus N leached

DISCUSSION

Farm Standards have replaced the application of 
production economics and comparative analysis of 
inputs and outputs in most New Zealand commercial 
dairy farming situations. Farm sales data and bank 
lending decisions use ratios such as kg MS/ha or 
kg MS/cow; debt ($/kg MS) and other formulae 
involving totals or averages to assess farm investment 
and performance. 

The LP used for the marginal analysis of the case-
study farm identified the “tipping point”, where the 
next input returns no extra value (Table 1, Run 2). The 
“Base farm” was shown to be profitable, but further 
analysis showed that it could be more profitable by 
reducing number of cows, MS production and bought-
in feed.  Fewer replacement heifers would be required. 
N leaching would also decline.

Recent expansion of intensive, sometimes 
irrigated dairy farming in New Zealand has not 
always delivered production that has kept pace with 
debt liabilities (DairyNZ Economic Survey, 2012-
13). There is evidence of increased ground-water 
nutrient levels in Canterbury, for example. Most such 
issues might have been avoided with the application 
of Farm Management principles described above, 
leading to sustainable stock numbers, better farm 
profit, less risk and less nutrient leaching.  

A challenge for dairy farmers is to retain 
profitability while reducing N leaching.  As shown 
in Figure 1, a farm system can improve profit while 
reducing N leaching. But once a specific farm 
production system point is reached, farm profit 
decreases at an increasing rate with each additional 
unit of N leaching reduction. 

There are some very inefficient farms with high 
inputs, high leaching and poor profits. The industry 
should be targeting these farms to reduce N leaching 
(as they will then also improve profits) rather than 
impose restrictions on efficient farms and reduce 
profits rapidly due to the steeply rising marginal 
costs per additional reduction in N leached. The LP 
approach allows the marginal effect of reducing N 
leached to be calculated for each farm.
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Table 1: 300 ha case study dairy farm: effect of resource use on profit and N leach

Base Farm Run 2 Run 3 Run 4 Run 5 Run 6

LP run 
kg MS/cow

750 cows
350

Opt cows
350

Opt cows
384

Opt cows
384

Opt cows
384

Opt cows
384

Nx kg1

Base
93,990 79,950 85,233

90% Base
Nx level

80% Base
Nx level

70% Base
Nx level

Herd size (cows) 750 618 631 620 557 494

Milksolids kg 262,935 216,774 242,502 238,782 213,968 189,563

Profit ($) 740,235 784,841 896,770 894,777 877,364 754,524

kg DM bought-in feeds 648,500 23,000 136,000 107,500 0 0

Supplement made on farm 
kg DM

0 16,000 9,000 0 7,000 25,000

Total kg DM used 3,143,800 2,558,650 2,751,000 2,708,940 2,403,640 2,122,440

R 1 yr grazed off
All. 197
Nov-Jul

All. 162
Nov-Jul

All. 133
Nov-Jul

All. 130
Nov-Jul

All. 117
Nov-Jul

All. 104
Nov-Jul

R 2 yr grazed off
All. 188
Jul – Jul

All. 155
Jul – Jul

All. 126
Jul – Jul

All.124
Jul – Jul

All. 111
Jul – Jul

All. 99
Jul – Jul

Cows grazed off
All.
8 weeks

All.
8 weeks

All.
8 weeks

All.
8 weeks

All.
8 weeks

All.
8 weeks

N leached /ha/year 18 15 16 16 13 11

1Note: Nx is an output function of the model and can be limited to reduce final N leaching figures.

Table 2: Marginal analysis of case study farm: comparison of the Base farm, Table 1, with Run 2. 
From Marginal Analysis, the 750 cow herd is made up of two groups of cows.

618 cows producing    216,775 kg MS                                       132 cows producing   46,160 kgMS

Buy and Feed 23,000 kg DM

 37 kg DM /cow fed     

Buy and Feed 625,500 kg DM

 4740 kg DM /cow fed

Profit +$784,840 Loss  -$44,607

N leaching 15kg N/ha/year N leaching +3kg N/ha/year
                       

REFERENCE
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ABSTRACT

Grazing management has a significant influence on farm productivity and profitability; however, there 
is a wide range of practices used by farmers, and the success of these practices in relation to scientifically-
agreed optima is variable. There is a lack of research regarding operational planning as it relates to grazing 
management (e.g. formation of daily paddock grazing plans) and, thus, an exploration of operational 
management formed the rationale for the current study. Case studies involving interviews were used to 
provide an insight into farmer decision-making in relation to grazing, and involved two New Zealand 
dairy farmers in the autumn of 2013. Six grazing events were assessed for both farmers. A process model 
was developed and shows three key themes from all grazing events: recruitment of paddocks into a 
grazing plan, shuffling of paddocks within the grazing plan, and management of individual grazing events. 
The application of planning, implementation and control functions by the farmers varied both between 
individual grazings as well as between the farms. Further exploration and testing of this model would form 
the basis of development programmes to assist New Zealand dairy farmers increase productivity from 
pasture and, hence, maintain a profitable and competitive industry.

Keywords: Grazing management, operational planning

INTRODUCTION

Farm management comprises three functions; 
planning, implementation and control (Shadbolt & 
Bywater, 2005). Planning is the process through 
which the farmer develops a plan to use their 
resources to achieve their goals; implementation is 
the process of putting the plan into action; control 
is the process of monitoring and subsequently 
making adjustments to the plan to direct the 
outcome towards desired targets (Gray, 2005a). 
The planning function can also be divided into 
three levels: strategic (e.g. feed budgets), tactical 
(e.g. weekly farm walks) and operational (e.g. 
daily paddock grazing plans) (Parker et al. 1997). 
The majority of management research has focussed 
on strategic and tactical management (Martin & 
Shadbolt, 2005; Gray, 2005b; Webby & Bywater, 
2007).

There is a need to explore operational planning 
in relation to grazing management, as it has a 
significant influence on farm productivity and 
profitability, and there is a wide range of grazing 
management practices used by farmers.

METHOD

Qualitative field research, in the form of case 
studies, was used to investigate the operational 
management processes used by two New Zealand 
dairy farmers in relation to grazing management of 
paddocks during autumn 2013.

At the time when cows were being moved 
from their current paddock (the ‘grazing event’), 
the two farmers were interviewed regarding the 
decisions they made which led to this event. The 
interview questions included: when the paddock 
was selected to be grazed and what this selection 
was based on; whether any decisions changed 
prior to the planned grazing event, and why; what 
indicators were used to determine that the grazing 
event had finished; and whether changes were 
made to control the grazing event and, if so, why 
those decisions were made and what they were 
based on. The conversations were recorded and 
subsequently transcribed. Six grazing events were 
recorded for each farmer and a process model was 
formed for each grazing event from the transcribed 
data.

RESULTS

The actions taken by the farmers to plan, 
implement and control grazing events are 
generalised and summarised into a process 
model (Figure 1). Some key operational grazing 
management themes were derived from each 
grazing event and these are: 1) the recruitment of 
paddocks into a grazing plan; 2) the shuffling of 
the paddock grazing sequence within the grazing 
plan; and 3) the management of individual grazing 
events before, during and after the event.
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Figure 1: A generalised process model for the management of grazing events, presenting the actions taken by 
the farmer to plan, implement and control grazing events.

The frequency of the management functions 
(planning, implementation and control) used by 
Farmer A and Farmer B are summarised for each 
grazing event in Table 1 and Table 2, respectively. 
Implementation was a straightforward process 
that involved moving the cows into and out of the 
paddock, and the frequency of implementation was 
similar between the two farmers. 

Table 1: The number of times that management 
functions were used by Farmer A over 6 grazing events.

Farmer A Planning Implementation Control

Grazing 
Event 1

2 2 3

Grazing 
Event 2

2 3 3

Grazing 
Event 3

4 2 4

Grazing 
Event 4

4 2 6

Grazing 
Event 5

3 2 2

Grazing 
Event 6

2 2 4

Total 17 13 22

% of total 
management 
functions

33% 25% 42%

Table 2: The number of times that management 
functions were used by Farmer B over 6 grazing events.

Farmer B Planning Implementation Control

Grazing 
Event 1

2 2 2

Grazing 
Event 2

2 3 2

Grazing 
Event 3

1 2 2

Grazing 
Event 4

1 2 2

Grazing 
Event 5

2 3 1

Grazing 
Event 6

1 3 2

Total 9 15 11

% of total 
management 
functions

26% 43% 31%

Planning and control processes were more 
variable between grazing events and also between 
farmers. Farmer A used planning and control 
functions more frequently than implementation, 
whereas Farmer B used planning and control 
functions less frequently than implementation. 

The planning function was the most unique 
component of operational grazing management. 
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Farmer A based their selection of paddocks on the 
longest pre-grazing cover and made two modifications 
to the original grazing plan by monitoring cover and 
shuffling the paddock grazing sequence in the week 
prior to grazing. Farmer B had a more fixed planning 
process based on a set time since the paddock was last 
grazed, and shuffled the paddock grazing sequence on 
one occasion for ease of management. On the day of the 
grazing event both farmers monitored cow behaviour 
and the post-grazing residual to assess the grazing 
event and determine if control functions were required. 
The frequency of using those control functions varied 
between the farmers. Farmer A regularly used control 
functions before, during and after the grazing event, 
whereas Farmer B only frequently used control 
functions after the grazing event.

DISCUSSION AND CONCLUSION

The current study developed a model that 
describes the complex process of operational grazing 
management and is much simpler than those presented 
in the literature for strategic and tactical management 
(Martin & Shadbolt, 2005; Gray, 2005b). This 
model consisted of three key operational grazing 
management themes: recruitment of paddocks into a 
grazing plan, shuffling paddocks within the grazing 
plan, and management of individual grazing events.

The results show that the application of planning, 
implementation and control functions by the farmers 
varied both between individual grazings as well as 
between the farms. For example, both farmers used 
similar indicators (e.g. pasture height and/or yield, 
interval since last grazing, cow behaviour and post-
grazing residual) to manage grazing events. However, 
both the choice of which indicator to use, and the 
frequency of their use in individual grazings varied.

A larger study involving seven farmers, including 
the two farmers from the current study (McCarthy 
et al. 2014), indicated that the ‘ideal’ targets for pre- 
and post-grazing (to optimise pasture production and 
consumption) were not met for about 50% of the 
grazing events measured. This highlights a need for 
more clearly-defined targets and grazing management 
practices that are simple, consistent and reliable.

Further research is required to determine if the 
operational grazing management themes developed 
in the current study are consistent across a wider set 
of farms, and across seasons. Through an improved 
understanding of the decision making process 
that farmers undertake during operational grazing 

management, there is potential to develop methods 
that improve farmers’ consistency in reaching 
grazing management targets. Such social research 
programmes would ultimately assist the New Zealand 
dairy industry to remain profitable and competitive.
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ABSTRACT

Cow fertility is important in the New Zealand seasonal calving system but intense selection 
on production traits has resulted in a decline in dairy cow fertility. To prevent further decline, PM21 
(percentage of cows mated in the first 21 days of mating) and CR42 (calving rate in the first 42 days of 
calving) are used in the genetic evaluation of bulls for fertility. These traits are binary - a cow either meets 
these critical reproduction deadlines or she is classified as a late breeder or calver. However, the earlier 
a cow successfully breeds the more valuable she is to the production system, and this is not adequately 
captured with a binary trait. A preliminary study using data from the National Herds Fertility Study 
database indicated that re-defining the CR42 binary trait to a continuous trait could increase the accuracy 
of fertility trait estimates.  As well as this, substituting the CR42 binary trait for its continuous equivalent 
(calving season day, CSD) can improve the heritability of the trait meaning that more genetic variation is 
captured. Additionally, other measures of fertility, such as heifer calving season day, showed promise for 
inclusion in the fertility model. The study reported in this paper used selection index modelling to identify 
the best models for predicting true fertility by comparing models with either the binary or continuous 
equivalents of the current fertility traits, replacing milk with protein yield or protein percent as a predictor 
trait in the fertility model and by considering the impact of inclusion of heifer fertility trait. The results 
of this study agree with, and build on, previous preliminary findings, that: 1) the continuous version of 
CR42 was a more accurate predictor of true fertility than the currently used binary trait; 2) including milk 
production traits in the fertility model has minimal impact on model accuracy, and 3) that adding heifer 
calving increased the accuracy of fertility trait estimates. 

Keywords: Dairy cattle; fertility; genetic evaluation.

INTRODUCTION

New Zealand dairy cows must calve once 
every 365 days to fit within the seasonal production 
system. The reproductive performance of dairy 
cows in New Zealand is superior to many other 
countries, however, selection for production traits 
has been associated with a decline in fertility 
over the last 40 years (Burke and Fowler, 2007). 
To help improve cow fertility, a fertility breeding 
value is now included in the New Zealand national 
breeding objective (Breeding Worth) (Harris and 
Montgomerie, 2001).  Within the New Zealand 
breeding objective, fertility is currently evaluated 
using two binary traits - PM21 (if cows are mated 
within 21 days of the planned start of mating) 
and CR42 (if cows calve within 42 days from the 
planned start of calving, CR42).  There are potential 
benefits of incorporating new fertility traits into 
genetic evaluation, particularly if these traits are 
more accurate measures of true fertility or if they 
can be measured earlier than current mating and 
calving traits. 

A preliminary study demonstrated that re-
defining the binary calving trait, CR42, as a 
continuous trait increased the amount of genetic 
variation captured (i.e. heritability) by the trait.  This 

finding was confirmed in a study using the complete 
dataset of the New Zealand National Herds Fertility 
Study (NHFS, Stachowicz et al. 2014). Results 
from the preliminary study by (Bowley et al. 2014) 
also indicated that inclusion of the continuous 
calving trait in the fertility model in place of the 
binary version may increase the accuracy of fertility 
trait estimates.

In the current fertility model, milk yield is 
included as a predictor trait.  Variance components 
estimated by (Stachowicz et al. 2014) showed that 
another milk trait, protein percentage, was more 
highly genetically correlated with calving season 
day than milk yield. Therefore, there was a need to 
explore the substitution of milk yield with protein 
percentage in the fertility model and the implications 
on prediction accuracy.  Protein yield was also 
considered as an indicator trait.

Studies in other dairy populations have shown 
moderate to high genetic correlations between 
measures of heifer and cow fertility, suggesting 
that heifer fertility can be a useful early predictor 
of cow fertility (Jamrozik et al. 2005, Pryce et al. 
2007, Liu et al. 2008, Tiezzi et al. 2012). However, 
the relationship between heifer and cow fertility in 
the NZ dairy industry has been less well quantified. 
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(Stachowicz et al. 2014) estimated the heritability 
of heifer calving season day to be 0.025, which is 
comparable to estimates of cow CSD heritability. 
The phenotypic correlation between heifer and cow 
(parity 1) CSD was 0.11 and the genetic correlation 
was 0.79. This indicates that, while phenotypically 
the traits appear to be quite distinct, genetically they 
are very similar.  This suggests that inclusion of heifer 
calving season day in the fertility model presents an 
earlier opportunity to select young sires for increased 
daughter fertility.  

The objectives of this study were to determine 
if: a) replacing the binary (CR42) with the 
continuous (CSD) calving trait in the fertility 
model increased the accuracy of the model; b) if 
replacing milk with protein yield or protein percent 
increased the accuracy of the fertility model; and 
c) if including heifer calving season day (HCSD), 
in addition to CSD, increases the accuracy of 
predicting fertility.

MATERIAL AND METHODS

Selection index theory combines information 
from different sources (relatives and traits), based 
on their relationship to each other and the goal 
trait, into an index value and associated accuracy 
(Hazel, 1943).  In this study, selection index 
models were built to determine if: a) replacing 
CR42 in the current fertility model with calving 
season day (CSD) would increase the accuracy 
of fertility prediction; b) if replacing milk with 
protein yield or protein percent increases the 
accuracy of the current model; and, c) if including 
heifer calving season day, in addition to CSD, 
increases the accuracy of predicting fertility.  
Selection index modelling was conducted in 
Mathcad 15.0. Models were built using phenotypic 
and genetic correlations between predictor traits, 
as reported by (Stachowicz et al. 2014). Since an 
accurate relationship between true fertility and 
predictor traits is unknown, three models were 
used with different estimates of these correlations 
(Table 1). All models assumed that calving season 
day was the best representative of true fertility. 
The magnitude of the genetic correlation between 
true fertility and CSD, however, differs between 
models, as do the genetic correlations between 
true fertility and predictor traits (Table 1).  In 
Model A, the genetic correlations between true 
fertility and CSD, heifer CSD and CR42 are 
equal to the average accuracy of CSD, HCSD and 
CR42 estimated breeding values for bulls with 
>=33 daughters.  Bulls with at least 33 daughters 
were used as they have high reliability EBVs and 
are a good representation of how accurately the 

fertility EBVs represent true fertility.  In Model 
B, the genetic correlation between true fertility 
and CSD is set the same way as in method A. In 
Model C, CSD is assumed to be true fertility, but is 
imperfectly estimated and therefore the correlation 
used is 0.99 (Table 1).  PM21, CSD and CR42 
were assumed to be repeatable traits (n=3 records 
each) with repeatabilities equal to 0.13, 0.19 and 
0.12, respectively.

Table 1:  Correlation between true fertility and each 
trait in the selection index model.

Model A Model B Model C

Milk yield 0.61 r
CSD.milk

0.61 r
CSD.milk

0.99 r
CSD.milk

Protein yield 0.61 r
CSD.prot

0.61 r
CSD.prot

0.99 r
CSD.prot

Protein % 0.61 r
CSD.prot%

0.61 r
CSD.prot%

0.99 r
CSD.prot%

BCS 0.61 r
CSD.BCS

0.61 r
CSD.BCS

0.99 r
CSD.BCS

PM21 0.61 r
CSD.PM21

0.61 r
CSD.PM21

0.99 r
CSD.PM21

CR42 -0.36 0.61 r
CSD.CR42

0.99 r
CSD.CR42

CSD 0.61 0.61 0.99

HCSD 0.58 0.61r
CSD.HCSD

0.99r
CSD.HCSD

RESULTS AND DISCUSSION

The selection index model indicated that, 
regardless of the method used to derive correlations 
with true fertility, replacing the binary CR42 trait 
with the continuous calving season day trait (CSD) 
resulted in a 7% increase in the accuracy of true 
fertility predictions (Table 2). Replacing milk 
yield with either protein yield or protein percent 
had no effect on the accuracy (Table 2). Further, 
unpublished data suggested that removing milk 
yield from the model had little effect on accuracy, 
indicating that this currently used production 
trait is of minimal value in predicting fertility. 
Adding heifer calving season day to a fertility 
model consisting of milk yield, BCS, PM21 and 
CSD increased the accuracy of the model by 3-6% 
(Table 2), depending on which model (A, B or 
C) was used to determine correlations between 
predictor traits and true fertility. This indicates 
that having earlier CSD information from heifers 
could be beneficial for predicting true fertility.
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Table 2: Model accuracies based on model changes tested (pre- and post-change)

Model adjustment
Model A Model B Model C

Pre- Post- Pre- Post- Pre- Post-

Replacing CR42 with CSD in current model* 0.432 0.464 0.433 0.464 0.702 0.753

Replacing milk with protein yield in current model* 0.432 0.432 0.433 0.433 0.702 0.702

Replacing milk yield with protein % 0.432 0.435 0.433 0.435 0.702 0.707

Adding HCSD to model – Milk, BCS, PM21, CSD 0.464 0.494 0.464 0.477 0.753 0.774

* Current model = Milk yield, BCS, PM21 and CR42

CONCLUSION

Selection index modelling suggests that the 
currently used binary CR42 trait should be replaced 
by CSD in the fertility model. In addition, there may 
be little value in including production traits in the 
fertility model. Finally, there is evidence to support 
incorporating heifer CSD into the fertility model.
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ABSTRACT

This study examined the effect of herd replacement rate and replacement heifer attributes (live weight, 
first-lactation production, longevity) on physical and financial performance of a 300 ha, 750 cow dairy farm, 
categorised as a DairyNZ “System 3” with 10-20% of the feed bought in and dry (non-lactating) animals 
grazed off-farm.  A resource optimisation linear program (LP) model, “GSL”, was used to analyse the effect 
on farm profit (cash surplus) of varying cow age-group production (kg MS/cow/yr). Initially, the model was 
constrained to 750 cows, average production 380 kg MS/mature cow/yr; flexible drying off and culling dates. 
Common prices were assumed for milk, surplus calves and cull cows. Grazing off costs depended on age groups 
of heifers and cows. Initial herd (H) parameters were:  replacement rate 25%; loss rate 5%; average cow life 6 
years (H:25/5/6). Heifer production as a percentage of a mature cow was: 2 yr old 70%; 3 yr old 85%; 4 yr old 
95% (P:70/85/95). The LP model purchased 442.1 t feed, produced 238,600 kg MS/yr, and profit (cash surplus) 
$643,274. When the LP’s only constraints were  production of 380 kg MS/mature cow, H:17/3/8, P:90/100/100, 
and optimised for all other parameters,  herd size was 621 cows; purchased feed 29.7 t. Total production was 
225,470 kg MS; profit was $836,488. Cow longevity and age-group performance increased. Using averages 
from farm data ignores important detail and the opportunity to distinguish where diminishing returns apply in 
an economic analysis of a production system.

INTRODUCTION

Dairying in New Zealand is based on pasture 
intensively grazed by dairy cows, and culled cows 
replaced with home-bred heifers. Increases in total 
milksolids (MS) production per hectare or per farm 
generally requires additional inputs (purchased feed, 
added nitrogen fertiliser, irrigation, more cows), 
an intensification of the existing system, which, 
if analysed using farm-management principles 
(Hardaker 2011) will be uneconomic. Most 
intensification stems from an assumption that more 
production will make the farm more profitable than 
previously, but many such predictions use averaging 
calculations or industry standards such as kilograms 
of milksolids per hectare per year (kg MS/ha/yr) or 
per cow (kg MS/cow/yr) in their analyses.

Using such standards, or “benchmarking”, 
ignores that resources differ between farms and 
that diminishing returns to additional inputs occur 
in all farm systems (Candler and Sargent 1962, 
Malcolm 1999, Ridler and Anderson 2011). These 
diminishing returns vary in timing and extent so 
that failing to identify true economic factors and 
their effects potentially creates substantial errors in 
systems management. Using “Industry Standards” 
overlooks detail which may provide opportunity 
for management to improve profit and efficiency 
of resource use. This detail requires comparative 
analysis where similar resources, costs and income 
are compared within a framework that accounts for 
the diminishing returns that apply to additional inputs 

and where substitution based on marginal analysis 
forms the basis for resource allocation.

Included in the analysis, and often overlooked, 
should be the effect on profit of the rearing of home-
bred replacement heifers, manifested in their live 
weight at start of first and subsequent lactations.

METHOD

An optimising resource allocation model (the 
“GSL” model,  Anderson and Ridler 2010) established 
linkages between resources (feeds, animals, costs, 
returns) and factors of production (age, live-weights, 
replacement rate, losses, milksolids) on a per unit 
basis. Multiple runs of the program enabled the 
marginal cost and return (MC vs MR) for factors of 
interest to be assessed, until most profitable (i.e. cash 
surplus) resource allocation was achieved. 

Initially, the model simulated an actual 750-
cow dairy farm, but with herd average production 
constrained at 318kg MS/cow/year. The herd’s 
production levels ranged from 267 kg MS/two-year-
old heifer/yr to 381 kg MS/cow/yr for mature cows, 5 
years and older. The herd replacement rate was 25%; 
loss rate 5%; and cows were in the herd until average 
age 6 years, designated (H:25/5/6). Two- year-olds 
had 70% of the production of mature cows; 3 year 
olds 85% and 4 year olds 95% (P:70/85/95). The 
750-cow herd was run as one and younger animals 
competed with mature cows for feed. The farm is in 
the DairyNZ “System 3” category where 10-20% of 
the feed is bought in and dry (non-lactating) animals 
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graze off-farm. The farm provided initial data on 
pasture growth, bought-in feeds used, herd structure 
and milksolids production, which were then used to 
model the effects of changes to herd structure and 
production.

A series of model “Runs” were completed 
with each one progressively changing both the 
replacement rate from the Base Farm of H:25/5/6 
and P:70/85/95 (1 Base in Table 1) to H:17/3/8 and 
P:90/100/100 in Run 4. All Runs were constrained 
to 750 cows and 381kg MS/mature cow /yr. A range 
of feeds was bought in as required by the model 
with 2-weekly assumptions for costs to buy and 
feed, utilisation, energy of the feed (megajoules 
metabolisable energy/kg DM), crude protein percent. 
Common to all runs were 15 ha of summer turnips; 

application of 150 kg nitrogen/ha; and grazing-off of 
all young stock, November to July, and the herd for 8 
weeks, June and July.

The GSL model optimised for herd number 
(Runs 5-8) using the same criteria as in Runs 1-4.  
The optimisation process (Runs 5-8) selected the best 
resource allocation (feeds, cows and production) to 
provide the best profit from each system comparison. 
Constraints applied to land use, the costs of each 
unit of input and those noted above. Model outputs 
(Table 1) reflect the linkages between animals, feed 
required, production increases, working costs and 
income, plus the changes to sales that occur as herd 
makeup changes e.g. more calves for sale, but fewer 
cows culled.

Table 1: Details for LP evaluation of effect on cash profit of changes to a case farm.

Run No 1 Base 2 3 4 5 6 7 8

Herd structure 25/5/6 23/4/6 20/3/7 17/3/8
Optimise 
Run 1 Opt Run2 Opt Run3 Opt Run4

Heifer 
performance 
relative to 
mature cows 70/85/95 75/85/95 85/95/100        90/100/100 70/85/95 75/85/95 85/95/100       90/100/100

Herd size  
(R 2 to mature) 750 750 750 750 659 647 630 621

Av kg MS/
cow/year 318 329 346 362 318 329 346 363

Av kg MS/
mature cow 381 381 381 381 381 381 381 381

Av kg MS/2yr 
heifer 267 287 324 343 267 287 324 343

Total kg MS 238,608 246,450 259,805 272,103 209,910 212,690 218,270 225,470

Total kg DM 
feed bought 442,100 514,000 618,100 709,000 - - - 29,700

Total kg DM 
feed + pasture 2,967,455 3,029,315 3,117,600 3,195,200 2,592,320 2,592,420 2,592,680 2,617,440

Carcase weight 
kg 32,955 31,665 27,908 23,080 28,786 27,050 23,513 18,466

Calf sales 469 485 510 535 412 419 428 443

$ Income $1,761,504 $1,813,492 $1,900,670 $1,976,884 $1,549,610 $1,565,060 $1,596,820 $1,638,058

$ Costs $1,118,230 $1,136,330 $1,156,650 $1,170,850 $869,450 $849,510 $817,520 $801,570

$ Profit $643,274 $677,162 $744,020 $806,034 $680,160 $715,550 $779,300 $836,488

$ Additional 
Profit 0 $33,888 $100,746 $162,760 $36,886 $72,276 $136,026 $193,214

2 Yr olds 188 173 150 128 165 149 126 $106

3 Yr olds 170 161 140 120 149 139 118 100

4 Yr olds 152 150 131 114 134 130 110 94

5 Yr olds 134 140 121 107 117 121 101 89

6 Yr olds 106 125 112 101 94 108 94 83

7 Yr olds - - 97 95 - - 81 78

8 Yr olds - - - 86 - - - 71
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RESULTS AND DISCUSSION

From Table 1, as more milksolids were produced 
(runs 2 – 4) and the model was constrained to 
maintaining a milking herd of 750 cows, more feed 
was purchased. The combination of the fewer younger 
animals, each producing more, and an overall change 
to an older herd makeup contributed to $33,888 more 
profit, despite an additional 72,000 kg of feed being 
bought and fed. The marginal revenue from the feed 
was greater than its marginal cost. 

As the proportion of older, higher-producing 
cows in the herd increased (381kg MS/cow compared 
to 324 kg MS/heifer and no additional ongoing 
requirement for growth), total milksolids and 
profit increased. The marginal advantages of these 
changes began to decline from Run 3 to 4 compared 
to Run 2 to 3 and are an example of the economics 
of biological efficiency approaching a natural limit 
(Santarossa 2004). Studies of whole farm data have 
shown cost increases more than expected when 
higher concentrate levels are fed (Fergusson 2012). 
The series of LP runs showed improvement in overall 
production of 14 percent (+33,495 kg milksolids) and 
profit of 25 percent (+$162,763) as the replacement 
rate and loss rate decreased, and herd longevity and 
age group performance increased.

The higher production required bought-in 
feed. When optimised, the model showed that 
only true supplementary feed should be bought (to 
cover deficits when herd requirements and pasture 
production do not match) to feed fewer cows but 
with a higher profit (621 cows; +$193,214 (+30%)). 

The importance of herd rearing, structure and 
management is revealed as is the marginal cost of 
purchased feed. Runs 5 to 8 illustrate the advantages 
over Runs 1 to 4 of identifying the marginal economic 
improvement from each additional unit of input used 
when herd number is optimised.  Although total MS 
decreased from 238,608 kgMS in Run 1 to 225,470 
kgMS in Run 8, efficient use of resources increased 
profit by 30%. The additional benefits from the 
production system change from Run 1 to Run 8 are 
likely to be a simpler, less capital-intensive and risky 
system with fewer “hidden” costs of depreciation, 
labour and interest. 

CONCLUSION

The study emphasises the importance of the detail 
in data, which is lost when averaging. The adoption of 
this type of marginal analysis using LP has the potential 
to greatly improve farm productivity and encourage 
better understanding of the relative importance of each 
component of a farm system. In this case altering herd 
makeup and addressing feed inequalities produces 
improvements in profit. Marginal analysis, however, 
shows that these improvements are less efficient than 
reducing herd number and employing the current farm 
resources better.
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ABSTRACT

Farm technical efficiency ratios e.g. milksolids per cow (kg MS/cow), use averaged figures and ignore 
detail that an effective economic analysis demands. A resource allocation optimisation linear program (LP) 
model, “GSL”, was used to analyse the effect on profit (cash surplus) of varying age-group production data (kg 
MS/cow/yr) for a 300 ha farm. Initially, the herd was fixed at 750 cows, average production 400 kg MS/animal 
/yr; all replacement heifers grazed off; flexible drying off and culling dates; cows grazed off in winter, 8-10 
weeks. Common prices were assumed for milk, surplus calves and cull cows. Grazing off costs depended on 
age groups of heifers and cows. Initial herd (H) parameters were:  replacement rate 25%; loss rate 5%; average 
cow life 6 years, represented as H:25/5/6. Heifer production as a percentage (P) of a mature cow (100): 2 yr old 
70%; 3 yr old 85%; 4 yr old 95%, represented as P:70/85/95. The LP model purchased 736.4 t feed, produced 
480 kg MS/mature cow, and profit (cash surplus) $938,260. When the LP was constrained to a herd structure 
of H:17/3/8; P:90/100/100; herd size 750; production 400 kg MS/animal, the model purchased 792 t feed, 
produced 422 kg MS/mature cow, and profit $952,795. When the LP was constrained only to production of 400 
kg MS/animal, it calculated the optimum combination of resources: herd size 630; purchased feed 118 t. Total 
production was 252,360 kg MS; profit was $988,520. It was found that using average kg MS/cow to compare 
between scenarios for a farm is not an accurate predictor of farm system performance or change.

INTRODUCTION

Farm Management, a discipline that encompasses 
agricultural economics, agricultural science, risk, 
the farm and the farm people has declined while 
the use of farm standards, technical and financial 
efficiency averages and ratio-derived benchmarks 
have increased (Hardaker, 2011). These measures 
consist of related physical production factors (e.g. 
cow details on weight, breed, feed supplied, animal 
health, fertility) and economic factors (products 
and prices; cost of feed, animal health and capital 
invested) which influence the overall profit of a 
farm system. Many who compare farms using 
these measures regard them as sufficiently robust 
to provide valid comparisons, but they ignore the 
farm management components. The measures are 
often used out of the context of the data on which 
they are based. Moreover, spread sheets programmed 
to analyse only total cost and total revenue cannot 
identify the most rational allocation of resources for 
optimum production and profit.

A common measure of farm technical 
performance is kilograms of milksolids per cow per 
year (kg MS/cow/yr), despite its being acknowledged 
as a poor indicator of farm returns (Ho et al. 2012). A 
simple ratio such as kg MS/cow/yr cannot therefore 
provide a robust indicator of efficiency yet it is used 
as if it can simultaneously and accurately describe 
both an individual cow’s production and the average 
annual production of a herd of cows. The herd factors 
that combine to provide average per cow production 

vary widely between herds, farms and years. 
Analysis of the detail of this variation can enable 
improvements in farm profit. 

Examples of the details required are replacement 
rate (RR), loss rate (LR), longevity of animals (L) 
in the herd and relative performance change (PC) 
of younger age-group animals compared to mature 
cows. These vary between herds yet different 
combinations of these factors can produce very 
similar figures for herd “average production per 
cow”. This paper reports scenarios where the same 
herd average production, 400 kg MS/cow/yr for a 
750 cow herd, is maintained while changes are made 
to the factors listed (RR; LR; L; PC).

METHOD

A resource allocation optimisation model (the 
“GSL model”, Anderson and Ridler 2010) was used 
to establish comparative analyses of combinations of 
age group kg MS/cow/yr production data. The model 
uses Linear Programming (LP) to calculate the 
impact of many variations of feed characteristics and 
cow requirements, but its main strength is allowing 
the economic impact of each of these options to be 
the objective function “profit” (in this model, cash 
income less cash expenditure) Some inputs and 
capital expenditure remain constrained throughout 
all iterations. Successive “runs” of the model allows 
comparison of the marginal returns from resultant 
additional outputs with the marginal or extra cost of 
additional inputs.
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A 300 ha farm was chosen, with herd fixed at 750 
cows averaging 400 kg MS/cow/yr; all replacement 
heifers were grazed off, cows grazed off over winter 
for 8-10 weeks, with flexibility for drying off and 
culling dates. This scenario required bought-in feed; 
options were: 
- concentrates at 13 megajoules of metabolisable 

energy per kilogram of dry matter (MJME/kg 
DM) and 50 cents/kg DM;  95% utilisation; in-
shed feeding costing 9 cents/kg DM to feed.

- pea hay (10 MJME/kg DM) at 22 c/ kg DM; 
85% utilisation; 3 c/kg DM to feed; 

- maize silage (10.6 MJME/kg DM) at 33 c/kg 
DM; 90% utilisation; 6 c/kg DM to feed;

- palm kernel expeller (11 MJME/kg DM) at 34 c/
kg DM; 85% utilisation; 5 c/kg DM to feed.

Grazing off cost $8/head/week, standard, for 
weaner to rising 1 yr (R 1yr), $12/head/week for R 1yr-R 
2yr and $19/head/week for cows (plus transport costs).

Income assumptions: $7 / kg MS; surplus calves 
$40/head; cull cows at predicted cull weights for date 
of sale at $2.20 /kg carcass weight (CW).

Baseline herd (H) parameters:  replacement 
rate 25%; loss rate 5%; average cow life 6 years 
represented as H:25/5/6.

The first-lactation 2 yr old heifers were run with 
the main herd. Heifer production as a percentage (P) 
of a mature cow was: 2 yr old 70%; 3 yr old 85%; 4 
yr old 95% represented as P:70/85/95.

In Table 1, Run 1, Base Farm is designated 
H:25/5/6 with P:70/85/95. These herd composition 
figures were then changed to provide combinations as 
shown. The last such combination was Run 4 H:17/3/8 
with P:90/100/100. In order to achieve higher 
performance as 2 to 4 year olds, live weight of these 
animals and associated grazing fees were increased.

The systems model accounted for extra calf 
sales (from lower replacement rates) but also for a 
drop in cull cow sales as fewer animals entered, then 
left, the system.

RESULTS

Table 1 summarises the results of each model 
scenario.  

Initially the productivity gain produced by higher 
milksolids from fewer replacement stock was eroded 
by higher maintenance requirements for the heavier 
herd animals. In later runs the reduction in costs due 
to fewer replacements improved profit by $13,800, 
despite higher surplus calf sales being offset by lower 
meat sales (from fewer animals culled per year).

Although the average per cow production remained 
at 400 kg MS/animal/yr, the actual performance per 
mature cow required to average 400 kg MS/cow/yr 

dropped from 480 kg MS/cow/yr to 422 kg MS/cow/
yr while the corresponding heifers (through better 
rearing and feeding in a separate mob during milking) 
increased from 336 kg MS/heifer/yr to 380 kg MS/
heifer/yr. As there were additional grazing costs for 
the better growing heifers, and the live weight (LW) of 
the younger cows in the herd increased, more feed for 
maintenance was required, an added cost.

Fewer replacements (see lower rows of Table 1) 
meant lower grazing charges overall despite a small 
premium being paid for higher LW gain. But the costs 
of extra feed required for the higher maintenance of 
the 2, 3 and 4 yr old animals, combined with similar 
LW-gain profiles as in Run 1 to achieve mature 
LW by end of second lactation, led to only a small 
increase in final profit from this constrained system. 
If, however, the GSL model was allowed to optimise 
herd number and feeds, the same alterations as 
before produced improved returns between each of 
the original options (Runs 5, 6, 7 are optimised Runs 
2, 3, 4) and improved overall farm profits. This was 
mainly due to a reduction in herd number to the point 
where any feed purchased was for only true pasture 
feed deficits. The marginal cost of feed in Runs 2 – 
4, plus the costs associated with the cows that ate 
that feed, were not covered by the revenue from the 
additional milk produced.

DISCUSSION

Using a figure such as 400 kg MS/cow/yr 
obscures the variation in detail which may provide 
insights into how any part of a system is performing. 
In this case, there are more opportunities and less risk 
if 400 kg MS/cow/yr is from the Run 4 herd than 
from the Run 1 herd. Management advice would be 
different for herd managers of Run 1 versus Run 4.

This study illustrates that averaged farm 
standards and ratios obscure the detail required to 
better identify and quantify constraints to a system. 
In this case a herd figure for production per cow 
(seen as an indicator of efficiency and acting as a 
driver of better economic performance) is shown to 
be variable in nature and providing varying profit 
results depending on factors that make up the ratio. 

The systems modelling resulted in only a small 
improvement in profit until the system stabilised and 
then an improvement of $14,357 was achieved. As 
is typical of many systems it takes time for change 
to reflect in additional profits and management is 
important for successful implementation.

If the management of the system changes 
(Runs 5-7) the profits not only improve, but do so 
at a level higher than Runs 2-4. This confirms that 
a technical efficiency ratio such as 400 kg MS/cow/
yr, even when detailed more closely, will still not 
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reflect the changes that may occur to final profit until 
each scenario is integrated back into a system which 
best uses the new functions. But even with this level 
of detail, it still requires each option to be applied 
within the constraints of the system being studied 
(including the manager’s views and abilities).

The same will likely apply to any technical 
efficiency ratio and leads to the conclusion that such 
ratios are of little or no value despite the ease with 
which they are now able to be produced and promoted.

CONCLUSION

Processes which allow the factors of production 
to be integrated into the iterative methodology of LP 
rely on an increasing improvement in the accuracy 
of farm data to themselves become more accurate 
predictors of farm system change. Averaging data 
produces inferior results and negates the efforts to 
provide data accuracy at farm level.

Table 1: Details for LP analysis of herd structure and the outcomes (profit).

Run No 1 Base 2 3 4 5 6 7

Herd structure 25/5/6 22/4/6 20/3/7 17/3/8 Optimise Optimise Optimise

Production 
from heifers 
relative to 
cows (100)

70/85/95 80/90/100 85/95/100 90/100/100 Run 2 Run 3 Run 4

Herd No 750 750 750 750 629 627 630

kg MS/Cow 400 400 400 400 400 400 400

kg MS/Mature 
Cow

480 446 432 422 446 432 422

kg MS/2yr 
Heifer

336 360 367 380 360 367 380

Total kg MS 300,000 300,000 300,000 300,200 251,450 251,080 252,360

Total kg DM 
Feed Bought

736,400 775,000 802,000 792,000 94,710 108,000 118,030

Total kg DM 
Feed + Pasture

3,234,500 3,270,000 3,291,150 3,282,000 2,685,750 2,696,500 2,704,900

Carcase 
Weight kg

32,780 29,930 28,300 23,410 25,090 23,400 20,060

Calf Sales 469 494 510 535 414 426 449

$ Income $2,190,326 $2,184,720 $2,184,450 $2,174,355 $1,831,457 $1,826,885 $1,827,806

$ Costs $1,252,068 $1,247,470 $1,244,170 $1,221,560 $854,012 $846,618 $839,285

$ Profit $938,258 $937,250 $940,280 $952,795 $977,445 $980,267 $988,521

$ Profit 
Change from 
Base

$0 -$1,008 $2,022 $14,537 $39,187 $42,009 $50,263

2 Yr Olds 188 167 150 128 138 125 107

3 Yr Olds 170 157 140 120 132 117 101

4 Yr Olds 152 150 131 114 126 109 96

5 Yr Olds 134 142 121 107 120 101 90

6 Yr Olds 106 134 112 101 113 93 84

7 Yr Olds - - 97 95 - 81 79

8 Yr Olds - - - 86 - - 72
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Pluripotent stem cells in cattle: recent advances and applications
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ABSTRACT

Pluripotent stem cells (PSCs) can divide indefinitely and are capable of giving rise to all cell types of 
an adult animal, including functional gametes. These cells are either derived from early embryos (ePSCs), 
germ cells (gPSCs) or from delivering pluripotency-inducing genes into somatic cells to generate induced 
pluripotent stem cells (iPSCs). PSCs cells have revolutionized life science and continue to play a key role 
in unravelling mammalian genetics and development of biotechnological applications. Ever since they 
were first described in mouse, there has been an interest to derive analogous cells from farm animals. 
However, all attempts to isolate them from non-rodent species have so far been unsuccessful. This failure 
is significant because two main practical applications await the establishment of livestock PSCs. First, they 
would facilitate the precise genome editing of farm animals for improved production traits and products, 
disease resistance and biopharming. They would accomplish these goals either through chimera technology 
or by improving the efficiency of nuclear transfer (NT) technology.  Second, they would serve as unique 
reproductive tools to disseminate elite genetics through the germ line, again utilizing either NT cloning 
or chimera production. Combined with genomic selection of embryos, PSC technology could help to 
maximise the rates of genetic gain by increasing the intensity of selection as well as dramatically reducing 
the generation interval for breeding. This paper will present an overview of our achievements in the bovine 
PSC field and outline potential applications for dairy cattle breeding in the future.

Keywords: Genomic selection; Embryo; Stem Cells; Reproductive Technologies 

INTRODUCTION

PSCs, also referred to as embryonic stem 
cells (ESCs), were first established from early 
pre-implantation mouse embryos in 1981 (Evans 
and Kaufman 1981). The genetically engineered 
cell lines and mice derived from PSCs have 
revolutionized our ability to study mammalian 
gene function and produce small animal models 
for human diseases (Capecchi 2005). However, 
all attempts to derive bona fide PSCs from 
farm animals have failed. Here we will review 
applications and recent advances in the field of 
livestock PSCs. 

DEFINING PSCS

In mouse, PSCs originate from early embryos 
(ePSCs) or primordial germ cells and post-natal 
testis (gPSCs). No naturally occurring PSCs 
have been identified in the mammalian soma. 
However, somatic cells can be directly induced 
into iPSCs by ectopic expression of pluripotency-
inducing genes. PSCs are among the best-defined 
cell types, both molecularly and functionally. In 
mouse, their global transcriptional and epigenetic 
profile is exceptionally well described (Orkin and 
Hochedlinger 2011). Functionally, single PSCs 
are capable of indefinite self-renewal without 
genetic transformation. Provided stringent 
karyotype screening, this high clonogenicity allows 

maintaining stable diploid ePSC cultures over 
hundreds of population doublings (Suda, Suzuki et 
al. 1987). At the same time, they show remarkable 
developmental potency in vivo, engendering all 
somatic and germ cell lineages after transplantation 
into a host embryo. Only cells capable of germ line 
contribution or tetraploid complementation, where 
PSCs are introduced into a tetraploid host embryo 
and forced to form the entire animal (Nagy, Rossant 
et al. 1993), are considered fully pluripotent. Such 
cells have been referred to as ‘naïve’ (Nichols and 
Smith 2009). Naïve PSCs, being essentially the 
single cell equivalent of entire animals, would be 
of great practical value for livestock applications. 
Beyond relying on conventional natural mating, 
artificial insemination or embryo-based assisted 
reproductive technologies, naïve PSCs would be 
powerful reproductive tools in their own right. 
They may be converted into animals by using 
them as donors for NT cloning with the prospect 
of significantly increasing cloning efficiency 
compared to conventional somatic donors (Wells, 
Oback et al. 2003, Oback 2010). This would 
improve the applicability and acceptability of 
cloning technology. Livestock ePSCs could even 
make cloning redundant, if they generate absolute 
germ line chimeras with high efficiency. Since germ 
line transmission of superior genetics is the most 
important criterion for breeding, such animals serve 
the same purpose as clones.
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Figure 1: Breeding from embryos. Concept of genotype-to-phenotype conversion using PSCs. Elite IVF 
embryos are produced and the top genotypes identified by genomic selection (GS) from embryonic biopsies. 
Selected embryos are multiplied into ePSCs, genome edited (GE) if desired, and converted into animals using 
either chimeras or cloning.

APPLICATIONS FOR BOVINE PSCS

1. The establishment of bovine PSCs is of interest 
for two main reasons. First, they would facilitate 
the precise genome editing of farm animals for 
biopharming and improved production traits. 
For dairy, applications are aimed at improving 
milk quality, reproductive performance, disease-
resistance and environmental sustainability. These 
are expected to result in economic benefits for 
farmers, processors and consumers. In contrast to 
biopharming, which often involves overexpression 
of a single gene to produce a functionally 
characterised protein, the majority of important 
livestock traits are more complex and controlled by 
multiple genes. Since the editing of multiple loci 
is a complex process, involving time-consuming 
selection steps in vitro, immortal livestock PSCs 
would be beneficial. Second, PSCs would serve 
as unique reproductive tools to disseminate 
elite genetics through the germ line. For animal 
breeding, the conventional way of selection is based 
on either genotyping the offspring or phenotyping 
their progeny. Progeny-testing of adults has been 
the foundation of genetic gain since the 1950s 
(Garrick and Snell 2005) despite each cycle taking 
around six years in cattle. However, during the 
last decade, cattle breeders have widely adopted 
large-scale genomic selection (GS). Since 2005, 
more than 750,000 animals have been genotyped 
to predict individual breeding values (Georges 
2014). Using GS of embryo biopsies, embryos 
with outstanding genotypes can now be identified 
within one week after in vitro fertilisation (IVF) 
using gametes from elite parents (Goddard and 
Hayes 2007). Compared to slow, costly and 
tedious progeny-testing schemes, embryonic 
GS can be achieved at <1% of the cost and with 
comparable accuracy (Georges 2014). However, 
individual embryos only have a limited chance 
of resulting in viable animals, selected embryonic 
genotypes would be both preserved and multiplied 
through conversion into ePSCs. In the dairy 

industry, outlier female genotypes (e.g. for extreme 
milk composition) can be rapidly multiplied into 
‘instant’ herds producing economic volumes of 
speciality produce at premium prices. Subsequent 
breeding and selection can then be used to increase 
genetic diversity of these herds and avoid potential 
animal monocultures. Taking GS from the animal 
to the embryo level will capture unprecedented 
rates of genetic gain, reduce the cost of animal 
selection and increase profitability for the pastoral 
industry (Fig. 1). 

Not all types of PSCs would benefit all applications. 
For genome editing and breeding from GS embryos, 
unmodified ePSCs would have to be derived prior to 
embryo transfer into surrogate mothers, either from 
whole embryos or embryo biopsies.  This precludes 
gPSCs from post-implantation stages and genetically 
modified iPSCs. For many transgenic applications, the 
starting material and genotype are less critical and, in 
principle, any PSC type would be suitable. 

RECENT ADVANCES FOR DERIVING 
BOVINE PSCS

Ever since the first ePSCs were derived from 
mouse, strenuous efforts have been made to derive 
similar pluripotent cell lines, under a range of 
different culture conditions, from other mammals. 
Until recently, these efforts have been largely 
unsuccessful. However, progress in our understanding 
of pluripotency regulation in the mouse has led to 
the development of chemically defined culture 
conditions that are based on the double inhibition 
(“2i”) of two cell signalling pathways. Employing 
this culture regime, naïve PSCs can be robustly 
derived and clonally propagated from previously 
refractory mouse (Silva et al. 2008, Ying et al. 2008) 
and rat embryos (Buehr et al. 2008).  Prompted by 
the robust effects of 2i culture in rodents, we have 
probed the existence of a pluripotent ground state in 
cattle embryos (Harris et al. 2013), short-term ePSC 
(Verma et al. 2013) and finite iPSC cultures (Huang 
et al. 2011). Using a novel culture method (“2i+”), 
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we further improved in vitro embryo development 
and quality.  Based on comprehensive transcriptional 
profiling, 2i+ also increased pluripotency-related 
gene expression (McLean, Meng et al. 2014). 
Our data suggest that 2i+ exerts its pluripotency-
promoting effects through as yet unidentified cellular 
signals. Such bovine PSC-like cells now need to 
undergo thorough functional testing to determine 
their pluripotency status and utility for breeding.

CONCLUSIONS AND PERSPECTIVES

These recent advances suggest that the naïve 
pluripotent state may be a conserved feature of 
mammalian embryogenesis that could be captured 
ex vivo in livestock species. However, until the 
derivation of naïve PSCs from non-rodent embryos 
can be achieved without genetic intervention, the 
validity of this hypothesis remains open to question. 
In order to test this idea, it is necessary to accurately 
describe species-specific transcriptional, epigenetic, 
metabolic and cellular features of bovine embryos in 
vivo. The information gained from these experiments 
will guide development of culture media tailored to 
selectively support expansion of putative PSCs. To 
gain sufficient cellular material, livestock iPSCs may 
provide useful screening systems for physiologically 
relevant cytokines, metabolites and small molecule 
modulators of signalling pathways. 

Once available, the combination of naïve PSCs 
with genomics, genome editing and transgenesis 
would enable new biotechnology-based agricultural 
practices to cost-effectively generate valuable 
farm animals. For breeding and genome editing, 
ePSCs capture the most recent genetics shortly after 
fertilisation and allow direct introgression of specific 
allelic variants into livestock of high genetic merit, 
respectively. In summary, the derivation of bona fide 
PSCs could enable sustainable increases in agricultural 
productivity through accelerated genetic gain.
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ABSTRACT

Persistence of perennial ryegrass (Lolium perenne L.) in grazed pastures is strongly influenced by climate, 
in particular summer water deficits.  While there is evidence of perennial ryegrass tiller mortality in summer-
dry environments of southern Australia, there is little empirical analysis of the effects of summer water deficits 
on persistence. Such a metric could be used to predict perennial ryegrass persistence in response to climate 
variability and change.  In the present study, a cumulative spring-summer water deficit (rainfall minus potential 
evapotranspiration) of 400mm was adapted from research in the northern hemisphere and used to analyse 
climate in three dairy regions of south eastern Australia.  While average annual rainfall was similar across the 
three sites, the 400mm threshold deficit for tiller mortality was exceeded much more regularly (24 of 53 years) 
at the summer-dry site (Parawa, South Australia) than at the other two sites.  Despite having similar summer 
rainfall, the threshold was exceeded more frequently at Moe (Gippsland, Victoria; 5 of 53 years) than Wynyard 
(north west Tasmania; 1 of 53 years) primarily due to higher potential evapotranspiration.  While the results 
are consistent with the expected trend for perennial ryegrass persistence for the three regions, further validation 
of the appropriate spring-summer water deficit threshold for prediction of perennial ryegrass persistence in 
southern Australia is required.

INTRODUCTION

Pasture persistence is strongly influenced 
by climate along with edaphic and management 
factors (Chapman et al. 2011).  It is well understood 
that spring-summer drought reduces persistence 
of perennial ryegrass (Lolium perenne L.), for 
example tiller densities declining by 40% within 
3-4 years of sowing in the summer-dry dairy 
region of south west Victoria (Nie et al. 2004).  
However, there is little empirical analyses of the 
impacts of water stress on persistence.  Recent 
research in the northern hemisphere demonstrated 
a relationship between the spring-summer water 
deficit (rainfall minus potential evapotranspiration 
(PET)) and tiller survival (Poirier et al. 2012).  In 
that study, tiller death in temperate populations of 
tall fescue (Festuca arundinacea L.) commenced 
at a spring summer water deficit of 400 mm, with 
tiller mortality increasing substantially at a deficit 
of more than 450 mm in a temperate region.  In this 
study the applicability of the cumulative spring-
summer water deficit to estimating persistence of 
perennial ryegrass in dairy regions of south eastern 
Australia was examined.  

MATERIALS AND METHODS

The cumulative spring-summer water deficit 
(Poirier et al. 2012) was evaluated in three 
temperate dairy regions in south-eastern Australia: 
Parawa (-35.6, 138.3) on the Fleurieu Peninsula in 

South Australia; Moe (-38.2, 146.3) in Gippsland, 
Victoria; and Wynyard (-41.0, 145.7) in north west 
Tasmania.  These three locations were selected 
because they have similar annual average rainfall, 
but different seasonal patterns.  In particular, 
Parawa has a lower spring-summer rainfall than 
the other two sites, and Moe has a higher spring 
summer PET compared to Wynyard (Figure 1).  
These locations represent the range of seasonal 
growth conditions in the dairy regions of south 
eastern Australia where perennial ryegrass is used.  
The sites encapsulated long growing seasons 
in the cool temperate region at Wynyard where 
persistence is not usually a  problem, to shorter 
growing season in the summer dry conditions at 
Parawa where persistence is a key concern (Nie 
et al. 2004).  Climate data was sourced from the 
SILO database with potential evapotranspiration 
calculated using the FAO56 method (Jeffery et 
al. 2001).  Daily climate data from spring 1960 to 
summer 2013 was used.  To calculate the spring-
summer water deficit rainfall was summed from 1 
September to the end of February in each year, and 
PET for the same period subtracted (Poirier et al. 
2012).  A threshold spring-summer water deficit 
of >400 mm was used as an indicator of tiller 
mortality.  Results were summarised as annual 
values and as a 10-year moving mean.
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Figure 1: Mean (1961-2013) seasonal rainfall and 
potential evapotranspiration (PET) at Parawa, Moe 
and Wynyard. 

(a)

(b)

(c)

Figure 2: Annual cumulative spring-summer water 
deficit ( ) and 10-year moving average (  ) at (a) 
Parawa, (b) Moe and (c) Wynyard. The grey line 
shows the threshold of -400 mm.

RESULTS

The annual and 10-year moving mean of spring-
summer water deficit for the three sites is shown in 
Figure 2.  At Parawa the mean annual cumulative spring-
summer rainfall and PET were 308 (standard deviation 
(s.d.) 98) mm and 676 (s.d. 41) mm, respectively, and 
the threshold water deficit of >400 mm was breached in 
24 of the 53 years.  At Moe the mean annual cumulative 
spring-summer rainfall and PET were 439 (s.d. 113) 
mm and 633 (s.d. 38) mm, respectively, with the water 
deficit threshold breached in 5 of the 53 years.  At 
Wynyard the mean annual cumulative spring-summer 
rainfall and PET were 415 (s.d 113) mm and 576 (s.d. 
25) mm, and the cumulative spring-summer water 
deficit threshold was breached in only 1 of the 53 years.   

Over the last 10 years the frequency of seasons that 
breached the threshold has been higher than the long-
term analysis, with 7, 3 and 1 of the 10 seasons having 
breached the threshold at Parawa, Moe and Wynyard 
respectively.

DISCUSSION AND CONCLUSION

This spring-summer water deficit approach 
shows potential to discriminate between regions 
with similar annual average rainfall, and reflect 
expected differences in pasture persistence.  For 
example, at the summer-dry location of Parawa the 
spring summer water deficit threshold was exceeded 
in 45% of years corresponding with high levels of 
tiller mortality in summer dry climates (e.g. Nie et al. 
2004).  The approach also predicted that persistence 
would be more of a problem at Moe than at Wynyard.  
Over the last 10 years an increased frequency of years 
exceeding the threshold was observed corresponding 
with extended drought conditions.

The threshold level of cumulative spring-summer 
water deficit for tiller mortality used in this study was 
based on tall fescue (Poirier et al. 2012), but in summer-
dry regions perennial ryegrass is less persistent than tall 
fescue (Nie et al. 2004), possibly due to its shallower 
rooting depth.  This suggests that the threshold for 
perennial ryegrass persistence may be lower than that 
for tall fescue, and further evaluation of this rule against 
empirical data is required for sites in southern Australia. 

Predictions for warmer and drier climatic 
conditions across southern Australia have been 
evaluated in terms of their effects on pasture growth 
rates (e.g. Cullen et al. 2009) but these analyses have 
not considered pasture persistence.  The cumulative 
spring summer water deficit shows potential to 
enhance our modelling capabilities in evaluating 
effects of climatic changes on pasture persistence and 
to more realistically capture the impacts of changing 
climatic conditions on grazing systems.  
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ABSTRACT

Regional Councils across New Zealand are currently setting nutrient limits for groundwater, lakes and 
rivers in an effort to preserve water quality. Off-paddock facilities, such as barns, can be used to mitigate the 
risk of nutrient loss to the environment. To date, there has been little investigation of how these facilities can 
be integrated into New Zealand farm systems and, therefore, their effect on farm production and environmental 
outcomes have not been determined. The Pastoral 21 programme in South Otago is investigating different 
approaches to improve dairy system sustainability, including the integration of an off-paddock facility into 
the dairy farm system; this facility was used full time by non-lactating cows during winter and for duration-
controlled grazing of lactating cows in autumn and spring. This paper outlines the basis for the selected strategy 
and a comparison of the farm production relative to standard practice across two lactation seasons. Challenges 
associated with implementing duration-controlled grazing and off-paddock wintering in a pasture-based dairy 
production system are discussed. 

Keywords: Loose housed wintering, barn, environment, dairy, milk solids, duration-controlled grazing

INTRODUCTION

The National Policy Statement for Fresh Water 
Management (Anon. 2011) requires Regional 
Councils throughout New Zealand to set quality 
standards for all surface and ground waters in their 
region. Although nitrate enrichment of groundwater 
is a widespread concern, it is important to recognise 
that many surface water bodies in Southland and 
Otago are sensitive to phosphorus (P) enrichment 
(Environment Southland 2010). Faecal pollution 
and sedimentation are other surface water issues of 
significance in the southern South Island. Having 
options available to reduce the impacts of farming on 
water quality will be important for the dairy industry 
as well as regional economies.

There are a number of strategies that can be 
adopted to manage nutrient loss, e.g. changing 
stocking rate; diet manipulation, duration controlled 
grazing in autumn, off-paddock wintering (Monaghan 
& de Klein 2014). However, many of these strategies 
have implications for farm management, production 
efficiency and costs of production. There has been 
limited on-farm research or demonstration in New 
Zealand to determine the effect of farm system 
changes eg reduce N fertiliser input, duration 
controlled grazing, off-paddock wintering, on 
productivity and environmental outcomes and the 
associated system management requirements and 
risks.  

The objective of this research was to investigate 
alternative dairy farm systems that can reduce the 
contaminant losses to water, while also achieving 
industry productivity and profitability targets. The 

paper reports on physical production results and 
whole-system assessments of contaminant losses 
following 2 years of a farm system comparison 
located in South Otago. The system incorporated 
a loose housed barn with woodchip bedding into a 
pasture-based dairy system.  

MATERIALS AND METHODS

In June 2011, two demonstration farmlets were 
established on the Telford Farm Training Institute, 
Balclutha (latitude -46° 17’; longitude 169° 43’; 17 
m above sea level). Pre-experimental modelling was 
used to set productivity and environmental targets for 
each farmlet.  One farmlet used a loose-housed barn, 
with woodchip bedding, for wintering and duration-
controlled grazing during autumn and spring (RES). 
A second traditional pasture-based dairy system 
wintering cows on forage crops grown on a support 
block (CON) was used as a comparison. Each 
farmlet comprised 110 mixed-aged, predominantly 
Friesian and Friesian x Jersey crossbred cows and 
was initially stocked at 2.8 cows/ha. The herds were 
balanced for age, genetic merit and calving date. 
Planned start of calving was 10 August for both 
herds. The farmlets were also similar in soil type and 
pasture composition. Less fertiliser N was used on 
RES, because the manure and bedding material from 
the barn was to be returned to the paddocks in this 
farmlet, supplying additional N.

Pasture mass in each paddock was measured 
weekly by rising plate meter and this information 
was used to help manage pastures and feeding. Milk 
volume per cow was measured automatically at 
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each milking. Milk fat and protein were measured 
fortnightly from separate afternoon and morning 
milking samples. In 2012-13, lactating cows spent 
5 hours per day in the barn during September and 
October, when soil water content was sufficiently 
high to cause soil treading damage. The duration 
controlled grazing period was modified in 2013-14, 
resulting in the RES cows being housed for 12 hours/
day from 30th September until the 30th October. In 
autumn, cows were housed overnight from early 
April until drying off in both years. When in the 
barn, cows received 2-5 kg DM silage, depending 
on farmlet average pasture cover, to achieve intakes 
of 18 and 15 kg DM/cow.day in spring and autumn, 
respectively. Evaluation of the water quality-related 
impacts of the systems considered all the land used to 
support a particular dairy system. Risk values for N, P 
and sediment loss were therefore derived as average 
values weighted for the respective areas required 
for the milking platform, winter and summer forage 
crops, young stock rearing and supplement provision.  
Estimates of N, P and sediment loss risk of the 
relevant blocks that made up the individual farmlets 
were derived from a variety of sources that included: 
measurements of actual losses (surface runoff from 
wintering blocks and surface and subsurface drainage 
losses from the milking platform), assessments of 
potentially leachable N (soil mineral N in May) and 
literature values.

RESULTS

Productivity, financial and environmental 
performance indicators are shown in Table 1. Milk 
yield per hectare for the RES farmlet was only 2-3% 
higher than the CON herd. Changes in cow numbers 
on the control area reduce the stocking rate to 2.7 
during the season thus reducing MS production per 
ha. Peak milk production in the RES herd in 2012-13 
was compromised due to diet changes and extended 
periods in the barn through the wet spring. Duration 
controlled grazing rules were modified in 2013-
14 to minimise this production loss. The RES herd 
were offered fewer supplements during lactation, 
and achieved more days in milk (Table 1). The 
RES farmlet conserved more pasture silage (Table 
1) however, failure to achieve consistent and even 
post grazing residuals in early lactation, as well as 
a longer grazing rotation for much of the season, led 
to a higher average pasture cover and often poorer 
quality pasture on offer.

Using the barn for the RES herd enabled the 
targeted 30% reductions in N, P and sediment losses 
to be achieved. However, soil monitoring at the end 
of Year 1 indicated there was limited improvement in 
the soil physical condition due to restricted grazing 
management, with soil macroporosity (a key measure 
of soil structure) generally above the minimum 
guideline value of 10% required for optimal pasture 
production (Lipiec and Hatano 2003).

Table 1: Productivity (2012-13 & 2013-14) and environmental (2012-13) performance indicators for the CON 
and RES farmlets. 

 CON RES

2012-13 SEM 2013-14 SEM 2012-13 SEM 2013-14 SEM

Milksolids (kg/cow) 1 323 5.8 353 5.5 327 5.6 361 5.9

Milksolids (kg/ha) 1 887 995 913 1017

Days in Milk 244 2.9 249 2.2 253 2.6 260 2.4

Net pasture accumulation (T/ha) 1 13.0 0.26 - - 14.4 0.35 12.9 0.43

Supplement made (kg DM/ha) 1 671 470 1206 1584

Total supplement offered lactation  
(kg DM/cow)

563 497 445 387

N fertiliser applied to pasture (kg/ha) 1 109 111 74 63

N loss, kg/ha.yr2 25 # 13 #

P loss, kg/ha.yr2 0.71 # 0.42 #

Sediment loss, kg/ha.yr2 247 # 75 #

1expressed per hectare of milking platform; 2expressed per hectare of whole farm area; # data in collation
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DISCUSSION AND CONCLUSION

Optimising the management of the restricted 
grazing herd was challenging, due to the sometimes 
competing goals of maintaining animal production 
and welfare, limiting costs associated with off-
paddock systems, ensuring pasture quality and use-
efficiency and having sufficient staff available to 
implement the duration controlled grazing protocols. 
For instance, despite the successful establishment of 
a sophisticated soil moisture monitoring system that 
advised the farm team, via text messaging, when and 
for how long to remove cows from wet pasture, poor 
herd performance and logistical issues all resulted in 
simplification of the rules to a time-based approach 
for 2013-14. Key factors contributing to the changes 
were: an inability to maintain milk production 
during extended periods in the barn; insufficient 
high quality supplements to maintain high per cow 
production during early lactation when the barn was 
used; difficulty managing average pasture cover and 
pasture quality when cows were in the barn; difficulty 
managing the barn surface to the standard required 
for lactating cows, especially following winter use; 
and complicated daily decision making for the farm 
team during busy periods. Throughout the spring 
there was constant tension between protecting soils 
and pastures from damage and achieving high per 
cow production. A soil-water balance approach using 
historical climatic data suggested 21 days outside 
winter would be too wet for grazing (Laurenson et 
al. 2014). However, in both seasons, approximately 
70-90 days were too wet for grazing, as defined by 
soil properties exceeding the soils Plastic Limit. Poor 
drainage may have added to the wet soil issue on this 
farm. 

Restricted grazing during autumn, to reduce 
urinary nitrogen deposition on soils prior to winter 
(de Klein et al. 2006) was easier to integrate in the 
farm system, as it occurred at a time during the 
milking season when the grazing rotation required 
lengthening and supplements needed to be offered to 
fill pasture deficits. This strategy also enabled more 
cows to be milked longer in autumn and enabled 
paddock protection from pugging during wet periods.

The strategy of wintering the RES herd in the 
barn, instead of on a forage crop was estimated to 
reduce the environmental footprint of the RES farmlet 
by approximately one third.  The main challenge 
with wintering cows indoors was dealing with the 
large amounts of manure and bedding material that 
were generated. Road crossings, distance to suitable 
paddocks for effluent application and insufficient 
effluent infrastructure restricted applying nutrients 
this material back to where the pasture silage was 

harvested. In addition, the woodchip material used 
as bedding in the barn required composting before 
it could be applied to pastures. Furthermore, it was 
difficult to maintain a suitable lying surface in the 
barn and in both years the top 15-20 cm of the loafing 
area was removed mid-winter and new bedding 
material applied to improve cow comfort. Both these 
processes resulted in additional handling and cost.

Integration of an off-paddock facility into 
a pasture-based dairy system requires careful 
planning and attention to detail if the benefits of 
such infrastructure are to be realised. Initial results 
suggest that fully removing cows from paddock 
grazing during winter and for short periods in spring 
and autumn will reduce environmental impacts. 
However, under the current management regimes, 
the project has been unable to convert the additional 
pasture grown into the additional 40 kg MS/cow 
predicted from pre-experimental modelling. Further 
fine-tuning of the RES farmlet is required to either 
increase milk production (and thus revenue) or 
reduce the costs incurred.  
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ABSTRACT

The emergence of designer nucleases now provides the ability to modify livestock genomes with high 
efficiency. This genome editing relies on the activity of designer nucleases that can be customised to introduce 
a unique DNA double stand break into the genome. The double strand break is very efficiently repaired by an 
error-prone cellular repair mechanism resulting in the introduction of small insertions or deletions at the target 
site. We have used one such genome editing tool, zinc finger nucleases (ZFNs) to target the gene LGB that 
encodes the milk protein beta-lactoglobulin (BLG), a major milk allergen particularly for infants. Following 
transfection of primary bovine cells with these ZFNs we demonstrate the successful isolation of a cell line with a 
genome-edited modification of one of the LGB alleles. The genome-edited allele comprises a 28 base pair frame 
shift deletion that results in a disruption of the LGB gene. Hence, this cell line could be used to generate animals 
that will carry only one functional LGB allele. Further conventional breeding of these animals would then yield 
offspring that are devoid of the allergenic milk protein BLG due to disruption of both LGB alleles.  

Keywords: Genome editing; livestock improvement.

INTRODUCTION

A rapidly increasing world population, shrinking 
land resources and climate change, pose serious 
issues for our current agricultural production systems. 
Conventional selective breeding strategies have proven 
very successful to incrementally improve agricultural 
production systems, but this rather slow approach 
may not be an adequate solution in the context of a 
fast-changing environment in the future. In contrast to 
conventional breeding strategies, genetic engineering 
provides a much faster route to purposely introduce 
genetic changes that are linked with beneficial 
agricultural traits, for example through the addition or 
removal of a particular protein. Furthermore, beneficial 
mutations can also be quickly introduced independently 
of otherwise linked traits and the introduction of genetic 
changes is not limited to the existing pool of natural 
mutations that may only exist in the ‘wrong’ breed or 
outside of the population accessible for breeding. Thus 
far, genetic engineering of crops and livestock animals 
has been predominantly performed by the random 
genome integration of exogenous DNA snippets 
(transgenes). While this technology has resulted in 
a great number of genetically-modified crops and 
animals with improved agricultural traits, random 
integration of transgenes is associated with a number 
of potential problems such as transgene silencing, 
unwanted interference with other genes or activation of 
oncogenes. Hence, it would be much more desirable to 
develop and employ tools that allow the introduction of 
precise changes at a specific genetic target locus. 

Remarkable advances in what is now called 
genome editing technology make it feasible to 
directly introduce specific mutations that may be 

indistinguishable from natural mutations and do not 
leave any additional genetic footprint (Urnov et al. 
2010, Joung and Sander 2013, Baker 2014). This 
is expected to positively change public perception 
towards genetic engineering and result in faster 
regulatory approval of such precisely genetically-
engineered organisms. We envision genome editing 
as a unique tool to accelerate livestock improvement 
by utilising the expanding knowledge of the genetic 
basis of the enormous phenotypic diversity that exists 
in contemporary livestock.

Genome editing entails the precise modification 
of a particular genomic sequence.  Changes at a given 
genomic site are introduced through “molecular 
scissors” such as zinc finger nucleases (ZFNs), 
transcription activator-like effector nucleases 
(TALENs) and clustered regularly interspaced short 
palindromic repeats (CRISPR) – CRISPR-associated 
nuclease 9 (Cas9) (Urnov et al. 2010, Joung and 
Sander 2013, Sander and Joung 2014). All “molecular 
scissors”, also referred to as designer nucleases, 
introduce a DNA double strand break at the target 
site which cells repair by the error prone repair 
mechanism of non-homologous end joining (NHEJ). 
The repair can generate small deletions and insertions 
at the target site and thus result in the disruption of 
endogenous genes which can be exploited to generate 
gene knockout animals. Moreover, genome editing in 
the presence of a repair template triggers homology-
driven repair which provides the ability to introduce 
precise, pre-defined mutations.

In our study, we used zinc-finger nucleases 
(ZFNs) as genome editing tools to disrupt the 
bovine LGB locus, encoding the milk protein beta-
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lactoglobulin (BLG), which is recognized as a 
major allergen in cows’ milk (Wal, 1998). Here we 
describe the identification of bovine cells that were 
successfully genome-edited with a disruption of the 
LGB gene following transfection of LGB-specific 
ZFNs into primary bovine cells.

MATERIALS AND METHODS

ZFNs
The pair of LGB-specific ZFNs was obtained 

from Sigma-Aldrich (USA) and was prepared 
according to the design validated by (Yu et al. 2011). 
Binding sites of the ZFNs in exon 1 of the LGB gene 
are flanking a six base pair cleavage site downstream 
of the start codon.

Transfection and isolation of cell clones
Primary bovine fibroblast cells were cultured in 

D-MEM/F12 medium with 10% fetal bovine serum, 
1mM sodium pyruvate. Cells were harvested at 75% 
confluence and 6 x 105 cells together with 2µg of each 
of the ZFN expression plasmids were nucleofected 
(Amaxa) using program A24. The nucleofected cells 
were seeded at a density of 3500 cells per T75 flask for 
the subsequent isolation of cell clones. After 13 days of 
culture, cell clones were picked into 96 well plates and 
further expanded prior to their characterisation.  

Cell clone analysis
Cells from individual cell clones were lysed and 

directly used as PCR template. A 550 bp fragment 
of the LGB target locus was amplified by PCR using 
primers 840 (AGGCCTCCTATTGTCCTCGT) 
and 841 (GCAAAGGACACAGGGAGAAG) and 
subjected to sequencing (Massey Genome Service).

RESULTS

Sequencing of the genomic DNA isolated from 
cell clone 5 that had been transiently transfected with 
a LGB-specific ZFN pair revealed the successful 
disruption of the LGB gene by genome editing. 
The sequence result showed a unique sequence 
that changes at a specific position close to the ZFN 
cleavage site into two overlaying sequences (Figure 
1). The dominant peaks are consistent with the 
unmodified wild type sequence demonstrating that 
cell clone 5 possesses a copy of the wild type allele. 
The presence of a secondary sequence indicates that 
cell clone 5 possesses not only the wild type allele 
but must also contain an allele that has an insertion 
or deletion compared to the wild type allele. Analysis 
of the secondary sequence revealed a 28 base pair 
deletion, nine base pairs upstream of the ZFN 
cleavage site. 

Figure 1: Sequence of the LGB alleles of edited cell clone 5. Shown is the sequence chromatogram of the 
sequence run with the deducted sequence (Sequence read), a comparison to the wild type sequence (Sequence 
of WT allele) and deducted sequence for the secondary peaks (Secondary sequence) depicted above. The 
red box highlights the region of the sequence read that shows two different sequences overlaying each other. 
The sequence below the chromatogram represents the assembly for the sequence of the genome-edited 
allele (Sequence of mutant allele). In addition, the position and sequence of the 28 base pair deletion (28 bp) 
comprising the genome edit are indicated (Deleted sequence). The cleavage site of the ZFNs is underlined. N 
depicts positions where the sequence reaction produces a signal for more than one specific base.
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DISCUSSION AND CONCLUSION

This study has demonstrated the introduction 
of a targeted mutation by ZFN genome editing in 
bovine primary cells. The 28 base pair deletion of 
the edited LGB allele resulted in a frame shift that 
disrupts the reading frame of BLG. Thus, our study 
shows that bovine cells can be readily modified by 
targeted modifications to disrupt an endogenous 
gene by genome editing with ZFN. Cell clones with 
a disruption of the LGB gene can then be used for 
the generation of live calves by somatic cell nuclear 
transfer. This provides the potential for the production 
of milk that is lacking a major allergy-causing milk 
protein and the characterisation of its impact on milk 
composition and allergenic properties of this milk.
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ABSTRACT

Human resource management can sometimes be misaligned with the farmer’s business goals and their 
preferred farm management styles and practises. Farmers decisions are often made in the face of multiple 
conflicting goals and trades off are likely. We focused on two goals, one that can be described as being your own 
boss, maintaining control or self-determination and the other is centred on work-life balance, social and lifestyle 
goals. At times, the resources available on the farm did not match the farmer’s goals and a compromise was 
tolerated. The case study farms were not limited by the physical attributes of their production systems as much 
as they were limited by the farmer’s willingness or ability to employ non-family labour and implement more 
highly developed human resource management systems. The case study farmers sub-optimise their production 
systems, at least partially, to avoid the risks associated with having staff. The desire to be in control of all levels 
of the management farm, from day-to-day level upwards, has trade-offs that run counter to the work-life balance 
goal. An increase in awareness of the trade-offs that occur and the impacts on a farmer’s ability to realise their 
goals is likely to be a catalyst in prioritising the goals and minimising the risks.  

Keywords: Human resource management, work-life balance, management control.

INTRODUCTION

New Zealand dairy farmers experience 
uncertainty on all fronts from market, climate and 
production fluctuation through to the quality and 
quantity of available labour. A study of how three 
dairy farming families managed the risks associated 
with their businesses was carried out by (Gray et 
al. 2014). The overall objective of the study was to 
gain an in-depth understanding of how farmers with 
different levels of experience and at different stages 
of their careers were able to manage risk associated 
with on-farm production, financial and human 
resource management. The focus here is on two 
human resource management goals; to spend time 
with family and for self-determination and the risks 
that impact them.

In Gray’s study tension was observed between 
the farmer’s business goals and lifestyle goals 
against their desire to control decision making 
and quality of the work and the resources they 
have available on the farm. This tension arose to 

some extent because the farmers tended to have 
informal planning and management styles with 
a lack of explicit prioritisation of goals.  A greater 
understanding of why this happens is a step towards 
providing business support for dairy farmers so that 
their business and personal goals are more likely to 
be achieved. It was envisaged that the insights gained 
from the study would contribute to extension agents’ 
knowledge-base about how and why New Zealand 
owner-operator dairy farmers manage risk, so that 
they are better able to problem-solve with their 
clients and provide risk management support.

METHODS

Three case studies involving in-depth qualitative 
interviews were conducted with three farming couples 
in the eastern Manawatu in the lower North Island 
of New Zealand. The three cases were distinguished 
from each other by the length of time farming on the 
same property, farm equity and capacity to employ 
staff (Table 1) and were chosen to represent typical 
owner operator family farm enterprises. 

Table 1:  Characterisation parameters of case study farmers.

Case farmer 1 Case farmer 2 Case farmer 3 

Cows per ha 496 / 184 ha 213 / 85 ha 210 / 88 ha

Total milk solids 2010/11 151,575 70,000 73,792

Cows per labour unit 146 107 190

Yrs farming/yrs on current farm 20/20 16/6 9/3
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The series of interviews were carried out over 
a 22 month period from the end of 2011 until mid-
2013. The initial set of four interviews for each 
case, explored the farmer’s goals and plans for the 
management of their finances, production system 
and human resources over the coming financial 
year. After the initial interviews, the same farmers 
were interviewed to find out how they monitored 
and controlled the risks associated with these three 
components over time. The information was coded 
and analysed using Nvivo software.  

RESULTS

A mismatch of work-life balance goals with 
the desire to be in control of the farm business was 
observed in the three case study farms. This was 
dependant on several interacting factors.  

Work-life balance goal 
All three case farmers expressed a desire for a 

work-life balance that allowed them to have time off 
the farm and to spend more time with their families. 
Fulfilment of this goal was strongly dependent on 
other factors such as farm size, stage of the farm 
family life cycle and succession plans, and the type 
of farming system, in particular whether the herd was 
milked once-a-day or twice-a-day, debt levels and the 
profitability of the business.  The case study farmers’ 
responses to these factors impacted on their ability to 
achieve their work-life balance goal and traded-offs 
were made to achieve other goals.

The need to undertake critical farm work was 
a top priority and often impacted on the work-life 
balance goals because it came before the need to 
manage the workload and to take breaks from farm 
work to spend time with the family. To this end, none 
of the case farmers took breaks during calving or 
early in the milking season and Farmer 3 cancelled 
scheduled breaks during a drought because of the 
extra work required to feed the herd. The Male 
Farmer 1 compromised his work-life balance goal 
but to some degree fulfilled the self-determination 
goal during the 2012 mating season when he did not 
take breaks. That situation occurred because of three 
coinciding factors: he is very skilled at this task; 
alternative skilled help was not available; and he 
needed to stay close to the farm for family reasons. He 
was therefore mentally prepared to work for a couple 
of months without a significant break.  Although 
all three case farmers put farm work first, they 
still managed to take short and longer breaks, with 
significant holidays often planned a year in advance. 
However, these breaks are usually planned for when 
most of the critical work has been completed.

The goal to manage the workload was important, 

but was managed differently on each of the case 
farms. One way of managing the workload was to 
employ staff or engage contractors. Another strategy 
for achieving the work-life balance goal was the use 
of “idling capacity” (i.e. farming at a level below the 
maximum potential of the property, such as milking 
once-a-day or limiting the stocking rate) so that non-
family labour was not required and family labour 
input was also reduced.

Goal for self-determination.
The goal to be in control of all levels (from 

strategic to tactical) of the farm management has 
trade-offs and limitations that run counter to the work-
life balance goal. Each of the case farmers adopted 
slightly different strategies to manage the trade-offs 
between these goals. Male Farmer 1 had the ability 
to achieve a work-life balance that allowed him to 
step back from day to day farming if he wished, 
because he was able to employ staff. However, his 
sense of responsibility for the business and a lack of 
confidence in the capability of his workers motivated 
him maintain control and to do the work himself. The 
Farmer 2 couple chose to rely on their own labour to 
avoid the risks and costs associated with employing 
permanent staff and also to direct their farm earnings 
towards debt repayment rather than wages. They 
strike a balance between their capacity to earn and 
their workload by switching to once-a-day-milking 
part-way through the milking season and employ 
summer labour to maintain their independence and 
lifestyle. The Farmer 3 couple did not have the 
ability to prioritise between work-life balance and 
management control because they were limited by 
farm size and the financial state of the business. 
Therefore they were compelled to rely on their own 
labour most of the time and to be in control of the 
management decisions. This situation compromised 
the goal of more family time away from the farm. 
They managed this constraint to a limited degree 
through the use of contractors, a relief milker and 
milking once-a-day from March onwards. However, 
like Farmer 1, their sense of responsibility to the 
business prevented them from employing a relief 
milker during the first half of the year.

DISCUSSION AND CONCLUSION

Farmers’ decisions are often made in the face of 
multiple conflicting goals, and trades off are likely 
(Fairweather and Keating 1994; Wallace and Moss 
2002). Although we have focused on two goals, one 
that has been described as being your own boss, 
maintaining control or self-determination and the 
other centred on social and lifestyle goals, there 
are other farm business goals related to finance and 
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production in the mix which impact on the farm 
business viability and are therefore often given 
priority (Fairweather and Keating 1994; Verwoerd 
and Tipples 2007). 

Sometimes a particular goal can be achieved 
by following more than one pathway. For example, 
the goal for self-determination can be achieved 
by either adopting an idling strategy (e.g. running 
a lower stocking rate, milking once-a-day) so that 
non-family labour is not required or by employing 
staff who are not expected to be involved in the 
decision making for the farm business. As was 
found by (Bewsell et al. 2008) and in this study, 
a particular farm practice like milking once-a-day 
may be chosen for one primary reason, such as 
managing a feed deficit in a dry summer, or improve 
animal health, or avoid the costs of expanding the 
milking shed, but in addition it also helped the 
farmer achieve their life-style goals because they 
can spend time in the afternoons with their children. 
The prioritisation of a farmer’s goals can change 
with changes in the family life cycle or the need 
to implement a succession plan and the choices 
made are tempered personal tolerances of the risks 
that impact on the goals (Wallace and Moss 2002). 
At times the resources available on the farm may 
constrain the achievement of a farmer’s goals and 
this compromise is tolerated, particularly when the 
cost of addressing those constraints are perceived 
to be high. A farmer’s willingness to accept such 
compromises will vary over their career; all three 
case farmers in this study compromised their work-
life and/or production goals to maintain control of 
their decision making and to be their own boss. 

The case study farmers may not have limited 
their scope to achieve their life-work goals by the 
intensity of their production systems as much as 
they were limited by their willingness or ability to 
employ non-family labour and engage in more highly 
developed human resource management systems. 
The case farmers used idling strategies, at least 
partially, to avoid the risks associated with having 
staff, such as managing conflict and breakages and 
costs of wages or salary.

The desire for farmers to ‘be their own boss’ and 
to be in control of the management of the farm requires 
trade-offs that run counter to the work-life balance 
goal.  More formal planning coupled with an increased 
awareness of the impacts of the trade-offs that occur to 
the wider farm system and the farmer’s ability to realise 
their human resource management goals is likely to 
be a catalyst in prioritising these goals and, in turn, 
minimising the risk. The observations made in this 
study could help inform future conversations between 
dairy farmers and extension agents about the trade-offs 
made between these two goals and impacts that might 
have on their farm business.  
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ABSTRACT

In 2007, a collaborative project was set up in New Zealand and Australia to identify dairy animals that eat 
more or less dry-matter than that predicted from liveweight and productive performance. This trait is known 
as Residual Feed Intake (RFI). The project involved approximately 1000 animals in each country, to obtain 
enough information for identification of genetic markers to enable genomic selection of efficient animals. In 
both countries the 10% most efficient 6-8 month old calves required ~21% less feed than the least efficient 10%, 
for the same growth performance. Further, these animals maintained their divergence for feed efficiency (3%) 
during lactation. The heritability of RFI in growing heifers was 0.27 in Australia and 0.38 in the New Zealand 
study. In New Zealand, about 3500 lactating 4-5 year old cows on Waikato and Taranaki farms were genotyped 
with a panel of ~50k SNPs (single-nucleotide polymorphisms) and 208 divergent animals were selected. Cows 
predicted to be most and least efficient had similar liveweights and milksolids (fat plus protein) yield, but those 
identified as “efficient” required about 4% less feed than “inefficient” cows.

Keywords: Feed conversion efficiency, residual feed intake.

INTRODUCTION

The objective of the Feed Conversion Efficiency 
(FCE) project was to identify dairy cows that used 
feed either more, or less efficiently than predicted, 
and to obtain genetic markers to identify individuals 
with divergent (high or low) efficiency.

The FCE trait is more appropriately termed 
Residual Feed Intake (RFI), and this refers to 
individual animals that use feed (usually energy) 
more or less efficiently than predicted. Predicted 
requirements are based on data derived from 
measurements within a population, which are then 
used to predict the requirements for an “average” 
animal of a defined liveweight and production; these 
requirements are the bases of livestock feeding 
tables. Animals requiring less feed than average have 
a negative (or low) RFI, and are efficient; conversely, 
those requiring more feed than average (inefficient) 
have a positive (or high) RFI.

RFI is independent of production; individuals 
with low or high RFI may be low or high producers, 
but any selection for efficiency in the dairy industry 
must ensure the efficient animals are at least as 
productive as the average, and there are no negative 
associations with the trait (e.g. fertility, disease 
susceptibility, longevity etc.). RFI has been measured 
in poultry and pigs since the 1980s to reduce costs of 
production and improve economic efficiency, in mice 
as a model for human obesity studies (see Waghorn et 

al. 2012) and in beef cattle (Herd and Arthur, 2009). 
Bulky, low dry matter (DM) feed eaten by ruminants, 
and variations in liveweight brought about by rumen 
fill (which can account for 20% of liveweight; 
Waghorn, 2002) present significant challenges for 
measurement.

This paper provides a summary of the research 
undertaken in New Zealand (NZ), including 
the assumptions and challenges associated with 
measuring intakes and daily gain in 1052 growing 5-8 
month-old calves, the outcome of these measurements 
for identifying individuals with divergent RFI for 
growth and lactation. Some measurements from 
the Australian research (carried out in parallel) are 
included because both data sets were used in the 
identification of the genetic markers, calculation of 
heritabilities and evaluation of selected cows that 
were divergent for RFI.

MATERIALS AND METHODS

The trial required good collaboration between 
several organisations (DairyNZ, LIC and Department 
of Environment and Primary Industries (DEPI-
Victoria). A 28 pen feeding facility at the Westpac 
Taranaki Agricultural Research station (WTARS) 
near Hawera, Taranaki, with automated feed weighing 
and electronic animal identification (EID) system 
(Gallaghers, Ltd; Hamilton) in each pen was built 
in late 2007. In Australia, calf trials were managed 
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at Rutherglen in northern Victoria (Williams et al. 
2011) and cows were evaluated at Eillinbank (south 
eastern Victoria. Macdonald et al. 2014).

An overview from the calf evaluation is 
presented here, with details in (Waghorn et al. 
2012). Findings from the Australian calf evaluation 
trials are reported by (Williams et al. 2011), and the 
combined genomic analyses have been published by 
(Pryce et al. 2012). Details on the cow trials were 
reported by (Macdonald et al. 2014) and (Davis et al. 
2014). Holstein/Friesian animals were used in both 
countries, to avoid any effects associated with breed, 
which may have affected the identification genetic of 
markers for RFI.

Measuring RFI in growing animals requires 
accurate measurement of intake and liveweight 
of individuals, and weighing three times/week 
enabled measurement periods to be reduced 
to 42 days for calves and 35 days for lactating 
cows, without loss of precision (Waghorn et al. 
2012). Measurement of RFI in growing calves, 
with the assumption that individuals that used 
feed efficiently for growth would also use feed 
efficiently for lactation, was based on the digestive 
physiology and biochemistry responsible for 
obtaining nutrients and energy from a diet, and 
the metabolic decisions associated with the fate 
of absorbed nutrients. Efficiency (or inefficiency) 
for synthesis of protein and fat in muscle or milk 
are likely to be affected by the same metabolic 
drivers, and it is important to appreciate that a 
high percentage of lifetime dietary energy is used 
for maintenance, and only about 30% appears in 
product (milk and body tissue) over a seven year 
lifetime of a lactating dairy cow (Waghorn et al. 
2012).

In NZ, Lucerne cubes were imported from 
Canada for the calf trial and for trials with cows 
grass/lucerne cubes were sourced from Australia. 
The decision to feed cubes in the facility was based 
on practicality; cubes are dry (85% DM) with a 
consistent composition and lucerne contained 
adequate crude protein for growth and lactation. 

The cubes do not deteriorate in bins, and are easily 
handled, but most important – their weight can 
be measured accurately. Cubes were chosen over 
pellets because cubes contain long fibrous material 
that is essential to maintain normal digestive 
function.

In NZ the measurement of calf RFI comprised 
five groups over three years, with 1052 calves 
measured. This was followed by an evaluation 
of RFI in 80 cows selected from the second year 
of calf screening during their first lactation, and 
an evaluation of 197 cows selected from about 
3400 animals from commercial farms using the 
genetic markers. All the cow measurements were 
based on equal numbers of efficient and inefficient 
individuals. Sub groups of low and high RFI 
cows were used to measure methane production, 
digestion and the rumen microflora and evaluations 
were made of the behaviour of the calves used for 
screening. Measurements of RFI were made by 
feeding cubes with one attempt made to confirm 
RFI with fresh pasture and another with pasture 
silage.

RESULTS

The screening of 1052 growing heifers resulted 
in a 21% divergence between average RFI for the 
most and least efficient 10% (104 animals in each 
group). Growth rates, Breeding Worth and mean 
liveweights were the same for animals in each group 
(Table 1), but the difference of 1.46 kg DM/day in 
mean intakes resulted in 6.88 kg DM required/kg 
gain in efficient calves vs. 8.63 kg (P<0.001) for 
inefficient calves. Associations between RFI and 
calf behaviour were weak, although statistically 
significant (Green et al. 2013) with some evidence 
of slower eating rates, as well as a less time spent 
eating per day by efficient animals (who ate less). 
In the Australian trials the 10% most efficient 
calves ate 7.6 and the 10% least efficient 9.3 kg 
DM/day (a 22% difference in intake) for the same 
liveweight gain (Williams et al. 2011).
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Table 1: Summary of trials involving growing calves and lactating cows selected for divergence for residual 
feed intake (RFI) when fed lucerne or lucerne/grass cubes1. Details of trials are in the text, but include 210 
calves aged 5-8 months (selected from 1052 measured), 80 cows first lactation cows that were selected from 
the calves, and 197 cows selected from commercial farms using the markers for RFI; in each group, half were 
identified as efficient and half as inefficient. 

Efficient Inefficient SED Probability

Growth trial with calves2

Age at start (d) 217 217 1.2 0.641

Breeding worth 148 148 2.12 0.751

Mid-trial liveweight (kg)2 195 196 2.20 0.526

Intake mid-trial (kg/d) 5.96 7.45 0.097 <0.001

RFI (kg DM/day) -0.77 0.69 0.043 <0.001

Daily gain (kg liveweight) 0.88 0.87 0.018 0.989

Intake/kg liveweight gain (kg) 6.88 8.63 0.147 <0.001

Lactating cows selected as calves3

Milksolids (kg/cow/day) 1.05 1.04 0.01 0.821

Mean liveweight (kg) 407 401 6.0 0.309

Intake (kg DM/cow/day) 18.9 19.1 0.32 0.389

Divergence (kg DM/cow) -0.31 +0.31 0.22 0.007

Marker selected cows4

Milksolids (kg/cow/day) 1.38 1.34 0.03ns >0.05

Mean liveweight (kg) 514 511 5.6 ns >0.05

Intake (kg DM/cow/day) 25.0 25.6 0.27 ns >0.05

Divergence (kg DM/cow) -0.35 0.36 0.22 <0.001

1Calves were fed lucerne cubes and cows were fed lucerne/grass cubes 
2From Waghorn et al. 2012. 
3From Macdonald et al. 2014. 

4From Davis et al. 2014.

When 40 lactating cows from each group 
(Macdonald et al. 2014) were fed on a lucerne/grass 
cube diet during lactation (commencing at 75-100 
days in milk) for 35 days, the two groups had similar 
milk production (1.05 kg milksolids/day) but cows 
in the efficient group required 0.62 kg less DM/day 
than the inefficient group (P<0.007; Table 1). An 
evaluation in Australia gave very similar result to the 
NZ data i.e. the most efficient group as calves were 
still the most efficient when lactating, but at a greatly 
reduced divegence (Macdonald et al. 2014).

A trial comparing intakes of cubes with fresh 
pasture was undertaken because it was important 
that divergence when fed cubes also applied to 
grazed pasture. Some differences between the diets 
(Macdonald et. al., 2011) were evident. The cubes 
were estimated to have a metabolisable energy (ME) 
content of about 9.0 MJ/ kg DM, compared with 
12.4 MJ/kg DM for pasture, and high DM intakes 
were required to meet energy requirements. In the 
comparison between cubes and fresh pasture, DM 
intakes were 20.7 and 19.9 kg/day respectively and 

milksolids were 1.65 and 2.10 kg /day. The weight 
of rumen contents was similar in cows fed each diet, 
but rumen DM was 50% higher when cubes were 
fed even though the fibre concentration was similar 
in both diets. Cows fed cubes spent about 24% less 
time chewing (eating and ruminating (P<0.001) than 
those fed ryegrass (11.1 and 13.8 h/day).

Trials measuring methane emissions (g/feed 
DM intake) did not identify significant differences 
between efficient or inefficient groups fed cubes 
(18.3 and 17.5 respectively; P=0.40) or fresh pasture 
(22.4 and 20.9; P=0.21) respectively (Waghorn and 
Hegarty, 2011). Apparent digestibility of nitrogen 
was higher in efficient compared with inefficient 
cows (77.2 vs. 75.5%; P<0.05) and a similar trend 
was evident for DM (78.5 vs. 77.3%; P=0.07) and 
there appeared to be a slower rumen liquid turnover 
rate in the efficient cows (Rius et al. 2012). The 
ammonia concentrations were higher in rumen 
liquor of efficient, compared with inefficient cows 
but volatile fatty acid concentrations and the rumen 
microflora were unaffected by RFI (Rius et al. 2012).
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In an analysis of New Zealand and Australian 
data (Pryce et al. 2012) heritabilities of RFI were 
reported to be 0.38 and 0.27 respectively, suggesting 
enough genetic variation existed in RFI for the trait to 
be considered as a candidate for future dairy selection, 
provided it increased dairy profit. A genomic 
prediction equation was developed by fitting all of 
the genetic markers simultaneously to maximise the 
accuracy of genomic prediction, and the accuracy of 
genomic breeding values averaged 0.31-0.41 (Pryce 
et al. 2012). When 208 mature cows with divergent 
RFI genomic breeding values were selected from 
about 3400 genotyped cows using the marker, they 
had similar liveweights and milksolids yield, but those 
identified as “efficient” required significantly less feed 
at each of the four measurement periods (Table 1) than 
those identified as “inefficient” (Davis et al. 2014).

To validate the earlier work with lucerne/pasture 
cubes, a sub-set of the cows (n=96) with extreme 
RFI genomic values were again put through the 
pens and fed pasture silage (12.0 MJ ME/kg DM). 
The cows identified as efficient required 1.5% less 
feed (P=0.24) for similar liveweight and production 
(unpublished data). This compares with a difference 
of 3-4% when fed lucerne/pasture cubes.

DISCUSSION AND CONCLUSION

This programme has achieved its objective, 
because genetic markers that are predictors of RFI 
have been identified using young growing heifer 
calves and were able to identify individuals that 
matched marker predictions for lactation. The 
value of this trait for the dairy industry has yet to 
be determined, and although the differences in feed 
requirements of efficient and inefficient individuals 
are small, they will be significant at farm level and 
over the lifetime of a dairy cow.

The extent of differences in RFI between efficient 
and inefficient animals for gain is similar to that from 
beef cattle. Divergence for milk production will be 
less than for growth because a higher proportion of 
dietary energy is sequestered in milk than liveweight 
gain, and production has been unaffected (Macdonald 
et al. 2014). Further selection within divergent lines 
for RFI may lead to further increases in efficiency. 
Progress will also be enhanced by an understanding 
of the factors contributing to differences between 
individuals. Any selection must ensure that efficient 
individuals do not have reduced productivity, 
and although no negative traits in NZ have been 
associated with a low RFI, ongoing evaluations are 
essential. LIC have calculated a breeding value for 
RFI that is available for their Holstein-Friesian sires 
and an implementation plan for an RFI breeding 
value is being considered in Australia.
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ABSTRACT

Three benefit-cost case studies focusing on different irrigation infrastructure technologies adopted by 
dairy farmers in northern Victoria were analysed. Both qualitative and quantitative data were collected during 
structured interviews with landowners. The study focused on understanding the benefits and impact on farm 
profitability from farm irrigation infrastructure investment from the  farmers’ perspective. 

If production gains, labour and water savings are realised, investing in such projects provides attractive 
returns on investment. The study highlighted the need for farmers to understand potential water savings, labour 
savings and production gains that could be made in their own set of unique circumstances before considering 
farm irrigation investments.  

INTRODUCTION

Irrigated dairying is the major farming activity 
in northern Victoria. This industry uses almost half 
of the irrigation water in the Goulburn Murray 
Irrigation System (Bethune and Armstrong 2004). 
The future prosperity of irrigated farm businesses 
in the region will depend on efficient use of water 
resources through improved water use productivity by 
overcoming both quantity and quality constraints and 
reducing the impact of irrigation on the environment.

In northern Victoria, government is investing in farm 
irrigation upgrades at an unprecedented rate due largely 
to the roll out of irrigation supply system modernisation. 
More than two billion dollars is being invested over a 
10 year period. Federal and State Governments are 
investing over $200 million in farm irrigation upgrades 
via the Federal Government On-Farm Irrigation 
Efficiency Program and the Victorian Government’s 
Farm Modernisation Project (GBCMA 2013). 

Farm irrigation upgrade initiatives have been 
delivered in the region since 2010-11 and provide 
co-investment opportunities for farmers to achieve 
water savings by modernising their farm irrigation 
infrastructure.  Farmers co-invest with the Federal 
and State Governments in upgrading irrigation 
infrastructure in return for water savings being 
shared with Government. The initiatives are popular 
with three out of four successful projects being taken 
up by dairy farmers. Such investment provides once-
in-a-lifetime opportunities for farmers and provides 
significant economic benefits for the region.  

However, questions around the benefits and 
impacts of farm irrigation investments on profitability 
are being raised by farmers considering investment 
in irrigation infrastructure technologies. To help 
address some of these questions, three benefit-cost 
case studies focusing on three different irrigation 

infrastructure technologies adopted by dairy farmers 
in northern Victoria were studied. 

METHODS

Case study approach
A case study approach was chosen to examine 

the financial viability of three different irrigation 
systems on dairy properties. This approach was 
considered more appropriate than surveying a large 
random sample, given the complexity behind the 
farm business management decision-making process 
(Malcolm et al. 2005). 

Data collection
Both qualitative and quantitative data were 

collected during the structured interviews with the case 
study dairy farmers. This provided the information for 
conducting the partial budget analysis. 

Partial budget analysis
A partial financial discounted cash flow analysis 

was applied to determine the financial worth to a 
farmer of investing in irrigation infrastructure with and 
without government incentives. The partial analysis 
is a form of marginal analysis designed to show the 
net increase or decrease in income resulting from the 
proposed changes, rather than the profit or loss for the 
farm as a whole (Brown 1979). The analysis examined 
the “with” project and “without” project situation. It 
identified the value of costs and benefits that will arise 
“with” the proposed project and compare them with 
the situation “without” the project.  

A 7% real discount rate was used based on 
maintaining the existing return on capital from the 
investment. Three key economic criteria which were 
used for the analysis: net present value (NPV), benefit-
cost ratio (BCR) and internal rate of return (IRR).  
In addition, the ‘years to break-even’ criterion was 
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used,  to estimate the time taken for the returns from 
an investment to pay for the purchase. The analysis 
period was 20 years, which is the estimated productive 
life of these irrigation technologies. The approach 
used in the study was similar to the analysis conducted 
by (Maskey 2003, Armstrong et al. 2011).

Assumptions
Production changes, water savings, time savings 

and vehicle use savings were calculated based on 
information provided by the farmers from their records 
collected during the interview process. The water 
saving resulting just from automatic irrigation was 
difficult to determine and quantify. A study conducted 
by Lavis and Maskey (2008) indicated that automatic 
irrigation reduced the amount of water required by 5-9 
%; for this study water savings of 5% were used. The 
costs of water and feed at the time of the study were 
used: $65 per megalitre (ML) and $200 per tonne dry 
matter (DM) respectively.  A labour cost of $25 per hour 
was assumed.  The cost of vehicles used for travel when 
irrigating was assumed to be $0.75 per kilometre (km).

Description of case studies
The first case study farmer invested in an 

improved border check irrigation system which 
included improved channels and structures applying 
an appropriate amount of water required by pasture 
with a minimum of deep drainage and runoff. 
‘Without’ the project, the farmer was using run-down 
infrastructure which required a larger volume of 
water over longer duration to irrigate the same area.

The second case study adopted an automatic 
irrigation system which allowed the flow of water 
from one bay to another without intervention by the 
irrigator on farm. This investment mostly saved labour.  

The third case study farmer invested in a pipe 
and riser system.  The system allowed pumping of 
water through a piped network where riser outlets 
delivered water on farm.  This system allowed the 
farmer to irrigate higher ground and hence increased 
the total area under irrigation. The case studies are 
summarised in Table 1. 

RESULTS

Project benefits and costs
A range of costs and benefits were identified as a 

result of the irrigation investments (Table 2).
The major cost items were:
Investment cost: These were once-off capital 

costs that usually occurred at the start of the project. 
The investment costs ranged from $1,627 to $4,871/
ha depending on the types of technologies adopted. 

Other costs: This category included other 
costs associated with some of the technologies, for 
example pasture establishment, decommissioning of 
old infrastructure and laser grading.  

Operation and maintenance cost: A maintenance 
cost of 2% of the capital cost was used for all of the 
systems in the study. Pumping costs for the pipe and 
riser system were the key operating item affected in 
case study 3. The annual service fee was the major cost 
for the automatic irrigation system in case study 2.

Table 1: Summary of three case studies

Irrigation Technologies

Improved border check irrigation
Case study 1

Automatic irrigation
Case study 2

Pipe and riser
Case study 3

Project area 24 ha 24 ha 70 ha

Crops ‘without’ project Perennial pasture Perennial pasture Dry-land, annual and perennial 
pasture

Crop ‘with’ project Perennial pasture Perennial pasture Perennial pasture

Table 2: Projects costs and benefits

Irrigation 
Technologies

Costs Benefits

Investment 
cost

Other 
costs

Maintenance 
cost

Productivity 
benefits

Water 
savings

Time 
savings

Vehicle 
savings

Government 
Incentives

Improved 
Border 
check

$2,994/ha $122/
ha

$60/ha 2.0tDM/ha/
year

2.4 ML/ha/
year

4 hours/
 irrigation

- $28,700

Automatic 
irrigation

$1,627/ha - $98/ha no benefits 0.5ML/ha/
year

7.5 hours/
irrigation

36 km less/
irrigation

$18,500

Pipe and 
riser

$4,871/ha $83/
ha

$97/ha 3.3t/DM/ha/
year

Increase in 
water use 
by 162ML/
year

12 hours/
irrigation

51 km less/
irrigation

$166,500



98 R. Maskey – Efficiency gains from irrigation upgrades on dairy farms in northern Victoria: lessons from farm case studies

Production benefits: The case studies indicated 
a production increase of 2.0-3.3tDM/ha/year due to 
the investment in irrigation technologies. Automatic 
irrigation by itself did not result in any productivity 
increase.  

Water savings: For the improved border check 
case study with 20 irrigation events per season, water 
savings of 2.4ML/ha/year were calculated. With 
the pipe and riser system, the irrigator was able to 
irrigate additional high ground and hence total water 
use increased on this farm.

Time saved chasing water: Labour saving 
was considered a key benefit by all the case study 
landowners. This was one of the key drivers for them 
to invest in these technologies. 

Incentives: All three case study irrigators 
participated in the Goulburn Broken Catchment 
Management Authority-led consortium delivering 
the Farm Water Program. The incentive provided 
from the Government was based on the calculated 
amount of water saved through the irrigation 
investment. Of the total calculated water savings, 
only half was transferred to the government with 
farmers retaining the other half. For the purpose 
of this study and to reflect the landowner’s 
perspective, the real incentive was calculated as 
half of the amount of money received from the 
Government. 

From a financial perspective and given the data 
and assumptions used in the analysis, investments in 
these projects were a viable option ‘with’ Government 
incentives. However, the automation project was not 
viable without the incentive.  

DISCUSSION

Overall the study showed that, if production 
gains and labour and water savings are realised, 

investing in such projects can provide an attractive 
return on investment. The following lessons are 
specific to the three case studies but may provide 
valuable comparisons for farmers looking to invest 
in similar irrigation technologies: 
• The key benefits from irrigation infrastructure 

investments were extra feed production, water 
savings and labour savings associated with on-
farm water management. 

• The Goulburn Broken Catchment Management 
Authority Farm Water Program provided funds 
for farmers to implement irrigation upgrades 
quicker than would have been possible without 
these incentives, resulting in earlier gains in 
farm productivity and less time to breakeven on 
irrigation investments.

• Those farms which are less developed will 
have more to gain from irrigation infrastructure 
investment provided the operators have skills 
to capture the potential improvements.  These 
farmers can achieve a higher level of water 
savings and productivity increase, since they are 
starting from a lower base level. 

This highlights the need for farmers to consider 
their own circumstances and to assess the likely 
production gains, water savings and time savings 
before investing in farm irrigation infrastructure. 
(Lawson et al. 2002) reported that production could 
vary greatly from farm to farm and  from year to year 
on any given farm and within a given area on farm.

Intangible benefits of the investment that are 
not included in a benefit-cost analysis also need to 
be considered in such a decision. Relevant examples 
of intangible benefits are the convenience, flexibility 
and lifestyle benefits that can be provided by new 
irrigation technology.

Table 3: Benefit cost analysis ‘with’ and ‘without’ incentive

Irrigation 
Technologies

Economic Indicators

With incentives Without incentives

Net 
present 
value

Benefit 
cost ratio

Internal 
rate of 
return

Years to 
break even

Net 
present 
value

Benefit 
cost ratio

Internal 
rate of 
return

Years to 
break even

Border check +$90,206 1.60:1 14% 8 years +$62,848 1.42:1 10.5% 12 years

Automatic 
irrigation

+$8,125 1.13:1 9.31% 8 years -$9,494 0.85:1 1.39% >20 years

Pipe and riser +$320,397 1.75:1 24.6% 5 years +$153,897 1.36:1 11.9% 12 years
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ABSTRACT

There is little information on the impact of water availability on yield potential of field-grown forage 
kale in summer in the dry east coast regions of New Zealand. A field experiment investigating dry matter 
(DM) production, water extraction, water use (WU) and water use efficiency (WUE) was carried out on a 
deep Templeton silt loam soil at Lincoln, Canterbury, in 2013. The experiment had two water treatments: 1) 
rain-fed control, and 2) full irrigation (evapotranspiration replaced weekly). Plant water use more than doubled 
with irrigation compared with rain-fed plots (774 vs. 316 mm), but WUE was similar for the two treatments, 
averaging 44.5 kg DM/ha/mm. Therefore, the total DM yield increase from 17 t DM/ha for the rain-fed plots to 
27.7 t DM/ha for the fully irrigated plots was attributed to the additional WU of the crops, and not the efficiency 
with which the water was used to produce biomass. Farmers are increasingly growing kale on lighter soils than 
used in this experiment and therefore irrigation will be beneficial. 

Keywords: Brassica oleracea ssp. acephala L., water extraction depth, water deficit, water use, water use 
efficiency.

INTRODUCTION

Summer rainfall in many parts of New Zealand is 
variable and insufficient to meet the water requirements 
of various forage crops [e.g. kale (Brassica oleracea 
ssp. acephala L.)]. The impact of restricted water is 
more pronounced on light soils, but also on heavier 
soils management for high water use efficiency 
(WUE) will enhance profitability. Forage kale crops 
are widely grown in summer in the dry east coast 
regions of New Zealand as a source of high-quality 
feed for winter (Chakwizira et al. 2010, 2012). They 
are grown in a wide range of soil fertility and climatic 
environments (Wilson et al. 2006) and these variables 
are often major contributors to the variation between 
fields and seasons (Wilson et al. 2006, Chakwizira 
et al. 2009, 2012). In the summer-dry Canterbury 
region, irrigated forage kale can produce 20–25 t DM/
ha (Brown et al. 2007, Fletcher et al. 2007) compared 
with 2–13 t DM/ha for dry-land grown crops (Wilson 
et al. 2006, Chakwizira et al. 2009). 

The availability of sufficient soil water often 
limits forage kale DM yields (Chakwizira et al. 2009, 
2013). This limitation can be expressed as the product 
of total water use (WU; mm) and the efficiency with 
which water is used (WUE; kg DM/ha/mm) by these 
crops. Previous experiments carried out under a rain-
out shelter (automatically covers the experimental 
site during rainfall events) in Lincoln by (Fletcher et 
al. 2010) and (Chakwizira et al. 2013) reported WUE 
of 34.1 and 40 kg DM/ha/mm for kale, respectively. 
In both experiments, water treatments (variable rates 
and frequency of irrigation) had no effect on WUE. 
However, it is unclear how forage kale crops grown 

under rain-fed conditions will respond to additional 
irrigation. The objectives of this research were to 
determine the water extraction patterns, WU and 
WUE of forage kale grown with or without irrigation 
and the consequent DM yield responses. 

MATERIALS AND METHODS

The experiment was conducted at The New 
Zealand Institute for Plant & Food Research 
Limited, Lincoln (43.83°S, 171.72°E), Canterbury, 
New Zealand. The site was situated on a deep (>1.6 
m), well drained Templeton silt loam [Immature 
Pallic soil (Hewitt, 2010); Udic Ustochrept (Soil 
Survey Staff, 1998)] with an available water-holding 
capacity of about 190 mm/m of depth (Jamieson et 
al. 1995). Physical characteristics of the soil have 
been reported by (Martin et al. 1992).  

The experiment was a randomised block design, 
with two water treatments: (1) Rain-fed control, and 
(2) Full irrigation [evapotranspiration [ET

o
] replaced 

weekly (max 50 mm per week if it did not rain)]. 
Irrigation was based on cumulative ET

o
 at the site, 

obtained from Broadfield weather station located 
about 50 m from the experimental site. The actual 
amount of water applied to replace ET

o
 was adjusted 

for rainfall in that particular period. The cumulative 
ET

o 
for the growing season was 774 mm. The site 

received 316 mm of rainfall during the experimental 
period and additional 458 mm water was added to the 
irrigated plots. The treatments were replicated four 
times. Plots were 4 m wide x 10 m long, giving a 
total experimental area of 0.032 ha. 

The site was prepared by deep ploughing 
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followed by power harrowing. Ten 0–150-mm-
deep soil samples were randomly taken from the 
experimental area on 21 August 2012, mixed, and a 
representative 100 g sample taken for basic fertility 
analyses. Average soil test results were: pH 6.3, P 16 
mg/kg, Ca 10 mg/kg, K 7 mg/kg, Na 7 mg/kg, S 5 
mg/kg and mineralisable N 79 kg/ha. The amounts 
of soil nutrients were determined as ‘MAF quick-test 
units’(Mountier et al. 1966) and converted into mg/
kg dry soil using the following conversion factors: P, 
x1.1; Ca, x125; K, x20; Mg, Na, x5 (Chapman and 
Bannister, 1994). Basal fertiliser was applied on 29 
October 2012 at 250 kg/ha triple superphosphate 
(20.5% P), 15 kg/ha boronate (10% B) and 108 kg/
ha urea (46% N). Additional N as urea was applied 
twice, at 100 kg N/ha on 29 November 2012 and 100 
kg N/ha on 14 January 2013, giving a total of 250 
kg N/ha for the growing season. Weeds, pest and 
disease were controlled so as not to limit production. 
Kale (cv. ‘Gruner’) seed was sown to industry 
standard population (i.e. 60 plants/m2), adjusted for 
germination tests. Seed was drilled at 4 kg/ha into a 
cultivated seedbed with 150-mm-wide row spacing 
using a Taege drill and an Oyjord cone seeder on 29 
October 2012. Seeds were pelleted with ‘Superstrike® 
Brassica’ (a.i thiamethoxam, iprodiane and thirum; 
PGG Wrightson, Christchurch, New Zealand) to 
guard against springtails (Bourletiella spp.) and 
fungal infections. Irrigation treatments commenced 
on 6 December 2012 (39 days after sowing; DAS) at 
weekly intervals, applying sufficient water to return 
the soil to field capacity. 

A single neutron probe (NP) access tube and a 
time domain reflectometer (TDR) wave guide were 
installed in each plot following seedling emergence, 
and remained for the duration of the experiment. 
Measurements of volumetric soil water content were 
made for each plot at 2-weekly intervals beginning 
39 DAS. Measurements were made in 200 mm 
increments to a depth of 1500 mm. The 0–200 mm 
depth was measured using TDR, while all other 
measurements were made using the NP. 

Seasonal crop water use (WU; mm) was 
calculated as the change in volumetric soil 
water content during the period from the start of 
measurements to the subsequent measurements, and 
adjusted for irrigation and rainfall inputs. The WU 
values reported here therefore included water lost 
due to transpiration, as well as evaporation. It was 
assumed that drainage losses were negligible for the 
soil type of this experiment. The water extraction 
pattern, cumulative water deficit and WU were 
determined to 1600 mm depth for both treatments. 
Water use efficiency (WUE; kg DM/ha/mm) was 
calculated as the slope of the linear regression of 

the sequential crop DM against WU. The WUE 
was calculated for both water treatments for the full 
duration of the growing season. When WU and crop 
biomass measurements were on different days, WU 
was estimated by linear interpolation between two 
measurements. Dry matter data were not available 
from when soil water measurements were initiated 
and therefore the linear fits were not forced through 
the origin. 

Dry matter harvests to ground level were taken 
at 4-weekly intervals from 20 January 2013 to the 
final harvest on 15 May 2013. The size of the quadrat 
sample varied with the size of the crop: 0.5 m2 per 
plot for all the sequential DM harvests, followed by 
1 m2 per plot for final harvest. Plant density and total 
fresh mass per quadrat was determined in the field 
at each harvest. A representative 2-plant subsample 
was retained to determine total DM. Dry mass was 
determined after drying at 60oC to constant mass.

The data were analysed using analysis of variance 
(ANOVA) in GenStat v.14 (VSN International, 
Hemel Hampstead, UK). Significant interactions and 
main effects were separated using least significant 
difference (LSD) tests at  = 0.05. Figures were 
prepared using Sigma Plot v. 10.0 (Systat Software 
Inc., San Jose, CA, USA). 

RESULTS AND DISCUSSION

Soil moisture deficit increased with time (Figure 
1a) following the pattern of increasing water demand 
as the crops developed (Figure 1c). Soil water 
content was consistently lower in rain-fed plots 
than the irrigated plots. Significant rainfall events 
occurred mid season, with 15 and 31 mm of rain 
received between 56 and 71 DAS and between 127 
and 141 DAS, respectively (Figure 1a). In the period 
from January (71 DAS) to March (127 DAS) rainfall 
was lower than the long-term average for the area 
(NIWA, 2014), and hence the rapid increase in water 
deficit under the rain-fed treatment (Figure 1a).

The potential water extraction by kale for the rain-
fed plots is presented in Figure 1b. The crops extracted 
most of their water to a depth of about 700 mm until 
mid-January and to 1300 mm thereafter. During the 
drier periods of January to the end of March, water 
extraction was negligible in the top 300 mm of the 
soil profile. Both the overall extraction depth and 
its variations within the season reported here are 
consistent with those reported for kale (Fletcher et al. 
2010, Chakwizira et al. 2013) and other forage brassica 
species, e.g. bulb turnips and forage rape (Fletcher et 
al. 2010). The total WU increased (P < 0.001) from 
316 mm for the rain-fed plots to 774 mm for the fully 
irrigated plots (Figure 1d). Nevertheless, WUE was 
44.5 kg DM/ha/mm for both treatments throughout 
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the season. Similar WUE for brassica crops grown 
under different water treatments has been reported 
previously for a similar environment (Fletcher et al. 
2010, Chakwizira et al. 2013). However, (Fletcher 
et al. 2010) reported a lower WUE for forage kale, 
rape and bulb turnips (32.3–34.1 DM/ha/mm). Their 
lower WUE for forage kale was possibly because of 
an early final harvest on 6 March. The lower WUE of 

forage rape and bulb turnips reported in (Fletcher et al. 
2010) compared with that in our study was due to kale 
achieving more than twice the DM yield as rape and 
turnips, with only 20–25% more WU. The differences 
could also be attributed to crop species, as (Neilsen et 
al. 2000) reported that the WUE for turnips was twice 
that of forage rape and kale.

Figure 1: (a) Cumulative water deficit (  Full irrigation and l Rain-fed control), (b) water extraction patterns 
for the rain-fed treatments ( 11 December 2012, ∆ 22 January 2013, n 5 March 2013,  2 April 2013) (dotted 
lines represent: A = stress point and B = field capacity for this soil) (c) dry matter yield [(  Full irrigation 
and l Rain-fed control), Vertical bar represent the least significant difference at =0.05], and (d) relationship 
between total dry matter and seasonal water use (l Rain-fed control, Y=44.8x +  4081, R2=0.74;  Full 
irrigation, Y=44.2x - 5570, R2=0.97) (Slope of regression line is the water use efficiency) for forage kale 
grown under different irrigation regimes at Lincoln in the 2012–13 season. 
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The DM yield at the final harvest increased by 
60% with irrigation (Figure 1c), from 17 t DM/ha for 
the rain-fed plots to 27.7 t DM/ha when fully irrigated. 
The DM yields (Figure 1c) were notably higher 
than the 6–13 t DM/ha yields reported for dry-land 
produced forage kale (Wilson et al. 2006, Chakwizira 
et al. 2009) and 14–19 t DM/ha for irrigated forage 
kale (Wilson et al. 2006) on shallow soils in the 
Canterbury region. These differences, particularly for 
the rain-fed plots, could be attributed to the deep soil 
of the current trial, with a high water holding capacity 
of approximately 190 mm/m depth (Jamieson et al. 
1995), and therefore these crops did not experience 
drought conditions to the same extent as those in the 
earlier trials. This was supported by the fact that in 
Figure 1b, none of the water content by depth graphs 
went below the stress point (dotted line A). Effects of 
drought are more severe on shallow soils with lower 
water holding capacities, which are typical of the areas 
where forage kale production is common, particularly 
in Canterbury. The differences in DM yield (Figure 1c) 
were attributed to the total WU, therefore the higher 
the water holding capacity, the higher the potential 
yield is when irrigation is intermittent.

CONCLUSIONS

Dry matter yield for forage kale was strongly 
affected by the total amount of water available 
during the growing period, and not the efficiency 
with which the water was used. Although the rain-fed 
treatment produced high DM yield (17 t/ha), there 
was still a strong yield advantage gained from crops 
grown under full irrigation. Crops grown without 
water or nutrient limitation produced 27 t DM/ha and 
the mean seasonal WUE remained high at 44.5 kg 
DM/ha/mm, similar to the rain-fed treatment.
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ABSTRACT

The scale and intensity of dairy farming places pressure on our freshwater resources. These pressures (e.g. 
fertiliser use and nitrogen excretion) can lead to changes in the levels of contaminants in waterways, altering the 
state and potentially impacting on the uses and values society ascribes to water. Resource management involves 
putting in place appropriate responses to address water quality issues. In this paper we highlight trends in the 
scale and extent of dairying in Australia and New Zealand and describe water quality pressures, state, impacts 
and responses that characterise the two countries. In Australia and New Zealand, dairy farming has become 
increasingly intensive over the last three decades, although the size of Australia’s dairy herd has remained 
fairly static, whilst New Zealand’s herd and associated excreted nitrogen loads has nearly doubled. In contrast, 
effluent management has been improved, and farm waterways fenced, in part to reduce pressure on freshwaters. 
However, both countries show a range of degraded water quality state indicators. Phosphorus and nitrogen are 
the most common water quality indicators to exceed accepted trigger levels, although New Zealand also has 
a significant percentage of waterways with faecal contaminants beyond acceptable levels. In New Zealand, 
nitrate concentrations in waterways are increasing while phosphorus and suspended sediment concentrations are 
generally decreasing. Water quality in near-coastal marine waters is of particular concern in Australia whereas 
attention in New Zealand is on maintaining quality of high value lakes and groundwater resources, as well as 
rehabilitating waterbodies where key values have been degraded. 

Inland, marine and groundwater quality data are increasingly being collated and reported but in Australia 
neither long term trends across waterbodies, nor spatially comprehensive groundwater quality data, have been 
reported at national levels. In New Zealand, coastal marine systems, and particularly harbours and estuaries, 
are poorly monitored, but there are long-term monitoring systems in place for rivers, groundwater and lakes.

To minimise pressures on water quality, there is a high reliance on voluntary or incentivised practice change 
in Australia, whereas in New Zealand regulated environmental limits for dairy farmers are increasing. Dairy 
industries in both countries have set targets for reducing pressures through sustainability frameworks and accords. 
To address future drivers such as climate change and increasing domestic and market demand for sustainability 
credentials, definitions of values and appropriate targets for waterbodies draining agricultural landscapes will be 
required. Environmental limits (both natural and societal) will constrain future growth opportunities for dairy and 
research into continued growth within limits remains a research priority in both countries.

Keywords: dairy; pressure, state; impact; response; water quality

INTRODUCTION

Our freshwater resources are under pressure 
from a range of human activities, including increasing 
land use intensity (PCE 2013), and continued 
demand for water abstraction in a changing climate 
(State of the Environment 2011 Committee, 2011). 
Improving management of freshwater resources to 
address conflicts between competing water users and 
between differing expectations for water quality is 
a priority issue for local and national governments 
on both sides of the Tasman (e.g. LAWF 2010; MfE 
2013 (NZ), Anon. 1994; COAG 2004; (Australia)).

Catchment land use is a principal determinant of 
the levels of contaminants in waterways, and hence 
the resulting water quality for a range of uses. Levels 
of nutrients, sediment and faecal microbes all tend 
to be elevated in catchments dominated by urban 

and agricultural land use (e.g. Larned et al. 2004) 
and in catchments affected by drought, flood and 
fire. Both scale (e.g. percent catchment in pasture) 
and intensity (e.g. number of stock units per hectare) 
influence water quality outcomes in agricultural 
catchments. In any one catchment, dairy farming 
will only be one of many potential pressures on 
the environment. However, accepting proportional 
responsibility for impacts and supporting appropriate 
responses is consistent with dairy industry strategies 
in New Zealand (Strategy for Sustainable Dairy 
Farming 2013-2020) and Australia (Dairy Australia 
Sustainability Framework, 2013). 

The aim of this paper is to compare and contrast 
water quality in New Zealand and Australia and 
to identify the roles the dairy industries have in 
responding to water quality concerns. Our trans-
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Tasman comparison is framed by use of the DPSIR 
(Driver-Pressure-State-Impact-Response) model 
(IMPRESS 2002). This model describes the change in 
state (S) of natural resources due to changes in specific 
drivers (D) and pressures (P) that can have an impact 
(I) and are the focus of policy responses (R). 

Table 1: Comparative dairy industry figures 
highlighting potential drivers of environmental 
impact. Information is sourced from Dairy Australia 
(2013) and Watson and Watson (2012), and LIC/
DairyNZ (2014) for Australia and NZ respectively.

Australia New Zealand

State 
(2012/13)

% change 
(timeframe)

State 
(2012/13)

% 
change  
(2013 v 
1994)

Total cows 
(million)

1.65 -12%  
(1980-2013)

4.78 75%

Stocking 
rate 
(cows/ha 
effective)

1.67 10%   
(2000-2012)

2.85 17%

Herd size 
(cows/
farm)

258 187% 
(1982-2013)

402 114%

Milk 
production 
(L/cow)

2848 94%   
(1980-2013)

3947 25%

DRIVERS

In Australia and New Zealand, increasing global 
demand for milk products and the cost-price squeeze 
on production is driving intensification in the dairy 
industry (Table 1). Compared with 30 years ago, 
Australian dairy farms are producing 94% more 
milk per cow, herd sizes are 187% larger, and there 
are 70% fewer farms. The dairy regions that have 
intensified the most over the last decade in terms 
of combined increases in stocking rate and area of 
the milking platform are in Western Australia and 
Tasmania (Watson and Watson, 2012; Figure 1). 
Similarly in New Zealand, milk production more than 
doubled between 1994 and 2013 with much of this 
growth concentrated in the South Island (Figure 2), 
where land and water resources have been available 
for conversion of drystock farming enterprises to 
dairy with few regulatory controls (PCE 2013). In 
Australia, despite farm intensification and structural 
change within regions, the national herd size has 
changed little in 30 years (Dairy Australia 2013). In 
contrast, in New Zealand there were 2.7 million cows 
on 1.1 million hectares in 1993/94 (LIC/DairyNZ 
2014) and in 2012/13 there were 4.8 million cows on 
1.7 million hectares.

Figure 1: a) Locations of dairy farming regions in 
Australia showing cow density in 2004, average 
stocking rate in 2012 (cows/ha milking area) and 
coastal water quality hotspots (purple symbols) 
downstream of dairy regions (Data Source: Dairy 
Australia; Map source: www.abs.gov.au/ausstats/
abs@.nsf) b) Intensification and expansion of dairy 
farming across regions according to change in stocking 
rate and area of the milking platform between 2000 
and 2012 (Data Source: Watson and Watson, 2012).

Figure 2: a) Regional distribution of dairy cows 
(percent of total herd) in New Zealand (2012/13). 
(Source: http://www.dairynz.co.nz/dairystatistics).  
b) Cow density at District scale. Stars indicate areas 
where existing dairy farmers are operating under 
regulated nitrogen limits.

Drivers also exist for reducing pressures from 
dairy on the environment, including market pressure 
to demonstrate sustainability credentials (e.g. 
Nestlé 2013). In New Zealand, societal perceptions 
of the impacts of dairy’s growth (PCE 2013) and 
recognition of the need for limits on natural resource 
allocation have seen the development and rollout 
of the National Policy Statement for Freshwater 
Management (NPS-FM 2014) that directs all regional 
councils to set limits on water quality and quantity in 
all waterbodies by 2025.  
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PRESSURE

To understand the current status and trends 
in potential pressure that the dairy industry places 
on water quality, some measures of pressures are 
required. The main pressures of dairy farming on 
water quality are pressures that influence waterbody 
flow regimes and habitat, and pressures that influence 
the risk of nutrient, sediment and faecal coliforms (via 
runoff, drainage or direct input) input to waterbodies. 
Pressures include those that affect the amount of  
nutrient, sediment or faecal coliforms (source risk), 
the movement  of these materials (transport risk), and 
more importantly, those that influence how source 
and transport risks combine in time and space and are 
connected with receiving waterbodies (Melland et al. 
2014). Farm gate nutrient balances are also an indicator 
of both potential environmental problems (including 
N leaching risk) in the case of persistent surplus and 
potential agricultural sustainability problems in the 
case of persistent deficits (Beukes et al. 2012, OECD 
2013). In New Zealand, the Overseer® Nutrient 
Budgeting Model (Wheeler et al. 2011) has become 
the principal tool for estimating nutrient losses from 
individual farms. Increasingly, the model is being 
incorporated into environmental policies designed 
to control effects from diffuse-source contaminants, 
particularly in relation to property-scale nitrogen 
discharge allowances (e.g.  McLay 2008).

AUSTRALIA

Some source and transport pressures, and their 
trends over time, have been quantified across the 
dairy industry in Australia (Table 2). Regarding 
source pressures, and based on farm-gate nutrient 
balances of 41 dairy farms across the main dairying 
regions of Australia, farms were net accumulators 
of nitrogen, phosphorus, sulphur and potassium 
in 2007-09 (Gourley et al. 2012). The median 
nitrogen surplus of 193 kg/ha/yr  was higher than 
the mean measured on New Zealand dairy farms 
(161 kg/ha/yr), and the median phosphorus surplus 
(26 kg/ha/yr) was similar to the mean measured 
on New Zealand dairy farms. For phosphorus, 
sulphur and potassium the surpluses were also 
reflected by more than 75% of soil test levels 
exceeding agronomic optimums across more than 
2000 paddocks tested (Dougherty and Gourley, 
2014), and occurred despite of 82 % of farmers 
using soil tests to help make fertiliser decisions 
(Watson and Watson, 2012). The translation of soil 
test information into decisions that reduce nutrient 
surpluses needs encouragement.

Table 2: A range of environmental pressure variables relating to dairy farming in Australia and New Zealand.

Australia New Zealand 

Farm nitrogen surplus 
(kg N/ha/yr)

193 (median of 41 farms)
(Gourley et al. 2012)

150 (mean of 247 Waikato farms)
(Beukes et al. 2012)
161 (mean of 3200 farms)
(S. Ledgard, unpublished data)

Farm phosphorus surplus 
(kg P/ha/yr)

26 (median of 41 farms)
(Gourley et al. 2012)

28 (mean of 3200 farms)
(S. Ledgard, unpublished data)

Effluent management 94% distributed to land
(Watson and Watson 2012)

73% full compliance with regional council rules 
(10% significant non-compliance)
(DCSA 2013)

Fencing to prevent stock 

access to waterways

73% partial

34% complete

(Watson & Watson 2012)

78% partial

57% complete

(MAF 2011)
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Collected manure represented <20% of total 
manure nitrogen produced by cows on dairy farms 
because cows spend most of their time grazing 
(Gourley et al. 2012). However,  with an increase 
in the proportion of dairy farms using feed pads in 
Australia (O’Keefe M et al. 2010), the percentage of 
collected manure will increase, and associated skills 
and information (such as effluent testing) required for 
efficient nutrient use and distribution are likely to be 
required. Currently only 34% of farmers test manure 
for its nutrient content (Watson and Watson, 2012), 
however, since 2006 there has been a significant 
decrease in the proportion of farmers using phosphorus 
fertiliser and an increase in the proportion using 
organic fertiliser, which suggests that farmers may be 
making greater use of nutrients in manure. 

Evidence for low or decreasing source pressures 
is that almost all collected dairy effluent is distributed 
to land, and that an increasing percentage of farm 
waterways have been fenced off from stock (Watson 
and Watson, 2012). These pressure levels are currently 
similar between Australia and New Zealand (Table 2). 
Trends over time in other key management-related 
source pressures (soil test, nutrient application rates and 
timing, nutrient and groundcover hotspots, (Melland 
et al. 2007) and their spatial and temporal association 
with water flow pathways warrant measurement and 
reporting at industry level to demonstrate changes in 
the risk of nutrient loss from dairy farms. 

In terms of water flow per se, net irrigation water 
consumption by dairy farming fluctuates with water 
availability and allocation and in 2001-2 and 2004-05 
was approximately 12% of net water consumption in 
Australia (NLWRA, 2008). The percentage of farms 
irrigated has not changed significantly since 2000 
(Watson and Watson, 2012). Between 2001 and 2006 
dairy farmers improved their productivity per litre of 
water used by 20% (www.dairyingfortomorrow.com) 
and over the last 6 years have increased their uptake 
of automated irrigation systems by 9% (now 47% of 
irrigated farms, (Watson and Watson, 2012)). The net 
impact of these and other farm management changes 
on farm surplus water, river flow and water quality 
warrants investigation at appropriate scales. 

New Zealand
The metric used here to represent environmental 

pressures associated with pastoral agriculture in 
New Zealand is the total load of nitrogen excreted 
by pastoral animals (Nitrogen excreted to land; t/yr). 
Animal numbers were sourced from StatisticsNZ on-
line database (http://www.stats.govt.nz/infoshare). Data 
on Total Beef Cattle, Total Dairy Cattle, Total Sheep 
and Total Deer were downloaded for the period 1990-
2011. There were some gaps in the StatisticsNZ data 
set (1997-98 and 2000-2001). These gaps were filled by 
interpolation for illustrative purposes (Figure 3).

Figure 3: National trends in nitrogen excreted load 
to land (t/yr) from all stock types for the period 
1990-2011 in New Zealand.

Animal numbers alone do not provide a good 
indicator of potential environmental pressures, 
because different stock types vary in their 
environmental footprint (McDowell & Wilcock 
2008). Therefore, we have used estimates of the 
excreted nitrogen rate by each stock type and 
multiplied this by the estimated animal numbers to 
derive a total excreted nitrogen load at the national 
scale. The excreted nitrogen rates by stock type come 
from the New Zealand Greenhouse Gas Inventory 
(1990-2011) (Table 6.3.3 in MfE 2014). These 
estimates take into account the changes in nitrogen 
excretion rates that have resulted from improving 
animal productivity (e.g. increasing feed intake by 
cows or increased lambing percentages in sheep). It 
is interesting to note that over the period from 1990 to 
2011 these productivity increases have driven a 13% 
increase in rates of nitrogen excretion per dairy cow 
and a 22% increase in rates per sheep (MfE 2014).

The main source of nitrogen in New Zealand’s 
waterways draining agricultural catchments is 
urine from farm animals (PCE 2013). Therefore, 
we believe that the load of nitrogen excreted to 
land provides a good indicator of land use pressure 
at broad scales, particularly relating to the issue 
of nitrates in waterways. Of course, the nitrogen 
excreted by animals does not all end up in waterways 
(e.g. Woodward et al. 2013) and, more importantly, 
the nitrate that does end up in waterways won’t 
necessarily impact on water uses or values (e.g. 
excessive growth of plants and algae). 

Over a 22-yr time series (1990-2011) excreted 
nitrogen loads from dairy cows has more than 
doubled (102% increase), while the load from sheep 
has decreased by 33% to the current contribution of 
32% of total (Figure 3). The contributions from deer 
and beef cattle have remained relatively constant. 
Since 2007, dairy cows have been the largest 
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contributor to total nitrogen load to land (current 
contribution 46%) at the national scale. Over a 
similar time period there has been a significant 
shift in dairy effluent management practice in New 
Zealand. Discharge of farm dairy effluent from 
treatment ponds to waterways is now rare in most 
regions and has been replaced by irrigation to land, 
with 10-fold reductions in nitrogen and phosphorus 
loads to water modelled by (Houlbrooke et al. 
2004). Land application of farm dairy effluent also 
significantly reduces bacterial loads in receiving 
waters (Collins et al. 2007). Further improvements in 
effluent management are possible, including moving 
to low rate irrigation during periods of soil moisture 
deficit (Monaghan et al. 2010).

Irrigation accounts for nearly half of New 
Zealand’s allocated water use, with stock drinking 
water making up only 2%. The amount of land 
irrigated by consented water takes has increased 
by 82 per cent between 1999 and 2010, with the 
greatest increase in Canterbury (65% increase). The 
percentage of estimated actual water used compared 
with the maximum allocated volume in New Zealand 
is around 65 per cent (Aqualinc 2010).

STATE

Australia
In Australia, surface and groundwater water 

quality is monitored by over 90 different organisations 
including local, state and federal government, private 
sector and community groups.  Since implementation 
of the Water Act 2007, information about water quality 
monitoring sites has been collated into a national 
online repository by the Bureau of Meteorology (www.
bom.gov.au). Due to practicalities and cost, stream 
monitoring is normally conducted during baseflow 
conditions but in an analysis of separately collected 
data, event mean concentrations of suspended solids, 
phosphorus and nitrogen have also been calculated 
for 11 land uses nationally (Bartley et al. 2012). 
Groundwater chemistry has traditionally only been 
analysed for salinity and in regions of local concern 
for other parameters, and is not systematically or 
routinely monitored across Australia (Sundaram and 
Coram, 2009). 

The most recent national assessment of inland 
water quality in Australia was based on chemical and 
biological quality elements (State of the Environment 
2011 Committee, 2011). Water quality for the period 
2000 to 2010 was reported against the ANZECC water 
quality guidelines (Anon, 2000), or for Queensland 
sites, against Queensland guidelines (Department of 
Environment and Heritage Protection, 2009). The 
indicators of risk to ecological and human health that 

were assessed were turbidity, salinity, pH, nutrients 
and faecal contamination (microbial quality) (Sinclair 
Knight Merz, 2011). Sites were classed according to 
the percentage of samples that were within guideline 
limits as good (>75%), fair (51-75%), poor (25-50%) 
or very poor (<25%). 

For the period 2000-2010, inland surface water 
bodies in all parts except Tasmania and northern 
Australia were degraded. The main chemical 
impairments were from nitrogen, phosphorus, 
salinity and from lack of flow (State of the 
Environment 2011 Committee, 2011). There was 
poor to very poor compliance with total nitrogen and 
total phosphorus concentration guidelines in 43% 
and 48%, respectively, of the 130 river basins that 
were assessed. The ‘Millennium’ drought of south-
east Australia (1997-2009), bushfire and subsequent 
floods had significant detrimental impacts on water 
quality in this period (Sinclair Knight Merz, 2011). 
Salinity remains a key issue, particularly in south-
west Western Australia. Whilst the drought reduced 
salt incursions to streams in many regions, salts were 
concentrated due to lack of dilution elsewhere. Where 
monitored, bacterial contamination to recreational 
users was not a major issue in inland waters (Sinclair 
Knight Merz, 2011) but can have local significance 
and impact.

The main reported water quality impairment in 
groundwater in Australia is high salinity.  Shallow 
and saline water tables in areas of the Murray 
Dairy irrigation region present some constraints 
to production and environmental management 
(Bethune et al. 2004), however, irrigation induced 
soil salinity is an issue that has lessened since 2006 
in this region (Watson and Watson, 2012). Elevated 
nitrate concentrations in groundwater have been 
observed in some areas including in some  dairying 
regions, particularly in the basaltic aquifers of south-
west Victoria and the limestone aquifers of south-
east South Australia (Bolger and Stevens, 1999).

New Zealand
Under the Resource Management Act (RMA 

1991) New Zealand’s 16 regional councils (e.g. 
Environment Southland) and unitary authorities (e.g. 
Auckland Council) have a duty to collect information 
on the state of the environment. Recently, these 
dispersed freshwater monitoring datasets have 
been brought together on-line (www.LAWA.org.
nz). Information on state and trends are presented 
for nine indicators (E. coli, clarity, turbidity, total 
nitrogen, oxidised nitrogen (i.e. sum of nitrate and 
nitrite-nitrogen), ammoniacal nitrogen, dissolved 
phosphorus, total phosphorus and pH. The LAWA 
website provides data from around 1100 monitored 
river sites throughout New Zealand.
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Many of the regional datasets have been 
through significant changes in sampling sites, 
sampling frequencies and methodology over the 
last 10-20 years. The most consistent long-term 
national dataset for river water quality is the 
National Rivers Water Quality Network (NRWQN, 
Davies-Colley et al. 2011). This dataset has been 
used as a basis for national state of the environment 
reporting (MfE 2007), and a range of studies linking 
state and trends with pressures (e.g. Scarsbrook et 
al. 2003). A range of physico-chemical indicators 
are monitored monthly at 77 river sites, whereas 
biological data (macroinvertebrate communities) 
are sampled annually at 66 sites (Scarsbrook et 
al. 2000). Percent algal cover on the riverbed is 
monitored monthly at all sites (Quinn & Raaphorst 
2009).

In the most recent trend analysis utilising the 
NRWQN dataset, Ballantine & Davies-Colley (2013) 
identified significant increasing trends at the national 
scale for total and oxidised nitrogen and dissolved 
and total phosphorus concentrations. In contrast, 
water clarity and turbidity both exhibited improving 
trends over the period 1989-2009. When data from 
the latter 10 year period (2000-2009) were analysed 
only oxidised nitrogen concentrations showed 
an increasing trend, whereas total phosphorus, 
dissolved reactive phosphorus and clarity all showed 
improving trends. These more recent trend patterns 
appear consistent at catchment (e.g. Wilcock et al. 
2013) and regional (Environment Southland 2011) 
scales, suggesting a general pattern of improvements 
in levels of sediment and phosphorus in rivers, 
but continuing increases in oxidised nitrogen 
concentrations. 

Daughney & Randall (2009) analysed state 
and trend data from 973 groundwater wells over 
the period 1995 to 2008. Contamination with nitrate 
and/or microbial pathogens (of presumably human 
or agricultural origin) occurred in many regions, 
particularly for shallow wells in unconfined aquifers. 
Nationally, median concentrations of nitrate and E. 
coli exceeded their respective health-related standards 
for human consumption at 5% and 23% of the 
monitoring sites, respectively. With respect to nitrate, 
significant trends were detected at approximately one 
third of the monitoring sites. Roughly twice as many 
sites showed increasing nitrate trends compared to 
sites that showed decreasing nitrate concentration 
over the 1995-2008 period. However, Daughney 
& Randell (2009) found no systematic relationship 
between groundwater quality (state or trend) and 
overlying land use.

IMPACT

Australia
In-stream biological health provides an indicator 

of water quality impacts and was reported nationally 
in 2011 using the Australian River Assessment System 
(AUSRIVAS) protocol and classification scheme for 
aquatic macroinvertebrates (Harrison et al. 2011).  
Sites were classed as more diverse than reference, 
similar to reference, or significantly, severely or 
extremely impaired based on the ratio of observed 
to expected number of taxa. Macroinvertebrate 
diversity was impaired at 46% of sites nationally over 
the period 2003-2010, which was a slightly higher 
percentage than observed (40%) in the first reporting 
period (1994-1999) albeit some of this change 
was potentially due to differences in sampling and 
assessment methods (Harrison et al. 2011). Incidents 
of cyanobacterial blooms were not reported for all 
states and territories in the 2011 National Water 
Quality Assessment (Sinclair Knight Merz, 2011), 
however in Victoria the condition was reported to be 
generally either unchanged, or improved. 

The overall condition of Australia’s marine 
environment has been assessed by expert opinion 
(State of the Environment 2011 Committee, 2011) and 
is considered good relative to elsewhere in the world. 
However, fifteen hotspots have been identified where 
estuaries and bays, particularly in the east (including 
the Great Barrier Reef), south-east and south-west 
are in poor to very poor condition, with frequent 
algal blooms, and elevated nutrient, sediment and 
pesticide loads. Coral bleaching and invasive starfish 
are also threatening the Great Barrier Reef (Anon., 
2014). 

New Zealand
Levels of periphyton (attached algae) in rivers 

and phytoplankton (suspended algae) in lakes 
and lake-fed rivers have recently been accepted as 
national attributes for assessing aquatic ecosystem 
health (NPS-FM 2014). (Snelder et al. 2013) used 
monitoring data from four regional councils to 
develop a predictive model for periphyton biomass. 
This model was then used to assess the level of 
exceedance for periphyton biomass in all river 
reaches. In Southland and Canterbury very few river 
reaches (0.4% and 0.3 %, respectively) exceeded the 
national bottom line for periphyton biomass (i.e. 200 
mg chlorophyll a/m2). However, most stream reaches 
in those regions fall in areas of natural state (e.g. 
Fiordland, Southern Alps). Manawatu region had the 
highest percentage of stream reaches (13%) that were 
predicted to exceed the national bottom line. 
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Quinn & Raaphorst (2009) analysed trends 
in periphyton cover data from the NRWQN sites 
for the period 1990-2006. They found more sites 
with decreasing cover than increasing cover, which 
was unexpected given the increasing agricultural 
intensification and associated increase in nutrient 
inputs and stream nutrient concentrations over 
similar periods. They suggested that some of the 
trends of declining cover may have been associated 
with improvements in point source management, but 
could not explain the observed patterns at a national 
scale.

New Zealand has more than 3800 lakes, but 
only around 112 are regularly monitored. (Verburg 
et al. 2010) provided an assessment of lake water 
quality as part of a development of national standards 
(NPS-FM 2014). Twenty-six lakes (23% of total) 
had median Chlorophyll a levels that exceeded the 
national bottom line (annual average >12 mg/m3). 
Most of these were lowland lakes. In an assessment 
of lake trophic status (defined using the Trophic Level 
Index, Burns et al. 1999, Verburg et al. 2010) found 
44% were eutrophic or worse, and 33% oligotrophic. 
Lakes were increasingly eutrophic with increasing 
percentage of pastoral land cover in their catchments. 

At the national scale there are significant issues 
with levels of E. coli (Scarsbrook & McBride 2004) 
that impact on swimming water quality in rivers. 
Of 410 year-round monitoring sites, 69% had 95th 
percentile E. coli levels greater than the national 
standard of 550 cfu/100 ml (NPS-FM 2014). Most 
pasture (83%) and urban (92%) sites and 42% of 
native forest sites failed this standard.

There are 612 freshwater and marine bathing 
beaches monitored throughout New Zealand each 
summer. Of these 520 had sufficient data for 
assignment of ‘Suitability for Recreation Grades’ for 
the 2012/13 bathing season (MfE 2013). Twenty-four 
percent of sites were graded as ‘Poor’ to ‘Very Poor’ 
as a result of consistently elevated levels of E. coli., 
52% of sites were graded as ‘Excellent’ or ‘Good’ 
and the remainder (24%) as ‘Fair’.

In contrast to Australia, New Zealand 
does not have a predictive model for assessing 
macroinvertebrate diversity in rivers. However, 
most regional councils monitor macroinvertebrate 
communities using standard sampling protocols 
(Stark et al. 2001) and use the Macroinvertebrate 
Community Index (MCI; Stark & Maxted 2007) to 
assess ecosystem health. The most comprehensive 
macroinvertebrate dataset from across New Zealand 
(2666 sites) was compiled by (Clapcott et al. 2012). 
In this dataset, thirty-seven percent of monitored 
sites had MCI scores indicative of reference 
conditions, mild pollution was indicated at 40% of 

sites, moderate pollution at 19% of sites and only five 
percent of sites had MCI scores indicative of severe 
pollution.

Links between pressures, and states and impacts
Of the fifteen coastal water quality hotspots 

identified around Australia, there are significant 
dairy regions in six of the contributing catchments, 
and these are in the GippsDairy and Western Dairy 
farming areas (Figure 1). Grazed pastures (including 
beef, sheep and dairy) have been identified as 
significant contributors of nitrogen and phosphorus 
to waterways in these and other catchments 
(Holz, 2010; Gourley and Weaver, 2012; State of 
Queensland, 2013). It is, however, often difficult to 
ascribe water quality impacts at the catchment scale 
directly to dairy land use or management practices 
per se because most catchments in which dairying 
occurs in Australia have a mosaic of land use where 
individual effects of particular farming systems 
are dispersed and integrated in space and time. For 
example, in the Great Barrier Reef catchments, dairy 
farming was modelled to be a low priority for water 
quality improvement grants, relative to other land 
uses  (Anon., 2014). In the Vasse-Wonerup catchment 
in Western Australia, nutrient loss reductions of about 
75% from dairy farms were modelled to translate into 
only 5-10% nutrient reduction at the catchment scale 
due to influences of other land uses (Rivers et al. 
2004). Further to the direct impacts of dairy farms on 
water quality, imported feed now contributes median 
levels of 30% to 55% of farm nutrients (Gourley et 
al. 2012) suggesting the impact of land uses growing 
these feeds should also be considered. Overall in 
Australia, the density of dairy cows only exceeded 
30 cows/km2 in the three dairy regions of Victoria 
(www.abs.gov.au/ausstats/abs@.nsf). In contrast, 
there are 19 Districts in New Zealand where dairy 
cow density exceeds 30 cows/km2, with the highest 
being 164 cows/km2 in Matamata-Piako (Figure 2). 

Water quality studies in concentrated dairy 
catchments, and over time, are both rare and 
informative. One such study, by (Smith et al. 2013) 
in catchments dominated by dairy production in 
south-west Victoria, Australia, found that increases 
in stream nitrogen and phosphorus concentrations 
between 1990 and 2011 were associated with 
concomitant increases in the intensity of dairy 
farming. Further to this, in Western Australia 
modelled catchment nutrient loads reaching the Peel-
Harvey estuary exceeded target loads even with high 
levels of practice change implementation, and in the 
Gippsland Lakes catchment in Victoria nutrient load 
targets were modelled as being achievable but at 
extremely high cost and only with de-intensification 
of dairy land use (Roberts et al. 2012, Rivers et al. 
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2013). Whilst catchment water quality can improve 
in response to farm practice change, (Melland et 
al. 2014) found that lag times for positive water 
quality responses to occur in mixed agricultural 
meso-catchments (1 - 100 km2) ranged from 1.5 to 
10 years. The most effective and timely mechanisms 
and practices for water quality improvement were 
those that correctly targeted the source and pathway 
of the pollutant transport and that were implemented 
at rates sufficient to have effect over and above 
background processes.

In New Zealand, the observed trends in river 
contaminant levels are consistent with observed 
change in the scale and intensity of agricultural land 
use across New Zealand. Levels of nitrogen appear 
closely associated with changes in land use intensity, 
whereas phosphorus and sediment levels appear 
to be improving despite land use intensification. 
These links deserve more detailed study, such as 
that conducted in five dairy catchments across New 
Zealand from the mid-1990s until 2012. Overall, 
water quality state within these catchments remains 
degraded relative to ANZECC trigger values (Anon. 
2000), with high levels of sediment, E. coli, dissolved 
and total nutrients and biological measures indicative 
of degraded conditions. However, the catchment 
studies clearly linked improved practice in riparian, 
effluent and nutrient management (Wilcock et al. 
2009) with improvements in some water quality state 
and impact variables (Wilcock et al. 2013). 

RESPONSE

Australia
Where there is a demonstrated or potential 

connection between dairy farming and downstream 
water quality impairment, the dairy industry has a 
role in mitigating or restoring impaired water quality. 
Part of the response to degradation of water quality 
in Australia has been the development of policies 
that demonstrate commitment to sustainability of the 
natural environment, primarily the National Water 
Quality Management Strategy (Anon, 1994) and the 
Australian Dairy Industry Sustainability Framework  
(ADIC, 2013). In its Sustainability Framework the 
Australian dairy industry has identified six targets to 
improve nutrient, land and water management;
1. 90% of stock are excluded from waterways

2. 80% of farmers implement nutrient management 
plans

3. 80% of dairy farms with irrigation having 
implemented some level of irrigation automation

4. 80% of dairy farms managing some land for 
conservation and biodiversity

5. All dairy farmers actively managing noxious 
weeds

6. 80% of farmers have practices to recycle water 
on farm

The main policy mechanisms for achieving 
practice change on farms for water quality outcomes, 
in approximate order of most to least common 
application in Australia are research and development, 
extension, promotion of industry standards, financial 
incentives and regulation (Gourley and Weaver, 2012; 
Roberts and Craig, 2014). Australia is an experienced 
pioneer of Integrated Catchment Management (ICM) 
for water quality management, whereas statutory 
regulation is largely limited to allocations of water 
supply for irrigation, to prohibition of direct discharge 
of dairy effluent to waterways (Roberts and Craig, 
2014) and as permits required to establish permanent 
feeding areas  (O’Keefe M et al. 2010). 

The ICM approach offers the community the 
opportunity to decide on the values it places on its 
environmental assets, and increasingly, catchment-
specific policy and action mixes that are likely to be 
effective, along with realistic water quality targets, 
and full cost-benefit analysis are being identified 
(Pannell and Roberts 2010, Rolfe and Windle 2011, 
Gourley and Weaver 2012, Roberts et al. 2012). 
Difficult choices may need to be made in catchments 
where intensive production and good water quality are 
not compatible (Gourley and Weaver 2012, Doody et 
al. 2014). Where water quality is prioritised, policy 
mechanisms that constrain the intensity of land use 
may be required. Where agricultural production 
is prioritised, the trade-off may need to be poorer 
water quality (Smith and Western, 2013). Robust 
lines of scientific evidence that link practice with 
water quality are essential to support these decision-
making processes. 

Research into water quality mitigation in the dairy 
industry in recent years has included quantification 
of practice and pressures on commercial farms 
(e.g. (Gourley et al. 2012, Dougherty and Gourley 
2014), modelling or measuring links between farm 
action and water quality response (e.g. Rivers and 
Dougherty 2009, Rivers et al. 2013), quantifying the 
costs and benefits of BMPs (Nash and Hannah 2011, 
McDowell and Nash 2012, Aarons et al. 2013), and 
experimental studies on solutions to mitigate point 
and diffuse source pollution from dairy farms (e.g. 
(Burkitt et al. 2011, Henry 2011, 2012, Henry 2012). 
Dairy nutrient management research is currently 
focussed on filling knowledge gaps into ways to 
improve nitrogen use efficiency and minimise 
environmental nitrogen loss.

Investment and leadership in driving the 
initiatives of relevance to the dairy industry is shared 
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across government (federal and state), catchment 
management groups, industry groups (milk 
processing, fertiliser), and farmers groups (Landcare, 
individual action). In 2013, the Australian dairy 
industry became the first dairy industry worldwide 
to attain sustainability credentials with Unilever, 
one of the largest companies in the world. To retain 
this accreditation the industry must demonstrate 
continuous improvement of its environmental 
stewardship.  

Dairy industry-led development and extension 
relating to water quality impacts is currently 
focussed on increasing farmer capacity to manage 
nutrients, particularly effluent, and to meet or exceed 
industry NRM standards. Supporting products 
and programmes include an online version of the 
environmental self-assessment tool DairySAT (www.
dairysat.com.au), technical guidelines for effluent 
management (Birchall et al. 2008) and extension 
via the Fert$mart programme. Farm advisors are a 
target audience for these programmes because 52% 
of farmers seek advice from independent consultants 
(Watson and Watson, 2012). The programmes 
also aim to capture practice change information 
(C.Phelps, Pers. Comm, (Roberts et al. 2009)). The 
industry, including milk companies, also promotes 
and participates in investment and extension delivery 
partnerships with other industry and government 
stakeholders. For example, in the Gippsland Lakes 
catchment the government, catchment management 
organisations, and the dairy industry including milk 
companies, are investing in practice change (such 
as installation of irrigation water re-use systems, 
and nutrient management planning) on farms that 
are identified as high priority for downstream water 
quality mitigation (Core4, www.wgcma.vic.gov.au). 
The fertiliser industry in Australia has co-invested in 
environmental stewardship training and accreditation 
via the FERTCARE® program and has invested in 
the development of advanced fertiliser technologies 
designed to improve nutrient management and 
decrease environmental impact (Fertilizer Australia, 
2013). 

An important aspect of commitment to 
sustainability is demonstration that actions taken 
(to sustain the environment) have been successful. 
Environmental accounting systems are now 
being developed in Australia to demonstrate the 
environmental returns on NRM investment and 
to inform future policy direction and likelihood 
of success (Cosier and McDonald, 2010). The 
investment in, and effects of, farm practice change 
need to be measured and/or modelled with certainty 
(and over suitable time frames) to identify success 
and failure and to populate these accounts.

New Zealand
In New Zealand, the National Policy Statement 

for Freshwater Management (NPS-FM 2014) requires 
all regional councils to set limits for water quality and 
quantity in defined Freshwater Management Units by 
2025, and incorporate methods, including property-
scale nutrient discharge allowances, to meet those limits 
over community-defined timeframes. A limit is defined 
as “the maximum amount of resource use available, 
which allows a freshwater objective to be met”. 

For the agricultural sector, the systematic setting 
of water quality and quantity limits in catchments 
throughout New Zealand brings both opportunities 
and significant risks. Imposing limits requires a clear 
definition of the allocable resource available and 
implies greater certainty for resource users, assuming 
that access and allocation issues are appropriately 
resolved (Parsons 2012). However, limits will, 
by definition, constrain land use intensity and 
productivity. Furthermore, the processes put in place 
by local government to achieve freshwater objectives, 
including monitoring and reporting are likely to 
increase compliance costs of farmers, with potential 
flow-on effects for industry competitiveness.

Central to the NPS-FM is the concept that 
community-defined values can be maintained 
or enhanced through the setting of appropriate 
resource allocation limits. Below a particular level 
of resource allocation (e.g. river nutrient loads) the 
defined values are protected, while above the level 
values will be adversely affected. The fundamental 
principle, therefore, is that limits should be set 
relevant to achievement of defined values.

An iterative process of limit setting has been 
identified in the National Objectives Framework 
(NPS-FM 2014):
1. Determination of water management units (e.g. 

river catchment)

2. Definition of the desired value(s) for a particular 
water management unit

3. Identification, for each identified value, of 
specific water quality ‘attributes’ that control 
expression of that value (e.g. E. coli levels 
indicate suitability for contact recreation)

4. Description of each ‘attribute’ in relation to a 
number of quality bands (i.e., A, B, C or D) and 
measurement of current state relative to those 
bands

5. Definition of freshwater objectives (in relation 
to desired attribute band), and setting of limits to 
achieve those objectives

6. Assessment of ‘trade-offs’ and likely impacts 
on economic, social, cultural and environmental 
outcomes
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7. Determination of the feasibility of the limits, 
including timeframes for implementation 

Throughout New Zealand the process of setting 
limits is well underway. For example, catchments 
in the central North Island (around lakes Taupo 
and Rotorua), Manawatu-Whanganui (e.g. Upper 
Manawatu River), Canterbury (Hurunui-Waiau 
Zone) and Otago all have nitrogen leaching limits set 
in operative regional plans (Figure 2b).  Many other 
catchments are in the process of having limits set for 
nitrogen, phosphorus, sediment and E. coli loads in 
rivers and these limits will affect farming businesses 
through constraints on growth and/or mitigation of 
current contaminant losses as part of an integrated 
catchment management approach. 

Industry self-management is identified as an 
important option in most regional plans as a method 
for achieving freshwater objectives. Over the last five 
years the dairy industry has developed systems and 
capability to enable greater industry self-management 
of environmental issues. For example, an Audited 
Nitrogen Management System and Nutrient 
Management Advisor Certification Programme 
(http://www.nmacertification.org.nz/Site/Nutrient_
Management/Certification/default.aspx) have both 
been established to improve farmer awareness and 
understanding of nutrient management and provide 
the industry with consistent and robust monitoring 
of nutrient management performance at farm-scale. 
An environmental management plan (DairyNZ 
Sustainable Milk Plan) is also being progressively 
rolled out to dairy farmers throughout New Zealand 
to drive adoption of catchment-specific actions to 
improve water quality (see paper by McHaffie et al. 
ADSS 2014). 

The Sustainable Dairying Water Accord is the 
dairy industry’s commitment to enhance the overall 
performance of dairy farming so that “our waterways 
continue to provide for the full range of values and 
interests enjoyed by New Zealanders”. The Accord 
contains measurable and time bound commitments 
relating to the management of riparian areas, effluent, 
nutrients and water use on farm. There are specific 
commitments for new conversions.

FUTURE CHALLENGES & 
REFLECTIONS

Current and emerging risks to Australia’s 
waterbodies of key relevance to the dairy industry 
include altered river flow regimes and groundwater 
levels due to a warming climate, increased 
agricultural nutrient and sediment runoff into rivers, 
extreme weather events increasing sedimentation 
in rivers and sediment and nutrient exports to the 
marine environment, a higher incidence of blue-

green algal outbreaks in rivers and estuaries, and a 
risk of livestock damage to riparian areas (State of the 
Environment 2011 Committee, 2011). Uncertainty 
exists as to the degree to which current initiatives 
and management targets will mitigate against these 
risks. To increase certainty in the link between 
dairy farm management actions and water quality 
response, continued and catchment-specific research, 
monitoring and evaluation are needed. Focus should 
(continue to) be to:
• Increase the certainty in predictions of water 

quality response to practice change – use 
measurement and modelling to identify 
options and threshold implementation rates of 
practice change for natural resource condition 
improvement on a catchment-specific basis, 

• Improve practice – facilitate implementation of 
practice changes to threshold rates 

• Demonstrate actions – monitor and record 
practice changes that are achieved,

• Monitor water quality status - ensure practice 
and water quality data are collected at scales 
useful for constraining models and informing 
environmental accounting, including at scales 
specifically relevant to the dairy industry

• Where feasible, demonstrate links between 
actions and water quality response - use targeted 
monitoring of practice change in combination 
with water quality (surface and groundwater) 
response at nested spatial and temporal scales 
(including long term), make use of advanced 
monitoring technologies including wireless, 
real-time, and high temporal and spatial 
resolution sensor networks (Wall et al. 2011, Zia 
et al. 2013, Raine and McCarthy 2014) 

• Invest in the socio-economic and bio-physical 
science required to support these conversations

In New Zealand, the setting of water quality 
and quantity limits to comply with the NPS-FM 
(2014) and resulting constraints on existing and new 
dairy farming business will continue to be a major 
challenge for the dairy industry over the next 10-
15 years. The Sustainable Dairying: Water Accord 
provides a framework for continual improvement 
in farm practice to meet environmental objectives. 
Management of waterways (e.g. stock exclusion 
and targeted riparian planting), along with 
significant investment in effluent and irrigation 
infrastructure will continue to reduce sediment 
and faecal contamination of waterways. The 
greatest challenge will be the achievement 
of nitrogen (especially nitrates) limits set for 
rivers, lakes and groundwater. This will require 
significant reductions in nitrogen-leaching losses 



116 M.R. Scarsbrook – Dairying and water quality issues in Australia and New Zealand

in some catchments (e.g. Kingi et al. 2012), and 
the application of farm system strategies that 
reduce nitrogen surplus to maintain production, 
while reducing nitrogen losses to the environment 
(Beukes et al. 2012, DeKlein et al. 2012). 
Ultimately, these nitrogen limits will constrain the 
scope and scale of pasture-based dairying in all 
regions of New Zealand. Consequently, research 
into the reduction of nitrogen losses from dairy 
farms systems is a very high priority for the dairy 
industry (DairyNZ 2014).
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ABSTRACT

Dairy products are the single largest commodity exported from south east Australia. However, dairy farming 
contributes 12% of Australia’s national greenhouse gas emissions. During the last nine years, the Australian 
Federal Government and the Victorian State Government have funded considerable research towards mitigating 
greenhouse gas emissions from the agricultural sector. This review examines the findings of that research which 
pertains to the Australian dairy industry. Calorimeter measurements of 220 cows show a linear increase in enteric 
methane to increasing feed intake, over a range of forage based diets, with an average enteric methane yield 
of 21.4 g CH

4
/kg DMI (n = 220, R2 = 0.70). Adoption of this empirical methane yield, rather than the equation 

currently used in the Australian greenhouse gas inventory would reduce the methane emissions attributed to 
the Australian dairy industry by approximately 10%. Analysis of additional data showed that enteric methane 
yield declined linearly by 0.093 ± 0.0174 CH

4
 (g CH

4
/kg DMI) per gram increase in dietary lipid concentration. 

In addition, enteric methane yield also decreased markedly as the proportion of wheat in the diet increased. 
It is estimated that in 1980, the Australian Dairy industry produced approximately 185,000 tonnes of enteric 
methane and enteric methane intensity was approximately 34.1 g CH

4
/L milk. In 2010, the estimated production 

of enteric methane was 182,000 tonnes, but the enteric methane intensity had declined by approximately 40% 
to 20.2 g CH

4
/L milk. This remarkable decline in enteric methane intensity was mainly achieved by increased 

per-cow milk production, brought about by the on-farm adoption of research findings related to the feeding and 
breeding of dairy cows. Options currently available to further reduce enteric methane emissions from Australian 
dairy cows include the feeding of lipid-rich feed supplements such as cottonseed, brewers grains, cold pressed 
canola, hominy meal, and grape marc, as well as the feeding of higher rates of wheat. Future technologies 
that hold promise for reducing enteric methane emissions from the Australian dairy industry include genetic 
selection of cows with improved efficiency of feed conversion to milk or low methane intensity, vaccines to 
reduce ruminal methanogens and chemical inhibitors of methanogenesis.

Keywords: climate change, abatement, enteric, Australia 

INTRODUCTION

Dairy products are the single largest commodity 
exported from South East Australia where dairying 
is responsible for approximately 12% of agricultural 
greenhouse gas emissions (methane and nitrous 
oxide; DCCEE 2012a). 

The Australian Carbon Farming Initiative (CFI), 
provides incentives for farmers to generate additional 
income through the sale of carbon offsets generated 
through reductions in methane and nitrous oxide 
emissions, or increased carbon storage in soils and trees 
(DCCEE 2012b). However, the legislation concerning 
carbon tax and future Emissions Trading Scheme 
(ETS) was repealed on 17th July 2014; effectively 
removing the main purchaser of agricultural offsets 
under the CFI. The current Australian government 
has proposed a scheme of Direct Action, whereby 
government becomes the purchaser of all emission 
reductions, including CFI offsets. 

Australia has invested significantly into research 
to mitigate methane and nitrous oxide emissions and 
sequester carbon in soils and trees, initially through 
the Climate Change Research Program (CCRP) 
(Department of Agriculture 2014a) and then the 
Carbon Farming Futures Fund - Filling the Research 
Gap Program (Department of Agriculture 2014b). 
The aim of these programs has been to develop 
cost-effective solutions to mitigate agricultural 
GHG and provide cost-effective options for farmers 
to participate in the CFI. The other major funders 
of enteric methane mitigation research within the 
Australian dairy industry have been the Department 
of Environment and Primary Industries (DEPI) in 
Victoria and Dairy Australia. This has mainly occurred 
at the DEPI Ellinbank Centre and at The University 
of Melbourne within the Primary Industries Climate 
Challenges Centre (PICCC), at the Commonwealth 
Scientific and Industrial Research Organisation 
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(CSIRO), the University of Sydney, the University 
of Western Australia and RMIT University. 

Under the Australian CFI, a number of offset 
methodologies have been developed for dairy 
farmers to increase carbon storage in pasture soils, 
reduce enteric methane through feeding dietary 
lipids, establish environmental plantings and capture 
methane emissions from effluent ponds (CER 2014). 
However, many of these methods are not cost-
effective for dairy farmers relative to opportunities 
to simply increase production efficiency (e.g. Alcock 
and Hegarty 2011, Bell et al. 2013, Browne et al. 
2014). No projects have as yet been registered 
against these methodologies and therefore, no carbon 
offset credits have been issued by the Australian 
government.

A number of comprehensive reviews have 
recently been published that describe options to 
mitigate greenhouse gases from livestock production 
(e.g. Eckard et al. 2010, Martin et al. 2010, Buddle 
et al. 2011, Cottle et al. 2011, Doreau et al. 2011, 
Grainger and Beauchemin 2011, Henry et al. 2012, 
Clark 2013, Hristov et al. 2013, Montes et al. 2013, 
Knapp et al. 2014, Kumar et al. 2014, Pacheco et 
al. 2014). These previous reviews on methane 
mitigation have been global in scope and have 
focused on methane mitigation research conducted 
during the last ten years. The main difference 
between this and previous reviews is that this review 
focuses on recent Australian methane mitigation 
research and it examines a number of issues not 
addressed in previous reviews. These include: the 
methane yield of Australian dairy cows; the method 
used in the current Australian greenhouse gas 
inventory to calculate methane emissions from the 
Australian dairy industry; the influence of wheat 
feeding on methane emissions from dairy cows, the 
methane intensity (g CH

4
/L milk) of the Australian 

dairy industry, and recent advances in enabling 
technologies that are expected to facilitate future 
methane mitigation strategies. 

The primary aim of this review is to summarise 
the most recent methane mitigation research for 
the Australian dairy industry, and to identify those 
strategies that can currently be used to reduce 
methane emissions, and those technologies that have 
potential to be used as mitigation strategies in the 
future.  The constraints to mitigation mainly concern 
an effective offset methodology and the need to 
maintain cost effectiveness when implemented on-
farm. Farmers are unlikely to accept changes that are 
detrimental to herd welfare, profitability, or which 
affect normal farm operation. If suitable technologies 
are identified, then the reduction of emissions would 
need to be quantified to provide appropriate rewards, 

unless the mitigant(s) increase production. 

Metric of emissions
International markets increasingly require 

certification of the carbon footprint of imported 
dairy products. To achieve this the Australian dairy 
industry participates in a carbon footprint project 
using the methodology of the International Dairy 
Federation (International Dairy Federation 2010). 
There is currently no differentiation of the carbon 
footprint of products produced by individual dairy 
companies but carbon footprint analysis could be 
used as a point of product differentiation in the future. 
By its nature, a carbon footprint analysis derived 
from the carbon dioxide equivalent (CO

2
e) is an 

emissions intensity metric as it is based on emissions 
per unit of product produced, rather than an absolute 
measure of total emissions. Emissions intensity 
allows for further industry growth, in keeping with 
international demand, but with proportionally less 
environmental impact. There are three generally 
accepted metrics of quantifying enteric methane 
emissions from dairy cows; 1) Methane emissions, 
i.e. methane emitted per cow per day (g/day) or 
per unit of farm land (g/ha), 2) methane yield, i.e. 
methane emitted per unit of feed eaten (g/kg DMI), 
and 3) methane intensity, i.e. methane emitted per 
unit of product (g/kg milk or g/kg milk protein plus 
milk fat). Mitigation can be defined as a reduction 
in any one of these metrics. National inventories 
only account for total emissions, while increasingly 
customers are interested in emission intensity, most 
commonly expressed as a product’s carbon footprint. 
Research efforts are spread across all three metrics 
with a reduction in one metric sometimes associated 
with a reduction in another. Under the policies of the 
Australian government, the aim has been to reduce 
total emissions. However, there is growing consensus 
in Australia of the need to increase dairy production to 
supply the increasing international demand for dairy 
products. Not surprisingly, there is recognition by 
many scientists that enteric methane mitigation may 
therefore need to focus on emission intensity (Henry 
et al. 2012, Knapp et al. 2014). This also recognises 
that if dairy production is to be increased, options to 
reduce total per cow or per hectare emissions may 
be limited (Henry et al. 2012, Hristov et al. 2013, 
Knapp et al. 2014).

The mitigation challenge is greater in pastoral 
dairying, where the focus is on low cost, pasture 
based, milk production, compared with dairying 
that involves feeding of mixed rations provides a 
ready avenue to feed components that can reduce 
enteric methane formation (e.g. plant lipids, tannins 
or methanogen-specific inhibitors). Lowering 
emission intensity fits well with farmer objectives; 
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to maximise profit through efficient production, 
increased cow fertility and longevity (e.g. Lovett et 
al. 2006, Beukes et al. 2010, Waghorn and Hegarty 
2011). Therefore, to ensure that mitigation of 
enteric methane does not lead to increased GHG in 
other sectors, life cycle analyses with appropriately 
defined boundaries and assumptions are essential to 
avoid unforseen increases in overall emissions (e.g. 
Williams et al. 2014, Zehetmeier et al. 2014). 

Measurement of methane emissions
Any attempt to mitigate emissions first requires 

the accurate measurement of enteric methane 
emissions from dairy cows. There have been a number 
of recent reviews that have specifically addressed 
the various methods for measuring enteric methane 
emissions from ruminants (e.g. Lassey 2007, Storm et 
al. 2012), and it is the intent of this review to provide 
only a summary of the methods used in Australia. 

In Australia, methane emissions from dairy 
cows are primarily measured using two established 
techniques, namely calorimetric chambers and the 
sulphur hexafluoride (SF

6
) technique. There are two 

indirect calorimeters at DEPI Ellinbank which have 
been used over the last eight years to conduct a large 
number of measurements with lactating dairy cows. 
These chambers and their mode of operation have 
been described in detail by (Grainger et al. 2007) and 
(Williams et al. 2013). Six additional calorimeters 
are expected to be operational at Ellinbank by the 
beginning of 2015. Due to the accepted accuracy of 
calorimetric chambers, they remain the gold standard 
for measurement of methane emissions from 
individual animals. However, their establishment 
and running costs and complexity of their operation 
generally limits their availability and consequently 
throughput is limited to small numbers of animals. 

As well as measuring methane emissions by 
means of chambers, the SF

6
 tracer gas technique 

has also been used extensively for many years 
by researchers in Australia (e.g. Grainger et al. 
2007, Moate et al. 2014). Unlike the calorimetric 
chamber method, the SF

6
 tracer technique can be 

used on large numbers of animals simultaneously 
(e.g. McNaughton et al. 2005, O’Neill et al. 2012) 
and importantly for Australian dairy research, can 
be used to determine the methane emissions from 
grazing or non-grazing dairy cows (e.g. Grainger et 
al. 2007, 2008). 

Baseline emissions from dairy cows
In order to be able to quantify the magnitude 

to which various interventions mitigate methane 
emissions, it is first necessary to quantify methane 
emissions in the absence of mitigation interventions. 
Daily dry matter intake (DMI) and daily methane 

production data from 220 cows at DEPI Ellinbank 
are shown in Figure 1. The dataset came from eight 
experiments using Holstein-Fresian cows (Grainger 
et al. 2008, 2010; Moate et al. 2013, Williams et al. 
2013, Deighton et al. 2014, and three un-published 
experiments). The cows were at different stages of 
lactation and were fed on a wide variety of diets 
containing in excess of 70% forage (pasture, pasture 
hay, pasture silage, or lucerne hay) and between 0 
and 30% cereal grain (barley or wheat) with none of 
these diets containing any known methane mitigants. 
Thus, these diets represent diets that have been used 
on Australian dairy farms during the last 40 years 
(Kellaway and Harrington 2004). The methane 
emissions from individual cows were measured in 
open-circuit calorimeters with the chambers and 
method of operation previously described in detail 
(Williams et al. 2013).

Figure 1 illustrates that there is a linear 
relationship between methane emissions (g CH

4
/cow.

day) and DMI (kg/cow.day) as shown in Eq. 1:
CH

4
 (g/cow.day) = 21.4 (± 0.18) × DMI 

(n = 220, R2 = 0.70) Eq. 1 

The coefficient of 21.4 g CH
4
/kg DMI is 

similar to the coefficient of 21.6 used in the New 
Zealand Greenhouse Gas inventory (Ministry for the 
Environment, 2014). Furthermore, this coefficient 
for dairy cows is less than the 23.1 g CH

4
/kg DMI 

reported by (Dijkstra et al. 2011) for dairy cows in 
The Netherlands, but more than the coefficient of 
19.4 for diets based on a mixture of maize silage, 
maize grain and soybeans as is typically used in the 
USA (Hristov et al. 2013). 

When lactating dairy cows are fed different 
amounts of a diet dominated by forage, the response in 
methane emissions is linear (Figure 1). This is in contrast 
to the diminishing methane yields in the equation 
which is used to predict methane emissions for dairy 
and beef cattle in the current Australian Greenhouse 
Gas Inventory (Department of Environment 2014), the 
non-linear Mitscherslich (Mits3) model of (Mills et al. 
2003) which is the current model recommended by the 
USDA (2014), and the recent USA model of (Knapp et 
al. 2014). We propose that for the Australian greenhouse 
gas inventory, the current method for calculating enteric 
methane emissions should be abandoned in favour of 
using Eq. 1. There are six reason for using Eq. 1. These 
are:

The equation used in the current Australian 
inventory is based on the equation of Blaxter and 
Clapperton (1965) as corrected by Wilkerson and 
Casper (1995) and is shown as Eq. 2:

CH
4
 (% of GEI) = 1.3 + 0.112D – L(2.37 – 0.05D) 

Eq. 2
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Where GEI is gross energy intake, D is the 
apparent digestibility of dietary energy at maintenance 
(expressed as a %) and L is the level of energy intake 
relative to that required for maintenance. 

The main problem with Eq. 2 is the choice of 
dependent and independent variables. The dependent 
variable, CH

4
 emissions, is expressed as a percentage 

of the gross energy intake. Gross energy intake is 
determined as the product of dry matter intake and 
the concentration of gross energy in the feed (MJ/kg 
DM). The concentration of gross energy in a feed is 
normally determined by using a bomb calorimeter, 
and it is an exacting process prone to error if not 
performed by a skilled specialist. The independent 
variables are D and L. The apparent digestibility of 
dietary energy at maintenance for most Australian 
feeds has rarely if ever been measured in dairy cows. 
Furthermore, for any given animal, the determination 
of D and L is quite difficult and subject to error. 
Therefore this inventory calculation is based on 
variables that are themselves very difficult to 
accurately measure and about which there is limited 
published data for Australian feeds. 

The second issue with Eq. 2 is that it is primarily 
based on data which came from studies on sheep 
(Blaxter and Clapperton 1965). Equation 2 predicts 
that for a feed of a given D value, the methane 
production as a % of GEI will decline with increasing 
L. There is some recent evidence that this may be 
the case for sheep (Pacheco et al. 2014), but the data 
reported here (Figure 1) and in the scientific literature 
now provide incontrovertible evidence that, for cattle 
fed forage dominant diets, methane emissions (g CH

4
/

day) are linearly related to dry matter intake (Kris et 
al. 1930, Ellis et al. 2010, Hristov et al. 2013). 

Figure 1: Methane emissions from dairy cows fed 
forage dominant diets (open circles; methane = 
21.4 x dry matter intake, solid line) and predictions 
of methane emissions based on equations from 
the scientific literature (dotted line, Blaxter and 
Clapperton 1965, long dash line, Dijkstra et al. 
2011, short dash line Hristov et al. 2013).

The third issue with Eq. 2 is that it is based 
on feeds available in the UK during the early 
1960’s. Not only are these qualitatively different 
to current Australian feeds, but some of the diets 
in the database of Blaxter and Clapperton (1965) 
included high proportions of flaked maize and 
sugar beet pulp which may be expected to have 
ruminal fermentation characteristics different to 
those from forage based diets typically fed to dairy 
cows in Australia. 

The fourth problem with the Blaxter and 
Clapperton equation is that it introduces an error 
into the estimation of methane emissions by 
relating methane production to energy intake. This 
is an issue in diets containing a high concentration 
of lipid, nitrate or other anti-methanogenic 
constituents. The Blaxter and Clapperton (1965) 
equation predicts that cows consuming a lipid 
rich diet would produce more methane than cows 
consuming a diet with a low lipid concentration. 
However, the reverse is observed (Beauchemin et 
al. 2009, Moate et al. 2011).

 The fifth reason why the Blaxter and 
Clapperton (1965) equation should be replaced 
is that it was developed at a time when statistical 
programs that could take into account multiple 
covariates and collinearity between independent 
variables or perform appropriate meta-analyses did 
not exist. From the vantage point of 2014, we cannot 
be confident that appropriate statistical modelling 
was performed on the data of Blaxter and Clapperton 
(1965).

Lastly, more than 50 years have passed since 
the data of Blaxter and Clapperton (1965) were 
obtained from experiments conducted during the 
late 1950’s and early 1960’s. There have been 
substantial changes in the genetic merit of dairy 
cows during the last 50 years. Therefore, it would 
be prudent that mathematical models to predict 
methane emissions from the Australian dairy sector 
should be based on data from modern lactating 
dairy cows. 

If Eq. 1 were to be employed to estimate 
enteric methane emissions from dairy cows, 
then the estimate of enteric methane emissions 
from the Australian dairy industry would 
be approximately 10% less than the current 
inventory estimate. 
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METHODS OF METHANE MITIGATION

Supplementary feeding of plant lipids
In Australia, there are a number of industries 

that produce plant by-products that, relative to 
pasture, contain a high concentration of lipids 
and are therefore potentially useful as feed 
supplements for ruminants. These by-products 
are typically fibrous residues resulting from the 
extraction of higher value constituents used in 
the production of primary products (e.g. brewers 
grains from beer production; cold pressed canola 
from oil production; cottonseed from cotton 
production; grape marc from wine production 
and hominy meal from maize milling). Given 
that these by-products have little economic value 
compared to the primary product resulting from 
their production, the GHG emissions associated 
with their production can mostly be attributed to 
the primary product (Williams et al. 2014). This 
consideration prompted a series of experiments at 
DEPI Ellinbank to examine the methane mitigation 
response to supplementing the diet of dairy cows 
with by-products rich in plant lipids.

(Grainger et al. 2008, 2010) showed that 
supplementary feeding of whole cottonseed to 
dairy cows could cause a substantial decrease in 
methane emissions without adversely decreasing 
milk production. They speculated that it was 
the concentration of lipid in cottonseed that was 
responsible for the methane mitigation. Since 
then there have been a number of reviews that 
have identified dietary supplementation with plant 
lipids as one of the most effective ways to reduce 
methane emissions from ruminants (Beauchemin 
et al. 2009, Martin et al. 2010). More recently, 
(Moate et al. 2011) compared brewers grains, cold 
pressed canola and hominy meal for their methane 
mitigation potential and found that all three by-
products could substantially reduce methane 
emissions. Furthermore, (Moate et al. 2011) 
conducted a meta-analysis of 17 cattle experiments 
published in the international peer-reviewed 
scientific literature and quantified the effect of 
dietary lipid concentration on methane emissions 
from dairy cows. The equation presented by 
(Moate et al. 2011) displayed a constant decrease 
in methane yield (g/kg DMI) per gram of lipid 
included in the diet (Eq. 3) and has been used in 
the development of a CFI methodology (ComLaw 
2013) by the Australian Federal Government.

CH
4
 [g/kg DM] = 24.5(±1.48) – 0.079(±0.0157) × 

Lipid [g/kg DM] Eq. 3

Since 2011, a number of other Australian 
experiments have examined the effects on methane 
emissions when dairy cows were fed by-products 
rich in plant lipids. Grape marc, the skins, seeds and 
stems remaining when grapes are pressed to make 
wine, is one such by-product. The feeding of grape 
marc to dairy cows reduced methane emissions and 
methane yield by approximately 20% (Moate et al. 
2014). As well as lipids, grape marc contains tannins, 
lignin, tartaric acid, p-coumaric acid, resveratrol and 
copper which all have methane mitigation potential 
(Moate et al. 2014).

There is now strong evidence that addition of 
plant lipids to the diet of dairy cows can reduce 
their enteric methane emissions (Grainger and 
Beauchemin 2011, Moate et al. 2011). Further 
support of this is provided by recent research 
from DEPI Ellinbank. A compilation of data from 
seven published experiments (Moate et al. 2011, 
2013, 2014, Deighton et al. 2014, Williams et al. 
2014) and five other un-published experiments has 
provided additional quantification of the lipid effect 
and for the first time, quantification of the effect 
of wheat in the diet, on methane emissions from 
dairy cows. This data set involved measurements 
on 352 lactating dairy cows from six experiments 
in which methane was measured by open-circuit 
calorimeters and six experiments in which methane 
was measured by the SF

6
 technique (Williams et al. 

2011,  Deighton et al. 2014). In these experiments, 
cows were in different stages of lactation and 
consumed diets containing a diverse range of 
dietary ingredients and these factors are likely 
to have contributed to the variation in methane 
yield shown in Figure 2. The concentrations of 
lipid in these diets ranged from 20 to 70 g/kg DM 
and methane yield declined linearly by 0.093 ± 
0.0174 CH

4
 (g CH

4
/kg DMI) per gram dietary lipid 

concentration (Figure 2). This response in methane 
yield is not significantly (P > 0.05) different to 
the response shown in Eq. 3 above. In Australia, 
dietary lipid supplements such as brewers grains, 
cold-pressed canola meal, cottonseed, hominy 
meal, and grape marc will continue to have an 
important role in supporting milk production 
with the ancillary benefit of reducing methane 
emissions. Although there has been considerable 
speculation as to the mechanisms by which dietary 
lipids suppress methane emissions (Beauchemin et 
al. 2009, Martin et al. 2010), definitive evidence 
identifying the most important mechanisms is still 
lacking.
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Figure 2: Methane yield as influenced by dietary 
lipid concentration . Data are from measurements 
on 321 lactating cows in 12 experiments at DEPI 
Ellinbank. In six of the experiments, methane 
emissions were measured by means of calorimetric 
chambers and the SF

6
 technique was used in the 

remaining six experiments. Seven of the experiments 
have been published (Moate et al. 2011, 2013, 2014, 
Deighton et al. 2014, Williams et al. 2014) and five 
are yet to be published.

Supplementary feeding of concentrates
Most international research on the effect of 

concentrate feeding has been carried out with mixtures 
of maize grain and soybean meal (Yan et al. 2010, 
Hristov et al. 2013). However, it is known that diets 
containing a high proportion of starch containing 
grains decrease methane yield compared to forage 
based diets (Johnson and Johnson, 1995; Beauchemin 
and McGinn 2005). In general, most international 
research has shown that methane yield starts to decline 
when maize grain or soybean concentrates make up 
more than 60% of the diet (Lovett et al. 2003, Sauvant 
et al. 2011). In Australia, grazed pasture generally 
constitutes the majority of feed consumed by dairy 
cows, although the consumption of concentrates 
has been increasing steadily. By 2011 dairy cows in 
Australia consumed, on average, 1.7 tonne DM of 
concentrates per year (Dharma et al. 2012). Most of 
this concentrate was wheat grain, yet there are few 
reports on the effect of dietary wheat on methane 
emissions from dairy cows (Moate et al. 2012).

Data from DEPI Ellinbank also demonstrate the 
effect of the proportion of wheat grain in the diet of dairy 
cows on their methane yield. The concentration of wheat 
grain in these diets ranged from 0 to 567 g/kg DM and 
the methane yield declined quadratically with increasing 
dietary wheat concentration (Figure. 3, Eq. 4). 

Figure 3: The relationship between the proportion 
of wheat grain in the diet and methane yield 
from Holstein-Friesian cows. Data are from 
measurements on 361 individual lactating cows in 
12 experiments at DEPI Ellinbank. 

CH
4
 yield (g/kg DMI) = 24.4(±1.11) – 0.093 

(± 0.0174) × Lipid +0.0174(±0.00056) × Wheat - 
0.000070(±0.0000119) × Wheat2   
Eq. 4

Other dietary supplements
Tannins, particularly condensed tannins from 

Acacia mearnsi, when included in the diets of dairy 
cows have been shown to substantially reduce 
methane emissions (Grainger et al. 2009). However, 
milk yield and DMI were also reduced. Tannin is also 
present in many forage species, such as birdsfoot 
trefoil (Lotus corniculatus), chicory (Cichorium 
intybus L.) and sulla (Hedysarum coronarium). When 
dairy cows in New Zealand grazed birdsfoot trefoil 
their methane emissions were reduced (Woodward 
et al. 2004).  Similarly, when dairy cows grazed 
sulla, methane emissions were reduced without 
compromising dairy production (Woodward et al. 
2002). There is also some evidence that the feeding 
of chicory to sheep may be associated with reduced 
methane emissions (Sun et al. 2012). 

Brassicas have shown mixed results as a 
methane mitigating feed. Although most brassicas 
fed to sheep have resulted in similar methane yields, 
an exception is the significantly (about 20%) lower 
methane yield when Swedes or forage rape were fed, 
compared to ryegrass, turnips and kale (Sun et al. 
2012). The mechanism of this reduction is unknown 
and further research is warranted to investigate the 
methane mitigation effects when these forages are 
fed to dairy cows.
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Additives
Monensin has shown promise as a methane 

mitigant in systems where grains form a substantial 
proportion of the diet (e.g. Odongo et al. 2007). 
However, monensin has generally not shown any 
consistent methane mitigating effect in the pasture 
based systems of Australia (Moate et al. 1997, 
Grainger et al. 2010), nor in the similar pasture 
based systems in New Zealand (van Vugt et al. 2005, 
Waghorn et al. 2008)

Nitrates, when used as a dietary supplement, 
have been shown to reduce methane emissions from 
dairy cows fed diets containing low concentrations 
of nitrogen (van Zijderveld et al. 2011). However, 
this option may not be attractive to Australian dairy 
farmers because dietary nitrate supplementation 
may decrease dry matter intake (Lund et al. 2014) 
and therefore potentially decrease milk production. 
Dietary nitrate supplementation will also increase 
the risk of nitrate poisoning of dairy cows, especially 
when pastures already contain a high concentration 
of crude protein (Callaghan et al. 2014).

Methanogen-specific inhibitors are a potentially 
effective mitigation technology because they 
may target the evolutionary distinctiveness of 
methanogens. Methanogens are the most prevalent 
archaea species found in the rumen (Janssen and 
Kirs 2008). Archaea are evolutionarily distinct 
from other rumen organisms (bacteria, protozoa, 
fungi and viruses) and all methanogens share 
similar biochemistry, in particular a similar 
methanogenesis pathway (Hedderich and Whitman 
2013). Halogenated compounds were identified as 
inhibitors of ruminal methane formation over 40 
years ago (Johnson et al. 1972, Clapperton 1974). 
Considerable research has been carried out with 
halogenated compounds (e.g. bromochloromethane, 
bromoethanesulfonate, and chloroform) and in some 
cases administration of halogenated compounds has 
caused substantial decreases in methane emissions 
(Trei et al. 1972, Abecia et al. 2012). However, 
halogenated compounds are unlikely to be used in 
Australia because of their potential toxicity, the risk 
of residues in milk, their ozone depleting properties 
and because there are strict laws governing their 
importation and use. A novel compound that might 
not have these problems is 3-nitrooxypropanol 
(NOP). 3- Nitrooxypropanol acts against archaea in 
the rumen by interfering with the last enzymatic step 
in the formation of methane (Duval and Kindermann 
2012). Recent research with dairy cows in Canada 
has shown that administration of NOP was associated 
with reduced methane production (Haisan et al. 
2014). Research with NOP has not yet been conducted 
in Australia, however, before any chemical methane 

inhibitor could be used on commercial dairy farms, 
it is likely that research focussing on toxicology and 
residues would be required. 

Genomic selection 
Selection for higher milk production in the 

Australian dairy cattle population has already 
resulted in a reduction in methane emissions per litre 
milk (Figure. 4).

Figure: 4. Selection for increased efficiency of 
production in dairy cattle tends to lower methane 
emissions per unit product. Because methane 
emissions are closely linked to feed intake, more 
efficient animals dilute their feed intake for 
maintenance requirements over more units of 
product (reproduced from Hayes et al. 2013).

A new technology called genomic selection, 
combined with measuring some animals directly for 
methane emissions and feed conversion efficiency, 
could lead to even greater reductions in CH

4
 emission 

intensities. Genomic selection identifies many of the 
causative mutations affecting an animal’s phenotype 
through tagging with many thousands of genetic 
markers, known as single nucleotide polymorphisms 
(SNP). Provided sufficient phenotypes are available 
within a genotyped subset of dairy cows that 
are representative of the national herd, genomic 
prediction equations can be derived and applied 
to cows that have SNP genotypes but for whom 
phenotype for traits affecting methane production 
is unknown (Pryce et al. 2014). Genomic selection 
is now used routinely in many countries for genetic 
evaluation of traits that already have an estimated 
breeding value derived from a combination of 
pedigree and phenotype information (Spelman et al. 
2013). The advantage of genomic selection for these 
traits is that the rate of genetic gain is accelerated by 
40-50% (Spelman et al. 2013). 

Genomic selection opens powerful, new 
opportunities to select for traits that are difficult 
and/or expensive to measure, such as phenotypes 
associated with methane production. An example 
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of the implementation of genomic selection within 
the Australian Holstein-Friesian population is 
selection for improved feed conversion efficiency. 
The trait used in this analysis was residual feed 
intake (RFI), which is the difference between 
actual and predicted feed intake. Negative values 
are indicative of individuals that eat less than 
predicted for their weight and, for lactating cows, 
level of milk production. Developing a genomic 
prediction tool for this trait has been the focus 
of a large collaboration between researchers in 
Australia and New Zealand, initially involving 
measurement of feed intake phenotypes of 
approximately 1000 Holstein-Friesian heifers of 
approximately 6 months of age in each country 
(Williams et al. 2011). The accuracy of trait 
prediction using this population was around 
0.4 (Pryce et al. 2012), which is equivalent to 
a reliability of 0.16. While considerably lower 
than achieved for production traits (Spelman 
et al. 2013), this is similar to deterministic 
predictions of accuracy based on population size 
and the heritability of the trait (Pryce et al. 2014). 
Accuracy of trait prediction is limited by the size 
of the reference population. One possible solution 
is to collaborate with other researchers to establish 
an even larger reference population. For example, 
(de Haas et al. 2012) combined dry matter intake 
phenotypes from Dutch and UK cows with 
Australian heifer phenotypes and found that the 
accuracy of genomic prediction was 5.5% higher 
when a multi-country reference population was 
used, compared to single-trait models. Since then, 
there has been further international collaboration 
through the global Dry Matter Initiative (gDMI) 
to build an even larger reference population (Berry 
et al. 2014). Initial results on genomic prediction 
using this reference population look promising.

For methane emissions there are two options: 
1) to copy the gDMI model and build a reference 
population of methane phenotypes, where countries 
share the in vivo phenotype measurement and 
genotyping work, 2) select for traits that are correlated 
to methane intensity, such as feed efficiency. 

Residual feed intake is showing promise as a 
selection criterion for reducing methane emissions. 
Selection for RFI, has been reported to lead to 
reductions in methane emissions in Australian beef 
cattle by approximately 13.5 g CH

4
/kg RFI (Hegarty 

et al. 2007). Recently, using methane emission 
data from calorimetry chambers collected over a 3 
day period from 32 cows that were part of a study 
on RFI at DEPI Ellinbank, we have shown that 
the potential for abatement in Holstein dairy cows 
is approximately 17.5 g CH

4
/kg RFI (J.E. Pryce et 

al. unpublished data). In another Australian study, 
(Bell et al. 2013) suggested that in addition to 
feed efficiency, the greatest lifetime reductions in 
emissions per cow and per unit product (i.e. milk 
production) may be through selecting animals for 
longevity because of a reduction in the number of 
replacement animals required. It is possible that in 
the future, a combination of these two strategies will 
make a substantial contribution to reducing methane 
emissions from the Australian dairy herd. 

ENABLING TECHNOLOGIES

In the context of this review, enabling technologies 
are those technologies that by themselves may not 
mitigate enteric methane emissions, but may facilitate 
the accurate measurement of methane emissions (e.g. 
improved SF

6
 methodology; development of intra-

ruminal sensors), prediction of methane emissions 
(e.g. modelling), or the development of other 
technologies that can be used to mitigate enteric 
methane emissions (e.g. ruminomics).

Improved methodology for the SF
6
 tracer technique

A number of researchers have expressed disquiet 
with the SF

6
 technique because they have reported 

that methane yields measured using the SF
6
 technique 

were not concordant with methane yields measured 
in calorimetric chambers (e.g. Pinares-Patiño et al. 
2008, Grainger et al. 2010, Muñoz et al. 2012) or that 
the variance in methane yield measured by the SF

6
 

technique was generally greater than the variance of 
methane yield measured by the chamber technique 
(Vlaming et al. 2008, Hammond et al. 2009).

In 2011, the Global Research Alliance 
on Agricultural Greenhouse Gases (www.
globalresearchalliance.org) sponsored a workshop 
in New Zealand on the SF

6
 technique, resulting 

in publication of guidelines describing how the 
SF

6
 technique should be implemented (Berndt 

et al. 2014). Since the 2011 SF
6
 workshop, there 

has been considerable research undertaken in 
Ireland and Australia to improve the accuracy and 
reliability of the SF

6
 technique (e.g. Williams et al. 

2011, Deighton et al. 2013, 2014, 2014, Moate et 
al. 2014). This research has identified the source of 
measurement errors within the SF

6
 tracer technique 

and has led to development and validation of a 
modified method (Deighton et al. 2014). In one 
experiment with dairy cows, implementation of 
the tracer gas technique using these modifications 
enabled measurement of CH

4 
emissions by the 

SF
6
 technique to be highly concordant with 

measurements made using calorimetric chambers 
(Deighton et al. 2013). Another recent experiment 
has demonstrated the high degree of accuracy of 
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the SF
6
 technique (Deighton et al. 2014). In this 

experiment, lactating dairy cows were fed on 
freshly harvested perennial ryegrass and mean CH

4
 

yield (g/kg DMI) was 21.9 ± 1.65 when measured 
by calorimetric chamber and 22.3 ± 1.44 when 
measured by the SF

6
 technique. The between-

cow coefficient of variation was 7.5% when CH
4
 

yield was measured in chambers and 6.5% when 
measured by the SF

6
 technique.

Intra-ruminal gas sensor
The CSIRO in Australia is currently 

developing an intra-ruminal device with the 
capability of measuring the concentrations of 
methane and carbon dioxide dissolved in rumen 
fluid (CSIRO 2014). The rumen is a particularly 
hostile environment for electronic instruments 
because hydrogen sulphide can diffuse across the 
membrane that encloses the device, and once inside 
the device, hydrogen sulphide can cause corrosion 
of electrical circuits. Recently, researchers at 
RMIT have shown that silver nano-particles 
incorporated into membranes can substantially 
reduce the permeation of hydrogen sulphide 
through membranes (Nour et al. 2014). For an 
intra-ruminal device to be able to dynamically 
measure the concentrations of gases in the rumen, 
the gases must be able to quickly permeate through 
the membrane. Recently, (Nour et al. 2013) and 
(Berean et al. 2014) reported that membrane 
permeability of methane, hydrogen, and carbon 
dioxide could be substantially altered by the use 
of composite membranes and by optimising the 
temperature at which the membranes were made. 
This fundamental research will be crucial for the 
further development of a robust intra-ruminal gas 
sensing device, and also for a gas sensing device 
that could be attached to in-vitro fermentation 
apparatus to enable real time measurements of the 
composition of fermentation gases. Nevertheless, 
additional research will be needed to determine if or 
how the measurement of ruminal gas composition 
can be used to determine methane emissions from 
individual animals.

In vitro measurement of fermentation gases
Globally, the most common research approach 

related to methane mitigation strategies involves 
various in vitro fermentation procedures. In 
Australia, a number of research groups are 
currently using in vitro fermentation procedures. 
At the University of Sydney, a series of in vitro 
experiments have been conducted to investigate 
the effect of plant essential oils (Chaves et al. 
2012), endophyte toxins (Meale et al. 2013), 
and organic acids (Reis et al. 2014) on methane 

production. However, none of these substrates 
inhibited methane production. At the University 
of Western Australia, in vitro procedures have 
been used to screen Australian native plants for 
their methane mitigation potential. To date, the 
most promising forage plant is Eremophila glabra 
(Li et al. 2014). University of Western Australia 
researchers have also screened a wide range of feed 
additives for their methane mitigation potential 
and have found reduced methane production 
from nine feed additives, eight essential oils and 
two plant extracts (Durmic et al. 2014). At the 
CSIRO, tropical marine macro algae (sea-weed) 
have been screened for their methane mitigation 
potential. The brown algae (Cystoseira trinodis) 
and Dictyota bartayresii, as well as the red algae 
Asparagopsis taxiformis, were identified as having 
particularly potent methane inhibiting effects in 
vitro (Dubois et al. 2013, Machado et al. 2014).

Proxy measures of methane emissions
The measurement of enteric methane emissions 

from ruminants is difficult, labour intensive, and 
expensive and for these reasons there has been 
considerable international research to develop 
proxy measures for enteric methane emissions. In 
Europe, research has focused on the possibility of 
using the concentrations of specific fatty acids in 
milk as predictors of methane emissions from dairy 
cows (Chilliard et al. 2009, Dijkstra et al. 2011). 
Furthermore, the fatty acid composition of milk 
fat can influence the mid-infrared spectra of milk 
and researchers in Belgium have related the mid-
infrared spectrum of milk from individual cows 
to their methane emissions (Dehareng et al. 2012, 
Vanlierde et al. 2013). In Australia, (Williams et 
al. 2014) found only weak relationships between 
methane emissions and the concentrations of 
specific fatty acids in milk fat. Further research is 
required to examine potential relationships between 
the yields of specific milk fatty acids and enteric 
methane emissions.

Rumen metagenome profiling, proteomics and high 
energy forages

The composition of the rumen microbiome 
of individual cattle (that is the collection of 
microbial species living in the rumen, including 
bacteria, protozoa, archaea, and virus) is of 
great interest, as differences in composition 
could result in higher or lower levels of methane 
emissions. In the past, it was difficult to assess 
rumen microbial composition as many of the 
rumen microbial species are resistant to culture. 
High throughput, massively parallel sequencing 
overcomes this problem as DNA extracted from 
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rumen samples can be sequenced directly without 
an intervening culture step. If individual rumen 
samples are sequenced, the sequences can be used 
to infer relative composition of each sample, a 
rumen microbiome profile. This requires a rumen 
metagenome reference sequence – a representation 
of DNA from all of the species likely to occur in 
the rumen. While some of these species may be 
known, many will not given the large number 
of species in the rumen. Rumen metagenome 
reference sequences were assembled by (Brulc et 
al. 2009) and (Hess et al. 2011).

One question concerns whether rumen 
metagenomes are repeatable (i.e., are they stable) 
within animals. To answer this question, (Ross et al. 
2012) took rumen fluid samples from three cows, 
at three locations within the rumen. DNA from the 
samples was sequenced using massively parallel 
sequencing. When the reads were aligned to the rumen 
metagenome references described above, the rumen 
metagenome profiles were repeatable (P < 0.00001) 
by cow regardless of location of sampling within the  
rumen.  However, it remains to be tested if rumen 
metagenomes are stable over time. 

There is preliminary evidence that rumen 
metagenome profiles can predict methane yield 
from dairy cows (Ross et al. 2013). (Ross et al. 
2013) extracted DNA from rumen fluid from 
39 cows either fed diets with a large effect on 
methane (grapmarc, fat tannins), or a control 
diet, and methane emissions from these cattle 
were measured in chambers at DEPI Ellinbank. 
Rumen metagenome profiles were generated for 
each cow as described above. The profiles were 
associated with methane yield using a method 
called best linear unbiased prediction (BLUP), 
which allowed information from many variables 
(the relative abundance of the microbes) to be 
used simultaneously. The correlation between 
predicted methane yield and actual methane yield 
was 0.47. This is encouraging, suggesting rumen 
metagenome profiles could be used either 1) to 
select cattle with lower methane yields, or 2) as a 
proxy phenotype for methane yields, for example 
to develop genomic breeding values for methane 
yield as described above.

The accuracy of using rumen microbial profiles 
to predict methane yield, while useful, could be 
improved. If the complete DNA sequence of rumen 
microbes was known, profiles could be generated 
that more accurately reflected the rumen microbial 
composition of individual cattle. The Hungate 1000 
project (Leahy et al. 2013) aims to completely 
sequence large numbers of rumen micro-organisms 
including bacteria and archaea. The accuracy of 

predicting methane yield from rumen microbial 
profiling would also be increased with a larger set 
of cattle measured for methane, and with rumen 
microbial profiles. Such efforts are underway in 
Australia in the Pangenome project (P. Vercoe, 
pers. comm.) and internationally in the Ruminomics 
project. Extracting RNA (eg gene expression) 
information from rumen samples may also be 
useful.  Recently (Shi et al. 2014) demonstrated that 
methane emission levels in sheep were associated 
with the level of gene expression of methanogenesis 
pathway genes. 

While most rumen metagenome studies have 
been focused on bacteria and archaea, a recent 
paper has demonstrated that the rumen is also host 
to abundant virus, in the form of bacteriophage 
and archaeophage (Ross et al. 2013). While the 
importance of the phage abundance and species 
on methane yield is unknown, this is certainly an 
interesting area for future investigation.

A question of great interest is to what extent 
does the host (the cow) control the abundance and 
composition of her rumen microbial community? 
Possible mechanisms for this control would be gene 
expression in rumen papillae, and salivary proteins 
(given the huge amount of saliva ingested each 
day). An atlas of the bovine saliva proteome (the 
proteins expressed in saliva) revealed at least 447 
proteins expressed in saliva (Ang et al. 2011). More 
recent work demonstrated considerable variability 
between cattle in the relative abundance of these 
proteins in saliva samples. However, no link to 
methane yield could be demonstrated (in a small 
number of cattle). A vaccine which delivered an 
antibody to methanogens through saliva has been 
suggested as a pathway to achieve reduced methane 
yield (Wedlock et al. 2013). In the future, possibly 
transgenic approaches could also be used to modify 
saliva protein expression. 

Modelling enteric methane production 
There are two main types or classes of models that 

can be used to describe and/or predict enteric methane 
production from dairy cows. These are static empirical 
statistical models of the type shown in Figure 1,  and 
dynamic mechanistic models. Within these classes of 
models, there are both whole farm systems models 
and rumen or ruminant animal models. 

Static empirical models have three key 
strengths: 1) simplicity, they generally involve 
a small number of variables (e.g. DMI, dietary 
lipid%, dietary lignin%), 2) they can be 
implemented in a simple spreadsheet, and 3) they 
are transparent and can be easily tested on a variety 
of data sets. DairyMod, a whole farm empirical 
model developed by (Johnson et al. 2012) has been 
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extensively used in Australia to evaluate a range of 
methane and nitrous oxide mitigation options in a 
whole farm systems context (Browne et al. 2013, 
2014). The national greenhouse gas inventory 
of Australia currently uses a static empirical 
model (Eq. 2) to estimate emissions of methane 
from ruminant livestock. The Dairy Greenhouse 
Gas Abatement Strategy (DGAS) model which 
captures the Australian inventory methods in a 
simple farm tool, has been used to predict enteric 
methane emissions from 60 Tasmanian dairy farms 
(Christie et al. 2011). The principal disadvantage 
of all of these empirical static models is that they 
do not rely upon an understanding of the biology 
of methanogenesis in the rumen, and hence they 
are of limited use in the development of new 
strategies to mitigate enteric methane emissions 
from ruminants. Static empirical models are also 
limited in predicting beyond the data used for their 
development.

Dynamic mechanistic models can describe 
the dynamic changes that occur in the rumen as 
ingested feed is fermented (Volpe et al. 2005). Thus, 
by definition, dynamic mechanistic models involve 
a set of differential equations that describe changes 
in a set of state variables over time. State variables 
are variables such as the amount of a particular 
substrate, metabolite or agent of change in the 
rumen. Examples of state variables are the amount 
of fermentable carbohydrate present in the rumen at 
any time, the amount of soluble protein present in 
the rumen at any time, and the number of bacteria in 
the rumen. Typically, dynamic mechanistic models 
may have between 12 and 50 state variables and 
there may be complex interactions between these 
variables, and these interactions are described by 
the differential equations that make the model. 
Globally, there are currently three major dynamic 
mechanistic models that model fermentation within 
the rumen of dairy cows and predict methane 
production. These are: 1) Molly (Baldwin 1995); 
2) Anje/COWPOL (Dijkstra et al. 1992, Benchar 
et al. 1998,  Mills et al. 2001); and 3) Karoline  
(Danfaer et al. 2006). These models are suitable for 
research purposes but are unlikely to be suitable for 
predicting national inventories of greenhouse gases. 
None of these models are currently in common use 
in Australia.

METHANE EMISSIONS FROM 
AUSTRALIA’S DAIRY HERD

The amount of methane produced by a dairy 
cow depends principally upon DMI (Figure 1). 
For environmentally conscious consumers the real 
concern is how much enteric methane is associated 

with each kilogram of milk product purchased 
(methane intensity; g CH

4
/kg milk). Thus, 

practical steps to mitigate methane emissions 
associated with dairy production must necessarily 
be concerned with reducing methane intensity. In 
this regard, the question facing researchers and 
consumers is: “What is the methane intensity of 
Australian milk production?”

Calculation of methane intensity is complicated 
by the fact that methane is produced by dairy cows 
during the growth phase prior to commencement 
of lactation at about two years of age, when they 
are not lactating and when they are lactating. 
Nevertheless, using the calculator described by 
(Heard et al. 2011), it is possible to estimate the 
total annual DMI of all animals (calves, growing 
heifers, milking cows and dry cows) on a dairy farm. 
A number of assumptions are required to make this 
calculation. These include the average bodyweight 
of cows, the percentage annual replacement rate 
of cows, and the estimated metabolisable energy 
(ME) concentration (11.0 MJ/kg DM) of pasture 
consumed, the estimated ME concentration (12.0 
MJ/kg DM) of concentrate consumed, the lipid 
concentration of the diet and the impact that the 
proportion of wheat in the diet has on the methane 
yield. A conservative approach to calculating 
enteric methane emissions from these animals 
involves use of Eq. 1. Alternatively, the impact 
that wheat consumption has on methane emissions 
can be estimated by using Eq. 3. We have applied 
Eq. 1 for years 1980, 1990, 2000, 2010, 2020 and 
2030 and Eq. 3 for years 2010, 2020 and 2030. 
When making these calculations, we used data on 
total annual milk production and the total number 
of dairy cows in Australia (Dairy Australia 2014). 
In modelling the effect of wheat consumption 
on methane emissions, it has been assumed that 
half of the Australian dairy herd consume 25% 
of their metabolisable energy intake as wheat 
and half consume 50% of their metabolisable 
energy intake as wheat, overall equating to 37.5% 
of metabolisable energy intake as wheat. This 
approximates the average proportion of wheat 
currently in the diet of dairy cows in Australia. 
Thus the assumed average wheat intakes in 2010, 
2020 and 2030 were respectively 1.7, 2.4 and 2.5 
tonnes wheat DM per cow per year. Table 1 shows 
the data used to estimate methane emissions and 
intensity from 1980 to 2030.
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Table 1: Estimated enteric methane emissions and methane intensity (g CH4/kg milk) from the Australian Dairy 
industry, 1980 to 2030.

Year Assumed 
average 
cow BWT

(kg)

Assumed 
replacement 
(%)

Australian 
cows

(millions)

Average 
milk/cow 
(L/year)

Total estimated 
intake per 
milking 
cow plus 
replacements

(t DM/year)

Estimated 
Australian 
Enteric 
methane 
emissions

(1000 t/
year)

Estimated 
Australian 
methane 
intensity

(g CH
4
/ L 

milk)

1980 500 25 1.88 2889 4.6 185 34.1

1990 533 28 1.65 3786 5.2 184 29.4

2000 566 31 2.17 4997 5.9 274 25.3

2010 600 34 1.6 5654 6.4 219 24.2

2010W 600 34 1.6 5654 6.3 182 20.2

2020 610 31 1.6 6500 6.8 233 22.4

2020W 610 31 1.6 6500 6.7 190 18.3

2030 620 30 1.6 7500 7.0 240 21.4

2030W 620 30 1.6 7500 6.9 199 16.6

WCalculation showing the impact of wheat consumption on estimated methane emissions and methane 
intensity.

In 1980, Australia’s annual production of 
milk was approximately 5.4 billion kg, and this 
increased to approximately 8.9 billion kg by 
2010, a 64% increase. We estimate that in 1980, 
the Australian dairy industry produced annually, 
approximately 185,000 tonnes of enteric methane, 
and by 2010 enteric methane production remained 
almost the same at approximately 182,000 tonnes 
(3.8 M tonnes CO

2
e). Thus, the important issue 

highlighted by the data in Table 1 and Figure 5 
is that as milk production per cow has increased, 
methane intensity has decreased. Indeed, between 
1980 and 2010, methane intensity has decreased by 
approximately 40%, and by 2030, the modelling 
indicates that with wheat feeding, methane 
intensity may be less than half of that in 1980. 
The data in Table 1 and Figure 5 also highlight 
the fact that currently and into the near future, 
wheat feeding can be expected to reduce methane 
intensity by approximately 20%. This substantial 
reduction in estimated methane intensity relies on 
our estimated methane response to wheat feeding 
as is shown in Figure 3. In view of the potential 
magnitude of the dietary wheat effect, additional 
research is needed to better quantify the methane 
response to wheat feeding; to determine if the 
methane mitigation response observed in short 
term experiments persists into the longer term; to 
identify potential additive or synergistic effects 
if diets contain wheat as well as other methane 
mitigants such as lipid supplements; to compare 
the methane mitigation responses when wheat of 

various qualities (e.g. Australian General Purpose 
(AGP) or Feed Wheat) are fed to cows, and to 
elucidate the chemical and physical attributes of 
wheat that are associated with methane mitigation.

It has been suggested that as arable land 
becomes scarce, diets containing a high proportion 
of cereal grains should not be fed to ruminants on 
ethical grounds since cereals could be fed directly 
to humans or to monogastic animals (Doreau et 
al. 2014). However in 2010, Australian dairy 
cows consumed less than 10% of the 27.4 M 
tonnes of wheat grown in Australia (Index mundi, 
2014). Most of the wheat consumed by cattle was 
classified as either AGP or Feed Wheat. These 
wheat classes generally comprise grain that has 
failed to meet minimum standards for milling, 
contains foreign materials, is weather damaged 
or contains grain with a mild degree of sprouting 
(Queensland Government, 2009). Furthermore, in 
terms of producing food for human consumption, it 
is more efficient to feed grain to cows and produce 
milk than to use the grain to produce chicken or 
pig meats (Wilkinson 2011). Thus, it seems likely 
that wheat will continue to constitute a significant 
proportion of the diet of Australian dairy cows in 
the future.
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Figure 5: Estimates of past and future methane 
intensity for the Australian dairy industry. The 
solid line depicts conservative estimates based 
on a methane yield of 21.4 g CH

4
/kg DMI. The 

dashed line depicts estimates that take into account 
the effect of predicted wheat feeding on estimated 
methane emissions.

SUMMARY

During the last 30 years, the on-farm application 
of research in dairy cow nutrition, rumen microbiology 
and dairy cow genetics has led to substantial increases 
in milk production from individual cows. In 1980, 
Australian dairy cows produced on average 2889 kg 
milk per year and in 2010 average production had 
increased 64% to 5654 kg milk per year. Analysis 
of data collated in this review has shown that dairy 
cows in Australia produce 21.4 g methane for each kg 
of DM consumed. Using this coefficient, the average 
methane intensity from Australian dairy cows was 
estimated to have been 33 g methane/kg milk (9.8 t 
CO

2
e/t MS) in 1980, but this had decreased to 20.2 

g methane/kg milk (6.0 t CO
2
e/t MS) in 2010. This 

reduction in methane intensity was brought about by 
improvements in nutrition and genetics leading to 
increases in milk production that have occurred in 
the intervening years. 

Currently, there are only a few practical and cost 
effective strategies that can be used on Australian 
farms to achieve further reductions in total methane 
emissions. Those currently available include the 
feeding of lipid rich feed supplements such as; 
brewers grains, cold pressed canola, cottonseed, 
hominy meal, and grape marc, and the feeding of 
wheat. Other promising strategies are in early stages 
of development but offer the possibility of long-term 
mitigation. These include; genetic selection of cows 
that are efficient at feed conversion to milk, genetic 
selection of low-methane emitting cows, vaccines 
to reduce ruminal methanogens and intra-ruminal 
administration of specific chemical inhibitors of 
methanogens. However, well-resourced research 
on methane mitigation in Australia is less than 15 

years old and it is likely that further research will 
be required for significant, sustainable and cost-
effective solutions to be developed. 

This review has identified that the following 
areas should have high priority in future methane 
mitigation research: 
1. The quantification of methane mitigation 

resulting from feeding wheat

2. The elucidation of the mechanisms by which 
the feeding of fatty feed supplements and the 
feeding of wheat reduce the methane emissions 
of ruminants

3. The elucidation of how rumen microbiology 
influences enteric methane production

4. The development of low-cost methods for 
measuring enteric methane production

5. Large scale screening of dairy cows to identify 
low methane emitting animals

6. Research to enhance the productivity of dairy 
cows so as to reduce their methane intensity

Large reductions in methane emissions will 
probably not occur by the application of a single 
technology, but occur by the application of an 
integrated suite of technologies. Against these 
advances, continuing growth in consumer demand for 
dairy products, especially in Asia, is likely to stimulate 
dairy production in Australia and potentially cause 
a concomitant increase in production of greenhouse 
gases and in particular methane, in the absence of 
further mitigation research. Future research should 
therefore focus on both the medium and long-term 
options to profitably reduce the emissions footprint 
of dairy production systems. In the short-term the 
most prospective focus for mitigation research would 
be on dietary manipulation and animal management. 
However, a long-term research focus on rumen 
manipulation and plant and animal breeding is 
imperative to underpin the future sustainability and 
environmental footprint credentials of the Australian 
dairy industry.
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ABSTRACT

  Growing bio-energy crops to reduce the use of fossil fuels is controversial if it is on land previously 
used for food production. In this research the ecosystem services value of re-instating shelter on irrigated 
dairy farms in New Zealand was assessed using the novel approach of planting a bio-energy crop as a 
shelterbelt. By planting a shelterbelt of Miscanthus x giganteus (Mxg), a tall Japanese grass that grows 4 
m high, in the northerly corner of six fields, we measured the response of a ryegrass/white clover sward 
to shelter from drying northerly winds. Pasture height readings were collected using a C-Dax pasture 
meter from fields rotationally grazed every 20 -25 days. Differences in height between sheltered and open 
field were measured immediately pre-grazing over a two year period as the shelter developed. Mxg has 
rapid growth and shelter height in year two reached 2.8 m. Shading effect was minimal due to the shelter 
having a north-westerly and north-easterly aspect. In the second summer taller areas of pasture height were 
detected in sheltered areas.  A likely mechanism for increased pasture production is higher rates of stomatal 
conductance in plants sheltered from drying northerly winds. We confirmed this as stomatal conductance 
of clover leaves was significantly higher in sheltered plants during periods when there was a persistent 
northerly wind blowing. By having bio-energy crops as a co-product of the existing farming system, in this 
case dairy production, the problem of replacing land used for food production with bio-energy cropping 
is overcome. 

Keywords: Pasture production, sustainability, bioenergy crops, shelter.

INTRODUCTION

Estimates of increases of at least 50% in 
agricultural production required to meet global 
demand put pressure on farmland to increase 
production. The main means of achieving this has 
been through intensification (Royal Society, 2009) 
with a detrimental effect on farmland through 
the loss of non-crop habitats, simplification of 
plant and animal communities, deterioration in 
soils, over-reliance on fossil-fuel based inputs 
and chemical pest and weed control  (Kaack& 
Schwarz 2001). In conjunction with the need to 
increase farm productivity, there has been a move 
to reduce the reliance on fossil-fuel for energy 
provision by the planting of bioenergy crops 
(Naik et al. 2010).  Replacing land previously 
used for food production with bioenergy crops is 
controversial as it can affect food availability and 
increase prices (Liu et al. 2011, Bryngelsson& 
Lindgren 2013). The present study researches 
whether ryegrass / clover swards, under irrigation, 
produce more dry matter yield when sheltered 
from persistent drying winds. The shelter plant is 
the bioenergy crop Miscanthus x giganteus (Mxg) 
which is being used to create a Combined Food 
Energy and Ecosystem Services (CFEES) (Porter 
et al. 2009) farming system. The plant is palatable 
to cows and so needs adequate fencing to protect 
it. However, if inadvertently grazed there is no 

permanent damage as it is a harvestable perennial 
crop which can be used as a replacement for straw 
as bedding or feed. Its maximum height, reached in 
season three, is 4 m.

MATERIALS AND METHODS  

The Mxg shelterbelt research is at Aylesbury 
Dairy Farm, (latitude -43.541317, longitude 
172.273642; altitude 120 m), a supplier to Westland 
Milk Products Ltd. The 150 ha, centre pivot 
irrigated farm is in its second year of conversion. 
The cows are stocked at 5.7 cows ha-1 with 30% of 
the diet fed as a supplement consisting of silage 
(lucerne, maize and pasture) and vegetable waste. 
The Mxg shelterbelts were planted in the north-
west corner of three fields in December 2012 and a 
further three paddocks were planted in December 
2013.They are 80 m long in an L-shape and 7 
m wide. The primary aim of planting these was 
to provide protection from the drying northerly 
winds that are a predominant feature of the 
Canterbury Plains. Plants were established as six 
single rows 1 m apart with within-row spacing 
of 1 m, which gives a planting density of 10,000 
plants ha-1. A number of ecosystem services are 
being monitored; one of these is increased rates of 
pasture production in the area of the field protected 
by Mxg shelter.
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Herd size averages 550 cows and each 4 
ha field at peak milk production is grazed once 
every 20 to 24 days. Pasture dry matter yield is 
calculated from pasture height readings collected 
from a C-Dax pasture meter.  The pasture meter 
can take numerous pasture cover readings (200 per 
second) across a field and can be used at speeds 
up to 20 km/h (King et al. 2010). Measurements 
of pasture quality, stomatal conductance, soil 
moisture levels and precipitation have also been 
collected. Readings are taken within the shelter and 
control areas (Figure 1) as well as across the whole 
field. The shelter area is the 40 by 40 m square 
section of field enclosed on two of its northern 
sides by the Mxg shelterbelt and the control area 
is an equivalent sized area of open field of similar 
aspect.  

Figure 1: Aylesbury Farm, showing four of the 
shelterbelts, plus a magnified view of field 6, 
showing shelter and control areas.

One advantage of using Mxg to create shelter 
is its rapid growth. Second season growth began 
in September 2013 and plants were 1 m tall in 
December 2013, 2m tall in February 2014 and 2.8 
m tall in April 2014. This rapid growth rate should 
have enabled shelter effect on pasture production 
to be analysed throughout the second season. 
Due to damage to the centre pivot from the 2013 
September storms irrigation did not commence 
until December 2013 and shelter effect was 
not evident until February and March 2014. An 
exponential regression analysis using GenStat 16 
(Figure 2) was conducted to determine if pasture 
height was dependent upon distance from shelter. 
The nonlinear regression analysis was conducted 
for six grazing events, three from each of two 
paddocks, where a shelter response, as indicted 
by yield maps produced with ArcMap 10.1 using 
Kriging (Figure.3), was evident.

Figure 2: Shelter effect measured in field 1 on 
03.02.2014 (top graph) and 25.02.2014 (bottom). The 
equations of the fitted exponential curves are: (top) 
Pasture height = -8 (±76) + 84.5 (±74.7) x 0.9965 
(±0.0040)distance and (bottom) Pasture height = 117 
(±8) + 33.7 (±6.3) x 0.9865 (±0.0061)distance, where 
each value in brackets is the SE of the fitted coefficient.  

Figure 3: Pasture yield maps of paddock one, 
from C-Dax records using Kriging in ArcMap 
10.1, showing possible shelter effect in A 
(shelter present)but not in B(shelter absent).                                                                                                                                         
A – Mxg shelter 2.5 metres high.  B – Mxg shelter 
removed the previous grazing due to a southerly wind 
causing cows to crowd in this area, break the fence and 
eat the shelter. 
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The analysis showed that for each grazing 
event, approximately 20 days apart, pasture height 
coming out from the shelter was not constant 
(P<0.001), decreasing with distance from the 
shelter. For control areas there was no significant 
relationship between distance and pasture height 
in any of the six grazing events analysed. Over 
the six grazing’s analysed the mean C-Dax pasture 
height for the shelter area was 138 mm and for 
the control area was 120 mm. Using the standard 
C-Dax calibration for Canterbury this equates to 
3245 kgDM/ha for shelter and 2901 kg/DM for 
control, an increase of 18%.

Precipitation amounts for all areas, from 
rainfall and centre pivot irrigation, was similar 
across fields and differences in soil moisture 
levels between control and sheltered areas were 
only noticeable when drying northerly winds 
were present. There was no significant difference 
in a range of pasture quality indicators between 
sheltered and control areas and no significant 
difference between soil total N content. Hand-held 
porometer readings taken between 10 am and 2 pm 
in February and March 2014 showed significant 
differences between stomatal conductance in 
the presence of drying northerly winds. In field 
1 on 7 January 2014, sheltered plants averaged 
636 a mmol/(m²·s) and exposed plants averaged 
426 mmol/(m²·s). On 17 January 2014 the mean 
conductance for sheltered plants in both fields was 
700 mmol/(m²·s) compared to 550  mmol/(m²·s) 
for exposed plants. On 4 February 2014, in the 
presence of a north easterly and later a southerly 
wind, maximum 29 oC  but dropping to 15 0C by 
late afternoon and average RH of 80 %, stomatal 
conductance of sheltered and exposed plants 
was 1015 mmol/(m²·s) and 1000  mmol/(m²·s) 
respectively. 

DISCUSSION

Mxg is a fast growing non-invasive perennial 
bioenergy crop. The plant grows 4m tall (Mantineo 
et al. 2009) and its ability to allow centre pivot 
irrigators to pass through it means it can be used 
to create shelter not restricted by irrigator height. 
Estimates vary as to how far a shelter effect can 
extend into a field but it is accepted that the higher 
the shelter the greater the distance effect (Goulter 
2010). Initial results from this trial indicate that when 
pasture plants are protected from effects of drying 
northerly winds, which are dominant features of 

the Canterbury plains where this research is based, 
stomata stay open for longer periods and pasture 
dry matter production is improved as a result. The 
extent of increased production between grazing 
events will be dependent upon the frequency of 
northerly winds, as when other weather conditions 
prevailed differences in stomatal conductance 
were less noticeable. 
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ABSTRACT

Urinary nitrogen (N) concentration has an environmental impact due to its effect on localised N load 
in urine patches, which subsequently determines nitrate leaching and nitrous oxide emissions. While the N 
concentration of the urine of cows grazing pasture has been relatively well characterised, the N concentration 
of urine of cows grazing winter forage crops is less well described.  Urinary N concentration of dairy cows 
grazing three different winter crops was measured over two winters: fodder beet (FB); early-sown kale (EK); 
and late-sown kale with oats grown in sequence (LK). The crops were grown under irrigation on a free-draining 
Balmoral soil.  There were two replicates of each treatment, with 35-58 cows per treatment group allocated the 
following feed (kg DM/cow/day): EK, 14 kg kale + 3 kg barley straw; LK, 11 kg kale + 5 kg green chop oat 
silage; FB, 8 kg fodder beet + 6 kg pasture baleage. Urinary N concentration was low, and similar for cows 
offered EK, LK and FB (2.3, 2.7 and 2.1 g N/L, respectively). These low urinary N concentrations may limit 
opportunities to further reduce nitrate leaching through dietary manipulation of cows grazing winter crops. 

Keywords: Brassica oleracea L., Beta vulgaris L., metabolisable energy, dairy cows, winter 

INTRODUCTION 

In the South Island of New Zealand, most 
pregnant, non-lactating dairy cows are wintered off the 
milking platform on forage crops grazed in situ (Judson 
et al. 2010). The aim in this period is to regain body 
condition that was lost during the previous lactation 
before calving (Edwards et al. 2014). However, the high 
stocking densities used to harvest the high yield crops 
during the winter feeding period can result in large 
nitrate leaching losses relative to total farm footprint 
(Monaghan et al. 2007), and mitigation strategies need 
to be developed. Both the N concentration of each urine 
patch and the number of urine patches are important 
factors determining nitrate leaching (Li et al. 2012). 
This study builds on a previous study examining body 
condition score gain of dry cows grazing forage crops 
during winter (Edwards et al. 2014) by examining the 
effect of three winter feeding regimes (early-sown kale 
crop, late-sown kale crop grown in sequence with oats, 
and fodder beet) on dairy cow urinary N concentration. 
The hypothesis was that lower N intake from cows 
grazing fodder beet compared to kale would lead to 
lower urinary N concentration. 

MATERIALS AND METHODS

The experiment was conducted over two 
consecutive winters (2012 and 2013) at Lincoln 
University’s Ashley Dene farm, located near Burnham, 
Canterbury (-43.65oN 172.33oE), with approval of the 
Lincoln University Animal Ethics Committee (AEC 

473, AEC 523). Full details are given in (Edwards et 
al. 2014). Briefly, the experimental design comprised 
two replicates of three forage crops: early-sown kale 
(EK); late-sown kale with oats in sequence after kale 
is grazed (LK); and fodder beet (FB).  Kale was sown 
in 3 ha paddocks and fodder beet in I ha paddocks. In 
both years, 300 multiparous non-lactating, pregnant, 
Friesian x Jersey cross cows were blocked into 50 
blocks of 6 cows according to BCS (mean of 4.5 and 
4.3 in 2012 and 2013, respectively), liveweight (520, 
501 kg), calving date (28 August, 26 August), and age 
(4.1, 4.0 years), and one cow from each block allocated 
randomly to two replicates of each crop treatment. In 
2012, due to the lower DM yield of fodder beet, 35 
cows were allocated to each FB treatment group versus 
57 and 58 cows allocated to EK and LK, respectively. 
In 2013, there were 50 cows in each treatment group. 

Crop and supplements were offered to achieve an 
estimated consumed (taking account of wastage) intake 
of 160 MJ ME/cow/day MJ ME/cow/day by offering 
the following feed allowances (kg DM/cow/day): EK 
14 kg kale + 3 kg barley straw; LK 11 kg kale + 5 
kg oat baleage; and FB 8 kg fodder beet + 6 kg grass 
baleage.  These diets gave body condition score gain 
(0-10 scale) of 0.66, 0.76 and 0.76 unit for EK, LK 
and FB respectively, over an 8 week period (Edwards 
et al. 2014). Cows grazed forage crops from 1 June to 
30 July (60 days) in 2012 and 30 May to 26 July (54 
days) in 2013.  Supplements were offered at 7:00-8:00 
h and cows were given access to a fresh forage break at 
9:00-10:00 h each day, with grazing areas separated by 



Proceedings of the 5th Australasian Dairy Science Symposium 2014 145

electric fencing. Supplement was offered to cows in an 
area of the forage crop that had previously been grazed. 
The supplements chosen were representative of dairy 
industry practices with forage crops. Barley straw, a 
low crude protein (CP) supplement, is typically fed with 
kale in wintering systems. Grass baleage, a moderate 
CP supplement, is often fed with fodder beet, a low CP 
forage, to raise the overall CP content of the diet. Oat 
baleage, grown as part of the crop rotation in the LK 
system, was fed back with the kale during winter. 

Pre-grazing crop DM yield was determined at 
weekly intervals by harvesting material to ground level 
in five randomly positioned 1 m2 quadrats in kale and 
three randomly positioned 6 m2 quadrats (2 rows x 3 
m row length) in fodder beet in the area expected to 
be grazed the following week. Total fresh weight was 
recorded in the field, and two subsamples of four plants 
of kale and two plants of fodder beet were separated 
into leaf and stem or bulb, and weighed. One subsample 
was oven-dried at 90°C for 48 h for determination of 
DM% and DM yield. The second subsample, and 
a subsample of each supplement, was freeze-dried, 
ground to 1 mm, and scanned by near infra-red 
spectrophotometry (NIRS, NIRSystems 5000, Foss, 
Maryland, USA) to predict digestible organic matter in 
DM (DOMD), crude protein, soluble sugars and starch 
(SSS) and neutral detergent fibre (NDF).  Metabolisable 
energy (ME) was calculated as MJ ME/kg DM = 0.16 
x DOMD (CSIRO 2007, see Edwards et al. 2014 for 
discussion of prediction of ME in fodder beet and kale 
crops). Post-grazing DM yield was determined by 
harvesting all residual kale and fodder beet every week 
in three randomly placed 1 m2 quadrats in areas that had 
been grazed the previous week. All kale or fodder beet 
residue within the quadrat was collected, and washed 
to remove soil, faeces and dead material. The sample 
was weighed fresh, oven-dried at 90°C for 48 h and 
re-weighed. Utilisation of supplement was recorded 
on two occasions in each year by weighing the mass 
of straw or baleage in six 1 m2 areas in each paddock 

before it was harvested by cows, returning it to the 
ground, and then recovering and weighing remaining 
straw or baleage one day later.

In week 3 and 5 each winter, urine spot samples 
were collected from 15 cows in each treatment group. 
Cows were removed from grazing kale or fodder 
beet between 10:00 h and 14:00 to a set of yards, and 
urine samples collected by vulva stimulation. Urine 
samples were analysed for N concentration using the 
methods described by (Miller et al. 2012).

The effect of crop type on crop composition, 
N intake and urinary N concentration in the winter 
grazing period was analysed by one-way ANOVA for 
each year with replicate as the experimental unit for 
plant and animal variables.  

RESULTS

Pre-grazing crop DM yield in 2012 and 2013 was 
greater in FB than EK and LK (Table 1). The proportion 
of leaf was lower in FB than EK and LK in both years. 
Nitrogen content did not exceed 2.5% of DM (total 
plant basis) for any crop and was not significantly 
different among crops (Table 1). The ME content was 
higher for EK and LK than FB, due to greater DOMD 
of kale. Barley straw had lower N% and ME (0.7%, 
6.1 MJ ME/kg DM) than oat baleage (2.2%, 10.5 MJ 
ME/kg DM) or ryegrass baleage (1.8%, 11.3 MJ ME/
kg DM). Crop DM utilisation was lower in EK and LK 
than FB, although all values were high (>85%) (Table 
1). Estimated DM utilisation of supplement was 51, 65 
and 86% for barley straw (EK), oat baleage (LK) and 
grass baleage (FB), respectively, giving total apparent 
daily DM intakes (kg DM/cow/day, averaged over 2 
years) of crop plus supplement of 13.8 (EK), 12.9 (LK) 
and 13.1 (FB). Estimated N intake was similar between 
treatments (266, 268 and 241 g N/day for EK, LK, FB 
in 2012 and , 281, 267 and 268 g N/day for EK, LK and 
FB in 2013). Urine N concentration was low, averaging 
2.4 g N/L in 2012 and 2.3g N/L in 2013, and was not 
significantly different among crops (Table 1).

Table 1 Crop DM yield (pre and post) and utilisation, crop composition (ME and %N in forage) and N 
concentration of urine for early-sown kale (EK), late-sown kale (LK) and fodder beet (FB) in 2012 and 2013.

2012 2013
EK LK FB P 

value
LSD EK LK FB P 

value
LSD

Crop DM yield
   Pre-grazing (t DM/ha) 15.5 14.0 18.5 0.11 4.49 13.8 11.9 21.8 <0.01 0.39
   Post-grazing (t DM/ha) 1.7 2.0 0.1 0.02 1.07 1.1 1.3 0.1 0.07 1.15
   DM utilisation (%) 88.8 85.5 99.5 0.03 8.36 92.2 88.8 99.7 0.43 8.66
Crop composition
   Leaf (% of DM) 16.4 18.8 4.3 <0.01 0.76 15.2 20.7 6.0 <0.01 2.45
   ME (MJ ME/kg DM) 12.8 12.9 12.2 <0.01 0.12 12.7 12.8 12.1 0.02 0.26
   N (% of DM) 2.0 2.0 1.7 0.11 0.37 2.0 2.1 1.8 0.24 0.49
Urine N concentration (g N/L) 2.0 3.1 1.9 0.06 1.05 2.5 2.2 2.3 0.74 1.07
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DISCUSSION

Manipulating the concentration of N in urine, 
and, thereby, the load of N deposited on soil in 
each urination, has been proposed as an approach to 
mitigate the environmental impact of dairy farming 
(Li et al. 2012). The concentration of N in urine for 
all three crops in this study was low (range 1.9 to 
3.0 g N/L) relative to previous data for pasture-fed 
cows in early and late lactation (Pacheco et al. 2010, 
Bryant et al. 2014).  Based on a rate of application 
of urine of 10 litres per m2 (Hogg 1981), the range of 
N concentrations measured here would correspond 
to the equivalent of 190 to 300 kg N/ha deposited 
in the urine patch. These values are low relative to 
the 1000 kg N/ha suggested where dairy cows graze 
pasture (Cameron et al. 2013). In turn, this is likely 
to contribute to lower potential leaching losses from 
each urine patch (Malcolm et al. 2014), and may help 
offset the high urine patch coverage expected when 
dairy cows graze high yielding winter forage crops of 
kale and fodder beet at high stocking densities with 
high DM utilisation. 

The low concentration of N in urine evident for 
cows grazing kale and fodder beet in this study is most 
likely related to the low overall N intake of forage and 
supplement (range 241-281 g N/day), with the lack 
of difference between treatments reflecting the small 
differences in overall N intake. The N concentration 
of the urine may be higher where the N content of the 
crop consumed is higher during winter (Rugoho et al. 
2012). From the point of view of mitigating nitrate 
leaching from forage crops during winter, however, 
the low N concentration recorded for kale and fodder 
beet recorded leaves little room to reduce N excretion 
further through dietary manipulations (Miller et al. 
2012), and alternative strategies may be needed to 
manage animal performance and environmental 
consequences in high yielding forage crops. In 
parallel work (Jenkinson et al. 2014) on similar diets 
to those used in this study, cows consumed >76% of 
their forage crop DM intake within 6 hours of being 
offered the crop but only urinated on average 2.7 
times during this period. This indicates that removing 
cows from crops after 6 hours  may allow urine N to 
be captured within effluent systems and returned to 
the environment in a more controlled manner (within 
subsequent reductions in N leaching) while still 
allowing high utilisation of forage crops by direct 
grazing for restricted periods. 
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Do we need to avoid nitrogen fertiliser applications to urine patches?
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ABSTRACT

This project aimed to quantify the additional nitrogen (N) lost by leaching when fertiliser N was applied 
on top of a urine patch.  A lysimeter study previously suggested an additive effect of fertiliser and urine on N 
leaching at the urine patch scale at high rates of N fertiliser. Here, we report the use of a process-based model 
(APSIM) to extend the lysimeter results to a wider range of scenarios to estimate the benefit (reduction) to 
paddock-scale N leaching by avoiding N fertiliser on urine patches.  Based on a Horotiu silt loam in the Waikato 
region of New Zealand, modelling suggested that avoiding fertiliser (nine x 25 kg N/ha/year) on top of urine 
patches would decrease N leaching from 58 to 49 kg N/ha/year or 16% of the annual total.  However, when 
rerun without N fertiliser applications in summer (a more realistic scenario for the summer-dry Waikato region), 
modelled N leaching was 54 and 49 kg N/ha, i.e. a saving of 5 kg N/ha or 9% of the total from not fertilising 
urine patches.  The critical period for fertiliser application was late summer-autumn when repeated applications 
had a relatively larger effect on N loss.  These results need to be set in the context of a Waikato climate where, 
on average, moisture becomes limiting to pasture growth in summer. Further work is required to extend this 
analysis to different soil types and climates.

Keywords: Nitrogen leaching; dairy; fertiliser; precision farming; simulation modelling; APSIM.

INTRODUCTION

Urine patches are the main source of nitrogen 
(N) leaching from grazed pasture systems.  An often 
overlooked source of N leaching could arise when 
other N inputs are applied on the top of urine patches 
in the form of fertiliser or effluent additions. These 
add to the N load of a patch that already generally has 
N in excess of pasture requirements.  Buckthought 
(2014) measured extra N leaching from urine applied 
to lysimeters in spring or autumn when fertiliser 
N (400 kg N/ha/year) was also applied.  Previous 
New Zealand experiments also included urine and 
fertiliser but results were confounded by flood 
irrigation, which increased summer drainage (e.g. 
Silva et al. 2005).   

Despite some evidence of additional N 
leaching from urine patches supplemented with 
fertiliser N, there has been no published attempt 
to quantify the potential effect at a paddock scale.  
The study of Buckthought (2014) examined 
some of the seasonal effects of urine-fertiliser 
interactions in a lysimeter study but, by necessity, 
the number of treatments was limited.  The study 
reported here, therefore, aimed to use modelling 
to test a wider range of situations (times of urine 
deposition) and to quantify the additional losses 
(if any) that occur at the paddock scale as a 
result of fertiliser N being applied concurrently 
onto a urine patch.  Quantification of the effect 
is important because we need to know if it is a 
significant source of leached N; and whether we 
should develop strategies to decrease losses.  The 

overall aim was to develop a value proposition 
for developing management strategies to avoid 
fertiliser N application on urine patches. 

MATERIALS AND METHODS

The APSIM model (Holzworth et al. 2014) 
version 7.6 has previously been shown to 
reasonably simulate N leaching from urine patches 
interacting with fertiliser applications in lysimeters 
(Buckthought 2014). APSIM was therefore used 
to simulate N leaching using climate data from 
Ruakura, Waikato (latitude 37.775°S, longitude 
175.325°E) and properties for the Horotiu silt 
loam (Typic Orthic Allophanic).  The underlying 
scenario was a pasture with fertiliser applications 
every month but avoiding the winter months 
(June, July and August) resulting in nine fertiliser 
applications of 25 kg N/ha.  Simulations were 
run for a 400 kg N/ha urine patch deposited in all 
months for the climate years 1992-2010.  Each 
simulation contained a single urine deposition.  
This resulted in 19 replicates in time for each 
month of urine deposition.  Simulations in which 
fertiliser was applied each non-winter month 
are labelled F_always (in effect, a control, since 
this would be standard practice, i.e. not avoiding 
urine patches).  Matching simulations were run 
where fertiliser was not applied in the production 
year (F_never) and where fertiliser was applied 
before the urine deposition but then not for the 
remainder of the production year (F_before).  A 
fourth option, F_noSumWin, was simulated in 
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which fertiliser was applied every month from 
August to November and March to May regardless 
of the timing of urine deposition.  This option was 
included to provide an alternative control where 
fertiliser would not typically be applied in the dry 
summer months. 

To estimate the aggregated effects at a whole 
paddock level, the N loss per urine patch simulated 
by APSIM was combined with monthly urine 
deposition information from the farm scale model 
OVERSEER (Wheeler et al. 2003) assuming a 
stocking rate of 3.2 cows/ha grazing all year, 
predominantly pasture fed and producing 1200 
kg MS/ha.  The annual leaching was the sum 
of the leaching from each month.  The ‘benefit’ 
(reduction in N leaching in kg N/ha/year) of 
avoiding applying fertiliser on top of urine patches 
was calculated by comparing simulations with and 
without fertiliser avoidance (the latter being either 
F_always or F_noSumWin).  

RESULTS

The estimated N leaching from a 400 kg N/
ha urine patch as affected by the month of urine 
deposition is shown in Figure 1.  For all options 
simulated, leaching risk was greatest from urine 
deposited in the period late summer to early 
winter.  F_always increased N leaching from urine 
applied from December to April while there was 
almost no difference between the N leaching from 
F_before and F_never.  The N leaching for F_
always and F_before, after scaling to the whole-
paddock level, is shown in Figure 2.  Total annual 
leaching was estimated to be 58 kg N/ha/year for 
F_always.  The F_before option of avoiding N 
fertiliser after urine deposition leached 49 kg N/
ha i.e. it decreased N leaching by 9 kg N/ha/year, 
or 16%, on average across the 19 simulation years 
(Figure 2).  Much of the benefit from avoiding 
urine patches was due to decreased leaching from 
fertiliser applications from December onwards.  
In reality, fertiliser N should not be applied 
through dry summer months in the Waikato, 
represented by the F_noSumWin scenario (150 kg 
fertiliser N/ha annually compared to 225 kg N/ha/
year for F_always).  Annual N leaching was 54 
kg N/ha (Figure 2); compared with this, F_before 
decreased N leaching by 5 kg N/ha/year (54 minus 
49 kg N/ha), a reduction of 9%.  Note that Figures 
1 and 2 do not indicate the timing of N leaching, 
only the effect of time of urine deposition on 
subsequent N leaching; however, the main winter 
drainage season is May-September.

Figure 1: Modelled N leaching from 400 kg N/ha 
urine patches deposited in various months with no 
fertiliser (F_never), urine patches with 25 kg N/
ha fertiliser applied every non-winter month (F_
always) or 25 kg N/ha fertiliser applied every month 
only until the time of urine deposition (F_before).  
The error bars indicate the standard error across 
year of deposition.

Figure 2: Estimated N leaching at a whole-paddock 
scale (monthly profile and total) from each month’s 
urine depositions for F_always and Fert_before 
treatments.  A third scenario (F_noSumWin) is also 
included as a variant on the F_always strategy.

DISCUSSION AND CONCLUSION

Modelling identified the main risk of N 
leaching during winter arising from urine deposition 
in summer/autumn (Figure 1) because the pasture 
is unable to utilise all the deposited urinary N 
before the start of drainage.  This agrees with the 
measurements of (Shepherd et al. 2010) in large 
plots, although modelling and these experiments 
represent only the wetted area of the urine patch 
and do not account for extra uptake by pasture 
from outside the wetted area (Buckthought, 2014).  
Inclusion of the edge effects would decrease the 
absolute amount of N leached and may also affect 
the monthly risk profile.  There is little definitive 
information on the ‘correct’ urine patch N loading 
to use as representative of urine patch N load (Selbie 
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et al. 2014). In calculations presented in this paper, 
400 kg N/ha was used as a conservative estimate; 
when scaled up, the calculated N losses of 49-58 kg 
N/ha were within typical values for dairy farms in 
the Waikato. 

Fertiliser N applied in the months before urine 
deposition (F_before) did not increase N leaching 
(demonstrated by comparing treatments F_before 
and F_never in Figure 1).  The modelling indicates 
the decrease in N leaching comes from avoiding 
fertiliser N on top of urine patches in late summer/
autumn (Figures 1 and 2).  A technology that avoids 
N fertiliser being applied to urine patches might be of 
benefit (represented by the F_before treatment), but 
some of the benefit can be achieved by decreasing 
summer and autumn fertiliser N inputs anyway, 
though the impacts on pasture and animal production 
also need to be considered.  

Calculations did not adjust for differential 
production and changes in urine deposition from 
reducing N fertiliser inputs from 225 to 150 kg N/
ha.  This was not a full systems analysis.  The ‘fairer’ 
comparison for the Waikato would be the second 
scenario, where the standard practice would be 
to apply N fertiliser, but avoiding the summer dry 
months.  In this case, the benefit of then avoiding 
urine patches was a 9% decrease in N leaching: 
by including summer N fertiliser applications, the 
estimated N leaching reduction of 16% is probably 
over-stating the benefit.

Where N fertiliser loading in autumn is small, 
the benefit of avoiding N fertiliser application to urine 
patches may be minimal.  Some dairy systems are 
already aiming to use most of their fertiliser N pre-
Christmas when pasture N response is largest; our 
modelling suggests that this period is low risk for 
additive effects on N leaching.  The analysis needs to 
be repeated on different soils and different climates to 
test our conclusion that reductions in leaching of c. 9% 
could be achieved by avoiding N fertiliser applications 
to urine patches in the summer/autumn period.
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Selecting cows for low enteric methane emissions may affect milk composition
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ABSTRACT

Genetic selection has been proposed as a permanent and cumulative strategy to reduce the emissions of 
methane from domesticated ruminants. However, selecting for low methane could have undesirable effects on 
milk composition. To test for this, 120 multiparous Holstein-Friesian cows were offered a single mixed ration 
for 32 days and methane measured during the last five days.  Methane yield ranged from 10.6 to 21.4 g/kg DMI. 
Milk fat concentration showed a weak positive correlation with methane yield (r = 0.281) and a strong positive 
correlation with methane intensity (r  = 0.617). Milk protein concentration had a medium positive correlation 
with methane intensity (r = 0.375). The wide range in methane yield suggests that there is the potential to select 
cows for low methane yield. However, the positive correlations between milk fat concentration and methane 
yield and intensity suggest that selecting cows for low methane yield or intensity could result in cows with lower 
milk fat and protein concentrations.

Keywords: methane intensity, SF6 technique, dairy cattle

INTRODUCTION

Genetic selection has been proposed as a 
permanent and cumulative strategy to reduce the 
emissions of methane from domesticated ruminants 
(e.g.: Martin et al. 2010, Cassandro et al. 2013). 
Reduced methane intensity (gCH

4
/unit product) may 

mean that milk and milk products could be provided 
with a smaller carbon footprint per unit of product. 
A smaller carbon footprint is anticipated to become 
a marketing advantage as consumers become more 
environmentally discerning in their food purchases. 
Selecting for single traits can have undesirable 
effects (Gonzalez-Recio et al. 2014), and the impact 
of genetic selection for low methane emissions on 
milk components appears not to have been examined.

Methane emissions are positively associated 
with the acetate to propionate ratio in ruminal fluid 
(e.g.: Mohammed et al. 2011, Fievez et al. 2012, 
Brask et al. 2013). The proportion of acetate in 
ruminal fluid has also been positively associated with 
the concentration of fat in milk (Bauman and Griinari 
2003). This suggests that selection for lower methane 
could lead to a reduction in milk fat concentration.

We hypothesised that milk fat concentration 
would be low in the milk of cows with low methane 
yield or intensity.

MATERIALS AND METHODS

One hundred and twenty multiparous Holstein-
Friesian cows (61 ± 20.7 days in milk, 540 ± 61 
kg body weight) were offered a total mixed ration 
(ME 10.8 MJ/kg, NDF 35%, CP 185 g/kg, crude 
fat 24 g/kg) as compressed cubes ad libitum for 32 
days. The ration consisted of lucerne hay (740 g/

kg DM), crushed barley grain (250 g/kg DM) and 
minerals (calcium, phosphorus, magnesium; 10 g/kg 
DM). Intake was recorded using automatic feeding 
stations (Gallagher Animal Management Systems, 
Hamilton New Zealand). On days 28 to 32, methane 
emissions were measured using the SF

6
 technique 

of (Deighton et al. 2014) and milk yields were 
recorded using in-line milk meters (MM25, DeLaval 
International, Tumba, Sweden). Milk composition 
was determined by a mid-infrared analyser (model 
2000, Bentley Instruments, Chaska, MN, USA) in 
milk collected on days 28, 30 and 32. Ruminal fluid 
for determination of volatile fatty acids was collected 
on one occasion, 2 hours post morning feeding, in 
the week prior to methane measurements. Previous 
experience has shown this to be the time of day when 
differences in pH are maximum. A 4 mL aliquot of 
ruminal fluid was dispensed into a tube containing 
two drops of concentrated H

2
SO

4
 and stored at 20°C 

until subsequent analysis. Concentrations of VFA 
were determined by capillary gas chromatography 
using the method of Supelco, Bulletin no.749D 
(Supelco 1975). Only those cows (n=92) with 4 or 5 
days of methane emission measurements were used 
in this analysis. Pearson correlation coefficients were 
calculated using Microsoft Excel 2010.

RESULTS

There was a wide range in methane yield (10.6 
to 21.4 g/kg DMI) and methane intensity (9.6 to 
21.1 g/kg milk). Milk fat concentration showed a 
weak positive correlation with methane yield (slope 
= 0.067 g fat/g CH4; r = 0.281; Figure 1a) and a 
strong positive correlation with methane intensity 
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(slope 0.111 g fat/g CH4; r = 0.617; Figure 1b). Milk 
protein concentration had a medium correlation with 
methane intensity (slope = 0.030 g protein/g CH4; r 
= 0.375). There was a medium negative correlation 
between milk yield and milk fat concentration (r = 
-0.488).

 

Figure 1: Milk fat concentration showed a) a weak 
correlation with methane yield, and b) a strong 
correlation with methane intensity.

The ratio of acetate to propionate in ruminal fluid 
had a medium positive correlation with both methane 
yield (r = 0.470) and intensity (r = 0.419), and a weak 
positive correlation with milk fat concentration (r = 
0.159). Concentration of acetate was only weakly 
positively correlated with milk fat concentration (r 
= 0.132). 

DISCUSSION

The concentration of fat in milk may be reduced 
if cows are selected for low methane yield or intensity. 
The wide range in methane yield suggests that there 
is the potential to select cows for low methane 
emissions. However, the positive correlations 
between milk fat concentration and methane yield 
and intensity suggest that selecting cows for low 
methane yield or intensity could result in cows with 
lower milk fat and protein concentrations. A positive 
association between milk fat concentration and 
methane yield is also evident in previously reported 
data for dairy cows (Patel et al. 2011, Brask et al. 
2013) and goats (Abecia et al. 2012). This indicates 
the association between milk fat concentration and 
methane yield is intrinsic to dairy animals in general 

and not just a peculiarity of the animals used in the 
current research.

Proportions of volatile fatty acids in the rumen 
appear to be the link between milk fat concentration 
and methane yield. Milk fat concentration has been 
reported to be positively associated with the ratio of 
acetate to propionate and the ratio of acetate plus 
butyrate to propionate  (e.g.: Jorgensen et al. 1965, 
Sutton et al. 1986, Khorasani and Kennelly 2001). 
Methane emission has been positively associated 
with the acetate to propionate ratio in the rumen 
(Sauvant et al. 2011). These relationships support our 
observation of milk fat concentration being reduced 
if methane yield is reduced.

The observations, in the current research, of a 
positive association between milk fat concentration 
and both methane yield and intensity highlight the 
potential for undesirable consequences if a single trait 
is used for the selection of cows. The disadvantage of 
using single-trait selection has also been highlighted 
by (Gonzalez-Recio et al. 2014) who suggested 
that the most logical approach is to use ‘a multi-
trait selection process, such as the [Australian Profit 
Ranking]’. This suggests that if methane yield or 
intensity are to be used as a selection trait then it 
should be as part of a multi-trait process.

CONCLUSION

There appears to be potential to genetically select 
dairy cows to be ‘low methane’ animals. However, 
the economic consequences from a reduction in the 
yield of milk components may need to be carefully 
balanced against the environmental benefits.
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Accelerating the adoption of good environmental practice on dairy farms in the Upper  
Waikato catchment
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DairyNZ

ABSTRACT

The Upper Waikato Sustainable Milk Project is the largest environmental good-practice catchment project 
ever undertaken by the New Zealand dairy industry.  Co-funded by the Waikato River Authority, Primary Growth 
Partnership and DairyNZ, the project aims to accelerate the adoption of good environmental practice on farm 
to ultimately improve the health of the Waikato River.  Over a three-year period from June 2012, all 700 dairy 
farms in the Upper Waikato Catchment are being offered one-on-one advice and support via the development 
of a farm-specific DairyNZ Sustainable Milk Plan (SMP). The SMP process involves consultants working with 
farmers individually to assess the current status of their farming system and identify risks in the key areas of 
nutrient, effluent, waterways and land management, as well as water use efficiency. An action plan is developed 
and follow-up support is provided by the consultant during implementation. 

All individual actions implemented are being documented to enable estimation of potential changes in nitrogen 
(N), phosphorus (P), sediment and E. coli losses off-farm before and after plan implementation. Preliminary results 
indicate an average 8% reduction in N and 16% reduction in P across the first 436 farms analysed. The project is on 
track to improve the health of the Waikato River through the collective actions of all 700 dairy farms in the catchment.

INTRODUCTION

The Upper Waikato Sustainable Milk Project is 
the largest environmental good-practice catchment 
project ever undertaken by the New Zealand dairy 
industry. The primary aim of the project is to 
support on-farm changes that will enhance water 
quality and ecosystem health in the Waikato River 
and demonstrate to policy-makers and the wider 
community the collective commitment of farmers 
to sustainable dairying in the catchment. The Vision 
and Strategy for the Waikato River (WRA, 2013) 
has been a key influencing factor in the progress of 
the project. This paper provides an overview of the 
project and a summary of preliminary results.

METHODS AND APPROACH

This project is focused on the Upper Waikato 
Catchment which covers an area of 465,871 hectares 
from Huka Falls to the Lake Karapiro dam (Figure 
1). The project is overseen by a steering group 
comprised of key stakeholders in the catchment. 
Overall water quality in the upper catchment is 
generally excellent or satisfactory at most of the 
sites monitored. It is however, acknowledged that 
there has been a declining trend for certain water 
chemistry parameters measured at some locations 
(Vant, 2013).

Figure 1: Location of the Upper Waikato Catchment and the 700 dairy farms. The 24 individual sub-
catchments are shown in various shades of brown. 
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Sustainable Milk Plan Process
Over a three-year period from June 2012, all 

700 dairy farms in the Upper Waikato Catchment 
are being offered one-on-one advice and support via 
the development of a farm-specific Sustainable Milk 
Plan (SMP). The SMP enables farmers to prioritise 
their existing and proposed activities into one, simple 
document. A key characteristic of the SMP is that 
it contains the farmers’ own agreed actions and a 
timeline for implementation. 

The SMP process is focused on five main 
management target areas; nutrient, effluent, land, 
and waterways management, as well as water use 
efficiency. Objectives for each management area 
were developed through the steering group and 
wider stakeholder discussions. The objectives focus 
on what would be effective in reducing contaminant 
loads in the river. 

After an initial on-farm assessment the 
consultant provides the farmers with on-going 
advice and support over 6-8 months. The final call 
visit evaluates and records completed or additional 
actions and provides feedback on the SMP process.

Action analysis
To date over 650 farmers have agreed to take 

part in the SMP process and 570 have had plans 
delivered.  A total of 3610 individual on-farm 
actions were recorded for the first 436 farms plans 
analysed to date. This reflects 8.3 actions per farm 
distributed across the five management target 
areas. Individual actions and achievements were 
classified into the five target areas, 40 categories 
and 143 sub-categories. Categories were chosen 
to broadly reflect various stages of planning 
and development, infrastructure investment, 

implementation, operational management and 
training, and education. 

Potential reductions in nutrient loading 
following the assumed successful implementation of 
all recorded on-farm actions were estimated for the 
first 436 farm plans. For each farm, the percentage 
reduction in N and P loading was estimated based 
on the likely effectiveness of each recorded action 
category with a direct impact on nutrient loading 
and the initial farm nutrient losses derived using the 
Overseer farm nutrient model. The estimates for N 
and P reductions came from previously published 
information.

Further analysis of the sub-categories, 
including the use of catchment modelling tools, 
will be undertaken to demonstrate the collective 
success of on-farm mitigation measures, evaluate 
beneficial impacts this has on Waikato River 
water quality and ecological health and provide 
valuable information to underpin future policy 
development. 

RESULTS AND TRENDS TO DATE

Action analysis
The majority of all the actions are focused on 

nutrient management (30%) followed by effluent 
management (24%) and water use management 
(22%). Waterways, and land management represent 
12% of all recorded actions each. 

While waterways had a lower total number of 
individual actions than the other target management 
areas, two of the top six subcategories that farmers have 
agreed to on their SMPs relate to waterways (Table 1).

Table 1: Summary of the top six (of 143) action subcategories expressed as a percentage of the total number 
of farms

Management 
Area

Category Subcategory % of 
farms

Nutrients Nutrient budgets and 
understanding

Utilise nutrient budget and scenarios to understand nutrient 
loss drivers,  optimal nutrient requirements, efficiency rates 
and strategies to manage nutrient losses

23%

Waterways Fencing and riparian Fence off waterways according to the Sustainable Dairying 
Water Accord

22%

Nutrients Nutrient budgets and 
understanding

Update whole-farm nutrient budget to Overseer V6 21%

Water use Investigate water use 
efficiency options

Investigate efficiency options (Smart water use booklet, 
leak detector, reduce wash-down water, water savings)

21%

Water use Consents Complete/ Apply/ Submit/ consent 19%

Waterways Fencing and riparian Carry out/re-establish Riparian planting 19%
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Quantification of potential nutrient load reductions
Preliminary results suggest that mean reductions 

in farm nutrient losses across all farms are 8% for 
N and 16% for P. Potential N load reductions on 
individual farms range from 1 to 50% where actions 
targeting N are being implemented (Figure 2). Actions 
around wintering strategies and improved feed 
management had large impacts on reducing nitrogen 
losses on some farms (>30 % farm N reduction) 
but these strategies are being implemented only on 
a small number of farms overall. Reductions in P 
loading ranged from 1 to 63 % across all farms with 
actions targeting P. The largest reductions (>50% P 
reduction) are associated with riparian management 
plus management of critical source areas, stock 
exclusion and dairy effluent-nutrient application.

Figure 2: Estimated % reductions in farm N 
and P losses following the assumed successful 
implementation of actions in SMPs. Analysis is 
based on the first 436 farms in the SMP process. 
No change represents farms with actions which 
did not have a direct impact on N or P load 
reduction, although will have indirect benefits for 
improvement in environmental performance. 

SUMMARY

The protection and restoration of the Waikato 
River is an inter-generational undertaking (WRA 
2013), but every landowner in the catchment has 
the potential to reduce sediment, nutrient and faecal 
loads to the river right now. The extent to which 
these loads need to be reduced to meet freshwater 
objectives is currently unknown. However, achieving 
good practice on farm, or in town, does not need to 
wait for regulation. With some guidance on what 
good practice looks like, and support to implement 
appropriate changes, there is potential for significant 
gains to be made in river water quality.

To date the project has delivered Sustainable Milk 
Plans to 570 Upper Waikato catchment farms with an 
additional 80 farms agreeing to take part in the process 
to date. There are a number of very positive signals 
coming from our preliminary analysis of actions. 
Farmers are committing to increased understanding of 
the environmental effects of their farming activities, 
at the same time as setting out specific actions for 
improving performance. This indicates the project is 
on-track to achieving its stated measures of success. 
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ABSTRACT

The first 3 years of physical, economic and environmental data from a 5 year demonstration on farmlets 
in Waikato, New Zealand are reported.  Two farmlets are being compared to evaluate if high milk production 
(1100-1300 kg milksolids/ha) and high operating profit can be maintained while reducing nitrate leaching by 
50%.  The two farmlets are (a) a system typical of the Waikato region (‘Current’) stocked at 3.2 cows/ha and (b) 
a system stocked at 2.6 cows/ha (‘Future’), focusing on higher per cow production, lower N fertiliser usage and 
removing cows from pasture during critical N leaching periods.

Average milksolids production from the first three years of the ‘Future’ farmlet was 1158 kg/ha, 28 kg less 
than the ‘Current’ farmlet (1186 kg/ha).  A preliminary estimate of Operating profit for the ‘Future’ farmlet was 
$4080/ha, which is about 5% less profitable than the ‘Current’ farmlet, based on a milk price of $7.40/kg MS 
and operating expenses relevant to the 2011-12 financial year.  Analysis of the winter drainage demonstrated 
a significant farmlet effect (P<0.01) on NO

3
-N (nitrate) leaching, with a decrease of 56% and 43% in nitrate 

leached for the ’Future‘ compared with the ‘Current‘ farmlet, during the 2012 and 2013 winters, respectively.

Keywords: milksolids, dairy, nitrogen, profit, leaching,

INTRODUCTION

Nitrogen (N) is a pressing water quality issue in 
dairy catchments because N can readily leach below 
the root zone of pasture into receiving waters on 
most soil types.  To sustain industry growth, future 
farm systems must increase productivity while at 
least holding or, preferably, reducing total N leaching 
loads.

The key point of focus for controlling N losses 
from New Zealand dairy systems is N cycling via 
the grazing animal.  Dairy cows excrete 75 - 90% of 
N ingested in urine (Oenema et al. 2005), creating 
‘patches’ with high N loadings (Haynes and Williams, 
1993).  These loads are well in excess of the N uptake 
capacity of the pasture (Cameron et al. 2013) and can 
be readily leached below the root zone by drainage 
water.  Pre-experimental modelling (Burggraaf et 
al. 2011) predicted that production and farm profits 
could be increased and nitrate leaching decreased 
in Waikato dairy systems by using a combination 
of higher genetic merit cows stocked at a lower 
rate with reduced N fertiliser inputs, a reduced 
crude protein intake, and taking cows off-paddock 
at critical times in the autumn/winter.  Strategies 
for controlling this loss pathway include: lowering 
stocking rate to reduce urine N patch deposition by 
the milking herd and all replacement animals (lower 
stocking rate = lower replacement animal numbers); 
removing animals from pasture at times when the 
risk of N leaching from freshly deposited urine is 

highest; reducing N fertiliser inputs; using animals 
of very high genetic merit (Breeding Worth, BW), 
which partition a higher proportion of surplus N to 
milk instead of urine, compared with cows of lower 
genetic merit (Woodward et al. 2011).  Many of these 
strategies have implications for the management 
of key interactions between pastures and grazing 
animals that drive production efficiency and costs 
of production so the objective of the work was to 
determine if the output of a model simulation could 
be demonstrated.

MATERIALS AND METHODS

Two farmlets were established at Scott farm, 
Hamilton, NZ in June 2011. One farmlet represents 
a current Waikato farm system (‘Current’), while 
the other employs technologies that might be 
required in future farm systems (‘Future’) to reduce 
nitrate leaching.  Each farmlet comprises 26 x 0.5 
ha paddocks (13 ha), spread over the farm in a 
checkerboard fashion and paired to account for 
variability in soil-type across the farm.  Pastures on 
each farmlet are mostly perennial ryegrass (AR37 
endophyte)/white clover base (20 paddocks), with 
some Advance Tall fescue (MaxP endophyte) (6 
paddocks).

The details of each farmlet are presented in 
Table 1.  Compared with the ‘Current’ farmlet, the 
‘Future’ farmlet has:
• a herd with a higher breeding worth (BW) and 

production worth (PW) cows,
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• a lower replacement rate and N fertiliser input 
(Table 1).

• The ‘Future’ farmlet cows can be offered up to 3 
kg DM/cow/day of grain to improve the energy 
intake when pasture growth or pasture quality is 
low.

• Cows are removed from pasture to a wood chip 
loafing pad (stand-off) for between 8 and 16 
hours daily from March until June to reduce N 
returns to pasture during the critical N leaching 
period and to protect pastures.  In contrast, the 
cows in the ‘Current’ farmlet were only removed 
from pasture in wet conditions.

Grazing management decision rules were 
similar across farmlets, with the exception of inter-
grazing interval, which was managed to optimise 
each individual treatment, and are outlined in detail 
by Macdonald and Penno (1998).  Cows were 
rotationally grazed similar to the method described 
by Roche et al. (2007) and had access to a fresh 
allocation of pasture when pasture residuals were at 
the desired level (1500-1800 kg DM/ha).

Grazing management was determined by 
weekly monitoring of farm pasture cover.  The total 
farmlet area was available for grazing for the entire 
year. However, pasture surplus to requirements was 
conserved as silage when growth rates exceeded cow 
requirements (primarily October and November).  
Silage bales from each farmlet were kept separately 
for use on the respective farmlet.

Pasture herbage mass was estimated by 
calibrated visual assessment of each paddock from 
a weekly farm walk similar to the method described 
by (O’Donovan et al. 2002).  The net herbage 
accumulation was calculated weekly from the 
increase in herbage mass on ungrazed paddocks.

Nitrogen was applied on the ‘Current’ farmlet in 
late winter, early spring, early summer and autumn 
and on the ‘Future’ farmlet in late winter and autumn 
(late winter and early summer in year 1).

Ten porous ceramic cup samplers (Webster 
et al. 1993) were installed in each paddock, to a 
vertical depth of 60 cm, at an angle of 45 degrees.  
Soil solution was collected about every 60 mm of 
drainage. Samples were analysed for ammonium-N 
(NH

4
-N) and NO

3
-N using a segmented flow auto 

analyser (Skalar San++ System).  Load of leached 
N was estimated from measured soil solution 
concentrations and drainage volumes (Lord & 
Shepherd, 1993) derived from a soil water balance 
model (Woodward et al. 2001).

A calculator developed at DairyNZ for 
determining operating profit for research farmlet 
trials was used. This involved scaling the farmlets up 

to 100 ha farms, a more representative farm size for 
the region, as many farm costs are related to farm/
herd size (e.g. labour).  Where physical outputs and 
inputs were known, these were used in the calculation. 
Where the inputs could not be determined separately 
for each farmlet, average values were used based on 
information for the Waikato region from DairyBase 
(2014).

RESULTS

The data are presented in Table 1.  Milksolids 
production/cow was greater on the ‘Future’ farmlet 
compared with the ‘Current’ farmlet (442 kg v 367 
kg); however, milksolids production per hectare was 
lower (-28 kg MS/ha).

Over the 3 seasons, a similar amount of silage 
per ha was harvested from each farmlet; this is 30% 
more silage DM/cow for the ‘Future’ farmlet.  On 
average 1.6 t DM/ha/yr (9%) less pasture was grown 
on the ‘Future’ farmlet compared with the ‘Current’ 
farmlet.

The operating profit for the ‘Current’ farmlet 
was $227/ha greater than that for the ‘Future’ farmlet. 

Modelled drainage was 428 mm May-September 
2012 and 375 mm May-October 2013.  Porous cups 
were sampled 7-8 times each winter. Drainage 
NO

3
-N concentrations from individual porous cups 

were spatially highly skewed in both farmlets; 
this non-normal distribution is typical of grazed 
paddocks (Cuttle et al. 1992).  There was a significant 
difference in NO

3
-N leaching for the two treatments 

in both winters (P<0.01 after log transformation for 
analysis of variance).  In winter 2012, estimated 
losses were (untransformed means): 22 and 50 kg N/
ha and in winter 2013, 38 and 67 kg N/ha for ‘Future’ 
and ‘Current’ farmlets, respectively.

DISCUSSION AND CONCLUSION

Rainfall was evenly distributed throughout the 
year in year 1; but in years 2 & 3, summer rainfall 
(Jan-Mar) was 20% of the long term average.  
This meant that to maintain cows milking, extra 
supplements were purchased for both farmlets.  The 
reduction in feed supply in summer reduced days in 
milk in the last 2 years, by 32 and 26 days per cow 
for the ‘Current’ and ‘Future’ farmlets, respectively, 
compared with the first year.

Despite similar milksolids production/ha being 
achieved by fewer cows on the ‘Future’ farmlet, 
the profitability of the farmlet was lower than that 
of the ‘Current’ farmlet.  The main reason for this 
was the need to construct and maintain a stand-off 
facility for the ‘Future’ farm to be able to routinely 
stand cows off to reduce N leaching.  This stand-
off pad attracted an annual cost to the farmlet of 
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$202/ha, made up of an annual maintenance cost 
of $130/ha and an annual depreciation cost of $72/
ha.  In addition, the average operating profit was 
reduced by $70/ha by the cost of using nitrification 
inhibitors (DCD) in the winter of 2012.  Subsequent 
to this, DCD was removed from the market.

In each of the 3 years, pasture growth was 
lower on the ‘Future’ farmlet (average ~ 1.6 t DM/
ha/yr) than on the ‘Current’ farmlet.  The use of a 
lower level of N (91 kg N/ha/yr lower) is probably 
the main contributor to the lower pasture grown on 
the ‘Future’ farmlet.

DM intake was less on a per hectare basis 
(Table 1) for the ‘Future’ farmlet, which could 
have resulted in less excretal output.  However, 
removing cows from pasture for periods in 
autumn/winter would also have decreased the 
amount of urine directly voided onto the paddocks 
and decreased N leaching (Monaghan et al. 2007).  
The next step is therefore to understand further the 
relative roles of diet and stand-off in decreasing 
N leaching in the ‘Future’ farmlet.  The pre-
experimental modelling indicated that both had a 
role in decreasing losses.

There were also differences in leaching 
between the two years.  NO

3-
N loss was greater in 

winter 2013 following a dry summer, even though 
there was less drainage in that winter.  Rewetting 
soils after a drought causes a mineralisation flush 
(Ford et al. 2007) which could contribute mineral 
N to leaching.  Drought would also limit uptake of 
N from urine patches during the summer, which 
could possibly also exacerbate N leaching.  Despite 
these differences between years, the ‘Future’ 
system was still effective in decreasing losses.

We can conclude that by using a combination 
of approaches to reduce NO

3-
N leaching (lower 

N inputs, stand-off pad, higher BW cows) 
NO

3-
N leaching was reduce by 40-50% on the 

‘Future’ farmlet over the two winters that have 
been measured.  These results are similar to pre-
experimental modelling predictions.  The results 
have been achieved in controlled farmlets and 
there is now a need to ensure that the ‘Future’ 
system can be applied at a commercial farm level.  
Furthermore, there is a need to determine the 
relative contributions from reduced N usage and 
the stand-off pad in reducing N leaching.
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Table 1: Physical, pasture, milksolids production 
data, operating profit and N leached for the Waikato 
P21 farmlets (average for 3 years).

Farmlet ‘Current’ ‘Future’

Farmlet details

Stocking rate (cows/ha) 3.2 2.6

Cow genetic merit (BW/PW) 129/162 199/348

Use of stand-off pad No Yes

Replacement rate (%) 22 18

N Fertiliser applied (kg/ha) 137 46

Feed

Pasture growth (t DM/ha/yr) 16.9 15.3

Pasture consumed (t DM/ha/yr) 14.3 13.0

Supplement fed (t DM/ha/y) 2.2 2.1

Grain fed (t DM/cow/yr) 0 0.27

Maize silage purchased (t DM/
cow/yr)

0.13 0.06

Pasture silage (t DM/cow/yr) 0.54 0.47

Total intake (t DM/cow/yr) 5.1 5.8

Pasture utilisation (%) 85 85

Production and economics

Milksolids production (kg/cow) 367 442

Milksolids production (kg/ha) 1186 1158

Days in milk 239 260

Operating profit ($/ha) 4310 4083

N leached (2 yr data -kg N-NO
3
/

ha/yr)
59 30
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Use of optical sensor technology to reduce nitrogen fertiliser inputs on dairy farms 
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ABSTRACT

Nitrogen (N) is one of the most widely applied nutrients to dairy pasture in Australia and New Zealand, 
with an average annual application of around 230 kg N/ha/year.  Dairy cattle generally excrete 75 to 80% of 
the N they consume, with the N loading within a urine patch potentially reaching 1000 kg N/ha. The annual 
mean urine patch coverage is estimated to be approximately 20-25% of the area of an intensively managed 
dairy pasture. Urine deposition zones are often visible due to the more intense greenness and increased biomass 
of these zones. The grass colour and biomass differential provides an opportunity for optical sensors to detect 
these N rich zones. Smart-N technology, developed by Mackenzie Research Group in New Zealand, uses optical 
sensors (WeedSeeker®) to detect N rich zones in order to avoid application of liquid N to these areas. This study 
explored the use of the Smart-N technology on four commercial dairy farms in Tasmania. On each farm six plots 
of between 0.25 and 1.0 ha each were selected, giving three replicates of each treatment.  Treatments included 
liquid urea-ammonium nitrate (UAN) fertilizer applied using the Smart-N technology (SN) and UAN applied 
without the Smart-N technology (control). Repeated applications (between 2 and 6) occurred at each site. 
Averaged across all sites and applications, the mean N application rate for the control treatment was 21.2 ± 0.6 
kg N/ha which was significantly (P < 0.05) higher than the SN treatment, 12.9 ± 0.8 kg N/ha. Averaged across 
all sites the mean average pasture growth rate was 33.2 ± 2.4 kg DM/ha/day for the control treatment and 34.4 ± 
2.5 kg DM/ha/day for the SN treatment, which did not significantly (P > 0.05) differ from each other. This study 
has indicated that significant N fertiliser savings are possible through the adoption of the Smart-N technology 
without compromising pasture growth rate, although further work is required to validate these findings. For the 
average Tasmanian farm, it is estimated that the Smart-N technology has the potential to save approximately 8 t 
of N per annum. This equates to a potential greenhouse gas abatement of approximately 50 t CO

2
-e. Assuming 

that the adoption of the Smart-N technology satisfied the requirements as a Carbon Farming Initiative method 
and at a carbon price of $23 per t CO

2
-e, the potential CFI income is $1,150. 

Keywords: Nitrogen fertiliser, optical sensors, nitrous oxide, dairy pastures. 

INTRODUCTION

Approximately 10% of all greenhouse gas 
emissions from Tasmanian pasture-based dairy farms 
are nitrous oxide (N

2
O) emissions associated with urine 

and dung deposition (Christie et al. 2011).  Fertilising 
pastures leads to even greater levels of N being present 
which increases the risk of N loss as N

2
O (Lou et al. 

2007), a potent greenhouse gas.  Smart-N technology 
comprises an optical sensor technology that makes 
possible the measurement, in real time, of pasture’s 
N levels. The technology adjusts the application rate 
of liquid N fertiliser to pasture to avoid N rich zones. 
Research in New Zealand has found up to 23% of the 
area of an intensively grazed dairy pasture is covered by 
urine deposition on an annual basis (Moir et al. 2011). 
The adoption of Smart-N technology has the potential 
to reduce N fertiliser usage by avoiding applications 
of N fertiliser to zones already high in available N.  
Potentially this would result in a lowering of direct and 
indirect N

2
O emissions, and most likely have no adverse 

effect on pasture production. The Smart-N technology 
works by detecting differences in normalised difference 
vegetation index (NDVI) between high N (urine patches) 

and low N zones.  When the NDVI reading is above the 
calibrated NDVI it switches off the corresponding spray 
nozzles to prevent the application of fertiliser N to these 
N rich zones.  

MATERIALS AND METHODS

Four dairy farms were selected to trial the 
Smart-N technology in Tasmania (Table 1). On each 
farm N was applied with (SN) or without (control) the 
Smart-N technology. Each site consisted of an irrigated 
perennial ryegrass pasture. Six plots of between 0.25 
and 1 ha were selected, giving 3 replicates of each 
treatment on each farm. To date there have been a 
total of 3, 6, 2 and 3 applications at the Ouse, Railton, 
Ringarooma and Yolla sites, respectively.  Dates of 
application are shown in Table 1. 

A spray unit was set up with a 6 m boom and 12 
WeedSeeker® sensors spaced 0.5 m apart. The boom 
was adjusted to a height of 0.75 m from the ground.  The 
spraying was done at a constant speed of approximately 
16 km/hr.  The spray nozzles were set back 0.25 m from 
the sensor.  To calibrate the sensors, at each site and for 
each application, a hand-held GreenSeeker® (an active 
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optical sensor that provides an NDVI value based on 
the amount of red and near infa-red light emitted and 
reflected back to the sensor) was used to determine the 
NDVI reading of the background pasture and the urine 
patches in the paddock.  The boom was then calibrated 
using a material with a known NDVI reading placed 
beneath the sensors and the calibration setting was 
adjusted to a reading close to the lowest detected urine 
patch NDVI reading.

The N source for the trial was urea ammonium 
nitrogen (UAN), containing 42.5% nitrogen w/v.  
The target application rate for the control treatment 
was 20 kg N/ha at each application for all sites except 
Ouse where the target rate was 30 kg N/ha.  The N 
was applied at a volume rate of 100 L/ha. Typically 
N was applied shortly after grazing (this depended 
on the length of the grazing round but was typically 
about 10-15 days after grazing), with at least 10 days 
between N application and the next grazing event. 
For each N application, the quantity of N applied was 
determined with a flow meter linked to a Trimble® 
CFX 750 ™ GPS control unit using RangePoint™ 
RTX™ correction.  The application speed was also 
determined using the Trimble® GPS unit. Pasture 

growth was measured at each site using a calibrated 
rising plate meter. Urine patches were included in the 
measurement of pasture growth.  A minimum of 100 
readings were collected for each treatment plot (6 
treatment plots at each site) following a ‘W’ transect.  
An assessment occurred immediately after applying 
N to the pasture (post N) and again just prior to the 
pasture being grazed (pre grazing).  

For each site the pasture growth rate and N 
application data was pooled and the study was 
analysed as a two way factorial ANOVA (treatment x 
site with replication) using IBM SPSS Statistics for 
Windows, Version 22.0.0 (Armonk, NY: IBM Corp). 

RESULTS

Averaged across all sites and applications, the 
mean N application rate for the control treatment was 
21.2 ± 0.6 kg N/ha which was higher (P<0.05) than the 
SN treatment, 12.9 ± 0.8 kg N/ha (Figure 1). Averaged 
across all sites the mean pasture growth rate was 33.2 ± 
2.4 kg DM/ha.day for the control treatment and 34.4 ± 
2.5 kg DM/ha.day for the SN treatment, which were not 
significantly different (P>0.05) to each other (Figure 1).  

Table 1: Sites selected for testing the Smart-N technology in Tasmania

Site Location Application Dates

Ouse Southern Tasmania 03/06/13 (1), 10/01/14 (2), 17/02/14 (3),

Railton North West Tasmania 13/03/13 (1), 04/04/13 (2), 19/06/13 (3), 14/01/14 (4),  
03/02/14 (5), 24/03/14 (6),

Ringarooma North East Tasmania 11/02/14 (1), 18/03/14 (2), 

Yolla North West Tasmania 10/12/13 (1), 30/02/14 (2), 25/03/14 (3),

Figure 1: The mean N application rate (kg N/ha) with Smart-N (SN, open bars) and without SN (control, shaded 
bars) and the mean measured growth rate (kg DM/ha.day) for the control (open triangles) and SN (shaded 
triangles) treatments for each of the four sites for each application. Standard error of means shown as error bars. 
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DISCUSSION AND CONCLUSION

Correct calibration of the Smart-N boom is 
essential for optimising the application of N. The 
results from these trials indicate that when the 
calibrated NDVI reading is set close to the lowest 
NDVI reading from the urine patches, detection 
and avoidance of the patches is achieved without 
compromising pasture DM yields compared 
with blanket applications of N. Urine patches in 
intensively grazed dairy pastures can make up 
approximately 25% of the paddock on an annual 
basis (Moir et al. 2011) which is similar to the 
reduction in N being achieved with the Smart-N 
technology. One of the challenges however, 
is that the average NDVI readings of both the 
background and urine patches can vary within and 
between paddocks on some sites, necessitating 
the adjustment of the calibration setting during 
application.  This is particularly the case where 
there are large differences in topography or soil 
types within and between paddocks. Using the 
Smart-N technology with wet pastures can also be 
a problem due to the moisture affecting the NDVI 
readings (Lamb, pers. Comm.). Further testing is 
required over extended periods of application and 
seasons to validate these results and determine the 
long term impact on soil fertility.  Development of 
an automated calibration system that adjusts in real 
time would be useful for commercial application 
of this technology for highly variable sites.

According to 2012/13 Tasmanian Dairy 
Business of the Year figures the average Tasmanian 
dairy farm uses 26.4 t of N per farm per annum. 
The results to date have indicated that Smart-N 
technology has the potential to reduce the N 
fertiliser application rate by 30 to 40%. Assuming 
a 30% reduction, with no negative influence 
on pasture productivity, this would equate to 
an average saving of approximately 8t of N per 
annum. This has an approximate value of $10,000.  
In addition, the N

2
O emissions associated with 

1t of N fertiliser is 4.2t CO
2
-e (DCCEE, 2011), 

which is made up of both the direct (direct N
2
O 

emission associated with N fertiliser application) 
and the indirect (N

2
O emissions associated with 

leaching, runoff and volatilisation) emissions 
(DCCEE, 2011).  There are also the embedded 
emissions associated with production of the N 
fertiliser product and its transportation. Although 
this can vary, reported embedded emissions factors 

for UAN range between 2.0 (Kongshaug, 1998) 
and 3.7 t CO

2
-e per t N (Kuesters and Jenssen, 

1998). For the average Tasmanian farm, where 
it is estimated that the Smart-N technology has 
the potential to save 8 t of N per annum, then 
the potential abatement is approximately 50 t 
CO

2
-e. Assuming that the adoption of the Smart-N 

technology satisfied the requirements as a Carbon 
Farming Initiative method and with a carbon price 
of $23 per t CO

2
-e, the potential CFI income is 

$1,150. 
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ABSTRACT

The two aims of this study include 1) to investigate the effect of changing pasture quality through 
manipulating pre- and post-grazing sward height (SH), without changing the dry matter intake (DMI); on milk 
production and nitrogen use efficiency (milk nitrogen/nitrogen intake; NUE) 2) to investigate the use of N 
isotopic fractionation (∆15N; tissue 15N - feed 15N) as a predictor for NUE and nitrogen intake (NI) under a low 
N intake system. A 21 days trial was conducted with sixteen mid-lactation cows in blocks balanced for days in 
milk (105 ± 10 days) and live weight (430.0 ± 50.67 kg) and allocated into high (H) and low (L) SH treatments. 
The H grazed from compressed height of 10.3 cm to 4.2 cm and the L grazed from compressed height 7.4 cm 
to 2.7 cm. Pasture quality, milk production and composition were measured. Plasma was analysed for  15N 
together with pasture and milk samples. Cow intake was estimated using back calculations based on energy 
output. Nitrogen intake and NUE were lower and higher in L than H, respectively. No difference was detected 
for milk production between two treatments. There were negative relationships between plasma ∆15N and NI, 
and between milk ∆15N and NI; and positive relationships between plasma ∆15N and NUE, and between milk 
∆15N and NUE. Milk urea N was negatively and positively correlated with NUE and NI, respectively. This study 
showed that pasture quality can change NUE without changing milk production, and ∆15N can be used to predict 
NUE and NI in cows offered with pasture containing low N.

Keywords: Pasture allowance; milk production; nitrogen utilisation; sustainability; urea nitrogen. 

INTRODUCTION

Dry matter intake (DMI) is one of the main 
determinants for milk production of dairy cows. 
Changing grazing sward height (SH) may change DMI, 
milk production and nitrogen utilisation (Lee et al. 
2008). Previous work used either pre- or post-grazing 
SH to manipulate nitrogen use efficiency (NUE; g 
milk N/g N intake) and milk production (Wales et al. 
1999, Lee et al. 2008). However, in these trials, animal 
response has been confounded by changes in both DMI 
and feed quality. Therefore, studies need to be designed 
to separate the effect of DMI and feed quality on milk 
production and NUE. In grazing systems, N intake (NI) 
and NUE are difficult to measure. Although milk urea 
N (MUN) and plasma urea N (PUN) concentrations 
have been used to predict NI and NUE (Broderick and 
Clayton, 1997), several studies have reported variations 
in prediction (Schepers and Meijer, 1998). Reynolds 
and Kristensen (2008) suggested that urea N excretion 
as a proportion of urea recycling reaches a plateau when 
dietary N exceeds 3.2 % of DM, reducing the sensitivity 
of using urea N to predict NUE in high dietary N 
system beyond this N concentration.  An alternative 
approach, based on N isotopic fractionation (∆15N; 
tissue 15N - feed 15N), has been used to indicate NUE 
of cows fed N exceeding their requirement (Cheng et 
al. 2013). However, limited information is available 
regarding the use of ∆15N to indicate NUE or NI under 

low N feeding system. Therefore, the objective of the 
study was to investigate the effect of changing pasture 
quality through manipulating pre- and post-grazing SH, 
without changing DMI; on milk production and NUE 
and also to investigate the use of ∆15N as a predictor for 
NUE and NI under a low N feeding system.

MATERIALS AND METHODS

The study was undertaken at the Lincoln 
University Research Dairy Farm, Canterbury, New 
Zealand under the approval of Lincoln University 
Animal Ethics Committee (approval no. 482). 
The study was part of a larger project examining 
the effect of SH on milk production (Bryant et al. 
2013). In October 2012, a 21-d trial was conducted, 
consisting of a 14-d acclimation period and a 7-d 
measurement period. Sixteen mid-lactation cows in 
blocks balanced for days in milk (105 ± 10 days) 
and live weight (430.0 ± 50.67 kg) were allocated 
to high (H) and low (L) SH treatments. The H 
grazed from compressed height 10.3 cm to 4.2 cm 
and the L grazed from compressed height 7.4 cm 
to 2.7 cm (measured by an electronic rising plate 
meter; Jenquip, Fielding, NZ). Back calculation 
based on milk energy output and live weight was 
used to estimate DMI from each cow as described 
in (Wheadon et al. 2011). Pasture allocation and 
herbage composition and metabolisable energy (ME) 
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concentration is described by (Bryant et al. 2013). 
Pasture samples were collected daily during the 
measurement period. Cows were milked twice a day 
at 0700 and 1500 h. Milk yield was measured daily 
with an automated DeLaval Allpro Herd Management 
System. Morning and afternoon milk samples were 
collected twice during the measurement period 
and analysed for composition. Blood samples were 
collected per cow twice after the afternoon milking, 
and plasma was harvested by centrifugation at 1200 
g for 15 minutes. Pasture, plasma and milk 15N were 
analysed, milk and plasma samples were analysed 
for urea N according to (Cheng et al. 2013). The 
GenStat statistical package (version 12) was used for 
general ANOVA and linear regression analysis. Data 
were combined into single mean values for each cow. 
Results were declared to be significant at P < 0.05.

RESULTS

No difference was observed for DMI and ME 
content between H and L (Table1). Nitrogen intake 
was 52% higher in L than H; and NUE was 46% 
higher in H than L. No difference was found between 
H and L for milk production or milk composition.  
Across two treatments the average milk and plasma 
were enriched in 15N by 4.17 and 3.79 ‰ relative 
to their feed; and H had higher ∆15N than L (Table 1). 
There were negative relationships between plasma 
∆15N and NI, and between milk ∆15N and NI. Positive 
relationships between plasma ∆15N and NUE, and 
between milk ∆15N and NUE were observed (Figure 
1). Milk urea N was negatively correlated with NUE 

and positively correlated with NI, but no correlation 
was found between PUN, NUE or NI.

DISCUSSION AND CONCLUSION

There was no difference between H and L 
regarding milk production due to little differences 
in ME intake (Hoogendoorn et al. 1992). The higher 
NI in L than H was largely due to greater herbage 
N concentration in the L treatment. As more N was 
consumed by cows in L than H, this led to a lower 
NUE (Castillo et al. 2001). Pasture on average 
contained 2.4% N in this study, which is less than the 
requirement (i.e. 2.9% N) suggested by Pacheco and 
Waghorn (2008) for lactating cows. The significant 
negative relationships between ∆15N and NI and 
positive relationships between ∆15N and NUE are 
consistent with previous findings when rats were 
offered feed containing lower N than the requirement 
for optimal production (Sick et al. 1997); and it was 
believed that hepatic deamination/transamination 
reactions were responsible for the relationships. 
However, the NUE and NI were better predicted 
by MUN compared with using ∆15N in the current 
study. The poor correlation between PUN, NI and 
NUE was in contrast to previous report (Broderick 
and Clayton, 1997); this may be due to the animal 
variations in PUN that was not captured by the spot 
sample of blood. In conclusion, this study showed 
that the change of milk production was negligible 
when DMI was kept the same. The change of NI and 
NUE through manipulating SH can be predicted by 
∆15N in cows offered with pasture containing low N.

Table 1: Effect of high and low sward height1 on intake, milk production and composition, nitrogen use efficiency 
(milk nitrogen/nitrogen intake), nitrogen biomarkers of dairy cows fed on low N pasture.

Item High Low SED P-value

Feed nitrogen, % (on DM basis) 1.97 2.82 - -

Feed metabolisable energy, MJ/kg DM 12.1 11.7 - -

Nitrogen: metabolisable energy, %/MJ 1.63 2.41 - -

Dry matter intake, kg/d 15.8 16.7 0.91 0.374

Metabolisable energy intake, MJ/d 192 195 10.9 0.756

Nitrogen intake, g/d 312 470 21.1 <0.001

Nitrogen use efficiency, % 37.0 25.7 1.06 <0.001

Milk yield, kg/d 19.6 20.9 1.23 0.303

Milk fat concentration, % 5.60 5.45 0.337 0.652

Milk nitrogen concentration, % 0.59 0.58 0.022 0.709

Plasma urea nitrogen, mmol/L 8.39 8.32 0.697 0.921

Milk urea nitrogen, mmol/L 6.00 8.80 0.326 <0.001

Plasma ∆15N, ‰ 4.45 3.88 0.115 <0.001

Milk ∆15N, ‰ 4.08 3.50 0.150 0.002

1 High: grazed from compressed height 10.3 cm to 4.2 cm; Low: grazed from compressed height 7.4 cm to 2.7 cm
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NI (g/cow/d) = -124.9 x Milk ∆15N (‰) + 871.0 NUE (%) = 11.0 x Milk ∆15N (‰) – 10.4
(n = 15, r² = 0.31, SE = 71.8, P = 0.018) (n = 15, r² = 0.49, SE = 4.51, P = 0.002) 

NI (g/cow/d) = -194.4 x Plasma ∆15N (‰) + 1201.0 NUE (%) = 11.7 x Plasma ∆15N (‰) – 17.4
(n = 16, r² = 0.59, SE = 58.5, P < 0.001)  (n = 16, r² = 0.45, SE = 4.56, P = 0.003)

Figure 1: Relationship between nitrogen intake (NI), nitrogen use efficiency (g milk nitrogen/g nitrogen 
intake; NUE) and nitrogen isotopic fractionation in cows fed on low nitrogen containing pasture (Milk ∆15N,  
; Plasma ∆15N,  ).
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ABSTRACT 

Most irrigated dairy farms in the Murray Dairy region of Australia have an on-farm reuse system. Reuse 
systems are designed to collect irrigation runoff for recirculation into the farm irrigation system, reducing 
irrigation-induced discharge of water and accompanying nutrients off farm. While reuse system installation is 
encouraged to achieve river water quality outcomes, their ongoing operation is not monitored. In this study, reuse 
system operation was monitored on 16 dairy farms for three week periods during the 2013/14 irrigation season. 
Data on water level changes, evaporation and pumping from the reuse systems, as well as rainfall and water 
delivery to the farm were collected. The monitored reuse systems varied considerably in size, configuration 
and their operational objectives. In addition to irrigation runoff capture, systems were often operated to provide 
flexibility, as a temporary water storage and/or mixing facility for waters other than irrigation runoff. During 
monitoring most systems had water depths greater than 0.5 m for 90 to 95% of the time. Storing water with 
elevated nutrients and/or salinity in reuse systems without regularly emptying them may increase the risk of 
discharging nutrient enriched waters to the wider environment. 

Keywords: Border-check irrigation; reuse dams; water use efficiency; water quality

INTRODUCTION

The Murray Dairy region of northern Victoria 
produces 35% of Australia’s total milk production, 
but depends on irrigation for fodder and forage 
production between September and May. Most 
dairy farms in the region possess an on-farm reuse 
system to capture irrigation runoff for recirculation 
within their irrigation system. Regional catchment 
management authorities have encouraged reuse 
system installation to improve water use efficiency, 
as well as reduce the amount of water and nutrients 
leaving farms and entering natural waterways 
(Goulburn Broken Catchment Management 
Authority 2007). Recommended practice is to use 
the reuse system regularly and keep the storage 
empty for as long as possible during each irrigation 
cycle to allow effective capture of irrigation and 
irrigation-induced rainfall runoff whilst minimising 
salt and nutrient concentration (Department of 
Natural Resources and Environment 2002). While 
all water supplied to farms is metered, ongoing reuse 
system operation is not monitored. Irrigators do not 
know how much delivered water is captured and 
then effectively recirculated by their re-use system, 
so have little objective feedback on their overall 
water system performance and any opportunities 
for improvement. This study seeks to understand 
dairy farmers’ desired goals and management of 
reuse systems, to identify opportunities to improve 
whole farm water/ nutrient management, and to 
assess whether public benefits from reuse systems 
are achieved. 

MATERIALS AND METHODS

Reuse system operation was monitored 
on 16 dairy farms in the Goulburn-Murray 
Irrigation District for three week periods between 
December 2013 and May 2014. Milking herd 
sizes on the farms ranged from 200 to 800 cows, 
with perennial pasture, millet or annual pasture 
irrigated. Data collected included water level 
changes, evaporation losses and pumping from 
the reuse systems, as well as rainfall, groundwater 
and surface water delivery to the farm. The shape 
and surface area of each system was estimated 
using a combination of GPS readings made at the 
site and aerial photographic imagery. Water levels 
and rainfall were logged at 5 minute intervals with 
other data collected at daily to weekly scales. 
The farmers were informally interviewed about 
their farm, how they managed their irrigation 
water (including irrigation scheduling/interval) 
and the types of water used, the dimensions of 
their reuse system, the area it served and what 
was done with collected water, as well as the 
benefits they gained from reuse systems. This 
enabled classification of sites according to reuse 
dam management segments identified by Longley 
and Kaine (2014). 

RESULTS

The monitored reuse system structures varied 
considerably in size and shape (Figure 1), from 
self-contained storages through to interlinked 
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storages sited along natural depression lines. 
The farmers managed their reuse systems with 
a variety of objectives, which in turn strongly 
influenced their wider irrigation management 
(Table 1). Reuse systems were highly valued by 
farmers for introducing flexibility and greater 
control over their irrigation management. In 
addition to irrigation runoff, other sources of water 
flowing to reuse systems included channel water, 
groundwater, treated wastewater and in some 
instances effluent. Reuse system configuration 
and management objective complexity were 
reflected in the observed water level hydrographs 
for each site.

Water level probability of exceedance curves 
showed that most sites had water depths greater 
than 0.5 m for 90 to 95% of the time (Figure 
2), with only three sites experiencing periods 
where the reuse system was completely empty. 
Conversely, water depths exceeded 2 m at only 
three sites. More water was kept in reuse dams 
as the season progressed from December through 
to May, as indicated by a gradual shift upwards 
in the group of curves from left to right. This 
is probably due to farmer tendencies to avoid 
excessive irrigation in the late irrigation season 
to minimise the risk of waterlogging pastures 
over late autumn/winter.

DISCUSSION

Runoff from border-check irrigated pastures 
is expected to have elevated nitrogen, phosphorus, 
salt and sediment levels due to direct washing or 
mobilisation of applied fertilisers, plants, animal 
excreta and soil during each irrigation event (Bush and 
Austin 2001, Mundy et al. 2003, Duncan et al. 2008, 
Nash and Barlow 2008). The recommended practices 
for reuse system operation (Department of Natural 
Resources and Environment 2002) were designed 
to ensure runoff from irrigated grazed pasture was 
retained within farms rather than discharged to 
regional drains and natural waterways. This study 
shows that few farms routinely operated their reuse 
systems in strict accordance with the recommended 
practice. However, the farms still possessed some 
capacity to capture irrigation-induced rainfall runoff. 

In many cases reuse systems were used as a 
temporary storage and/or mixing facility for water 
other than irrigation runoff, before the combined water 
was used elsewhere on the farm. Groundwater, treated 
wastewater and effluent are likely to have elevated 
nutrient or salinity levels, with the farmer relying on 
runoff water to dilute any undesirable qualities. This 
raises two issues: (1) what are the long term implications 
for nutrient and salt loads on the farm, and (2) what are 
the risks to the wider environment if this water mixture 
spilled into the regional drainage system and receiving 
water bodies. This will be studied further.

Figure 1: Shapes and characteristics of reuse dams monitored over 2013/14.
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Table 1: Management segments for reuse dam management (based on Longley & Kaine 2014 and farm interviews).

Segment Name How reuse water/dam is used Impact on irrigation management

A Safety net

Water is reapplied in subsequent 
irrigations

Know runoff is captured, so may over-
irrigate to ensure water reaches end of bays, 
or be less vigilant in monitoring irrigation 
events in progress

B Management 
flexibility

Use water to create flexibility in 
irrigation schedule for areas where cattle 
are grazing

Deliberately overwater bays to create runoff 
to store in reuse dam

C Irrigate high 
ground

Use water to irrigate areas where gravity 
irrigation is not possible

Deliberately overwater bays to create runoff 
to store in reuse dam

D Improve flow 
rate

Concurrently pump water into farm 
channels at time of irrigation, to achieve 
desired flow rate

Deliberately overwater bays to create runoff 
to store in reuse dam

E Flood control
Provides drainage capacity for winter 
rainfall runoff, to avoid waterlogging/
flooding

None – water stored for use in next 
irrigation season

F Stock supply

Water used to wash dairy floors Deliberately overwater bays to create runoff 
to store in reuse dam. Maintain dam water 
levels above intake pipe for dairy shed 
water.

G Temporary 
storage

Used as a holding facility for other water 
sources before pumping them to desired 
areas of the farm

No explicit impact on first-run irrigations

H Water quality
Used to mix/dilute lower quality waters 
(groundwater, treated wastewater, 
effluent) before used for irrigation

May deliberately overwater bays to create 
runoff, to ensure supply for mixing purposes

Figure 2: Reuse dam water level probability of exceedance curves for sites monitored in (a) December 2013 
to early February 2014, (b) mid-February to early April 2014, and (c) April to May 2014.
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CONCLUSION

The reuse system structures varied considerably 
in size, from self-contained storages through to 
interlinked storages sited along natural depression 
lines. Reuse systems were operated for a range of 
purposes in addition to capturing runoff, including 
use as a temporary storage and/or mixing facility for 
water other than irrigation runoff. Based on the reuse 
systems studied, there is little evidence that systems 
are operated in strict accordance with recommended 
practice. Storing water with elevated nutrients and/or 
salinity in reuse systems, and not routinely emptying 
the systems could increase risks to the environment 
should the reuse dam overflow to the regional 
drainage system during significant rainfall events.
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ABSTRACT

To increase the productivity and lower the environmental footprint of dairy farms on fine textured soils in 
the Manawatu region of New Zealand, periods of increased stand-off are proposed (duration controlled grazing). 
This paper presents the systems analysis and climate modelling that was conducted to design infrastructure to  
accommodate the grazing management, the storage of supplementary feed and the effluent generated during 
stand-off and its “safe”, handling, storage and reapplication to soils.  

Keywords: Duration controlled grazing, treading damage, contaminant loss to water.

INTRODUCTION

The New Zealand dairy industry’s goals are 
to increase productivity and profitability whilst 
decreasing the environmental footprint of dairy 
farming. Management strategies are required to 
reduce the inherent elevated losses of nitrogen, 
phosphorus and faecal coliforms to surface waters 
that are associated with urine and dung return to 
intensively grazed pastures. In addition, grazed 
pasture systems on fine textured soils (clay and silt 
loams) in regions with wet winter-springs and dry 
summers need strategies to prevent production losses 
due to tread-damaged pastures in winter-spring and 
to drought in summer.  The proposed solution for 
both the productivity and environmental footprint 
constraints is to increase a farm’s ability to stand 
cows off pastures, whilst maximizing the utilization 
of the pasture grown. 

To decrease treading damage while feeding 
supplements (such as maize and pasture silage), 
most farmers operate some type of stand-off facility, 
ranging in sophistication from sacrifice areas, 
loafing pads, and concrete feed pads to housed cow 
shelters. However, researchers and farmers have 
little information about whether the production and 
environmental benefits can be achieved through 
optimised management of stand-off facilities at the 
scale of commercial farms (Beukes et al. 2013). 
To provide this information, a farm scale trial was 
established at Massey University’s No.4 Dairy Farm 
in the Manawatu to evaluate the role of a freestall 
barn in a typical farm that is striving to increase 
dairy productivity whilst reducing the impact on 
water quality. This paper describes the design phase 
of the trial.

The trial is a component of the national Pastoral 
21 (P21) research programme, funded by the NZ 
Ministry for Business, Innovation & Employment; 
DairyNZ; Beef + Lamb NZ; and Fonterra,  which 
aims to deliver industry accessible, adoptable, 
systems-level solutions for profitably increasing 
production while reducing environmental footprints.

MATERIALS AND METHODS
Farm scale trials

The structural and operational components required 
to stand cows off pasture to reduce treading damage 
and contaminant loss to water are being identified 
and evaluated in a paired farm systems trial under the 
climate and imperfectly drained soil regimes found on 
Massey University No.4 Dairy farm, Manawatu, New 
Zealand. One 200 cow ‘standard’ herd (2.67 cows/ha) 
is managed according to typical regional practices i.e. 
40% of cows are grazed off in winter and an uncovered 
concrete feedpad is used to feed maize and pasture 
silage (supplements constitute approximately 27% of 
annual diet). The feedpad offers a limited capability 
to avoid treading damage of saturated soils, or reduce 
environmental impacts, by standing cows off. The 
second ‘housed’ herd of 200 cows (2.82 cows/ha) 
utilises a freestall barn to winter all cows on-farm and 
practices duration-controlled grazing (DC grazing) 
in summer and autumn to reduce excretal load on 
pastures, and in winter to reduce treading damage. Both 
farms have the aim of utilising as much fresh pasture as 
possible with supplements imported as required to fill 
feed deficits and to feed cows standing off paddocks. 

Simulation of the required stand-off times to avoid 
treading damage and reduce nitrate leaching.

A simple spreadsheet model was developed to 
identify the amount of time that cows from either 
the standard or housed systems are likely to stand 
off pasture. The model, based on the daily soil water 
balance for the Tokomaru silt loam soil (a Pallic soil) 
growing pasture, used climate data (Palmerston North) 
from 2003 to 2013 to allocate time to standing cows off 
pasture. The soil water deficit criteria used by the model 
to trigger stand-off are given in Table 1. The stand-off 
time required in late summer/autumn to achieve a 30% 
or more reduction in N leaching was estimated using 
Overseer and was based on the field research conducted 
by (Christensen et al. 2012). Hours of stand-off per day 
and the periods of prolonged, continuous stand-off 
dictate the stand-off infrastructure required (e.g. feed 
pad, loafing pad, and housing type).
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Table 1: Objectives and criteria for removing cows from pasture 

Objective Season Criteria Off pasture (h/day)

Avoid treading and 
pasture damage

Winter/spring Soil moisture deficit < 1.5 mm 24

Avoid soil compaction Winter/spring Soil moisture deficit 1.5 - 5 mm 12

Decrease ‘at risk’ urine 
N leached

Late summer/autumn 1 February to 31 May 9

Simulation of the first seasons stocking rate and 
supplementary feed requirements. 

Weekly pasture growth rates, previously 
recorded on the No. 4 farm during the driest summer-
autumn and the wettest winter-spring periods on 
record (1983-2013) were used in Farmax Dairy 
Pro decision support model (Bryant et al. 2010) 
to simulate the pasture supply for each herd (using 
similar herd averages of BW=124, PW=160, 480 
kg/cow, target BCS at calving = 5). Grazing was 
managed in the model to maintain average pasture 
cover between 2500 and 1800 kg DM/ha. Surplus 
early summer pasture was conserved as baleage. 
When pasture demand exceeded pasture supply, 
diets were supplemented with maize and grass silage, 
which were also used to meet milking and dry cow 
feed demand during periods of stand-off. Cereal meal 
was used through the milking-platform’s feeding 
system to supply minerals. Diets were optimised 
using Dietcheck to meet the energy, protein and 
fibre requirements at each stage of lactation and 
reproduction. The inventory of total supplements 
was calculated to estimate the additional volume of 
bunker storage required. 

Simulation of the required slurry storage and re-
application to pastures 

Once the stand-off time per day has been 
estimated, the model was used to predict the volume 
of excreta and effluent generated during stand-off 
and the effluent storage volume required. 

The daily change in pond volume (m3) ∆Vp = 
Ex +W + R(P + Y) – D – ET(P)

Where: Ex = excreta (m3/day), W = wash down 
(m3/day), R = rainfall (mm/day/1000), P = pond 
area (m2), Y = unroofed yards (m2), D = discharge 
to land (m3/day) and Et = evaporation per day (mm/
day/1000). 

D depends on slurry treatment (with or without 
solids separation) and application method (by spray or 
slurry tanker), which is limited by soil wetness and the 
post grazing area available. The criteria D = 0 was used 
for soil water deficits < 7 mm. If soil water deficits > 
7mm, then D = SA, where S = depth of slurry applied 
(mm/day/1000) and A is the paddock area (m2) suitable 
for application. Application proceeds only when there 
is plant available water present in the soil and the 

forecasted average soil temperature for the next 9 days 
is > 10ºC to ensure nutrient uptake for pasture growth. 
Accumulated pond volume Vp is recorded each day. 
The required pond storage volume = max (Vp

1
 … 

Vp
n
) + F, where F (m3) is the safety freeboard required 

to avoid pond overflow.

RESULTS

Analysis of 35 years of climate data with a soil 
water balance model indicated that at the Massey 
University No.4 Dairy Farm there are as few as 17 days 
per year and as many as 110 days per year with a deficit 
smaller than the 1.5 mm trigger value. Particularly in 
wet years there are 33 days of continuously wet soils 
when cows should be stood-off. 

Using the 2013-14 season’s climate (a severe 
autumn drought) and pasture growth rates as an 
example, Farmax Dairy pro predicted the housed 
farm (271 day lactation) would require 232 and 175 
tonnes of pasture and maize silages respectively, 
whereas the standard herd (241 day lactation 
shortened by drought) requires 119 and 119.5 tonnes, 
respectively. To achieve the stand-off required to 
protect winter-spring wet soils and reduce autumn 
urine deposition and N leaching, the housed farm 
requires an additional 650 m3 and 230 m3 bunker 
space for pasture and maize silages, respectively, 
compared to the “standard farm”. 

Although standing cows off pasture is a long-
practiced dairy farm management strategy in all 
regions of New Zealand, to accommodate welfare 
needs, cows should be able to lie for at least 8 hours 
per day. This need for cows to lie down cannot be 
achieved on concrete feed pads but can be achieved 
using woodchip and sawdust bedding on pads and in 
loose floor barns (Stewart et al. 2009), or by using 
freestall barns with sand, rubber or foam mattresses 
(Margerison et al. 2014). To accommodate up to 33 
days housing and to simplify slurry management, a 
freestall barn, with automatic scrapers and gravity 
fed discharge to a storage pond was selected as the 
most appropriate stand-off facility.

The effluent generation, storage and application 
simulation predicted effluent accumulation over the 
dry summer-autumn months and the winter period. 
The slurry was then applied relatively quickly in 
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early spring to coincide with the greatest plant 
nutrient requirement. Management of the housed 
farm using the freestall option with a storage pond 
and slurry tanker discharge to land (following the 
preset protocols) required an effluent pond with a 
maximum working, or pumpable, storage volume 
of approximately 2,300 cubic metres, i.e. 11 cubic 
metres cow-1. The year with the fewest hours of 
stand-off required the minimum volume of 800 m3. 

DISCUSSION AND CONCLUSION

A duration controlled grazing system, 
implemented in the Manawatu region of New 
Zealand to decrease treading damage and reduce 
the nitrate leaching footprint of a dairy farm would 
require significant periods of continuous stand-
off. The systems analysis and climate modelling 
presented in this paper is the minimum that is 
required to design infrastructure that accommodates 
the storage of supplementary feed and the volumes of 
effluent generated during stand-off and their “safe” 
reapplication to soils.  
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Effects of red and white grape marc on milk production and methane yield from dairy cows
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ABSTRACT

Grape marc is the skins, seeds and stems remaining after grapes (Vitis vinifera) have been pressed to make 
wine and is increasingly being used as a source of nutrients (fibre and oil) for dairy cows. Grape marc has been 
shown to be a methane mitigant when consumed by dairy cows on a conserved forage diet in late summer. 
Thirty-two Holstein-Friesian cows were fed individually for 28 days to determine if red and/or white grape 
marc were a suitable replacement for fresh pasture, and would reduce methane when cows were fed fresh 
pasture. Cows on all treatments had similar dry matter intakes and the nutritional characteristics of the red and 
white grape marcs were similar. Milk yield and methane yield (g CH

4
/kg DMI) of cows fed grape marc were 

unaffected by type of grape marc and were 14% lower than for those fed pasture only. Feeding grape marc 
in place of spring pasture reduces methane emissions from dairy cows but this benefit is overshadowed by a 
reduction in milk production.

Keywords: milk composition, methane yield, SF6 technique.

INTRODUCTION

Grape marc is the skins, seeds and stems remaining 
after grapes (Vitis vinifera) have been pressed to make 
wine. Some Australian dairy farmers feed grape marc to 
cows during late summer and during droughts. Recent 
research has shown that when grape marc was included 
in a diet typically fed to dairy cows in late summer, milk 
production was maintained and methane emissions 
were reduced by 20% (Moate et al. 2014). During 
spring, Australian dairy pastures may be lacking in 
neutral detergent fibre (NDF). This research examined 
if inclusion of ensiled red (RGM) or white (WGM) 
grape marc in a diet composed principally of perennial 
ryegrass would influence milk production and decrease 
methane emissions of dairy cows during early lactation.

We hypothesised that because both types of 
grape marc have similar concentrations of major 
components such as NDF, lignin and lipids, the 
effects on milk production and methane emissions 
would be similar for both types of grape marc.

MATERIALS AND METHODS

Thirty-two Holstein cows were individually 
fed one of three experimental diets twice daily. 
Treatments were randomly allocated to cows, subject 
to treatment groups being balanced for the following 
covariate measurements: age, calving date, and 
pre-experimental average body weight and body 
condition score. Diets consisted of freshly harvested 
perennial ryegrass pasture (PAS, 12 cows) or were 
fed a PAS diet supplemented with either ensiled 
RGM (10 cows) or ensiled WGM (10 cows). Dry 
matter intake (DMI) was measured at each feeding. 
Cows were milked at 0630 and 1500 h each day and 
milk yields recorded by in-line milk meters (DeLaval 
International, Tumba, Sweden). Milk samples were 

collected at each milking during the last 4 days of 
the experiment and analysed for milk fat and protein 
(model 2000, Bentley Instruments, Chaska, MN, 
USA). Methane emissions were measured during 
the last 5 days of the experiment using the modified 
SF

6
 technique of (Deighton et al. 2014). Data were 

statistically analysed by analysis of covariance.

RESULTS

The mean DMI of cows offered the PAS diet 
was 18.6 kg DM/d, with cows offered RGM eating 
19.0 kg DM/d while cows offered WGM ate 18.6 kg 
DM/d.

Grape marc accounted for 23% of daily intake 
(Figure 1). Mean concentrations of fat (115 g/kg 
DM), NDF (476 g/kg DM) and lignin (419 g/kg DM) 
in red and white grape marc were not different. 

Figure 1: Diet composition as a proportion of 
total intake (pasture, black; cold pressed canola, 
horizontal lines; maize grain, white; white grape 
marc, dark grey; red grape marc, light grey) when 
cows were fed a pasture (PAS), red grape marc 
(RGM) or white grape marc (WGM) diet.
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Figure 2: Milk yield (white columns) and methane 
yield (dark columns) of cows fed a pasture (PAS), 
red grape marc (RGM) or white grape marc (WGM) 
diet.

Mean daily milk yield of cows fed the RGM and 
WGM were not different (P > 0.05) but were less 
than those from cows fed the PAS diet (P < 0.05) 
(Figure 2). Methane yields (g CH

4
/kg DMI) were 

greater (P <0.05) for cows fed the PAS diet compared 
to those from cows fed the RGM and WGM diets but 
methane yields from cows fed the RGM and WGM 
diets were not different (P > 0.05) (Figure 2).

DISCUSSION

Both types of grape marc had similar 
concentrations of major constituents and both had 
similar effects on milk production and methane 
emission. On average, milk yield of cows fed grape 
marc was 10% lower than that of cows fed the 
pasture diet. Methane yield of cows fed grape marc 
was 14% lower than that of cows fed the pasture diet. 
Red grape marc has also been fed, at 27% of DMI, 
to cows in late lactation (Moate et al. 2014). In that 
experiment, milk yield from cows fed red grape marc 
was reduced by 13%, and methane yield by 18%, 
compared to cows fed a control diet of lucerne hay 
and concentrate. While the type of grape marc used 
in our experiment was immaterial to the reduction 
of methane yield, the observed reduction in milk 
yield when ensiled grape marc was fed in place 
of fresh spring pasture indicates that grape marc 
is a poor substitute for a high quality, perennial-
ryegrass-dominant pasture. The effect of dietary fat 
concentration on methane yield was quantified by 
(Moate et al. 2011), with their equation indicating 
that diets with similar concentrations of fat will 
have similar methane yields. The effect of NDF and 

lignin concentration on methane has been quantified 
by (Ellis et al. 2009) who reported that methane 
emission was positively correlated with NDF and 
negatively correlated with lignin. On this basis the 
methane emissions from cows fed red or white grape 
marc would be similar, as we observed, since they 
have similar concentrations of dietary NDF, lignin 
and lipids.

CONCLUSION

Grape marc is not an ideal feed for supporting 
milk production from dairy cows in early lactation 
but it may be suitable during times of feed shortage. 
Feeding grape marc in place of spring pasture reduces 
methane emissions from dairy cows but this benefit 
is overshadowed by a reduction in milk production.
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ABSTRACT

Dairy cows in Australia commonly graze pastures dominant in perennial ryegrass (Lolium perenne) and, on 
average, are also fed 6.0 kg DM/day of concentrate feed supplement, much of which is cereal grains. However, 
there has been little research published on methane production from dairy cows when wheat grain is included 
in a pasture diet. Sixteen lactating, multiparous, Holstein-Friesian cows were individually fed either a pasture 
diet or a diet consisting of equal parts of pasture and wheat grain. Mean milk yield from the cows fed the wheat 
supplemented diet was 21% greater than from those cows fed the pasture diet. Since the dry matter intakes of 
the cows on both diets did not differ, the milk production response to wheat supplementation is likely due to the 
greater energy density of wheat compared to pasture. Cows fed the wheat supplemented diet had a 31% lower 
methane yield (g/kg DMI) and 42% lower methane intensity (g/kg milk) than cows fed the pasture diet. These 
reductions in methane yield and intensity appear to be due to both the proportion of grain in the diet and the 
type of grain fed. 

Keywords: milk composition, methane yield, methane intensity, SF6 technique.

INTRODUCTION

There is evidence in the scientific literature that 
methane emissions from dairy cows are reduced 
when their diets contain a high proportion of cereal 
grain (e.g. Lovett et al. 2003, Sauvant et al. 2011). 
However, there has been little research published on 
methane production from dairy cows when wheat 
grain is included in a pasture dominant diet. 

Dairy cows in Australia commonly graze 
pastures dominant in perennial ryegrass (Lolium 
perenne) and are also fed on average 6.0 kg DM/day 
of concentrates, most commonly wheat, as a feed 
supplement (Dharma et al. 2012). This experiment 
examined the effects on milk production and methane 
emissions when crushed wheat was substituted for 
perennial ryegrass pasture in the diet of dairy cows 
during early lactation. We hypothesised that the 
inclusion of crushed wheat in the diet of dairy cows 
would increase milk production and that methane 
yield and intensity would be substantially reduced 
compared to a pasture only diet.

MATERIALS AND METHODS

Sixteen lactating multiparous Holstein-
Friesian cows (mean ± SD, 528 ± 35.9 kg BW, 40 
± 12.4 DIM) were individually fed in pens for 35 
days. All cows were offered 2.1 kg DM/day of a 
concentrate mix containing 455 g/kg cold pressed 
canola, 455 g/kg cracked maize grain and 90 g/
kg mineral mix. One group of cows (PAS) were 
individually offered 18 kg DM/day of freshly 
harvested perennial ryegrass pasture. A second group 
of cows (WHEAT) were individually offered 9.0 kg 
DM/day of pasture and 9.0 kg DM/day of crushed 

wheat. Treatments were randomly allocated to cows, 
subject to treatment groups being balanced for the 
following covariate measurements: age, calving 
date, and pre-experimental average body weight and 
body condition score. All feeds were offered in two 
equal portions each day between 0800 h – 1200 h 
and between 1600 h – 2000 h. Dry matter intakes 
were measured at every meal. Cows were milked at 
0630 and 1500 h each day and milk yields recorded. 
Milk samples were collected during the last 4 days of 
the experiment and analysed for milk fat and protein 
using a mid-infrared analyser (model 2000, Bentley 
Instruments, Chaska, MN, USA). Methane emissions 
were measured on days 29 to 32 of the experiment 
using the modified SF

6
 technique of (Deighton et al. 

2014). Data were statistically analysed by analysis of 
covariance. 

RESULTS

The crude protein concentrations of the PAS and 
WHEAT diets were respectively 190 and 160 g/kg 
DM while the metabolisable energy concentrations 
in these two diets were respectively 11.2 and 12.0 
MJ/kg DM. The mean dry matter intake (DMI) of 
cows fed the WHEAT diet was not different (P > 
0.05) to that of the cows fed the PAS diet (Table 1). 
Mean milk and protein yield of cows fed the WHEAT 
diet was greater (P < 0.05) than that that from cows 
fed the PAS diet (Table 1). Mean methane yield and 
intensity were lower (P < 0.05) from cows fed the 
WHEAT diet compared to those fed the PAS diet. 
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Table 1: Feed intake, milk yield and methane 
emissions of cows fed a pasture (PAS), or pasture 
plus wheat (WHEAT) diet.

Parameter
Diet

PAS WHEAT SEM

Feed intake (kg DM/day)

Concentrate mix 2.1 2.0 -

Wheat grain 0 8.9 -

Pasture 17.1 8.9 -

Total 19.2 19.8 -

Milk yield (kg/day) 30.4 a 36.7 b 0.95

Fat (kg/day) 1.18 1.17 0.168

Protein (kg/day) 0.91 a 1.19 b 0.025

Methane

Yield (g/kg DMI) 23.4 b 16.1 a 0.87

Intensity (g/kg milk) 15.1 b 8.7 a 0.74

Within rows, means followed by different 
superscripts are different (P < 0.05)

DISCUSSION

Milk yield was increased when wheat replaced 
50% of the pasture in the diet of dairy cows. Even 
though the dry matter intake was similar for the cows 
fed the PAS and WHEAT diets, milk yield of cows 
fed the WHEAT diet was 21% higher than those fed 
the PAS diet. In a previous experiment when wheat 
was offered in addition to pasture, cows produced 
more milk (Williams et al. 2013), but this was due to 
the additional dry matter intake and the 25% increase 
in gross energy intake. In the work of (Williams et 
al. 2013), both the cows fed pasture only and those 
fed pasture plus wheat produced the same quantity 
of milk per unit of gross energy intake. This suggests 
that the increase in milk production that we observed 
is due to the WHEAT diet having a greater energy 
density than the PAS diet. Increasing the proportion 
of cereal grain in the diet of dairy cows has been 
reported to result in greater yield of milk protein 
(Kennelly 1996), as was observed in the current 
experiment.

Methane yield and intensity of dairy cows were 
reduced when half of the pasture in their diet was 
replaced with wheat. Replacing 9 kg DM pasture 
with wheat resulted in a 31% reduction of methane 
yield and a 42% reduction in methane intensity. A 
similarly large reduction in methane yield (22%) 
has been reported when cows consumed a diet of 
spring pasture (11.4 kg DM) and wheat (5 kg DM) 
(Williams et al. 2013). The negative association 
between dietary wheat and enteric methane emissions 
from cows could be due to the effect of increasing the 
proportion of cereal grain in the diet. A meta-analysis 

of 97 feeding experiments showed that methane 
yield was reduced as the proportion of cereal grain 
in the diet of dairy cows was increased (Sauvant et 
al. 2011). However, there could also be an effect 
of grain type. When cows were fed barley or maize 
grain at the same proportion of the diet, those cows 
fed maize had lower methane yields than those cows 
fed barley (Beauchemin and McGinn 2005). While 
no direct comparisons between wheat and other grain 
supplements have been reported, the methane yield 
of our cows (16.1 g CH4/kg DMI) was lower than 
that of cows fed a 50% barley diet (20.2 g CH4/kg 
DMI, Boadi et al. 2002). This suggests that both the 
proportion of cereal grain in the diet and grain type 
affect methane yield.

While wheat was effective at reducing methane 
yield from dairy cows, the current experiment was 
only of short duration. Long term studies on the 
feeding of wheat to reduce methane emissions will be 
necessary before this strategy can be recommended 
to farmers.

CONCLUSION

The inclusion of crushed wheat in the diet 
of dairy cows increased the yield of milk and 
milk protein but methane yield and intensity were 
substantially reduced compared to when a pasture 
diet was fed. 
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More than just fencing: Options for riparian zones on-farm and ecosystem services valuation
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ABSTRACT

Riparian zones can provide a wide range of benefits in productive landscapes, including forming a buffer 
between productive farmland and waterways. The increasing requirements to fence riparian strips on dairy farms 
have intensified the debate on the “value of riparian zones”, and the degree to which they are actively managed. 
This study involved a trans-disciplinary group that identified a range of novel uses available to farmers to better 
integrate riparian margins within the farm system. Using an ecosystem services approach, it also identified that 
fencing riparian margins on-farm increased the provision of services such as raw materials, flood mitigation 
and filtering of nutrients and pathogens for temporary fenced grass strips, but decreased food production.  A 
traditional cost benefit analysis (CBA) shows the net present value (NPV) of an investment in riparian planting 
is negative.  However with the emergence of limits on emissions of nutrients and pathogens to water in second 
generation regional plans, inclusion of the regulating services in the CBA changes the NPV of the fencing 
investment to positive. This study showed that using an ecosystem services approach to look at the benefits from 
riparian margins gives new insights into the use of the farms resources. Further, considering new and novel uses 
for these areas may help farmers to see them as opportunities in the future.

Keywords: Riparian zones; innovative use; mutual benefit, ecosystem service; cost benefit analysis.

INTRODUCTION

The previous voluntary approach to riparian zone 
fencing on dairy farms in New Zealand is becoming a 
mandatory requirement from regional authorities in key 
dairying regions and a condition of supply by all milk 
companies, including Fonterra.  This is in response to 
growing concerns about surface water quality. Riparian 
zones differ in size ranging from 1 to >10m widths and 
this land area, previously available for grazing, has been 
identified as contributing disproportionally to degraded 
water quality due to livestock access to waterways and 
bank erosion.  The introduction of a planted riparian 
zone has the potential to increase filtering of overland 
flows carrying nutrients, sediments and pathogens and 
improve in-stream aquatic life through the provision of 
shade. There are a number of reasons why riparian zone 
fencing has previously not been adopted more widely 
on-farm including set-up and on-going maintenance 
costs, weed control, increased flood risk, lack of time to 
manage (Rhodes et al. 2002), and the perceived loss of 
productive land (Rhodes et al. 2002, Aarons et al. 2013). 
These factors have contributed to a wide range of views 
on the “value of riparian zones”, and the degree to which 
they are actively managed and their potential fulfilled.

The objectives of this study were to explore the 
potential environmental, economic and social benefits 
of riparian areas within a New Zealand dairy farm by 
(1) identifying, quantifying and valuing ecosystem 
services (ES) (MEA, 2005)UNEP, the World Bank, 
and UNDP provided by riparian zones, (2) exploring 
innovative ways of integrating riparian zones to 
the farm system, and (3) completing a cost-benefit 
analysis (CBA) of riparian planting and fencing. 

MATERIALS AND METHODS

A multi stage approach was taken to quantify 
and value benefits from riparian zones within dairy 
systems. First, a workshop was organised, providing the 
opportunity for dairy farmers, scientists, industry and 
Regional Council representatives to ‘think outside the 
box’ about how riparian zones are used on-farm. Such 
group process encourages the generation of novel ideas 
through brainstorming (Lefèvre et al. 2014). During the 
workshop, participants were asked to list the pros and 
cons of having riparian zones on-farm and identifying 
novel uses of riparian zones for better integration into a 
dairy system. Then, a desk top exercise was conducted 
to quantify and value the ES provided by riparian 
zones within a dairy system.  The desktop study was 
conducted at the paddock scale (1 ha), and used a 
typical Waikato dairy operation on permanent pasture 
grazing 3.0 milking cows/ha, producing 900 kg of milk 
solids per ha per year and receiving fertiliser N (100 kg 
N/ha/yr) and P (39 kg P/ha/yr). This operation involved 
pasture silage being made from the farm in spring and 
fed to the cows as supplements and no off farm grazing 
in winter when cows were not being milked. Pastures 
were rain-fed, with the regions average annual rainfall 
being 1194 mm. The landscape was flat and the soil was 
a Horotiu silt loam, an alluvial soil from volcanic parent 
material.  Two types of riparian zones were considered: 
A simple 1 m wide grass strip, fenced with temporary 2 
wire-electric fence (200 m2 for a 1 ha paddock), and a 
5 m wide multi-tier system (Parkyn, 2004) planted with 
poplar trees (10 m apart) and native bushes, permanently 
fenced with seven wires with battens (1000 m2 for 1 
ha paddock). The methodology used to quantify and 
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value the provision of ES followed (Dominati et al. 
2014). The impacts of different riparian zone types 
on proxies for each service was quantified using data 
reported in  Parkyn (2004). Where data was lacking, 
benefit transfer was used as in Schmidt and Batker 
(2012). For each service and each system, a minimum 
and maximum economic value was reported, reflecting 
the impacts of climate variation, proxy measurement 
uncertainties and range of valuation techniques used 
on the economic value of each service. For details see 
(Dominati et al. 2014). A CBA of the different riparian 
zone types estimated the net present value (NPV) of 
these investments over 20 years.

RESULTS AND DISCUSSION

The workshop participants identified a number 
of positive attributes from riparian zones planted on-
farm, including stock safety, shade and shelter, reduced 
bank erosion, increased habitat for biodiversity on 
land and in streams, improved sediment, nutrient 
and pathogen filtration, and increased connectivity 
of the landscape. Cultural aspects identified were 
the aesthetic value of riparian zones, and historic 
and cultural significance of waterways. The group 
also identified negative aspects of riparian zones 
including a reservoir for pests and weeds, increased 

drain maintenance and the loss of productive land. 
The innovative uses of riparian zones identified by 

the group to improve integration into the dairy system 
included: plants or trees for livestock fodder, and shade/
shelter, and timber and/or firewood, essential oils, 
manuka honey, medicinal plants for livestock health, 
human consumption (fruit and nuts), pharmaceuticals, 
wildlife habitat for biodiversity and harvesting, and 
areas for recreation on-farm for family and hunting.  
Compliance requirements were also mentioned.

Table 1 presents the results of the quantification 
and economic valuation of ES for a 1 ha dairy grazed 
pasture with no riparian zone, the same pasture with 
1 m wide fenced grass strip, or 5 m multi-tier system, 
both of a total length of 100 m. With the introduction of 
riparian zones into a dairy system, the quality and hence 
economic value of some services declined (pasture 
quantity, recycling of wastes), some stayed stable 
(support to stock), and some increased (raw material, 
flood mitigation, filtering of nutrients). Inclusion of the 
single wire temporary fenced grass strips or the multi-
tier systems both increased the total value of the ES 
provided by 1 ha dairy grazed pasture by 3-5% and 7-9% 
respectively, over the unfenced dairy pasture (Table 1). 
The added benefits came solely from the provision of 
additional regulating services, and in particular filtering.

Table 1: Economic value ($/ha/yr) of ecosystem services provided by a 1 ha dairy grazed pasture with no 
riparian zone, or 1 m of grass strip or 5 m multi-tier system.

Ecosystem services Pasture Pasture + Fenced 
grass strips

Pasture +
Multi-tier system

 Min Max Min Max Min Max
Provisioning services
Pasture quantity 2,527 4,524 2,476 4,433 2,274 4,072 
Pasture quality 38 38 37 37 34 34 
Support for human infrastructure 17 17 17 17 17 17 
Support to animals 102 119 102 119 102 119 
Raw Material-wood RZ NA NA NA NA 20 51 
Regulating services
GHGS regulation from pasture- N

2
O  5 11  4 11  4 10 

GHGS regulation from pasture- CH
4

0.23 0.25 0.23 0.25 0.21 0.23 
Net C flows - pasture 0 0 0 0 0 0
Net C flows - poplars RZ NA NA NA NA 6 30 
Climate and gas regulation -rest of RZ* NA NA NA NA 54 107 
Flood mitigation 740 1,661 740 1,661 1,080 1,733 
Biological control of pests 138 316 138 316 166 379 
Recycling of Wastes 23 143 23 140 21 129 
Filtering N 214 890 364 1,379 424 1,575 
Filtering P 2,924 2,924 3,016 3,331 3,022 3,400 
Filtering contaminants 3,320 10,787 3,413 11,105 3,413 11,239 
Pollination* NA NA NA NA 117 117 
Cultural Services
Aesthetics* NA NA NA NA 22 329 
Combined ES ($/ha/yr) 10,047 21,430 10,331 22,550 10,775 23,341 

*Benefit transfer was used to value these services
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For both riparian fencing options, if the values of 
the ES provided by the riparian zone within the dairy 
system are not included in the CBA, the NPV of the 
investment over 20 years is negative (Figure1). Of 
the two fencing options the 1 m fenced grass strips 
represents the smaller marginal loss (i.e.$1000/ha over 
20 years), so is often the default option. If the value of 
the ES is included in the CBA, the NPV of the fencing 
investment is always positive, regardless of the discount 
rate (Figure1).  The change in the ES balance following 
fencing and planting has the potential with only a small 
decline in the food quantity service to position the 
farmer in a more sustainable position into the future 
where emission limits are likely to continue increasing.  

SUMMARY AND CONCLUSION

The workshop successfully identified 
implementable and innovative uses for the riparian zone 
within a dairy system. The quantification and valuation of 
the ES provided by riparian zones within grazed pastures 
showed the balance of ES changed, with a significant 
increase in the provision of regulating services. The 
CBA highlighted that in the present environment, where 
the externalities of farming are not accounted for, the 
NPV of an investment in riparian planting is negative. 
However the inclusion of the regulating services in the 
CBA changes the NPV of the fencing investment to 
positive at the paddock scale, which demonstrates why 
riparian zones are useful, especially with the advent of 
limits of emissions in second generation regional plans 
to address declining water quality.
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ABSTRACT

Groundwater plays an important role in maintaining dairy production and viability during dry conditions, 
and in areas with limited access to surface water supply in Victoria.  It is therefore important to build a better 
understanding of groundwater resource security and reliability to provide dairy industry investors, groundwater 
users and managers, with more confidence to either increase production from groundwater supplies, or improve 
drought resilience.  To gain a good understanding of the status of groundwater use in the dairy industry, this 
study analysed data on land use, groundwater extraction and availability and the economic value of groundwater 
in Victoria.  The analysis was undertaken for the main dairy industry regions in northern and southern Victoria 
for the period of 2007/08 to 2012/13.  It was found that groundwater has been an important supplementary 
water resource for the dairy industry which was by far the biggest groundwater user in both northern and 
southern Victoria.  However, groundwater usage by the dairy industry was generally well below the entitlement 
volume (groundwater sustainable limit).  Groundwater usage ranged from approximately 10% of entitlement 
in the wettest year (2010/11) to 40% of the entitlement in the driest year (2007/2008) in northern Victoria, and 
from 17% to 45% of entitlement in southern Victoria.  It is concluded that groundwater has a substantial role 
in maintaining Victoria’s dairy production and viability during dry periods.  The results also indicated that 
groundwater is underutilised in some dairy production areas of Victoria.

Keywords: Groundwater; dairy; sustainability.

INTRODUCTION

In Victoria, groundwater plays an important 
role in dairy production and viability during dry 
conditions (Cheng & Gill 2014) and in areas with 
limited access to surface water supply.  The dairy 
industry accounted for approximately 60% (230 
GL) of Victoria’s total groundwater use in 2009 
(Cheng & Gill 2014).  Future decline in surface 
water availability due to a drying climate (CSIRO 
2008) and lower surface water diversion limits under 
the Murray Darling Basin Plan may see increasing 
groundwater demand from the dairy industry.

While the groundwater level decline in some 
areas in the recent drought prompted concerns 
about the sustainability of further groundwater 
development, a recent review of groundwater usage 
suggests it is being significantly underutilised in 
most aquifer systems across Victoria (Cheng & Gill 
2014).  It is therefore important that we build a better 
understanding of groundwater resource security 
and reliability to provide dairy industry investors, 
groundwater users and managers with more 
confidence to increase production from groundwater 
supplies and improve drought resilience.  The 
main objective of this study was to improve our 
understanding of the status of groundwater use in 
the dairy industry by analysing data on groundwater 
extraction and availability, land use and the economic 
value of groundwater in Victoria.  

MATERIALS AND METHODS

In this study, analysis of groundwater use on 
agricultural production was undertaken in two 
regions - Goulburn-Murray Water (GMW) area in 
northern Victoria and Southern Rural Water (SRW) 
in southern Victoria (Figure 1).

Figure 1:  Boundaries of rural water corporations in 
Victoria.

The metered time-series groundwater use and 
entitlement data provided by SRW and GMW were 
overlayed with the land use classes to estimate 
groundwater use by each industry.  The key 
groundwater information used in the analysis included 
location, general purpose of use (e.g. irrigation), 
entitlement volume (available groundwater) and 
meter readings associated with bores for the period 
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of 2007/08 to 2012/13 inclusive.  
Land use classification adopted in this study 

was primarily based on the Victorian Land Use 
Information System (VLUIS 2009).  There are 
approximately 200 land use classes across Victoria.  
For the purpose of this study, these detailed land 
use classes were aggregated into 12 broad land use 
classes.  The dairy cattle density information from 
the 2006 Victorian Census was used to assist to 
separate Dairy-Mixed Farming from other mixed 
farming.  Dairy-Mixed farming was defined as mixed 
farming (e.g. cropping) with dairy cattle density 
greater than 100 cows/km2, while Dairy Cattle has 
no other enterprises.

Economic values of groundwater for the 
industries were estimated using the approach 
developed by the RM Consulting Group (Toulmin 
2012).

RESULTS

The dairy industry was the biggest groundwater 
user in both the GMW area in northern Victoria and 
the SRW area in southern Victoria (Figure 2).  The 
groundwater usage for combined Dairy Cattle and 
Dairy-Mixed Farming accounted for approximately 
70% of the total groundwater consumption in the 
GMW area, ranging from 35 GL in the wettest year 
(2010/11) to 138 GL in the driest year (2007/08).  
In the SRW area, although the dairy industry was 
the biggest groundwater user, other users were also 
significant.  The groundwater usage for combined 
Dairy Cattle and Dairy-Mixed Farming accounted 
for approximately 50% of the total groundwater 
consumption in the SRW area, ranging from 29 GL 
in the wettest years (2010/11) to 79 GL in the driest 
year (2008/09).  Mixed Farming-Other was also 
a significant groundwater user, ranging from 8 GL 
in the wettest year to 23 GL in the driest year (13-
17% of total groundwater consumption in the area).  
Urban supply usage ranged from 6 GL to 19 GL a 
year (7-15% of total groundwater consumption in the 
area) while mining industry usage ranged from 0.8 
GL to 4.5 GL a year.  It was noted that there were a 
large number of stock and domestic bores that were 
not monitored.  To minimise error, they were not 
included in this analysis.

Although dairying was the biggest groundwater 
user, usage was generally well below total 
entitlement volume.  Groundwater usage ranged 
from approximately 10% of entitlement in the wettest 
year (2010/11) to 40% of the entitlement in the driest 
year (2007/2008) in the GMW area, and from 17% 
to 45% of the entitlement in the SRW area.  Total 
entitlements for groundwater management areas are 
generally lower than sustainable use limits, which are 

referred to as the ‘permissible consumptive volume 
(PCV)’.  The PCV in a groundwater management 
area is an estimated volume based on rainfall 
recharge, through-flow rates, well interference and 
groundwater-surface interaction.  The results show 
that there is additional groundwater available for 
extraction within the sustainability limits in both 
GMW and SRW areas.

Groundwater usage varied considerably from 
one location to another.  While a small number of 
licence holders used their total allocation each year, 
the majority of licence holders used only a small 
portion of their entitlement.  In the GMW area, there 
were about 68-78% of licences with usage less than 
5% of entitlement between 2007/08 and 2012/13.  
Only up to 10% of licences used greater than 80% 
of their entitlements during the same period (Figure 
3).  In contrast, there were significantly less licences 
with usage less than 5% of entitlements (38-56%) 
and more licences with usage greater than 80% of 
the entitlement (4-18%) in the SRW area.

Figure 2:  The volume of groundwater entitlement 
and usage for each industry.

Groundwater usage inversely correlated with 
rainfall.  Groundwater usage was generally highest 
in the driest year (e.g. 2007/08 in the GMW area) 
and lowest in the wettest year (e.g. 2010/11).  This 
was particularly noticeable in the GMW area which 
had more intensive groundwater use.  For example, 
in the GMW area, the number of licences with usage 
greater than 80% of their entitlements was reduced 
from 10% in 2007/08 to 1% in 2010/11.

The economic contribution groundwater makes 
to dairy production was significant in both the GMW 
and SRW areas.  The economic value of groundwater 
for the dairy industry ranged from $8.8m in 2010/11 
to $34.4m in 2007/08 in the GMW area and from 
$7.3m in 2010/11 to $19.6m in 2008/09 in the SRW 
area.
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DISCUSSION AND CONCLUSION

This study has identified that groundwater plays 
an important part in Victoria’s dairy production and 
viability, especially during dry periods.  The dairy 
industry is the biggest groundwater user in both 
northern and southern Victoria.  Groundwater usage is 
strongly inversely correlated with rainfall, indicating 
that groundwater is an important supplementary 
water resource for dairy in both northern and southern 
Victoria.  

Overall groundwater usage by the dairy 
industry was well below the entitlement volume 
(groundwater sustainable limit) in both northern and 
southern Victoria.  Highly intensive groundwater 
use observed in small areas might be an issue during 
a prolonged drought period.  However, the low 
overall usage suggests that additional groundwater 
may be available that could support growth in dairy 
production and improve drought resilience in some 
areas of Victoria.  

The next step is to obtain scientifically 
based evidence on where additional secure and 
reliable groundwater is available for future dairy 
production.
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ABSTRACT

Land use change from dryland pasture to irrigated dairy land in New Zealand has become an environmental 
concern. The net effect of intensive grazing on the carbon (C) cycle is hard to quantify because it is a small 
difference between C imports (dominated by photosynthesis) and exports (dominated by biomass removal and 
respiration), so either a net C surplus or a deficit is possible. We determined net C inputs and removals for an 
irrigated paddock on a commercial dairy farm in Canterbury, New Zealand, over an entire year. During this 
period, intensive grazing occurred nine times (1-2 days per grazing event). The net ecosystem C gain (uptake 
by photosynthesis minus release by plant and soil respiration) was obtained with an atmospheric carbon dioxide 
(CO

2
) flux measurement method, known as “eddy covariance”. Respiration from grazing animals was excluded 

from this approach. Instead, we considered the grazers as agents of a net C export and measured the biomass 
C removed by grazing, and we estimated the amount of C excreted in the paddock. Net ecosystem exchange 
collected by the flux measurement system indicated a net C gain of 278 (±25) g C m-2 yr-1. Grazers removed 
389 (±12) g C m-2 yr-1 in forage and deposited 117 (±13) g C m-2 yr-1 in dung. The sum of these input and output 
terms was not significantly different from zero, at 6 (±31) g C m-2 yr-1. Consequently, grazers play a major role 
in the net C budget by forage removal, partially offset by dung deposits. 

Keywords: Canterbury; intensive grazing; net ecosystem exchange, land use change, eddy covariance

INTRODUCTION

Pastoral agriculture is the dominant land use in 
New Zealand (NZ), with current emphasis on dairy 
production (MacLeod and Moller 2006, Moller et al. 
2008). The dairy industry is a significant economic 
sector in NZ, contributing $15 billion per year in 
overseas exports. In the last few decades, NZ farm 
systems have increased total and per cow milk 
production through greater use of supplementary feed, 
fertiliser, irrigation, and other inputs (MacLeod and 
Moller 2006, Ho et al. 2013). Between 2002 and 2012, 
the total number of dairy cows and milk production in 
NZ increased 26% and 46%, respectively (DairyNZ 
2012). These advances continue, with particular 
emphasis on conversion of dryland pasture to irrigated 
dairy in the Canterbury Region.

Environmental issues around dairying include 
water, air quality and greenhouse gas emissions 
(Clark et al. 2007), and carbon (C) is a common unit 
of currency used to assess environmental effects. The 
net carbon budget for intensively grazed dairy farms 
is currently of interest to farmers, scientists and 
policymakers. If ecosystem C stores are depleted as a 
result of management, then the environmental impact 
would be negative, as compared with C accrual, 
which is a positive impact. Grasslands are reportedly 
net sinks for C (Frank et al. 2002, Soussana et al. 
2007). However, Smith (2014) argues the net C 
uptake at many sites in Europe is likely to be a legacy 
effect of a preceding land-use change (conversion to 

grassland following land uses that had depleted the 
soil C pool, e.g. cropping).

In NZ, (Mudge et al. 2011) investigated the C 
budget of dairy pasture in the Waikato region and 
also found it to be a small C sink in two consecutive 
years. Here, we present results for one year from 
an irrigated, intensively-grazed dairy paddock in 
Canterbury, NZ, which included all phases of pasture 
growth and several intensive (1-2 d) grazing events. 
In our C budget, we treat the cattle as agents of C 
transport, where they remove and deposit C for a 
short time during an intensive grazing event. In this 
case, the C production term represents contributions 
by plant and soil only. Carbon removed is based 
on animal forage intake, and the amount of dung 
deposited after removal is considered a C input. The 
approach is spatially representative of the paddock, 
rather than the farm scale, as it considers animal 
effects only during grazing events in the paddock.

MATERIALS AND METHODS

The carbon exports and imports were determined 
for the period from 17 August 2012 until 16 August 
2013 at a dairy farm located 9 km NE of the Rakaia 
River in the Canterbury Region of NZ (43° 35’ S, 
171° 55’ E). Urea fertilizer was applied 9 times to 
the site for a total of 183 kg N ha-1 yr-1. Irrigation was 
used to maintain soil moisture above 0.31 cm3 cm-

3. The standard set of micro-meteorological and soil 
measurements commonly used with eddy covariance 
systems (Mudge et al. 2011) were collected.
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We calculated the following terms to estimate 
net C budget for the irrigated paddock:

C
paddock

 = C
net uptake

 - C
grazed 

+ C
excreted

where C
net uptake

 is the net amount of C fixed by 
the pasture (photosynthesis minus respiration), C

grazed
 

is the amount of C removed by grazers while in the 
paddock, and C

excreted
 is amount of C deposited as 

dung by grazers. All terms are on an annual basis and 
represent the paddock area only. 

The term C
net uptake

 represents the net CO
2
 flux from 

the atmosphere to the pasture. It was continuously 
measured by an eddy covariance system at 20 Hz. 
Half-hourly averages were calculated and summed to 
determine net cumulative C uptake for the year. Data 
collected by the eddy system were filtered to remove 
periods of low turbulence and animal grazing. Gaps 
were filled according to established methods (Barr et 
al. 2004) to achieve annualized flux datasets.

Grass biomass was estimated with a rising plate 
meter, calibrated with locally-collected samples, and 
C

grazed
 was calculated from the biomass data for each 

grazing event. C
excreted

 was calculated from the amount 
of dry matter (DM) intake, assuming DM digestibility 
as 0.77, which is the mean of the seasonally-varying 
digestibility values used in NZ’s greenhouse gas 
inventory (MfE 2014), and the C content of dung as 
0.42 g g-1 (van der Weerden et al. 2014). The DM intake 
was the sum of the biomass grazed and supplemental 
barley feed, which was provided daily during milking 
times. The C content of urine is not substantive (van 
der Weerden et al. 2014) and thus ignored.

RESULTS

Total rainfall (from 17 Aug 2012 to 17 Aug 
2013) was 1008 mm. The site was irrigated with 
an additional 470 mm. Annual average temperature 
and rainfall were within the normal long-term 
ranges. Net ecosystem exchange collected by the 
flux measurement system indicated a net C gain of 
278 (±25) g C m-2 yr-1. Intensive grazing occurred 
approximately once a month throughout the milking 
season, for a total of 14 days, and accounted for a 
total removal of 1050 g DM m-2 yr-1. Total C removed 
by grazing, on the basis of a ryegrass C content of 
0.37 g g-1 (Garnier and Vancaeyzeele 1994), was 
estimated as 389 (±12) g C m-2 yr-1. Grazers deposited 
117 (±13) g C m-2 yr-1 in dung. The sum of the input 
terms minus removal did not differ significantly 
from zero, with a net gain of just 6 (±31) g C m-2 yr-1, 
therefore over the year considered this pasture was 
carbon-neutral.

Figure 1 depicts 30-min averages of C
net uptake

 
measured with the eddy covariance system. During 
each intensive grazing event, respiration from 
cows provided a major contribution to the net CO

2
 

exchange, therefore while the cows were grazing 
around the instruments, C

net uptake
 was modelled. A 

substantial amount of leaf area was removed with 
each grazing event, so subsequent net C uptake 
was reduced. Recovery of C uptake is evident by 
inspecting pre- and post-grazing periods.

Figure 1: Net carbon uptake (NEE, net ecosystem 
exchange) of the irrigated pasture, for one cycle of 
grazing and regrowth. Cows were on the pasture 
from 5-7 October 2012 (Day 279-281).

DISCUSSION AND CONCLUSION

This study is one of only a few performed on 
a commercial, intensively managed dairy farm in 
NZ. The first-year results indicate that under this 
intensive-grazing management system the net C 
gain of the pasture ecosystem, as measured with the 
eddy-covariance method, and the net C removal by 
the grazers are closely balanced. Additional years 
of data will help us understand whether a closed C 
balance can be consistently achieved for irrigated 
pastoral grazing systems. We suggest that budgeting 
approaches of this kind could support modelling 
efforts that simulate management options and test for 
effects on the net C balance, such as pastoral grazing 
versus cut-and-carry.
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Valuing forages for genetic selection: what traits should we focus on?
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ABSTRACT

Seasonal yield, total annual yield, nutritive value and feeding value of pasture are all important traits for 
driving the productivity of pasture-based livestock production systems.  From a farm systems perspective, 
persistence of the yield or quality advantage of new cultivars is also economically important.  However, this 
is the least well-defined of the productivity traits considered in this paper.  Contrary to anecdotal reports, 
evidence indicates that the genetic potential of modern ryegrass cultivars to survive in grazed pastures is at 
least equivalent to that of older cultivars. Plant breeding in Europe and New Zealand has changed the seasonal 
yield, quality and intake potential of perennial ryegrass.  Based on dry matter (DM) yield data from small-plot 
evaluation trials, the New Zealand Forage Value Index indicates that the top-ranked perennial ryegrass cultivars 
offer between $200 and $650/ha per year potential additional operating profit to dairy businesses (depending 
on region) compared to the bottom ranked cultivars. The equivalent figure in Ireland (including nutritive value 
effects) is about €325/ha per year. These estimates are yet to be confirmed in animal production studies. In 
intensive dairy systems, current rates of genetic gain in DM yield lag well behind realised rates of gain in animal 
genetics and associated increases in feed demand.  Genetic gains in yield need to double from current rates 
(estimated at 0.5% per year); but, it is not known if this is possible in an outcrossing species such as perennial 
ryegrass, which is normally grown in a mixture with other species especially white clover.  Improvements in 
DM yield in seasons where extra DM has greatest economic value in grazing systems should dominate breeding 
objectives, but this must now be augmented by consideration of the environmental impacts of intensive pasture-
based livestock production systems and opportunities to mitigate this through germplasm selection.  There 
is less evidence that nutritive/feeding value of ryegrass cultivars significantly limits animal production and 
profitability and useful improvements have already been made using tetraploids and later heading material. 
Failure over the past 2-3 decades to implement industry-led, systematic forage evaluation systems that translate 
DM yield data to animal performance and economics means that the livestock industries are poorly positioned 
to judge how much economic benefit they are gaining from forage plant improvement and to propose future 
priorities and targets. Recent developments in evaluation systems in Ireland and New Zealand will help address 
this situation; but, there is much ground to be made up before tangible impacts can be expected.

Key words: Plant improvement; perennial ryegrass; white clover; grazing systems; forage evaluation; genetic gain

INTRODUCTION

Pasture plant breeders and livestock producers 
both strive to improve animal production from 
pastures.  Both must balance multiple and often 
conflicting goals.  Plant breeders must produce 
cultivars that “have excellent performance for a 
multiplicity of factors and, importantly, must not 
have unacceptable performance in any” (Stewart 
and Hayes 2011).  For the plant breeder, picking 
the highest priority trait to focus on is challenging, 
especially when we consider that genotype x 
environment interactions in plant performance are 
common and often substantial (e.g. Jafari et al. 2003, 
Conaghan et al. 2008), and the fact that the scope 
to manipulate plants is bounded by inherent growth 
strategies that have evolved to maximise plant 
fitness under uncertain and highly variable growing 

conditions (Parsons et al. 2013).  Furthermore, 
all features of pastures that lead to high animal 
performance can be manipulated by management 
(including the use of species other than perennial 
ryegrass and white clover which dominate pastures 
in temperate regions), often to a far higher degree 
than by breeding.  

Where, then, should the focus for plant breeding 
be pitched? Amongst the major productivity traits, 
increased herbage yield is essential although, in 
grass-clover pastures, increased competition from 
the ryegrass/endophyte component can lead to 
complex short-term interactions affecting total 
dry matter (DM) yield (e.g. Eerens et al. 2001).  
Improved digestibility of herbage consumed should 
generally be valuable, though probably less so 
when pastures are well-managed and dominated 
by green leaf.  Sward canopy characteristics that 
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support high daily feed intake are critical in intensive 
production systems (Hodgson 1990).  Intake is also 
linked to nutritive value (NV): both factors (canopy 
characteristics and NV) are strongly influenced by 
management, and changes in animal intake, without 
corresponding changes in pasture yield, will require 
stocking rate or feeding adjustments.

Persistence is obviously desirable since the 
replacement of an old pasture with a new pasture is 
a capital cost that must generate a positive return on 
investment – the attainment of which will be strongly 
influenced by the number of years for which the new 
pasture continues to perform at a high level.  There 
are multiple causes of persistence failure, many 
of which are outside of the control of the breeder, 
such as severe drought or insect pest damage which 
kills plants, and mis-management leading to pasture 
failure.  

Finally, regulations governing environmental 
outcomes of pasture-based farming are now very 
significant for farmers.  Plant breeders therefore 
face the dual challenge of contributing to increasing 
productivity while helping to reduce environmental 
impacts such as nutrient losses through manipulation 
of, for example, plant chemical composition. There 
is, however, an unavoidable trade-off here: breeders 
must restrict selections to a small number of important 
traits in order to make significant progress in them.  
The broader the trait ‘sweep’, the slower the rate of 
gain in any one trait (Conaghan and Casler 2011).

Several recent reviews have thoroughly 
explored the question of trait priorities from both 
a farm systems perspective (e.g. O’Donovan et al. 
2011, Parsons et al. 2011, Lee et al. 2012) and a 
plant breeding perspective (e.g. Williams et al. 2007, 
Casler and van Santen 2010, Stewart and Hayes 
2011, Conaghan and Casler 2011). In this paper, we 
apply lessons learned from past progress in plant 
breeding (Parsons et al. 2011) to the major pasture 
plant productivity traits and to the environmental 
issues facing pasture-based livestock production.  
In so doing, our aim is to identify the research and 
development initiatives required to understand 
the full value that is being delivered by forage 
improvement now, to demonstrate that value clearly 
to farmers, and to identify how it could be increased 
in the future.  

CRITICAL REQUIREMENTS

(Parsons et al. 2011) illustrated how our 
expectations of plant breeding can be misplaced when 
the goals of manipulating particular traits are unclear 
or mis-interpreted, and/or when field evaluation is 
initiated too early in the development cycle without 
recognising important genotype x environment 

interactions that can mask the expression of traits.  
They showed how well-conceived trait targets, 
such as breeding for reduced rates of maintenance 
respiration in perennial ryegrass in order to increase 
DM yield (e.g. Wilson 1975), can be ‘lost’ if novel 
germplasm is not tested under an appropriate range 
of environmental conditions and situations where 
the trait could be beneficial are missed. In this case, 
ryegrass lines selected for a slow rate of maintenance 
respiration yielded better than lines with normal rates 
of respiration at a high rate of N supply, but not a low 
rate of N (Robson 1982).  

Using a similar example, breeding for elevated 
fructan levels in ryegrass leaf lamina (e.g. Pollock and 
Jones 1979), (Parsons et al. 2011) identified another 
G x E that was not appreciated until the results of 
several studies were collated by (Edwards et al. 
2007) to show why initial expectations of reduced 
urinary N loss in ruminants fed so-called ‘high sugar 
grasses’ were not realised.  In this case, the prospects 
of success are reasonable under low rates of N 
supply, but unrealistic under high rates of N supply.  
Interestingly, both examples hinge on understanding 
C-N relationships in plants and their implications for 
ruminant nutrition, which are pivotal to the dilemma 
of increasing animal productivity from pasture while 
decreasing environmental impacts such as nitrate 
leaching losses.   

 From these and other examples, (Parsons et 
al. 2011) identified several critical requirements for 
improving progress in breeding for productivity and 
environmental traits.  Here, we concentrate on just 
two of these:
1. The need for clear goals and targets for 

plant breeding, based on sound mechanistic 
understanding of plant growth processes and 
plant-animal interactions, and their expression 
under different environmental and management 
conditions; and

2. The importance of setting reasonable 
expectations regarding what level of change 
can be reliably detected in field experiments, 
and the need for rigorous and accurate design of 
evaluation systems.

DRY MATTER YIELD

The profitability of pasture-based livestock 
farm businesses is closely and positively related 
to the amount of pasture consumed per hectare per 
year (Dillon et al. 2005).  In high-performing farm 
businesses, management policies and physical farm 
inputs are implemented with the aim of supplying 
enough pasture of sufficient NV to meet total animal 
feed demand per day for as many days as possible on 
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an annual cycle.  Hence seasonal distribution of yield 
is very important, often more so than just total annual 
yield.  (Chapman et al. 2011) estimated that, for a 
high-performing pasture-based dairy system in the 
southwest Victoria region of Australia (characterised 
by consistently dry summers with little pasture 
growth and variable autumn rainfall), the economic 
value (EV) of additional pasture grown was around 
11c/kg DM if extra growth was spread evenly across 
the year, versus 12.9, 13.2, 28.0 and 17.6c/kg DM 
if the same amount of extra feed was all grown in 
winter, spring, summer or autumn, respectively.  The 
markedly higher value of additional feed in summer 
and, to a lesser extent, autumn, reflects the changing 
feed-supply demand balance of the farm system 
over an annual cycle: feed deficits are greatest in 
these seasons; hence, this is when the opportunity to 
reduce purchased feed costs is greatest.  

This approach, first developed by Doyle and Elliott 
(1983) and then applied to pasture cultivars by (Brookes 
et al. 1993), now forms the basis for calculating EV 
in seasonal yield in the Teagasc Pasture Profit Index 
(PPI) in Ireland (McEvoy et al. 2011) and the DairyNZ 
Forage Value Index (FVI) in New Zealand (Chapman 
et al. 2012) (Table 1).  Performance values (PV) for 
individual cultivars, derived from evaluation trials, are 
combined with trait EV to estimate the overall index 
value (in € or $/ha per year) for each cultivar, from which 
cultivars can be ranked according to the overall index 

value or according to sub-traits such as a seasonal DM 
yield.  The PPI and FVI systems are the first examples 
of the application of genetic merit testing approaches 
that are well-embedded in animal evaluation systems 
(e.g. Beard 1987) to pastures.  While they are mainly 
directed to dairying and concentrating on perennial 
ryegrass, the general approach can be extended to other 
pasture-based livestock industries and pasture species 
provided sufficient information is available to estimate 
EV and PV.  

Breeding for dry matter yield
Yield is a complex trait, which is most likely 

influenced by vast regions of the ryegrass genome, 
as well as the genome of the associated endophyte 
if present.  Hence, for outcrossing species such as 
perennial ryegrass and white clover, which contain 
considerable genetic diversity within a cultivar and 
are subject to substantial genotype x environment 
interactions (Conaghan et al. 2008), genetic progress 
is challenging.  Furthermore, seasonal and annual 
yield is never the sole focus of breeding because there 
are numerous agronomic traits that can “make or 
break” a cultivar. These include, but are not confined 
to, resistance to a number of diseases, flowering time, 
clover compatibility, persistence, quality, seed yield, 
and in New Zealand, the incorporation of an appropriate 
endophyte.  When all of these traits are considered, 
breeders struggle to apply high selection pressure on 
yield per se, because it is only one of several factors.

Table 1: Economic values used in the Teagasc Pasture Profit Index (PPI) system in Ireland and the DairyNZ 
Forage Value Index (FVI) system in New Zealand for A) seasonal dry matter (DM) yield and B) dry matter 
digestibility (DMD) of pasture .  After (McEvoy et al. 2011) and (Chapman et al. 2012).

A) Seasonal dry matter yield

Ireland PPI

 (Milk price €0.27/L) Spring Mid-season Autumn

Economic values €/kg DM 0.152 0.030 0.103

New Zealand FVI

 (Milk price $6.10/kg 
milksolids)

Winter Early 
spring

Late spring Summer Autumn

Economic values $/kg DM

Upper North Island 0.30 0.48 0.21 0.40 0.41

Lower North Island 0.37 0.47 0.17 0.33 0.32

Upper South Island 0.45 0.42 0.29 0.17 0.29

Lower South Island 0.40 0.46 0.23 0.12 0.27

B) Dry matter digestibility 

Ireland PPI

 (Milk price €0.27/L) Apr May Jun Jul Aug Sep

Economic values €/unit 
decrease in DMD

-0.001 -0.008 -0.010 -0.009 -0.008 -0.006
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Germplasm from diverse origins (especially 
north west Spain), later flowering material, and 
tetraploids have all contributed significantly to 
ryegrass improvement in New Zealand and other 
countries over the last 50 years (e.g. Stewart 2006, 
Lee et al. 2012). Given the range of factors impacting 
on yield as a trait and its relationship with other traits, 
plus the fact that pasture plant breeders are mostly 
dealing with perennial outcrossing species that are 
often used in mixtures, it is not surprising that the 
rate of genetic gain in DM yield of major pasture 
species is estimated to be relatively low. (Lee et al. 
2012) summarised a number of European and New 
Zealand studies that evaluated perennial ryegrass 
in small plot, monoculture trials, from which the 
average rate of gain in total annual yield was 0.5% 
per year. (Sampoux et al. 2011) measured a rate of 
gain of 0.32% per year in total annual DM yield when 
comparing 21 cultivars of diploid perennial ryegrass 
registered in European National List trials over 40 
years. They noted that gains have been achieved in 
summer (0.28% p.a.) and autumn (0.74% p.a.) with 
no change in spring yield. (Sampoux et al. 2011) 
attributed the gains in summer and autumn, in part, to 
reductions in aftermath heading, which they proposed 
would also have led to moderate improvements in 
herbage quality. 

These types of analysis presuppose that the 
older cultivars have not changed and although large 
changes are not commonly apparent it is likely that 
older cultivars are now several generations removed 
from the original selection and that minor population 
shifts are likely to have occurred. Also, farming 
systems have changed considerably over the last 30 
or more years; for example with much higher rates of 
nitrogen (N) fertiliser are being used in New Zealand 
dairy systems (Clark 2011).  

The extent to which the broadening of functional 
types (e.g maturity date and ploidy) delivered by plant 
breeding over the past 4-5 decades has contributed to 
overall gain versus the extent to which improvement 
within functional groups has contributed is not 
known. The only recently published data of this type 
come from Belgium where the old cultivar Vigor 
(a late-heading cultivar, formerly called Melle) has 
been maintained and included as a control in Value 
for Cultivation and Use (VCU) trials from 1963 to 
2007 (Chaves et al. 2009).  The results were very 
similar in the intermediate-heading and late-heading 
groups and in diploids and tetraploids. Relative to 
Vigor, total annual DM yield of candidate varieties 
over 2-3 harvest years under infrequent cutting 
increased by 12.4%, ground cover in autumn by 21% 
and resistance to crown rust by 44%.  More studies 
of this type are needed, lest the limitations of simple 

approaches lead us to miss important evidence of 
progress (Parsons et al. 2011). 

Furthermore, in New Zealand, the advent of 
novel strains of endophyte has further complicated 
matters (Thom et al. 2012), because of: 1) the 
strong effect of endophyte on insect resistance 
and, hence, yield and persistence, plus possible 
direct effects on plant physiology (e.g. Malinowski 
and Belesky 2000); and 2) evidence of host plant-
endophyte strain interactions (Popay et al. 2003) 
which indicate that the genomes of both species 
combine such that the same endophyte cannot 
be assumed to have the same effect in different 
cultivars.  This means that in New Zealand (and, 
most likely, Australia) it will be necessary to 
differentiate between the advances made using 
new endophytes and the advances in ryegrass 
genetics per se. 

Finally, as noted above, simple reliance on 
total annual DM yield as a measure of gain ignores 
the different EV of seasonal DM yield in grazed 
pasture systems.  The most useful way to evaluate 
genetic gain from a farmer’s perspective is to 
calculate the improvement in estimated operating 
profit per year, as proposed by (Wims et al. 2014).   
This information is not currently available for 
any of the major pasture species in any country 
of the world where pastures are grazed directly by 
livestock.

Targets
Increasing grass DM production must remain 

the dominant goal in pasture plant improvement for 
intensive, temperate grazing systems. However, 
given the 10-15 year lead times required for 
cultivar development, this must now be augmented 
by consideration of plant factors that could help 
mitigate the environmental impacts of intensive 
pasture-based livestock systems, as discussed 
later in this paper. As ruminant production 
systems have developed, clear gaps between what 
has been achieved to date in grass breeding and 
what is required at the highest point of grazing 
systems have emerged.  Irish and New Zealand 
milk production systems are by far the most 
reliant on, and demanding of, high levels of DM 
yield. (O’Donovan et al. 2011) proposed a goal 
of 16-18 t DM/ha grown for Irish research herds 
to sustain high grazing stocking rate (> 2.9cows/
ha); this remains an achievable target.  To date, 
approximately 15 t DM/ha is being achieved in 
research, while average national DM production 
in Ireland is currently approximately 9.1 t DM/ha. 
Similar numbers apply in New Zealand.
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In contrast to the paucity of information on rates 
of economic gain being achieved through pasture 
plant breeding, as described above, the contribution 
of animal breeding to economic performance is well 
documented in the New Zealand (e.g. Macdonald et 
al. 2008) and Irish (e.g. Berry and Buckley 2013) 
dairy industries. For example, in New Zealand, Bryant 
and Amer (2014) noted that every year, the New 
Zealand national herd improves by an average of $11 
Breeding Worth (BW) units per cow as measured 
by the New Zealand BW index, which is equivalent 
to $11 per 5 t DM consumed on farm per year. In 
Ireland, the target is €10 per cow per year. At this rate 
of realised (i.e. on-farm) genetic gain, New Zealand 
farmers are benefitting from an extra 23 kg milksolids 
per cow and a $107 increase in profit per 5 t DM 
consumed every 10 years (Bryant and Amer 2014).  
This increase comes with a ‘cost’ of increased DM 
intake of approximately 16 kg DM/cow per year, or 
a 0.32% increase in intake per year (Bryant and Amer 
2014).  Expressed another way, if feed supply does not 
increase at a commensurate pace, then, in theory the 
number of cows farmed should be reduced by 0.32% 
per year; otherwise gains in animal genetics will 
not be expressed.  In New Zealand dairy production 
systems relying on pasture to maintain international 
competitiveness, this implies either an increase in DM 

consumed from pasture of 0.32% must be achieved 
per year (which equates to an increase in DM grown 
of 0.4% per year, assuming 80% of pasture grown 
is utilised through grazing), or stocking rate must 
decrease by 0.32% per year to maintain a balance 
between feed supply and demand.  

A rate of gain in perennial ryegrass DM yield of 
0.5% per year suggests the rates of improvement in 
plant and animal productivity in New Zealand are in 
balance.  However, as noted above, the quoted animal 
genetic gain is being achieved on farm now (at 0.32% 
higher feed demand per year per cow), whereas the 
0.5% DM yield gain estimate comes from small plot 
trials where pastures are managed much more carefully 
than they are on farm (and is gain per hectare).  Doyle 
and Kelly (1998) in Australia, and (Crush et al. 2006) 
in New Zealand, questioned whether any gains in 
pasture yield have been achieved in well-managed 
pastures in recent decades.  Analysis of the trend 
in total annual herbage accumulation measured in 
farmlet trials in the Waikato region of New Zealand 
from 1979 – 2013 (Figure 1) raises the same question.  
Apart from the obvious (and expected) between-year 
variation in growth, the only discernible change in 
pasture productivity was related to the introduction of 
N fertiliser starting in 1993, which lifted overall yields 
by 2 to 3 t DM/ha per year. 

Figure 1: Mean total annual pasture herbage accumulation (HA) measured on farmlet trials at Ruakura (1979 
- 2001) and Newstead (2002 – 2013) in the Waikato region of New Zealand.  From 1979 to 1992 (∆), no 
nitrogen fertiliser was used.  From 1993 onwards (o), N fertiliser was applied at rates averaging 185 kg N/ha 
per year.  (Source: Glassey 2011).
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In the meantime, over the 34 years covered in 
Figure 1, realised animal genetic gain would have 
increased feed demand per cow by around 11% 
(0.32%/year), or 550 kg DM/cow.  This equates to an 
increase in feed demand of 1.38 t DM/ha consumed, 
or 1.72 t DM/ha grown (assuming 80% utilisation), 
from a base stocking rate of 2.5 cows/ha in the 
Waikato in 1979.  To compound matters, stocking 
rate in the Waikato has increased by around 0.5 cows 
per hectare over this period, bringing an additional 
2.5 t DM/ha feed demand.  This increased demand 
has largely been met by using N fertiliser, importing 
more feed and grazing stock off the milking area; 
but, the sustainability of these practices is uncertain 
against a back-drop of increasing regulation of the 
environmental impacts of dairying (including nitrate 
leaching) and the pressure being exerted by other 
dairy exporting countries achieving lower costs of 
milk production than New Zealand.

This analysis provides a compelling argument 
that the rate of gain in DM yield of our major pasture 
species must be increased substantially from the 
present (albeit poorly-defined) level, to close the gap 
between realised animal genetic gain and realised 
pasture genetic gain and maintain the competitive 
advantage of our dairy industries: the use of low-cost 
pasture feeding. A review of forage plant improvement 
in New Zealand (Morrison 2011) proposed an 
‘aspirational’ goal of 1% per annum increase in DM 
yield for perennial ryegrass: the foregoing analysis 
suggests this is essential, rather than aspirational, but 
we do not know if it is achievable.  If it is not, the 
trend toward higher stocking rates and increased use 
of imported feed will need to be reversed in order to 
control costs while allowing high genetic merit cows 
to express their production potential. A common 
argument against this approach is that high stocking 
rates are required to control perennial ryegrass 
pasture quality. However, as discussed below, 
plant breeding has changed the feeding value of 
perennial ryegrass through delayed heading and the 
development of tetraploids, potentially improving 
the ease with which consistent post-grazing residuals 
can be achieved to maximise regrowth potential and 
feed quality at the next grazing.  This important suite 
of interactions between ryegrass phenotype, stocking 
rate, feed intake, pasture growth and quality, animal 
production and profitability has not been fully 
investigated.

FEEDING VALUE AND NUTRITIVE 
VALUE OF PASTURE

Feeding value is defined as intake x quality 
(nutritive value; NV). It is a measure of nutrient (or 
energy) intake, and is an appropriate measure of a feed 

when availability is unrestricted (e.g. barn feeding 
of a total mixed ration; TMR). However, individual 
intakes are typically constrained in pasture-based 
livestock production systems to maximise animal 
production per hectare and maintain pasture quality 
(Litherland and Lambert 2007, Chapman et al. 
2014), so NV may be a better comparative measure 
than feeding value.

 (Clark et al. 1997) listed the following 
short-comings of ryegrass pastures for dairy cow 
nutrition: a higher than optimum crude protein 
(CP):carbohydrate ratio; high rumen protein 
degradability; high neutral detergent fibre; and a 
lengthy rumen retention time related to the lignin 
composition of fibre.  The typical criteria cited for 
NV improvement include high metabolisable energy 
(ME) content, high digestibility, and adequate (but 
not excessive) CP. Recently there has been more 
interest in cell walls (i.e fibre; NDF) that degrade 
rapidly during digestion; for example, through 
manipulation of lignin biosynthesis pathways (e.g. 
Casler et al. 2008, Faville et al. 2010). In New 
Zealand, consideration of fungal endophytes is 
essential because of the potential of ‘standard’ 
endophyte (and, to a much lesser degree, some novel 
endophytes) to produce neurotoxins under certain 
conditions (Thom et al. 2012), but most toxins and 
anti-nutritional compounds in pastures (Cheeke 
1998, Waghorn et al. 2002) are ignored in analyses.

Breeding for feeding value and nutritive value
Breeders have been seeking clear guidance on 

what aspect of quality to select for many years (e.g. 
Corkill 1958).  In the absence of clear direction, 
breeding for quality has traditionally meant selection 
for improved digestibility and in some cases elevated 
water soluble carbohydrates (WSC). In all cases this 
has been assumed to improve metabolisable energy 
intakes or the value of the grass for silage purposes. 
Selection for low leaf strength was an attempt 
to improve quality and, although evaluation was 
confounded by the ryegrass endophyte (Lancashire 
and Ulyatt 1975), the conclusion today is that 
selecting for this trait has only a minor effect on 
quality. The breeding of tetraploids is believed to 
have improved quality and animal intake, but few 
other approaches have been taken by breeders to 
directly improve intake. European research suggests 
grazing intakes are 5% greater on tetraploids than 
diploids, leading to animal performance advantages 
of a similar order (Hageman et al. 1993).

Improved digestibility is often related to a 
delay in flowering (O’Donovan and Delaby 2005) 
making late flowering ryegrasses valuable. Reduced 
aftermath seedhead development in summer appears 
to be an obvious benefit, but in many dairy systems 
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under a frequent (25 days or less) grazing rotation, 
reproductive stems seldom develop much beyond 
the early stem elongation stages. It is only under 
longer regrowth intervals, possibly considered 
mismanagement, that aftermath seedheads appear 
anyway.  

Although breeding for increased NV would 
appear to be valuable, if it also improves animal 
intake and pasture consumption increases without a 
simultaneous pasture yield improvement, stocking 
rate has to be reduced. The balance between increased 
consumption and reduced animal numbers then 
becomes a farm systems issue, which is complex 
and difficult to address.  From a breeders perspective 
ME and digestibility is largely about manipulating 
the decrease in quality as plants flower, but this is 
not a simple task. (Casler et al. 2014) measured 
improvements of 2 to 3 percentage units in NDF 
content, NDF digestibility, and in vitro digestibility 
of herbage from cocksfoot (Dactylis glomerata L.) 
cultivars selected for sparse flowering compared with 
standard cultivars.  However, they concluded that the 
overall improvement in first-harvest forage quality 
was too small to offset the reduced forage yield 
associated with the sparse-flowering trait. Breeding 
for quality of vegetative leaf is likely to be a very 
different target to minimising the decline in quality 
as the plant progresses to flowering. 

Targets
Individual cow production is usually limited 

by ME intake, and ME is a useful measure of NV 
(Waghorn 2007). Dietary ME gives an indication 
of potential intakes (because it is driven largely by 
digestibility), but ME intakes are also affected by 
feed availability, competition for feed, and animal 
health and productivity.  The Teagasc PPI includes 
EV for pasture quality, expressed as the economic 
effect of a 1% change in DM digestibility (DMD) 
on intake (DMI), where DMI is a function of rumen 
fill.  EV for quality varies with season (McEvoy et al. 
2011): it is greatest during the peak lactation months 
of May, June, July and August (Table 1), when ME 
intake restriction will have the greatest impact on 
milk production. Lower digestibility is frequently 
observed in May and June in northern hemisphere 
pastures, associated with ryegrass reproductive stem 
development.  When combined with PV data for 20 
perennial ryegrass cultivars, the range in the total 
index values for quality was nearly €150/ha from the 
best to the worst cultivar (McEvoy et al. 2011).  This 
is of similar magnitude to the ranges in total index 
values for seasonal DM yield derived from the same 
data set of €159/ha, €24/ha and €76/ha for spring, 
mid-season and autumn respectively (Table 1). When 
all traits are combined in the PPI, genetic variation in 

pasture quality can have a significant bearing on the 
total merit and, therefore, the rankings of cultivars, 
and this trait clearly must be included in such index-
based ranking systems.

A comparison of nutrition and production from 
dairy cows fed either fresh pasture or TMR (based on 
silages, grains and other conserved forage) suggested 
the high moisture content of pasture (i.e. bulk) could 
limit intakes and, therefore, feeding value (Waghorn 
2002). That comparison also highlighted the 
importance of feed particle size reduction, enabling 
passage from the rumen, because TMR diets 
comprise grain and chopped forages, so components 
are smaller than grazed pastures. The rate (and 
extent) of fibre degradation is dependent on the ease 
and efficiency with which fibre is reduced in size by 
chewing (i.e. the toughness of the herbage). Small 
particles facilitate greater microbial colonisation, 
and are able to pass to the abomasum and intestines. 

Fibre provides a large portion of the ruminant’s 
energy supply. So, the amount of fibre is less 
important than the ease of physical breakage; a brittle 
fibre could be ideal. Fibre structure and lignification 
(distinct from lignin content) affect digestion and 
digestion rate; hence selection for a lower fibre 
content in grasses may have a detrimental effect on 
FV if the fibre is stronger and less easily fractured. 
The rate of digestion is important because rapid 
digestion will allow higher passages rates of material 
through the rumen.

Prime objectives for selection should 
therefore be to ensure that pasture-based diets 
have less than 20% CP in the DM (3.3% N), 
high ME density, adequate trace elements and 
a DM content of at least 16%. Fibre should be 
rapidly degradable and the diet free of toxins. The 
proposed target of 20% CP (for ryegrass-clover 
pastures that commonly contain 24-27% CP) is 
desirable from an environmental perspective, but 
CP content was the only one of the six quality 
variables measured by (Sampoux et al. 2011) for 
which no significant change was evident as a result 
of 40 years of perennial ryegrass plant breeding 
in Europe.  The other five quality variables 
reported by (Sampoux et al. 2011), lignin content, 
NDF content, in vitro digestibility of NDF, WSC 
content, and in vitro DMD all showed statistically 
significant changes relative to the overall cultivar 
mean, of -1.58%, -0.71%, 1.0%, 5.0% and 0.49% 
per decade respectively.  Thus, at least under 
cutting management in Europe, small but steady 
gains in quality are being made.  There is no 
such information available for perennial ryegrass 
or other important forage species used in New 
Zealand and Australia.
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PERSISTENCE

Persistence can be defined as stability of DM 
yield of the sown population (Parsons et al. 2011): it is 
not simply plant survival over time, although failure 
of sown plants to survive can clearly be involved in 
many situations. Persistence of yield is a complex 
phenomenon that is dependent on a number of 
factors: environment, management and plant genetics 
are all important.  In addition, for perennial ryegrass 
in New Zealand and Australia, associations with 
specific endophytic fungi can have very substantial 
effects through differential resistance to insect pest 
damage and possibly improved tolerance of severe 
soil moisture deficits.  These issues have been dealt 
with comprehensively in recent reviews (Clark 2011, 
Popay and Hume 2011, Thom et al. 2012, Hume 
and Sewell 2014) and will not be expanded further 
here, where our aim is to focus more on plant genetic 
differences in ‘persistence’. 

Long term persistence of yield is highly desirable 
due to the substantial capital costs associated with 
cultivation and reseeding of grassland. The impact 
of forage plant breeding on yield and quality has 
been quantified (albeit with limitations, as discussed 
above); however, there is limited information on 
what impact, if any, plant breeding has had on the 
genetic component of persistence. There are several 
reasons for this including difficulties associated 
with quantifying persistence and the length of time 
required to accurately assess it. 

For perennial grasses, the production of tillers 
allows the plant to spread and survive however. 
After the initiation of reproductive growth, tillers 
will ultimately die.  For the population density of 
sown plants to remain stable, each tiller must leave 
behind just one replacement (Edwards and Chapman 
2011).  Breeding for a high ratio of vegetative to 
reproductive tillers and/or a high rate of appearance 
of new tillers has been proposed as a route toward 
improved persistence (e.g. Wilkins 1991).  However, 
perennial ryegrass is capable of rapid rates of tiller 
initiation (Matthew et al. 2000) and there is no 
evidence that failure to replace tillers that die either 
naturally or in response to short-term growth stresses 
limits ryegrass ‘persistence’ in temperate regions 
where soil moisture deficits are absent or relatively 
mild and/or short in duration (Chapman et al. 2011). 

In recent years, farmers have reported growing 
dissatisfaction with renewed pastures (e.g. Kelly et 
al. 2011), which is generally associated with a loss 
of yield benefit in the early years following resowing 
and sometimes directed at new cultivars which are 
deemed less persistent than old cultivars (e.g. Scott 
2013).  Has the pursuit of higher yield in forage 

plant breeding led to inferior survival or long-term 
yielding ability as an unintended consequence?  
While it has been suggested that persistence may 
be inversely correlated with yield in pasture species 
(Woodfield and Easton 2004), there is little evidence 
to suggest that cultivars today are any less persistent 
than older cultivars (Crush et al. 2006, Easton et al. 
2011).  Only studies that allow the genetic effect 
to be disentangled from other factors (as discussed 
above) can be used to fully assess this.  In one such 
European study, where persistence was measured 
as the change in sward density from year 1 to year 
3, (Chaves et al. 2009) reported an annual increase 
of 0.56% in ground score achieved over the last 40 
years relative to the control cultivar ‘Vigor’.  

In New Zealand, there is no systematic 
information available on variation between ryegrass 
cultivars in persistence.  Therefore, there is no way 
of estimating whether or not gains have been made 
in persistence of yield through ryegrass breeding – 
apart from the well-documented progress than has 
been achieved through the development of novel 
endophyte strains (e.g. Popay and Hume 2011). The 
New Zealand Plant Breeders Research Association 
(NZPBRA) operates a similar yield trialling system 
to that required by EU legislation in Europe.  A 
logical starting point for New Zealand, therefore, is 
to determine whether yields recorded in years 1 – 3 in 
NZPBRA cultivar yield evaluation trials (Easton et al.  
2001) are a good predictor of long term yield.  Initial 
analysis of the only data set suitable for this purpose 
(to the best of the authors’ knowledge) revealed a 
moderately strong relationship (r2

 
= 0.59) between 

mean cultivar yield in years 1 – 3 and mean yield 
in year 7 and 8 for 25 perennial ryegrass cultivars.  
However, of relevance to the challenge of identifying 
appropriate measures of yield persistence that can be 
easily implemented at the cultivar level, there was a 
poor relationship between cultivar rankings for yield 
in years 2 and 3 and rankings for yield in year 7 and 
8 (r2 = 0.42) and no relationship between ranking for 
ground score measured 6.5 years after sowing and 
yield rank in year 7 (D. Chapman, P. Muir, J. Bryant, 
unpublished data).

Targets
Proposing targets for persistence is fraught, 

since there is no clear consensus in the literature 
regarding how persistence should be defined (Mercer 
2011): without this, it is impossible to propose how 
it should be measured and, therefore, how routine 
performance data could be collected to differentiate 
among cultivars in evaluation systems.  As noted 
above, persistence of yield is not simply related to 
plant survival over time.  A more comprehensive 
analysis is needed to help focus plant breeding 
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objectives in this complex area.  (Parsons et al. 2011) 
noted that the loss of the yield advantage of a newly-
sown pasture (a common observation, e.g. Thom et 
al. 1998, Tozer et al. 2011) could be attributed to: 
1) a decline in the population of sown plants in the 
community and an increase in volunteer plants with 
poorer productivity (plants fail to survive); and/or 2) 
a decline within the established population of sown 
plants in the expression of the trait that conferred the 
yield advantage in the first place (plants survive but 
their phenotype changes); and/or 3) the initial yield 
increase is the result of the process of reseeding and 
tilling land resulting in greater N availability from 
the mineralisation of organic matter in the soil which 
is subsequently depleted as the pasture develops 
(plants survive but resource supply declines and the 
genome of the plant is not involved at all). There 
are no examples in the literature of studies that 
have sought to untangle these potential genotypic, 
phenotypic and environmental factors. Until there 
is more clarity around causal factors, only limited 
progress in breeding for improved persistence of 
yield can be expected.

In Europe, ground score (GS) is used as an 
indicator of persistence and this is the measure used in 
the Teagasc PPI. Ground score is a visual estimate of 
the relative ground cover of a sown cultivar on a 0-9 
scale (0= no perennial ryegrass, 9=100% perennial 
ryegrass; Camlin and Stewart, 1978). It is generally 
assessed during the winter period, when herbage 
mass is relatively low.  Trends in persistence of ten 
perennial ryegrass cultivars (split equally between 
diploids and tetraploids) were assessed over 4 years 
at Fermoy, County Cork, Ireland, by visual estimation 
of the percentage ground cover of perennial ryegrass 
cover three weeks after the final harvest in each 
year. The strongest relationship between change in 
yield and change in GS existed between year 1 and 
year 3 (r2=0.39, M. McEvoy and M. O’Donovan, 
unpublished data). For each 1 unit fall in GS, yield 
declined by 1.68 t DM/ha. These results indicate a 
link between change in GS and change in DM yield 
across years, and offer potential to predict long-term 
persistence of yield of perennial ryegrass cultivars 
from National List trialling procedures.  

Unlike yield and quality, economic values for 
persistence have not been published.  (Malcolm et 
al. 2014), in outlining the economic theory that can 
be used for this purpose, contend that persistence 
“is most usefully seen as an economic rather than 
solely a biological parameter.” (Malcolm et al. 
2014) applied the profit-maximising decision rule 
(meaning that the value of pasture persistence, or 
its converse, pasture renewal, must be accounted 
for over several cycles of investment in re-sowing) 

to different hypothetical trajectories of yield change. 
They demonstrated that the economic advantage of 
renewal depended heavily on the length of time for 
which a new pasture sustained peak yield, and the 
level to which yield dropped from peak subsequently.  
For a situation where a new pasture attained peak 
yield three years after sowing, sustained that peak for 
four years, declined to 50% of peak yield by year 11, 
and then maintained that yield level until year 20, the 
annuity of the investment was the same irrespective 
of whether the pasture was replaced after 8 years or 
20 years.  In other words, “the replacement of the 
pasture [at any point between year 8 and year 20] is 
equally profitable from a lifetime profit perspective 
where several cycles of investment will occur on this 
piece of land.”  

In this scenario, the net present value of 
achieving 10% greater DM yield for each year (for 
example, by breeding for higher yield) was four 
times greater than the value of extending the life of 
the pasture by an additional year (for example, by 
breeding for increased persistence). If the pasture 
maintained production at > 65% of peak annual 
yield, then longer pasture lives were more profitable 
than shorter pasture lives.

The approach of (Malcolm et al. 2014) highlights 
how, in order to truly understand the economic value 
of breeding for better ‘persistence’, it is necessary to: 
firstly, define persistence as ‘persistence of yield’, 
as proposed by (Parsons et al. 2011); secondly, 
collect information on absolute yield, and on yield 
trajectories, for new pastures (or, for evaluation 
purposes, new cultivars) in order to identify profit 
maximisation points; and thirdly to place the analysis 
in the business context of farms, considering such 
factors as commodity prices, climate variability, and  
preparedness to invest capital.    

ENVIRONMENTAL TRAITS

Nutrient emissions are a pressing environmental 
issue facing pastoral farming today. In Europe, EU 
Directives on nitrates and water have had a profound 
impact on agricultural practices and productivity. 
In New Zealand, regional councils are currently 
formulating plans that will deliver the National Policy 
Statement on Freshwater Management notified by the 
NZ Government in 2011. These plans may require 
substantial reductions in nitrate leaching from 
current levels being achieved on NZ dairy farms to 
sustain freshwater quality levels. For example, in the 
Canterbury Plains region of the South Island, nitrate 
leaching losses exceeding 20 kg N/ha per year are 
a trigger that requires individual businesses to seek 
consents to continue farming, effectively making the 
current land use a discretionary activity.  Depending 
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on soil type and intensity of the production system, 
estimated nitrate leaching losses in this region 
frequently fall in the range 30 – 60 kg N/ha per year 
(Lilburne et al. 2010).

From a plant breeding point of view, the key 
aspect to recognise is that N losses are broadly 
related to total N input into the farm (Whitehead 
2000), with the urine patch the primary source of 
nitrate leaching in pasture based dairy systems (Di 
and Cameron 2002). The main factor influencing 
the quantity of N excreted in urine is the amount of 
N consumed by the animal relative to demands for 
production and maintenance (Pacheco and Waghorn 
2008). When daily dietary CP intake exceeds 
approximately 2.5 kg/cow/day, 78% of the additional 
dietary N is excreted in urine (Moorby 2014). A 
logical pathway to controlling nitrate leaching, 
therefore, is to manipulate the N content of the feeds 
eaten by animals to reduce the internal surplus and/
or to enhance the capture of N in the animal via milk 
production. This, combined with approaches to alter 
the number and timing of urine patches deposited on 
pastures and to enhance N uptake from soil by plants, 
should help reduce nitrate leaching. 

Breeding for reduced nitrate leaching
Recent reviews of progress in breeding forage 

plants for improved environmental outcomes from 
pasture-based animal production systems (Abberton 
et al. 2008, Kingston-Smith et al. 2013) reveal that 
relatively few studies have focussed on options for 
reducing the amount of N consumed by animals 
grazing pastures and crops. (Wilkins et al. 2000) 
examined leaf N content and N use efficiency of 
perennial ryegrass cultivars under simulated grazing 
and a range of N fertilizer inputs. There were small, 
but statistically significant, differences among 
varieties in the N content of their leaves.  However, 
leaf N content was inversely related to DM and N 
yield, consistent with previous studies (van Loo et 
al. 1992, Wilkins et al. 1997).  These findings accord 
with the view emerging from phylogenetic studies 
that organic N concentration is a species level trait 
(Broadley et al. 2004), with little intra-specific 
variation available for selection.  Breeding for lower 
N content within perennial ryegrass as a pathway 
for reducing surplus N intake in grazing ruminants 
(and therefore urinary N excretion) within intensive 
production systems is not a viable mitigation 
strategy. Other species must be considered and the 
associated implications for the whole farm system of 
changing the grazed forage base must be quantified 
(e.g. Beukes et al. 2014, Pembleton et al. 2014).

(Wilkins et al. 2000) reported that differences 
among cultivars in the N content of the leaves were 
small relative to the seasonal variation in herbage N 

content. Greater differences in herbage N content 
could perhaps be achieved by altering the proportion 
of leaf, stem and reproductive tillers.  A further 
thread has been the breeding of perennial ryegrass 
cultivars with increased WSC concentration in the 
leaf blades. This topic has been extensively reviewed 
elsewhere. Improved WSC levels have rarely resulted 
in improvements in animal performance (Edwards 
et al. 2007), because the magnitude of the increases 
in WSC are small and inconsistent, and interactions 
with other factors influencing animal intake can over-
ride any benefits.  Better prospects for reducing the 
proportion of dietary N that is excreted in urine were 
reported, although the level of expression of WSC 
required in herbage to deliver these benefits (Moorby 
2014) may be challenging in the high CP diets in 
many New Zealand pastures. 

The importance of improved nutrient capture 
for production and environmental reasons has been 
considered (Williams et al. 2007). Grasses typically 
have shallow rooting systems, and the recovery of 
nutrients and water from lower in the soil profile 
will require more investment in deeper roots (Crush 
et al. 2005). There is significant variation within 
perennial ryegrass populations in shape of the root 
profile and root diameter (Crush et al. 2006), and 
variation within and between species has been noted 
in the ability of plants to take up nitrate from the 
soil under high N loading (e.g. equivalent to the N 
loading of a urine patch; Popay and Crush 2009, 
Moir et al. 2012, Malcolm et al. 2014). Further 
analyses also reveal strong relationships between N 
uptake and cool season growth of plants (Moir et al. 
2012), with lack of cool season growth contributing 
to higher nitrate leaching.  In related work, (Parsons 
et al. 2013) reported that the external application of 
gibberellin can stimulate plant growth in the absence 
of corresponding increases in externally-supplied N 
resources; this highlights that there is an element of 
internal control in how plants respond to signals in 
their environment that could be manipulated through 
breeding to improve prospects for reducing nitrate 
leaching. 

Targets
Conceptually, plant traits related to the 

environmental impacts of grazing systems could be 
included in forage evaluation systems such as the 
Teagasc PPI and the DairyNZ FVI.  Productivity traits 
currently have higher priority in the development of 
these systems; however, serious consideration of 
environmental traits is essential, since environmental 
regulations are now impacting on land use change 
and farming practices in New Zealand, and their 
impact will only intensify over coming years.   It 
is highly likely that systems like PPI and FVI (and, 
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indeed, animal evaluation indices) will include 
traits related to environmental issues such as GHG 
emissions or freshwater quality within 10 years 
from now. In the meantime, continued gains in the 
major productivity traits discussed above, all of 
which drive efficiencies in animal production, will 
move farm nutrient footprints in the right direction 
by allowing reductions in inputs (possibly including 
stocking rate) while maintaining animal production 
and profitability (Vogeler et al. 2013).  

The strong link between N intake and excretion 
of surplus N in urine (Pacheco and Waghorn 2008) 
points to a reduction in the N content of grazed forage 
as a key area to focus on.  The target of < 20% CP 
in pasture DM proposed above would more closely 
match dairy cow requirements and be desirable from 
an environmental perspective, but may limit plant 
growth. Using less N fertiliser on ryegrass pastures 
could reduce the N concentration in herbage (albeit 
with limitations, see for example Gastal and Durand 
2002), but it will also reduce biomass production – 
and reduce productivity of farm systems.  N fertiliser 
use is likely to be lower in future farm systems 
operating under nutrient emissions limits; so, this 
is part of the solution.  But we do not know ‘how 
low we can go’ with perennial ryegrass-white clover 
pasture before the balance tips in favour of other 
forage species, assuming suitable alternatives are 
available.

(Chapman et al. 2014) formulated this concept 
with reference to critical internal (N

Cint
) and external 

(N
CExt

) requirements for N of different plant species. 
Plants with a relatively low herbage N concentration 
(N

Cint
) at the point when maximum average growth 

rate is reached during regrowth  should create a more 
favourable balance between feed supply and total 
urinary loading compared with plants with a higher N 
concentration (assuming maximum average growth 
rate is similar for both cases). Similarly, plants that 
require a lower soil solution N concentration (N

CExt
) 

to achieve maximum yield should help reduce N 
fertilizer rates, decrease the amount of N circulating 
within the soil-plant-animal system, and reduce 
N losses (Whitehead 2000). Remarkably, there is 
little systematic information on the comparative N 
physiology of candidate pasture and crop species 
that can be used to formulate hypotheses regarding 
the productivity and nutrient footprint of alternative 
forages for animal production systems in temperate 
regions subject to nutrient emission limits.  

EXPECTATIONS AND EVALUATION

Some basic insights have emerged from the 
examples and wider considerations above. We 
have argued that there is a need for much better 

definition of plant improvement targets. This will 
require greater focus on elucidation of the plant 
processes/mechanisms underpinning the trait, the 
identification (or development) of novel sources of 
plant variation that can be used for proof of concept, 
and further quantification of the likely impacts of 
trait manipulation in farm systems. Further, it is 
proposed that new approaches and options need to be 
implemented in evaluation. These include: 
1. Systematically assessing the current rates of 

genetic gain being achieved through forage 
plant improvement and accurately identifying 
where the gains are coming from.  Such 
assessments must consider multiple traits (e.g. 
Samproux et al. 2011), and focus on whole 
pasture performance and economic outcomes 
(e.g. Wims et al. 2014). Dry matter production 
provides a good example. While the relative 
gains in DM production have been small (0.5% 
per year), it is debatable whether these gains 
have been passed on at a farm level given the 
interactions that take place with grazing.  One 
of the key implications of grass breeding has 
been the lack of transparency of the relative 
increases in animal performance from grass 
variety breeding.  While differences have been 
measured in milk output from intermediate and 
late heading varieties (Gowen et al. 2003) and 
between tetraploid and diploid cultivars (Wims 
et al. 2013), the actual improvement in animal 
performance from grass breeding has never 
been quantified.  There is a clear need for long-
term, controlled studies to determine how much 
genetic variation exists in persistence of yield 
for key species like perennial ryegrass and, if it 
does exists, where the variation is coming from. 

2.  Connecting different scales of evaluation, from 
small-plot trials through to the whole farm level.  
Current evaluation methods are dominated by 
the former, but there is no information available 
to assess how well cultivar rankings scale to 
the whole farm level.  This leaves a major 
gap in understanding of short- and long-term 
pasture performance, particularly issues related 
to pasture persistence on commercial farms.  
Lifetime pasture performance under real world 
management is a concept that all members of the 
grassland community can relate to, but has not 
yet been attempted.  Participatory approaches 
to evaluating cultivars have been applied in 
crop breeding for many years (e.g. Bellon and 
Reeves 2001), and valid statistical designs 
can be implemented (Yan et al. 2002). Now 
is a good time to extend them to pasture plant 
breeding, utilising paddock scale data on pasture 
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mass that are already collected by many farmers 
(e.g. van Bysterveldt and Christie 2007).  This is 
especially critical for persistence of yield, where 
more information is required from commercial 
farms, to enable a better understanding of 
persistence under typical animal grazing and 
farm management.

3. Recognizing how interactions between nutritive/
feeding value and grazing management  
determine the economic value of pasture. 
Pasture traits that lead to increased DM intake 
without a corresponding increase in pasture 
yield may require reduced stocking rates or 
more imported feed. This leads to complex 
interactions which are not fully understood.  An 
example of this difficulty is where tetraploids 
are compared with diploids and animals display 
grazing preference for tetraploid material 
(Balocchi and Lopez 2009, Solomon et al. 2014) 
leading to lower post-grazing residual mass 
and potentially reduced regrowth rates in the 
tetraploids compared to the diploids. Separate 
evaluation experiments will be required for 
tetraploids and diploid cultivars at some point to 
unravel interactions between plant phenotype, 
grazing behaviour and intake, and yield so that 
material with high potential feeding value is not 
disadvantaged in evaluation indices. Only then 
can the impacts of selection for improved NV 
on whole farm system performance be fully 
assessed.  Currently, our ability to model these 
interactions is rudimentary, potentially limiting 
the accuracy of models used to calculate EV for 
quality in economic merit indices.  

4. Recognizing the importance of evaluation in 
both mixtures and monocultures. Particular 
attention needs to be paid as to whether the 
evaluation is being made on the performance of 
one species (e.g. grass), when this is required to 
grow and perform in mixtures (e.g. grass-legume 
mixture). Growing as a grass monoculture is not 
the normal practice in the industry. However, 
testing in monocultures as well as mixtures 
adds considerably to interpretation of results, 
in particular, the extent to which grazing, 
environment and pests, and not just potential 
yield of species or cultivar, are responsible for 
determining performance of the mixture and 
contribution of species to the mixture. It is clear 
that where species are grown together in a mixture 
in evaluation that the changes in composition of 
the species, as well as in the total, will be critical 
for evaluation. Changes in species composition 
in the mixture may have more marked effect on 
pasture performance than cultivar per se. This is 

particularly the case for NV and environmental 
outcomes which are strongly linked to presence 
of legume. In this context, consideration needs to 
be given to how approaches using mixtures and 
their management may deliver a trait that is not 
tractable to breeding. For example, a focus on 
mixtures with alternative species e.g. legumes, 
herbs, and management of these to enhance 
desirable components may deliver greater 
progress in pasture and animal performance than 
a focus on breeding alone (Nicol and Edwards 
2011).

5. Measuring total animal and economic 
performance from new varieties in farm 
system trials.  This remains the ‘gold standard’ 
by which genetic improvement needs to be 
assessed. However, apart from (Crush et al. 
2006), no experimentation has taken place 
in this area.  Results of such work may well 
prove controversial, as was the case with the 
experiment reported by (Crush et al. 2006). This 
should not be a reason for avoidance; rather, 
it highlights that the goals and expectations of 
such work must be very clearly defined and 
communicated, and be closely reflected in 
the design of the experiment(s).  The PPI and 
FVI indices developed recently in Ireland and 
New Zealand offer a structured approach to 
defining the research question and choosing a 
suitable experimental design, akin to the strain 
trials which have been influential in measuring 
progress in animal breeding, and directing 
breeding objectives. 

6. Using shorter-term grazing studies with 
germplasm contrasts chosen to focus more on 
the ‘trait and less on cultivar’ (Parsons et al. 
2011).  Such studies are essential for ‘proof 
of concept’ of new approaches to improving 
traits.  They can also be applied to teasing out 
critical interactions influencing overall pasture 
performance by creating contrasts (for instance, 
in heading date or sward structure) that test 
clearly-defined hypotheses.  Such studies need 
to continue over several years to capture the 
effects of inter annual variability, and may need 
to be conducted in multiple environments to 
account for GxE (e.g. Rossi et al. 2014). 

CONCLUSIONS

Given the heavy dependence of the sheep, 
cattle and dairy industries industries in Ireland, NZ 
and Australia on pasture, we know remarkably little 
about the variability in traits that we have now in 
commercial germplasm, where it comes from, and 
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what it means for farm performance.  There is little 
doubt that breeding has changed the functionality 
of the major perennial grass species, and that these 
changes have potential economic value for farmers.  
For example, based on DM yield information only, 
top-ranked cultivars in the New Zealand FVI offer 
$200-$650/ha per year (depending on region) 
additional operating profit to dairy businesses 
compared to the bottom-ranked cultivars.  In the 
Irish PPI, the equivalent figure is around €325/ha 
per year (including NV, McEvoy et al. 2011).  But 
can we be confident these kinds of gains will be seen 
on farm, via improved animal production, under 
good management? And where do we need to go 
in the future?  These questions cannot currently be 
answered by forage scientists.  New, collaborative 
initiatives in forage evaluation between end-user 
industries and plant breeding industries are emerging, 
notably in Ireland and New Zealand, but the gaps left 
by several decades of under-investment will not be 
filled quickly.  

In the meantime, the focus for breeding must 
stay squarely on yield improvements because 
these will deliver economic benefits to farmers 
in most situations. ‘Persistence’ must be defined 
and measured in terms of sustaining the clear yield 
advantage gained from using new cultivars over 
10 or more years.  There is no evidence that new 
cultivars are inherently any poorer in this regard 
than older cultivars, at least with respect to the 
plant survival component of persistence, but more 
data are needed from long-term studies. Useful 
gains in NV (and possibly feeding value) have 
already been made via tetraploidy and selection 
of later flowering material.  The greatest value 
of further gains in this trait lies in helping reduce 
environmental emissions from pasture-based 
systems.  Environmentally-related traits must 
now be considered seriously, since the pursuit of 
very high yields through ever more intensive use 
of inputs is not sustainable. The most effective 
approach in situations where large decreases in 
nutrient emissions are necessary could be to use 
‘alternative’ species, since perennial ryegrass has 
relatively high N requirements, and there is little 
scope for reducing the N content in ryegrass DM 
through breeding.
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ABSTRACT

For Australian and New Zealand dairy farms the primary source of home grown feed comes from grazed 
perennial pastures. The high consumption of perennial pasture is a key factor in the low cost of production of 
Australian and New Zealand dairy systems and hence their ability to maintain international competiveness. 
The major pasture species used are perennial ryegrass (Lolium perenne L.) and white clover (Trifolium repens 
L.), normally grown in a simple binary mixture. As pasture production has been further driven by increasing 
use of nitrogen fertilizer and irrigation, farms are getting closer to their economic optimum level of pasture 
consumption. Increasing inputs and intensification has also increased scrutiny on the environmental footprint 
of dairy production. Increasing the diversity of pasture species within dairy swards presents opportunities to 
further increase the productivity of the feedbase through additional forage production, extending the growing 
season, improving forage nutritive characteristics and ultimately increasing milk production per cow and/or per 
ha. Diverse pastures also present an opportunity to mitigate some of the environmental consequences associated 
with intensive pasture-based dairy systems. A consistent finding of experiments investigating diverse pastures 
is that their benefits are due to the attributes of the additional species, rather than increasing the number of 
species per se. Therefore the species that are best suited for inclusion into dairy pastures will be situation 
specific. Furthermore, the presence of additional species will generally require modification to the management 
principles of dairy pastures, particularly around nitrogen fertilizer and grazing, to ensure that the additional 
species remain productive and persistent.   

Keywords:  mixtures, monocultures, niche exploitation, forbs, herbs

INTRODUCTION

The Australian and New Zealand dairy 
industries produce a total of 28 billion litres of 
milk per year (Dairy Australia 2013; DairyNZ 
2014a). Including downstream value adding, the 
value of the Australian industry is $13 billion, 
making it Australia’s third largest rural industry 
(Dairy Australia 2013). The dairy industry is New 
Zealand’s largest export earner with $12 billion 
dollars per year contributed to the New Zealand 
economy through the export of dairy products 
(DairyNZ 2014a). For both countries the supply of 
drinking milk and other short shelf-life products, 
while regionally important for some areas, is 
a relatively small segment of the industry. The 
major focus of both industries is the production 
and processing of milk to create long shelf-life/
commodity products, i.e. milk powder, cheese 
and butter primarily for export (Dairy Australia 
2013; DairyNZ 2014a). Ensuring a low cost of 
production is critical in enabling these industries 
to compete in a global market. 

In Australia and New Zealand, the supply 
of feed for cows is by far the single largest 
component of dairy farm operational costs 
(ABARES 2014; DairyNZ 2014b). Consequently 

high consumption per ha of low cost ‘home 
grown’ feed by dairy cows is a key determining 
factor for dairy business success (Mitchell 1998, 
van Bysterveldt 2005). The low cost of production 
due to the efficient conversion of low cost ‘home 
grown’ forage into milk provides both countries a 
competitive advantage on the world dairy market 
(Dillon et al. 2005). To remain competitive in the 
face of rising currency values along with declining 
terms of trade for agriculture in general (1.6% per 
annum decline for Australian agriculture (Nossal 
and Sheng 2010)), dairy farmers are continually 
striving to make further efficiency gains in the 
production of feed and the conversion of home 
grown feed into milk. 

Pasture grasses (namely ryegrass species, 
Lolium spp.) are the major forage source in the 
dairy regions New Zealand and Australia (Doyle 
et al. 2000, Holmes 2007). These species are 
responsive to inputs of nitrogen (N) fertilizers 
and supplementary irrigation. There has been 
increasing reliance on these inputs coupled with an 
increase in stocking rate to underpin profitability 
through increased forage consumption per ha 
(Mackinnon et al. 2010). However, intensification 
has brought with it environmental challenges, 
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particularly N and phosphorus losses from farms 
(Monaghan et al. 2007). Furthermore, increasing 
inputs only moves the farm along the efficiency 
frontier rather than lifting the farm to a new 
level of efficiency (Bell et al. 2014). Farms that 
use increased inputs to achieve their economic 
optimum pasture production and utilisation face 
the challenge of identifying further efficiency 
gains for their feedbase. Making these gains (i.e. 
to change the efficiency frontier) will require a 
systems level change such as significant changes 
to the forage base.    

In New Zealand and the southern regions 
of Australia, grass-legume pastures, particularly 
perennial ryegrass (Lolium perenne L.) and white 
clover (Trifolium repens L.) pastures, have a 
binomial supply of forage (Rawnsley et al. 2007). 
This manifests as a peak in accumulation rates 
in spring followed by a slowing of growth with 
increasing temperatures and soil water deficits 
(without irrigation) during summer and early 
autumn. If irrigation is used, pasture growth can 
be maintained through the summer period. In 
autumn, as temperatures decrease and rainfall 
increases, there is another smaller peak in growth 
rates followed by a slowing and near cessation 
of growth due to low winter temperatures, frosts 
and in some areas waterlogging. These periods of 
feed shortages and surpluses need to be managed 
(i.e. forage conservation, use of supplements) 
to meet animal requirements, prevent under and 
over grazing and ensure that the pasture base can 
continue to supply forage of suitable nutritive 
characteristics supportive of milk production. The 
constraints the pasture base places on the reliability 
of supply of a high nutritive value diet supportive of 
milk production has been long recognised (Jacobs 
and McKenzie 2003). Much research effort over 
the past decade has been directed at addressing 
this challenge through the integration of other 
forage species into a predominantly perennial 
ryegrass feedbase (Farina et al. 2011, Tharmaraj 
et al. 2014), or trying to improve the seasonality 
or total production of perennial ryegrass (Parsons 
et al. 2011, Chapman et al. 2014). A recent review 
of these activities (Rawnsley et al. 2013) identified 
that this strategy was most successful when the 
additional species/strategy was perennial focussed, 
directly grazeable and responsive to N fertilizer and 
irrigation inputs. 

Dairy farms are highly complex systems with 
interactions between paddocks within the grazing 
rotation. Management decisions for one paddock 
can have consequences that flow through the entire 
system (Pembleton and Rawnsley 2011). The 

method promoted for the integration of new forage 
species within a dairy system has traditionally 
been as separate monocultures (Tharmaraj et al. 
2014). This method of integration requires the 
development and management of two or more 
grazing platforms. While successful examples 
of this strategy exist (Woodward et al. 2008), 
the increased level of grazing management 
skills coupled with the grazing requirements of 
each platform periodically coming into conflict 
with each other, often results in the poor overall 
performance of at least one of the monocultures. 
This has limited the widespread adoption of such 
species. 

An alternative is to add novel species to 
the already existing and relatively simple grass-
legume binary mixture, effectively increasing 
the diversity in the pasture. Increasing species 
diversity should allow for the exploitation of 
specific benefits of additional species without 
creating additional management or input 
requirements. However, countering this, is a 
concern that increasing the diversity within a 
sward increases the management and inputs 
required to realise and maintain these benefits. 
This review will evaluate past research on diverse 
pastures as they pertain to dairy systems with 
an aim of exploring these two questions. In the 
interest of clarity we have defined diverse pastures 
as having three or more species components.                  

DRY MATTER AND ANIMAL 
PRODUCTION POTENTIAL OF DIVERSE 

VS SIMPLE PASTURES 

The binomial distribution of forage dry matter 
(DM) production from simple binary pastures 
presents a challenge to maintaining high levels of 
milk production from a predominantly pasture-
based diet (Rawnsley et al. 2007). Periods of over 
and undersupply of forage are typically addressed 
through forage conservation and the use of 
concentrate supplements. However, inefficiencies 
in forage conservation and feeding of conserved 
forage along with substitution of pasture with 
concentrates (Wales et al. 2006) means that these 
practices are less efficient than direct grazing and 
can reduce the total amount of pasture that can be 
consumed.     

Improved pasture DM production from 
diverse pasture mixtures compared to simple 
pastures is commonly observed across a range 
of environments (e.g. high and low rainfall), 
production systems (cutting and grazing) and 
enterprises (dairy, beef and sheep grazing) (Dear 
et al. 2002, Tracy and Faulkner 2006, Picasso et 
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al. 2011, Nobilly et al. 2013). Increasing species 
diversity within pastures allows each species to 
exploit niches. Niches could be spatial (i.e. caused 
by soil variation) or temporal (caused by seasonal 
weather patterns). Niches can also occur through 
one species not fully utilising a particular resource 
(i.e. space, water), allowing another species to 
exploit those resources (Sanderson et al. 2004). 
This particular form of niche exploitation may 
take several years to manifest (Tilman et al. 2001). 
There are also some instances where the presence 
of one plant improves the productivity and survival 
of another species (Garcia et al. 2007). 

The design of past experiments has influenced 
the form of niche exploitation that have been 
observed. Small plots are less likely to capture 
spatial niche exploitation due to their scale. 
Furthermore, experiments with a high number of 
species present are more likely to identify increased 
productivity with increased diversity simply due 
to the increased chance of sampling a productive 
species. Termed the “sampling effect”, this is 
a common criticism of older ecological studies 
investigating the increase in species diversity 
on plant community productivity (e.g. Huston 
(1997) commenting on the experiment reported 
by (Tilman et al. 1996)). There is also the issue 
of clipping/mowing potentially not being entirely 
representative of grazing by livestock in that it fails 
to account for either selective overgrazing as well 
as under grazing of specific species. Consequently 
the conclusions drawn from many past ecological 
investigations into species diversity may not be 
directly applicable to dairy pastures.  

Recent experiments investigating the 
productivity of diverse and simple dairy 
pastures under grazing and at a scale and a 
level of inputs reflective of paddocks on dairy 
farms have identified a range of results from 
no increase (Woodward et al. 2013) to 43% 
increase (Sanderson et al. 2005) in pasture DM 
production. Results from Australian and New 
Zealand experiments suggest that in situations 
where a benefit will occur, it will be in the order 
of a 9 to 15% improvement (Table 1). However, 
all experiments have reported a seasonal effect 
on the results, either as an inter-year effect (wet 
versus dry years) or an intra-year effect (spring 
versus summer). Furthermore, there are no 
reports of a diverse pasture being less productive 
than the simple pasture to which it was compared. 
This DM yield benefit is an example of the 
exploitation of temporal niches. It is of little 
surprise that this form of niche exploitation is 
consistently observed for diverse pastures in dairy 

systems as the relatively small paddock sizes 
in dairy enterprises compared to other pastoral 
enterprises and the level of inputs (fertilizer, lime 
and irrigation water) will minimise the spatial 
variability present. 

Interestingly, benefits in the productivity 
of diverse pastures in dairy systems have been 
observed with as little as three species (Table 
1). (Sanderson et al. 2005) found that increasing 
the species diversity in cocksfoot (Dactylis 
glomerata L.) and white clover dairy pastures 
beyond three to either six or nine species by 
sequentially adding chicory (Cichorium intybus 
L.), tall fescue (Festuca arundinacea Schreb.), 
kentucky bluegrass (Poa pratensis L.), red clover 
(Trifolium pratense L.), birdsfoot trefoil (Lotus 
corniculatus L.), lucerne (Medicago sativa 
L.) and perennial ryegrass added little benefit 
in terms of annual pasture DM production. 
Similar results have also been recorded for 
beef pastures with a similar range of species 
(Tracy and Faulkner 2006). The identity of the 
plants contributing to the pasture appears to 
be a more important factor contributing to the 
increase in pasture DM yield rather than diversity 
itself. This is supported by the reports of New 
Zealand pastures containing perennial ryegrass, 
white clover, red clover, prairie grass (Bromus 
willdenowii Kunth), chicory, plantain (Plantago 
lanceolata L.) and lucerne (Nobilly et al. 2013, 
Woodward et al. 2013), south west Victorian 
pastures containing tall fescue, cocksfoot, white 
clover, red clover and chicory (Tharmaraj et al. 
2008, 2014) and from perennial ryegrass, white 
clover and plantain pasture mixtures in Tasmania 
(K.G. Pembleton unpublished data). In all cases 
the increases in summer DM production were 
associated with increases in the proportion 
of deep rooted and heat tolerant species like 
chicory, lucerne and plantain. In associated work, 
Nobilly (2014) showed the effect of diversity on 
DM production was dependent on which species 
were added to pasture. Adding two grass species 
(prairie grass and timothy (Phleum pratense L.)) 
to a ryegrass-white clover pasture had little effect 
on DM yield, whereas adding additional forbs 
(chicory and plantain) or legumes (red clover 
and lucerne) increased DM yield. This was due to 
the adaptation of these species to summer water 
deficits.     
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Table 1: Recent examples of experiments comparing the dry matter (DM) production of simple and diverse 
pastures within pasture based dairy systems at the paddock level

Location Study 
length 
(years)

Simple pasture 
species

No. of 
additional 
species in 
diverse 
pasture

Difference in 
annual DM 
production

Seasons 
improved 
production 
observed

Source

Waikato, New 
Zealand

3 Perennial ryegrass - 
white clover

4 None Summer / 
autumn

(Woodward et al. 
2013)

Canterbury 
plains, New 
Zealand

2 Perennial ryegrass - 
white clover

5 10% increase Summer (Nobilly et al. 
2013)

North West 
Tas, Australia

1.5 Perennial ryegrass 2 12% increase Summer K.G. Pembleton 
Unpublished data

South West 
Vic, Australia

3 Perennial ryegrass - 
white clover

3 9% increase Summer (Tharmaraj et al. 
2008)

South West 
Vic, Australia

3 Perennial ryegrass - 
white clover

2 15% increase Summer/

Autumn

(Tharmaraj et al. 
2014)

Pennsylvania, 
USA

2 Cocksfoot - white 
clover

1, 4 or 7 43% increase Dry year (Sanderson et al. 
2005)

Increasing species diversity within a pasture is 
also associated with improved nutritive characteristics 
of the forage grown (Tharmaraj et al. 2008, Nobilly 
et al. 2013, Woodward et al. 2013), particularly lower 
neutral detergent fibre (NDF) concentrations and 
improved nutrient synchrony (Hall and Huntington 
2008). However, this is an effect of the inclusion of 
species that have lower NDF contents or improved 
nutritive values (i.e. legumes and forbs), rather than 
an effect of the pasture diversity itself (Sanderson et 
al. 2006). (Nobilly et al. 2013) reported that irrigated 
diverse pastures had marginally lower estimated 
metabolisable energy (ME) than simple pastures 
(12.0 versus 12.2 MJ /kg DM), although the total 
ME produced per hectare was greater in diverse 
than simple pastures (202 versus 185 GJ /ha). Milk 
production from cows grazing diverse pasture has 
been observed to be greater than from cows grazing 
simple pastures (Totty et al. 2013, Woodward et al. 
2013, K.G. Pembleton unpublished data). This has 
been observed across a range of levels of diversity 
with pastures containing from three species (perennial 
ryegrass, white clover and plantain) up to seven 
species (perennial ryegrass, white clover, tall fescue, 
prairie grass, chicory, plantain and lucerne). However, 
such increases are not consistently observed from 
season to season (Woodward et al. 2013). Evidence 
also exists for no increase in milk production from 
cows grazing a pasture containing cocksfoot, chicory, 
tall fescue, kentucky bluegrass, red clover, birdsfoot 
trefoil, lucerne and perennial ryegrass compared 
to cocksfoot and white clover (Soder et al. 2006). 

Importantly there are no reports of a decrease in 
milk production from cows grazing diverse pastures. 
While diverse pastures have been noted to have 
differences in sward structure (Sanderson et al. 2006), 
increased milk production when it has occurred, has 
been typically associated with a decrease in the NDF 
concentration of the diet associated with increasing 
proportions of legumes (red clover and lucerne) and 
forbs (chicory and plantain) (Chapman et al. 2008, 
Totty et al. 2013, Woodward et al. 2013). If diversity 
within the pastures allows the cows to preferentially 
select the best possible diet for themselves the effect 
would only be displayed at stocking rates/forage 
allocations that allow for such selection to occur. 
These stocking rates or allowances, that maximise 
production per cow, would be above those that allow 
for the efficient conversion of forage to milk on a 
per area basis. However, an examination of past 
experiments indicates that this is not the case (Figure 
1). Experiments with forage allocations of 28 or 25 
kg DM/cow/day above grazing height have noted 
no improvement in milk production through species 
diversity (Soder et al. 2006, Chapman et al. 2008) 
but in experiments with allocations between 20 and 
16 kg DM/cow/day an increase was recorded (Totty 
et al. 2013, Woodward et al. 2013). This implies 
that under higher forage allowances, some level of 
dietary selection will occur which results in similar 
milk production between pasture options. However, 
at lower allowances where selection is restricted the 
improved nutritive value characteristics of some 
species in the diverse pasture leads to increases in 
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milk production. This creates an allocation level/
stocking rate and diversity interaction. Defining 
this interaction along with the effect of botanical 
composition will be important if the milk production 
potential from cows grazing diverse pastures is to be 
realised. 

The incorporation of chicory, tall fescue, 
kentucky bluegrass, red clover, birdsfoot trefoil, 
lucerne and perennial ryegrass into dairy pastures 
containing cocksfoot and white clover has been 
demonstrated to change the fatty acid profile of the 
milk produced (Soder et al. 2006). (Greenwood et 
al. 2011) examined milk composition of cows fed 
perennial ryegrass-white clover pasture and those 
fed pasture also containing chicory, plantain and 
red clover. Inclusion of multiple plant species in a 
diverse pasture resulted in lower diet-derived long 
chain saturated fatty acids and higher amounts 
of linoleic and alpha-linolenic acids. In addition, 
there was a higher content of C4-15 fatty acids 
identified in the milk of cattle fed diverse pasture 
suggesting higher de novo synthesis. This has also 
been observed by feeding monocultures or binary 
pasture mixtures containing chicory (Muir et al. 
2014). While this potential to value add milk will be 
important for small sub-sectors of the industry, the 
export commodity focus of the New Zealand and 
Australian dairy industries (Dairy Australia 2013; 
DairyNZ 2014a) is likely to limit the benefit to the 
industry overall in the short to medium term.   

Figure 1: The increase in milk production measured 
in five recent experiments where dairy cows grazed 
diverse pastures compared to simple pastures 
plotted against the level of forage allocation used.

MANAGEMENT OF SIMPLE AND 
DIVERSE PASTURES

Increasing species diversity of a pasture 
involves the challenge of maintaining each additional 
component’s presence within the pasture. Diverse 
pastures revert to simple grass dominant pastures 

over a period of three to four years (Sanderson et al. 
2007). Repeated applications of N fertilizer has been 
associated with a reduction in the legume components 
of pasture (Bolland and Guthridge 2007). However, 
other reports have identified that when stocking rate 
was at levels that prevented competition between 
grasses and legumes the application of N fertilizer 
has a minimal effect on the persistence of legumes 
in pastures (Harris and Clark 1996, McKenzie et al. 
2003). It is clear that reducing N applications favours 
the legume component of pastures (Turner et al. 
2013). However, there is little comparative data on 
the performance of diverse and standard pastures in 
response to N fertilizer. (Van Rossum et al. 2013) 
compared DM production of simple grass-clover 
pastures and diverse pastures to N fertilizer and 
gibberellic acid application in autumn. The DM yield 
response to N fertilizer was similar for diverse and 
standard pastures; however the effect of gibberellic 
acid application was lower in diverse pastures that 
contained a high proportion of chicory and plantain. 

Defoliation interval and intensity are also 
critical to maintaining the legume component in 
the sward with shorter defoliation intervals and 
lower post-defoliation residuals reducing the 
legume component of dairy pastures (Turner et al. 
2013, Rawnsley et al. 2014). Unfortunately the 
grazing management requirements to optimise 
DM yield, persistence and nutritive value of many 
grasses, legumes and forbs (Sanderson et al. 2003, 
Labreveux et al. 2006, Turner et al. 2006, Lee et 
al. 2012) do not align with each other or align with 
perennial ryegrass and white clover. However, 
there are examples of some species combinations 
with aligning grazing management which could 
be components of diverse pastures (e.g. cocksfoot 
and lucerne: Casler (1988), cocksfoot and chicory: 
Parker and Kemp (1998), tall fescue and chicory: 
(Thamaraj et al. 2008)). To ensure their productivity 
and persistence the grazing management of diverse 
pastures will require compromises between the needs 
of each of the species present. However, it has been 
identified that some species may only have specific 
defoliation requirements at certain times of the year 
to ensure their persistence (e.g. lucerne, (Teixeira 
et al. 2007)). This means that grazing management 
could be tailored to the needs of each species during 
critical times of the year. Such tailoring will require 
an in-depth understanding of each individual species’ 
physiology and its implementation will require 
skilled grazing management. 

 Diverse pastures based on perennial species 
tend to have a greater rooting depth than simple 
pastures (Skinner et al. 2006). This is most likely 
due to the rooting depth of species like lucerne and 
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chicory. Species with deeper roots are better suited 
to deficit irrigation strategies that aim to increase the 
marginal water use efficiency, above what is possible 
with species with shallow roots (Pembleton et al. 
2011). This benefit would be expected to translate 
to pasture mixtures that include these species. 
Furthermore, there is some evidence of diverse 
pastures improving the drought tolerance of shallow 
rooted species (Skinner et al. 2004) possibly via 
hydraulic lift or through niche separation. 

 Established diverse pastures in beef grazing 
systems in North America have considerable resilience 
to weed incursion compared to simpler binary pasture 
mixtures (Tracy and Faulkner 2006). Surveys of pastures 
in New Zealand have also confirmed this for beef and 
sheep pastures but not for the more intensively managed 
dairy pastures (Tozer et al. 2010). Similar to DM yield, 
resilience to weed incursion appears to be related to 
individual species identity rather than diversity itself 
(Sanderson et al. 2007, Soder et al. 2007). This is due to 
individual species occupying the same ecological niche 
as the weeds (Gitay and Noble 1997). Consequently 
weed incursion can still occur if such a species is absent 
or not able to fully compete (i.e. during establishment). 
Weed incursion can potentially be a challenge to the 
maintenance of species diversity, especially in pasture 
that contains the forbs plantain and chicory. While there 
is evidence of specific herbicides being safe for these 
species (Lockley and Wu 2008), few of these herbicides 
are registered for this purpose in either Australia or 
New Zealand. Conversely herbicides that are safe to 
use on the forbs, are damaging to other species likely 
to be present in a diverse pasture, particularly legumes. 
Recent developments in real time automated weed 
identification and spot spraying technology (McCarthy 
et al. 2010) in the sugar industry may provide a solution 
for controlling weeds in diverse pastures. Rope wick 
(wick wiper) applicators also have a role in the control 
of weed species whose upright growth habit suits this 
form of applicator (Moyo et al. 2006). 

ENVIRONMENTAL CHALLENGES AND 
BENEFITS OF SIMPLE AND DIVERSE 

PASTURES

As pasture-based dairy systems intensify 
to improve the efficiency of home grown forage 
conversion into milk, the use of inputs of water and 
N fertilizer have increased (Mackinnon et al. 2010). 
Leaching losses of N from dairy systems (mainly 
from urine patches) are a concern in New Zealand 
(de Klein and Ledgard 2001) and Australia (Eckard 
et al. 2004) while emissions of nitrous oxide account 
for about a quarter of pre-farmgate greenhouse gas 
emissions of the dairy industry (Christie et al. 2011). 
Consequently expansion and further intensification 

of dairy farming, while economically attractive is 
being restricted due to environmental constraints. 
This is particularly true for the New Zealand industry.   

 Diverse pastures potentially offer a feedbase 
strategy to reduce the environmental footprint of dairy 
farming. Diverse pastures may reduce nitrate leaching 
through affecting the amount and concentration of N 
excreted in urine and through affecting the ability of 
plants to take up N from the soil once excreted in the 
urine patch. Initial approaches in the use of alternative 
plant species to reduce urinary N excretion focussed 
on the role of secondary plant compounds, particularly 
tannins in altering partitioning of N within the cow 
between urine and faeces. While the role of tannins 
has been clearly defined, they are often found in plant 
species (e.g. birdsfoot trefoil and Lotus penduculatus 
L.) that are poor competitors in mixtures and in 
addition, as legumes, are naturally high in N content. 
This poor competitive ability of species high in tannin 
content may limit the ability of the trait to be delivered 
in mixtures, with their use restricted to monocultures 
(Woodward et al. 2008). 

In more recent work, the effect of including chicory 
and plantain in the diet on urinary N excretion has been 
examined. In a metabolism stall study, (Woodward et 
al. 2012) measured N partitioning in cows fed either 
perennial ryegrass-white clover forage or forage that 
also contained chicory, plantain and lucerne. Both 
urinary N concentration and urinary N output were 
lower (2.6 g versus 6.2 g N/L and 100 versus 200 g 
N/cow/day, respectively) from cows fed the diverse 
forage. A reduction in urinary concentration of 30 to 
34% has been observed in New Zealand and Tasmanian 
grazing experiments (Totty et al. 2013, K. G. Pembleton 
unpublished data) with cows grazing diverse pastures 
containing chicory and/or plantain compared to standard 
ryegrass-white clover pastures. The exact reasons for 
the reduced concentration and amount of N excreted 
are unclear but it may not just reflect reduced N intake 
by cows (Totty et al. 2013). These species may also 
improve the nutrient synchrony of the pasture (with 
particular reference to the energy to N ratio), act as 
diuretics and with the lower DM% in these forages, 
water intake and hence urination may be higher. 
Regardless of the mechanism, the observed results 
represent an opportunity to increase the spread of urine 
patches within a pasture and in addition, lower the N 
concentration in each patch. The lower N concentration 
of urine patches should increase the amount of urinary 
N captured by the plants before it is leached or lost to 
the atmosphere (Di and Cameron 2007). Modelling 
the potential of diverse pastures to reduce leaching has 
shown a reduction in nitrate leaching at the farm scale of 
11 and 19%, where 20 and 50% of the farm were sown 
to diverse pastures, respectively (Buekes et al. 2014).
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Modelling has suggested that diverse pastures 
containing deeper rooted species have a greater 
potential to limit nitrate leaching (Snow et al. 2013). 
Again it was the individual species identity rather 
than the diversity of the pasture that was responsible 
for this. However, in a lysimeter based study nitrate 
leaching from urine patches with the same N loading 
was similar in perennial ryegrass-white clover pasture 
and pastures containing additional forbs (Malcolm et 
al. 2014). Although roots were found deeper in the 
soil profile in the diverse pasture, there was lower cool 
season growth of the chicory and plantain which limited 
the uptake of N from soil during winter. Mixtures based 
on plants species with greater cool season growth (e.g. 
Italian ryegrass; Lolium multiflorum Lam.) reduced 
nitrate leaching to a greater degree.  

CAPTURING THE OPPORTUNITIES 
AND OVERCOMING THE CHALLENGES 

OF DIVERSE PASTURES 

There are clear advantages of diverse pastures 
over simple binary pastures in terms of overall forage 
DM production, seasonal distribution of forage supply, 
pasture stability, nutritive value, animal production and 
environmental outcomes. These advantages are due 
to the identity of the additional pasture species rather 
than the diversity itself. Maintaining these additional 
species within the pasture will require compromises 
between the needs of individual species in terms of 
grazing management and N fertilizer use. Furthermore, 
efforts to control weeds can easily remove desirable 
species from the pasture. Maintaining diversity 
will require a re-evaluation and modification of the 
grazing, N fertilizer and weed control decision rules 
that are well established for simpler binary pastures 
(Rawnsley et al. 2014).  

A consistent finding through past research is 
that the opportunities arising from diverse pastures 
are due to the individual species’ identity rather 
than the diversity itself. If the addition of a single 
carefully selected species to the pasture mix is all 
that is required to achieve a benefit, diverse pastures 
become a much more attractive feedbase option. 
Adapting grazing and N management to suit a single 
additional species is conceptually a much simpler task 
than attempting to adapt management to compromise 
between an additional six or seven species. However, 
the ability of pastures based on only three species to 
achieve the benefits that diverse pastures offer will 
greatly depend on getting the initial species selection 
correct. Due to the interactions between climate, soil 
and farming system, this selection will be farm and 
paddock specific. However, tools are available to help 
guide this decision. Biophysical modelling platforms 
(e.g. DairyMod, APSIM) have been parameterised for 
many of the grass and legume species (Cullen et al. 
2008, Li et al. 2011, Pembleton et al. 2011, Berger 
et al. 2014) that are used as components of diverse 
pastures. Furthermore, there are ongoing efforts in 
both Australia and New Zealand to expand the pasture 
species available in these platforms with particular 
focus on the forbs chicory and plantain (Figure 2). 
These tools could be cost effectively used to evaluate 
species for any given location and management, 
helping guide the decision of which species to combine 
to create diversity. As the benefits of the diversity 
within a pasture is due to species attributes the relative 
performance of the individual species throughout the 
year should provide a strong indication as to which 
species to include without the need to simulate pasture 
mixtures, even though both APSIM and DairyMod 
have this capacity (Snow et al. 2013).    

Figure 2: Comparison of modelled (r) and observed (l) mean monthly growth rates of plantain and 
chicory using the DairyMod biophysical model with parameters specific to these species (K.G. Pembleton 
Unpublished data). Observed values were drawn from experiments undertaken at Terang, Victoria (J. L. 
Jacobs Unpublished data). Grey areas indicate the range in observed values. 
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CONCLUSIONS

Diverse pastures offer opportunities to increase 
the productivity of pasture-based dairy systems 
while reducing their environmental footprint. As 
species identity is more important to achieving the 
potential advantages than diversity per se, capturing 
this opportunity will be contingent on identifying 
the right species to include in the diverse pasture. 
Diverse pastures provide both opportunities and 
challenges. The opportunity to achieve benefits 
through the addition of a single species is countered 
by the challenge of choosing and managing the 
situation-specific species. Biophysical modelling 
should assist in identifying the appropriate species 
for a given situation. Pasture management principles 
that have been developed for simple binary grass/
legume mixtures must be adjusted so diversity in the 
pasture can be maintained. This is going to require 
compromises between the needs of each species. 
Recent research has identified that species commonly 
included in diverse pastures might only have specific 
management requirements for relatively short 
periods of the year. Identifying these critical periods 
will be important in the development of management 
principles for diverse pastures. 
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ABSTRACT

Pasture based on perennial ryegrass (Lolium perenne) and white clover (Trifolium repens) is the 
foundation for production and profit in the Australasian pastoral sectors. The improvement of these species 
offers direct opportunities to enhance industry performance, provided there is good alignment with sector 
industry priorities as quantified by means such as the Forage Value Index. However, the rate of genetic 
improvement in forages must increase to sustain industry competitiveness: new forage technologies and 
breeding strategies that can complement and enhance traditional approaches are required to achieve this. We 
highlight current and future research in plant breeding, including genomic and gene technology approaches to 
improve rate of genetic gain. Genomic diversity is the basis of breeding and improvement. Recent advances 
in the range and focus of introgression from wild Trifolium species have created specific options to improve 
production and resource-use efficiency traits. Symbiont genetic resources, especially grass fungal endophytes, 
are a recognised essential factor in pastoral productivity, with benefits to both pastures and animals in some 
dairy regions. Genomic selection, now widely used in dairy animals, offers an opportunity to lift the rate 
of genetic gain in dairy forages as well. Accuracy and relevance of trait data are paramount, it is essential 
that genomic breeding approaches be linked with robust field evaluation strategies including advanced 
phenotyping technologies. This requires excellent data management and integration with decision support 
systems to deliver improved effectiveness from forage breeding. Novel traits being developed through genetic 
modification include ryegrass with increased energy content and potential increased biomass, and legumes 
for dairy pastures with expression of condensed tannins. These examples from the wider set of research 
emphasises forage adaptation, yield and energy content; and cover the spectrum from exotic germplasm and 
symbionts through to advanced breeding strategies and gene technologies. To ensure these opportunities are 
realised on farm, continuity of industry-relevant delivery of forage improvement research is essential, as is 
sustained research input from the supporting pasture and plant sciences.

INTRODUCTION

Industry competitiveness and farm productivity 
are strongly influenced by genetics. Historically, 
rates of genetic gain in forage species have been 
low (Brummer and Casler 2014; Woodfield 1999) 
relative to other agricultural plant and animal species.  
Furthermore, grass genetic gain has been evaluated 
in monocultures, despite their ultimate application in 
mixed species swards, and therefore published rates 
may not accurately reflect performance gain realised 
in a pasture situation. Given the importance of animal 
and plant genetics, substantial research activity is 
focused on improved breeding strategies.  

Improved forage productivity offers ongoing 
opportunities to pasture-based dairying, providing 
options to lift production efficiency as measured 
through economic and environmental metrics. 
Several factors contribute to the urgency to improve 
the genetic potential of forage. The established rate 
of gain in the genetic potential of dairy animals is in 
itself a driver for improved performance from forage 
in order to meet these animals’ genetic potential. There 
is also the need to cater for intensive systems with 
higher stocking rates, and for greater cost efficiency 

through increased plant nutrient use efficiency and 
improved seasonal growth. While supplementary 
feeds offer flexibility, they also introduce economic, 
biosecurity, and market availability risks; and cannot 
provide the major feed source in cost-competitive 
pasture-fed dairy systems. 

Perennial ryegrass (Lolium perenne) and white 
clover (Trifolium repens) are the cornerstone species 
supporting pasture-based dairy systems in New 
Zealand and Australia. While perennial ryegrass 
provides most of the feed base, white clover is a 
valuable pasture component that enhances animal 
intake and performance, contributes to seasonal feed 
supply, fixes atmospheric nitrogen, and improves soil 
health (Jahufer et al. 2012). In addressing the need 
for improved performance from pasture species, the 
Forage Value Index initiative (Chapman et al. 2012) 
is a critical factor in defining and prioritising breeding 
targets, and in benchmarking cultivar performance 
in economic terms using trials that reflect on farm 
conditions. While there are notable breakthroughs 
in improvement of allied species such as red clover 
(Ford and Barrett 2011), our objective is to identify 
research opportunities in these two species that will 
improve their value to the Australasian dairy industry. 
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To that end, we highlight progress and opportunities 
in four distinct research areas:  harnessing forage 
genetic resources through wide hybridisation and 
pre-breeding, advances in plant fungal endophyte 
research, genomic selection in forage breeding, and 
progress toward step changes in forage traits through 
genetic modification. 

UTILISING GENETIC RESOURCES 

Plant genetic diversity is a fundamental driver 
of genetic improvement. Both ryegrass and white 
clover have widespread genetic resources in situ, 
radiating from their Old World centres of diversity 
(Abberton and Thomas 2011). There are also 
extensive curated ex situ seed collections, including 
the Margot Forde Forage Germplasm Centre in New 
Zealand. Over 15,000 accessions have been added 
to their collection over the last three years, from 
ongoing exploration trips to centres of diversity. 
The stoloniferous perennial legume white clover 
and related species of the genus Trifolium provide 
an excellent example of how knowledge and 
utilisation of wider genetic resources can contribute 
to agriculture in Australasia. Although our pastures 
are dominated by grass species, the contribution of 
white clover to feed quality and nitrogen fixation, as 
well as to animal intake and productivity, means it 
continues to offer value as a key component of grass 
based grazing systems. White clover is genetically 
variable, but this variation is insufficient to derive 
high-yielding cultivars adapted to intermittent 
moisture stress and soil phosphate deficiencies. For 
example, there is variation for drought tolerance 
within white clover, possibly influenced by specific 
metabolites (Ballizany et al. 2012), but this variation 
is limited. Rather than selecting within only the 
white clover genome for these traits, an alternative 
approach is to introduce new diversity from close but 
predominantly undomesticated wild relatives, using 
the proven technique of interspecific hybridisation.

Relationships among species contributing to this 
wider gene pool were identified as part of a  molecular 
based phylogeny of the genus Trifolium (Ellison et al. 
2006). In addition to direct crosses with white clover, 
other hybrid combinations between these related 
species provide a valuable source of new forage 
germplasm. They can also be used as genetic bridges 
through which new traits can be introduced into white 
clover (Williams et al. 2011). Re-introducing genomes 
that have long been separated, and subsequent genetic 
recombination in these interspecific hybrids, are both 
options to increase the potential for useful variation. 
Transgressive segregation is a common feature of 
wide crosses, indicating relevant agronomic trait 
values outside the range of either parent are possible.

Species closely related to white clover possess 
a range of desirable characteristics including 
drought tolerance, salt tolerance, tolerance to viruses 
and nematodes, prolific flowering, increased seed 
production, deep root systems and rhizomes (Williams 
et al. 2012, Nichols et al. 2014). Through introgression 
of these traits, some of the limitations to white clover 
performance may be overcome. For example, growth 
and persistence of white clover is severely affected by 
low soil moisture. Backcross hybrids between white 
clover and T. uniflorum are markedly less affected by 
drought stress than white clover cultivars (Nichols et 
al. 2014). Under controlled field conditions, total shoot 
dry weight under water stress decreased approximately 
20% less in first generation backcross hybrids than 
in white clover. Traits likely to contribute to this 
drought tolerance have been identified, including 
stolon morphological characteristics such as leaf size 
and internode length, senescence, root biomass and 
diameter, and production of protective biochemical 
compounds. Similar responses have been observed 
in hybrids between white clover and T. occidentale, 
one of white clovers ancestral parents. In backcrossed 
hybrids introgressing the T. occidentale parent into a 
white clover background, shoot dry weight decreased 
15% less under moisture stress than in white clover, 
and root biomass increased by 70% (Hussain and 
Williams 2013). 

A parallel opportunity related to nutrient use 
efficiency is developing. Under glasshouse conditions, 
some T. repens x T. uniflorum first generation 
backcross hybrids also had greater growth than white 
clover under low external phosphate supplies (soil and 
sand culture), including low to intermediate soil Olsen 
P levels (Nichols et al. 2014). For example, one hybrid 
family had shoot dry weights that were, on average, 
17% higher than white clover at Olsen soil P levels of 
9-20. This may be due in part to differences in internal 
phosphate use efficiency, but root characteristics 
associated with increased P acquisition have also been 
observed (Nichols et al. 2014). Experience to date is 
that hybrids created with close relatives of white clover 
nodulate freely with Rhizobium strains effective on 
white clover. (Nichols et al. 2014) found evidence that 
nitrogen fixation did not differ between T. repens x 
T. uniflorum hybrids and white clover in the field. Even 
so, ongoing monitoring of nitrogen fixation capacity 
would be prudent with this novel germplasm. Further 
screening for rhizobia strains compatible with specific 
hybrid combinations with commercial potential may 
also be valuable.

Legume germplasm with improved drought 
resistance and tolerance of low soil P may have 
greater resilience during drought events, and lower 
P fertiliser input requirements. This could have 
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environmental and economic benefits associated 
with improved productivity per unit of irrigation and 
fertiliser. Improvements in white clover productivity 
and persistence under moisture- and P-limiting 
conditions would also maintain the legume 
component of the sward over the longer term, and 
could increase clover content where it is currently 
limited by the environment or input requirements. 
This would have positive impacts on the direct and 
indirect contributions of white clover to feed and 
on animal performance. Further elucidation of the 
genetic and physiological basis of these traits may 
be aided by the use of genomics tools such as linkage 
maps (Griffiths et al. 2013) and reference genomes 
to guide the introgression effort, aiding in selection 
against undesirable characteristics present in some 
of these wild species. Focussing on interspecific 
hybrid combinations is expected to deliver value to 
the pastoral sector through the development of white 
clover cultivars with improved performance for one 
or more key traits. 

Parallel opportunities for wide hybridisation 
to access traits related to adaptation and yield exist 
in temperate pasture grass species such as Fescue/
Lolium hybrids (King et al. 2013).  These warrant 
increased research activity in Australasia, given the 
substantial role of perennial ryegrass in the region’s 
dairy feed base, and the stress tolerance and enhanced 
legume compatibility traits found in tall fescue, a less 
utilised species.  

Dairying in northern New Zealand and Australia, 
where pasture can be dominated by C4 grass species 
such as kikuyu (Pennisetum clandestinum) would 
benefit from genetic improvement of tropical and 
sub-tropical grasses (Crush and Rowarth 2007, 
García et al. 2014). A farmer-led action group has 
investigated means to improve production on kikuyu 
based pastures in the Northland region of New 
Zealand since 1999, demonstrating the importance 
of the species in such regions, and local interest in 
improved, regionally-tailored forage options.

GRASS FUNGAL ENDOPHYTE 

One of the key microbial interactions in pastures 
of Australia, New Zealand and North America 
involves a fungal symbiont of cool season grasses, the 
Calvicipitalean fungi Epichloë. Epichloë form endo-
symbioses with grasses in the sub-family Pooideae, 
including important forage species such as perennial 
ryegrass, tall fescue (Festuca arundinacea) and 
meadow fescue (F. pratensis). They play a key role in 
pasture primarily through the production of secondary 
metabolites, specifically alkaloids that advantage the 
host plant through protection from biotic and abiotic 
stress (Johnson et al. 2013, Schardl et al. 2013).

The wild-type endophyte Epichloë festucae var 
lolii (= Neotyphodium lolii = Acremonium loliae) 
found in ryegrass, also known as standard endophyte 
(SE), produces lolitrem B, ergovaline and peramine. 
Peramine has effects on the pasture pest Argentine 
stem weevil (Listronotus bonariensis) with no 
concomitant animal toxicity (Popay et al. 1990, 
Rowan et al. 1990, Pownall et al. 1995).  Ergovaline 
has effects on African black beetle (Heteronychus 
arator) and has vasoconstrictive effects on grazing 
animals (Klotz et al. 2007).  Lolitrem B reduces 
growth of Argentine stem weevil larvae (Prestidge 
and Gallagher 1988) and is the causal agent of 
ryegrass staggers (Fletcher and Harvey 1981), while 
epoxy-janthitrems, produced by certain endophyte 
strains, have broad anti-insect effects with the 
downside of the possibility of a weak staggers effect 
(Fletcher 2005, Fletcher and Sutherland 2009, Popay 
and Thom 2009). Studies have shown both lolitrem B 
and epoxy-janthitrems can be detected in milk from 
cows grazing endophyte-infected grass, but were 
not accumulated to biologically meaningful levels. 
Studies of these compounds in milk indicate they 
pose no threat to human health (Finch et al. 2007, 
Finch et al. 2013).

In both Australasia and the Americas, the issue of 
endophyte toxicities has been addressed by sourcing 
non-toxic and low-toxicity strains, and co-selecting 
them within improved, locally-adapted temperate 
grass populations. These strains have been isolated 
from grasses sourced primarily from Europe where 
a diversity of chemo-types occur (Tapper and Latch 
1999). Strains have been isolated from the primary 
germplasm, cultured in the laboratory, and inoculated 
into elite pasture germplasm (Simpson and Mace 2012, 
Johnson et al. 2013). The development of selected 
endophytes for use in grass-based forage systems has 
made very large impacts, with some noting that the 
non-toxic strain AR1 and other subsequent strains 
constitute the single biggest development in the 
improvement of perennial ryegrass pastures in the last 
50 years (Williams et al. 2007). 

The combination of the genotypes of the 
fungus and of the host grass determines functional 
characteristics of the symbiotum including drought-
stress tolerance, plant growth and seed yield.  These 
effects are impacted by the specific environment of 
the symbiotum (Hesse et al. 2003, Hesse et al. 2004). 
The biological system is complex, representing a 
genotype (fungus) x genotype (grass) x environment 
interaction with trophic effects via biotic interactions 
(ruminants, invertebrates and microbes) (Müller 
and Krauss 2005). Sown pastures will reflect this 
biological complexity due to the diversity of host 
genotypes, while persistence of specific symbiota is 
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mediated through both biotic and abiotic conditions. 
This leaves scope for on-going breeding and selection 
for symbiota better adapted to agricultural systems 
(Easton 2007). 

Studies of the effects of endophyte on dairying 
systems have been conducted in south-eastern 
Australia.  Ryegrass staggers was observed on 33-
43% of dairy farms surveyed in south-west Victoria 
(Reed et al. 2004). In South Australia, 4-12% 
reductions in milk volume were observed when 
animals were rotationally grazed on SE-infected 
irrigated perennial ryegrass pastures, as compared to 
production from a low endophyte pasture (Valentine 
et al. 1993). In coastal New South Wales a case study 
examined the effects of ergovaline ingestion on the 
health and productivity of lactating dairy cows.  This 
showed a loss of body condition, a decrease in milk 
production and an increase in somatic cell counts 
when consuming ryegrass silage with high ergovaline 
concentrations compared to ryegrass pasture with 
total or partially mixed rations including corn silage, 
lucerne hay, wheat barley and cottonseed (Lean 2001). 
Another study in south-east Victoria compared milk 
production from systems using perennial ryegrass 
infected with SE, AR1 and AR37 endophyte. The 
trial included a high level of supplementary feeding, 
thereby diluting endophyte toxins in times of peak 
alkaloid concentration, so results cannot readily be 
compared to studies involving pasture-only diets. 
Both AR1 and AR37-infected pasture had no effect 
on milk production compared to common toxic-
infected pasture while not causing ryegrass staggers, 
while SE-infected pastures caused staggers in one 
of the years of the trial (Moate et al. 2012). These 
studies suggest that effects can vary between years 
and seasons and with levels of supplementary feed.  
However, the consistent message is that it benefits 
the pasture to have an endophyte, and that selected 
strains have benefits for the grazing animal. 

The deployment of Epichloë endophytes in 
farming systems to-date has relied on examining 
natural grass populations and screening for the presence 
of endophyte strains with desirable chemical profiles. 
This in conjunction with a method for infecting new 
populations has allowed the production of grass 
cultivars with no or low mammalian toxicity while 
retaining invertebrate antibiosis properties. Current 
research into the genetic diversity of endophyte 
strains and their characteristics in novel associations 
supports this effort to identifying useful endophytes 
for deployment in agriculture (Ekanayake et al. 2012, 
Ekanayake et al. 2013, Tian et al. 2013). Possibilities 
for the future include utilising genetic technologies 
to knock out metabolite genes to eliminate toxins 
and/or to accumulate early pathway metabolites. 

Alternatively new strains can be developed by 
protoplast fusion of selected strains with a view to 
combining, in one strain, metabolites that do not 
otherwise occur together or for example to produce 
lolines in perennial ryegrasses Epichloë strains. 
Currently efforts are being made to synthetically 
produce symbioses between Epichloë and cereal 
grasses such as rye (Secale cereale) (Simpson et al. 
2014).  These will have application in forage systems 
in addition to possibilities for conferring insect-pest 
protection to crops grown for human consumption. 

In aggregate, these studies demonstrate the 
importance of the Epichloë/grass symbiosis in 
pastoral agriculture and specifically in Australasian 
dairy production systems. The impact of these 
symbioses to dairy production varies depending on 
the environment, pasture cultivar, endophyte strain 
and the management system of the production unit. 
The strategy of discovery and deployment of novel 
strains that produce targeted metabolites offers a 
solution to the issue of pasture-grass protection from 
predation by insect pests. From a dairy production 
point of view, there are benefits in production and 
profitability to be harnessed by deploying these 
selected endophyte strains; and evidence suggests 
human consumption of the products of animals 
ingesting Epichloë metabolites present no market 
acceptance or human health risks. 

GENOMIC SELECTION

Marker-aided breeding has been shown to be an 
effective means of identifying genetically superior 
forage plants in complex populations (Barrett et al. 
2008, Faville et al. 2012).  However factors including 
low throughput of available marker technologies, the 
need to re-estimate marker effects in target breeding 
populations, the limited proportion of genetic 
variance captured by single or few markers for 
complex traits, and small market size have impeded 
uptake in Australasia. Genomic selection (GS) may 
offer a way to overcome these barriers and improve 
the rate of genetic gain in forage species (Heffner 
et al. 2010).  It may also address some previously 
intractable challenges, such as grass:legume co-
selection, which are currently constrained by 
resource or logistical limitations.  Genomic selection 
enables a plant breeder to use a comprehensive 
DNA fingerprint to assess the genetic potential of an 
otherwise untested individual, and therefore make a 
genomic prediction for use in selection.  This creates 
options to shorten the breeding cycle and/or improve 
accuracy of selection.

Emerging theoretical (Heffner et al. 2010, 
Hayes et al. 2013, Resende et al. 2014) and empirical 
(Poland et al. 2012, Pryce et al. 2014) evidence 
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indicates GS can provide a substantial increase in 
rate of genetic gain as an effective strategy that can 
be easily integrated with adaptation of existing plant 
breeding systems. The GS theoretical framework 
developed over a decade ago (Meuwissen et al. 2001) 
is now  supported by efficiency gains in DNA marker 
(Davey et al. 2011, Elshire et al. 2011, Poland and 
Rife 2012) and plant phenotypic (White and Conley 
2013) data generation, management and analysis, 
with proven value in agricultural species (Hayes et 
al. 2013). 

The emergence of high-capacity marker 
platforms with improved flexibility and lower costs, 
such as GBS (Genotyping by Sequencing) (Elshire 
et al. 2011), further improves the efficiency of 
genotyping. This allows breeders to move beyond the 
single marker selection approach and into GS models 
that deliver genomic estimated breeding values 
for selection candidates, which better access and 
harness the many genes of small effect throughout 
the genome. This approach is particularly attractive 
for complex forage traits such as yield, nutritive 
value and persistence that are all influenced by large 
numbers of genetic loci, and subject to environmental 
interactions. Genomic selection may be augmented 
by verified candidate gene marker haplotypes, where 
the allelic effect is of proven value to the predictive 
model and therefore the breeder.

In evaluating an advanced breeding strategy 
such as GS, it is important to ensure the context and 
fundamentals of forage plant improvement are built 
upon. These include breeding programme logistics, 
accurate phenotypes, understanding the species 
and patterns of diversity, genotype x environment 
interactions, and trait prioritisation which are all 
essential.  Currently, some breeding programmes 
are resource limited to the point that theoretically 
optimal conventional breeding strategies that may 
be expected to deliver enhanced genetic gain, such 
as recurrent selection among-and-within families, 
are rarely implemented in a comprehensive way. 
Fortunately GS addresses this limitation, for example 
by providing a cost-efficient means for accessing 
within-family variation, as well as providing a method 
for implementing among-family selection for long 
term traits like plant persistence within an annual 
selection cycle (Resende et al. 2014).  The definition 
of trait targets and assigning economic weights for 
use in a standardised evaluation system is a recent 
initiative that will help define targets for advance 
breeding methodologies, in addition to providing 
economic information to farmers regarding current 
cultivar performance (Chapman et al. 2012).  

The cost of linking plant phenotypes to 
genotypes has been markedly affected by reduction 

in the cost of high-density DNA marker genotyping.  
However, plant phenotyping technology has 
advanced comparatively slowly over the last three 
decades (White et al. 2012).  This now represents the 
major bottleneck for plant improvement strategies, 
and is consequently a major research focus for 
plant breeding.  In recent years, there has been a 
burgeoning array of in-field sensor options and 
deployment platforms (e.g. handheld or vehicle-
mounted) proposed, tested or actively deployed for 
major crop species (White et al. 2012, Andrade-
Sanchez, et al. 2013, Araus and Cairns 2014).  

In forages, a significant proportion of 
phenotypic data acquisition is routinely via visual 
scoring approaches (Walter, Studer et al. 2012).  
Traits which require tissue harvest and laboratory 
measurement, such as nutritive quality measures, 
are not routinely screened due to cost or logistical 
issues.  Development of in-field phenotyping tools 
for forages therefore has the potential to significantly 
enhance accuracy for routinely-measured traits as 
well as supporting extension of phenotyping to traits 
previously not accessible. This process will involve 
evaluation of proximal sensing and imaging options 
as well as deployment platforms that are appropriate 
for the estimation of targeted traits and in relevant 
trial formats (e.g. individual plant or sown plots).  
Comprehensive sensor calibration, referenced to 
appropriate laboratory assays, will be required and 
calibration models will need to be built and validated, 
accounting for different environments and seasons to 
ensure applicability across Australasian conditions.  
Recently, this has been demonstrated in forages in 
the context of pasture agronomy (Pullanagari et al. 
2013), indicating the potential for utilisation in plant 
breeding.

In New Zealand, genomic selection for forage 
yield and nutritive value traits is being empirically 
tested at a proof-of-concept scale using a training 
population of replicated perennial ryegrass families 
evaluated in multiple environments. Application of 
GS at the larger, industry-wide scale, encompassing 
multiple breeding programmes, presents research 
challenges (Crossa et al. 2014) including genomics 
applications development; standardising, aggregating 
and prioritising phenotypic records; assessing and 
harnessing genotype × environment interactions 
(Lado et al. 2013); in-field phenotyping precision 
and efficiency; data optimisation and integration; and 
optimisation for prediction accuracy (Riedelsheimer 
and Melchinger 2013). In meeting these challenges, 
statistical, bioinformatic, genomic, and evaluation 
processes must be improved to ensure GS in forages 
delivers value at an industry scale, presenting a 
planning and logistics challenge to the research 
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community. Scale up for GS in forage breeding 
will be guided by a quantitative genetic model that 
is linked with economic and biophysical models, to 
ensure that traits targeted are adaptive within on-
farm environmental and management constraints.

Evidence of efficacy of any novel breeding 
strategy must include assessment of rate of genetic 
gain against historic baselines and with other 
breeding strategies (Resende et al. 2013). Rates of 
gain may be compared with empirical and modelled 
evidence from the GS breeding strategy in order to 
assess comparative efficiencies per unit resource 
(Massman et al. 2013, Resende et al. 2013) across 
the range of traits under selection. 

GENE TECHNOLOGY

Genetically modified (GM) crops have become 
well established globally with 18 million farmers in 
27 countries planting 175.2 million hectares of GM 
crops in 2013 (James 2013). This represents an area 
6.6 times the total land area of New Zealand or almost 
a quarter of the total land area of Australia. However, 
commercial application of GM technology is limited 
to a few widely grown crops such as soybean, cotton, 
maize and canola. These GM crops are often used 
for animal feed. Meta-analysis of over 100 billion 
animals pre- and post-introduction of GM feeds 
revealed no adverse effects on ruminant productivity 
or health attributable to GM (Van Eenennaam and 
Young 2014).  However, the adoption of GM in forage 
grasses and legumes lags behind that in crops, and 
is limited to herbicide-resistant lucerne (Medicago 
sativa) (James 2013).  However, there are substantial 
interest in output traits for animal production (Van 
Eenennaam and Young 2014).

For genetic modification of forage grasses and 
legumes to deliver the next big lift in forage and 
animal production, it is essential to develop forages 
with significant improvements in output traits such 
as yield and nutritive value (forage quality) to justify 
the investment associated with GM development and 
de-regulation. Forage quality is the main rate limiting 
step to productivity. The main components of forage 
quality include protein, water soluble carbohydrate 
(WSC), structural carbohydrate and lipids. Several 
research groups internationally have attempted to 
increase the level of fructans, the main WSC fraction 
in perennial ryegrass. To date perennial ryegrass with 
genetic modifications to the fructan biosynthetic 
pathway have modest increases in WSC that is similar 
to the levels seen in conventionally bred high sugar 
grasses. The main advantage is that the strong gene-
by-environment interaction that requires prolonged 
exposure to short days and temperature under 10 oC 
is overcome (Rasmussen et al. 2013). 

Another approach has been to modify cell wall 
biosynthesis, as recently reviewed (Zhao and Dixon 
2014). The main goal of international research 
efforts has been to improve the access of enzymes 
to the major cell wall polysaccharides cellulose 
and hemicellulose. This has been achieved through 
the genetic modification of the lignin biosynthetic 
pathway to either reduce lignin levels or alter lignin 
composition. These modifications have improved 
forage digestibility in vitro (Getachew et al. 2011). 
The most successful approach has been to alter lignin 
content rather than lignin composition in alfalfa. 

Two major research projects at AgResearch 
have made significant progress on two important 
forage quality targets and have the potential for 
step-changes in animal performance to meet this 
challenge for forage grasses and legumes. These 
target major changes in forage quality by increasing 
energy via production of foliar lipids in grass, and 
slowing the rate of protein breakdown via production 
of condensed tannins in forage legumes. The genes 
required to meet both these challenges either do not 
exist naturally or do not exist in the target species.

High Energy Forages
In order to develop forages with high energy a 

substantial increase in the lipid levels in vegetative 
tissue has been targeted. Under normal circumstances 
plants store neutral lipids only in seeds and pollen, 
as a source of essential energy for subsequent 
germination. The majority of leaf lipid is found in 
membranes where it makes up approximately 3.5% 
of dry matter (DM). Lipids have twice the calorific 
value of the other main sources of energy in forage 
leaves, WSC and protein. The goal is to double the 
level of leaf lipids to around 7-8% of DM. At this 
level it is expected to obtain a 10% increase in ME 
and the level of lipids would not be high enough 
to cause milk fat depression in grazing dairy cows 
(Flowers et al. 2008). Supplementary feeding trials in 
sheep have demonstrated that increasing the level of 
dietary fat to 8% DM lead to a 30% increase in feed 
conversion efficiency (Cosgrove et al. 2004). There 
is minimal genetic variation in leaf lipid levels and 
therefore the opportunity to rapidly and substantially 
change leaf lipid levels through conventional plant 
breeding is limited (Palladino et al. 2009, Glasser et 
al. 2013, Hegarty et al. 2013).   

A technology to increase plant lipid levels 
and plant biomass has been recently reported 
(Winichayakul et al. 2013). A synthetic gene encoding 
a novel lipid encapsulation protein, cysteine oleosin 
was constitutively co-expressed with a gene encoding 
diacylglycerol actyltransferase (DGAT1), to 
increases energy density and reduce photorespiration 
of the model species Arabidopsis thaliana via the 
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production and encapsulation of neutral lipids 
(Winichayakul et al. 2013). The leaf lipid levels were 
doubled to approximately 8% DM, and lipid levels in 
the plant roots also increased to 8% of the DM. The 
24% decrease in photorespiration is due to recycling 
of CO

2 
in the chloroplast and results in 50% increased 

plant growth rates and corresponding increases in 
plant biomass (Winichayakul et al. 2013). 

The same genes have been co-expressed in 
perennial ryegrass under the control of light regulated 
green tissue specific promoters. When compared 
with a control population in containment glasshouse 
conditions with non-limiting water and nutrient 
supply, these GM plants have a 100% increase in 
leaf lipids as determined by analytical chemistry of 
samples taken from mechanical defoliation trials 
as described below. They also have substantially 
increased (25%) growth rates with corresponding 
increases in leaf and root biomass. These high 
energy perennial ryegrass plants are yet to be field 
tested, however they have the potential to provide 
a significant step change for pastoral farmers. This 
phenotype is stable under a mechanical defoliation 
regime in glasshouse propagated plants. The plants 
have been cut back and allowed to regrow for 4 to 5 
weeks over 30 times with no negative impact on the 
plant. This technology is potentially applicable to all 
plant species with C3 photosynthesis, and therefore 
can be applied to other forages such as white clover 
and lucerne.

Biophysical modelling (King et al. unpublished 
data) indicates that perennial ryegrass with these 
lipid attributes may enable farmers to have more 
efficient pasture utilisation leading to increased 
farm profitability. The Rumen Model was used to 
estimate the change in feed intake with an increase 
in lipid content from 3.9% to 8%. Results suggested 
a reduction in feed intake of 30% with no change 
in milk solids production. However, based on a 
supplemental feeding study (Cosgrove et al. 2004) 
that showed a reduction in intake (in sheep) of 
around 16% (with 8% total dietary lipid intake), we 
took a conservative approach and used 15% in all 
simulations. FarmaxDairy was used in three scenarios 
with different stocking rates (base, medium and high) 
for scenario Category 3 Waikato and Canterbury 
dairy farms. These scenarios were based on existing 
FarmaxDairy simulations developed using data from 
DairyBase and other DairyNZ sources and were 
considered to be typical for each province. Based 
on this modelling the potential benefits include 
more efficient pasture utilisation, an increase in milk 
solids production by 6-12%, up to a 17% reduction 
in Greenhouse Gas (GHG) emissions per kg of milk 
solids through a reduction in nitrous oxide emissions, 

and approximately $900 per ha increase in farm 
revenue (for example in the Waikato scenario farm 
revenues increased from $4222/ha to $5165/ha). 

The GHG reduction is predominantly calculated 
on the basis that the cysteine oleosin containing 
pasture would help address the imbalance of energy 
sources in the feed, leading to a reduction of ammonia 
excreted by the animal and therefore a reduction in 
nitrous oxide emissions. Based on the data from a 
meta-analysis of the effects of dietary fat on methane 
emissions in cattle (Grainger and Beauchemin 2011), 
utilising a forage cultivar with double the lipid levels 
(8% DM), it may be possible to achieve a 10-17% 
reduction in methane emissions.  This relatively wide 
range is due to the seasonal variation in lipid levels 
already seen in forage plants. While these plant 
lipid data and range of model outputs are limited 
and reliant on a number of assumptions, they all 
consistently indicate a beneficial trend with regards 
production, footprint and profit that in some cases 
may be substantial.

Condensed Tannins in Forage Legumes
Condensed tannins are associated with improved 

animal health and production due to a reduction 
in protein degradation and increased bypass to the 
animal gut (Aerts et al. 1999, Douglas et al. 1999, 
McMahon et al. 2000), especially in pastoral systems 
based on high legume content. Lucerne and white 
clover are very rich in proteins which are rapidly 
fermented in the rumen of grazing animals. This 
results in gas and foam formation in the rumen and 
leads to a potentially lethal condition known as 
pasture bloat (McMahon et al. 2000). Condensed 
tannins bind excess dietary proteins and bacterial 
enzymes, substantially reducing the level of protein 
degradation in the rumen. This increases protein 
by-pass to the gut of the grazing animal, leading to 
improved absorption of essential amino acids and 
increased milk and meat production (McMahon et 
al. 2000). Most importantly, the decreased protein 
degradation in the rumen also decreases methane 
production and ammonium excretion in urine which 
can contribute to significant reductions in emission 
of the potent greenhouse gases methane and nitrous 
oxide from pastures (Smith et al. 2008). The presence 
of condensed tannins in animal diets has also been 
associated with reduced intestinal parasite load in 
ruminants (Aerts et al. 1999).

Lucerne and white clover contain negligible 
levels of condensed tannins in foliage. The opportunity 
to develop cultivars containing condensed tannins 
is therefore of considerable interest to the pastoral 
sector. The genes encoding the enzymes involved in 
the biochemical pathway to condensed tannins are 
present in lucerne and white clover; however, these 
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genes are not sufficiently expressed in the foliage 
of these species to permit production of condensed 
tannins. In contrast to white clover, rabbit’s foot clover 
(Trifolium arvense) does accumulate significant levels 
of condensed tannins in leaves. We have identified the 
regulatory gene from rabbit’s foot clover (TaMYB14) 
responsible for turning on the genes along the pathway 
for production of condensed tannins. The silencing of 
the TaMYB14 gene in transgenic plants of rabbit’s 
foot clover blocked the accumulation of condensed 
tannins (Hancock et al. 2012). More importantly, 
the transgenic transfer of TaMYB14 to white clover 
and lucerne turned on the production of condensed 
tannins in leaves (Hancock, Collette et al. 2012). The 
production of genetically modified clover and lucerne 
cultivars expressing TaMYB14 may provide a valuable 
approach for a bloat safe, highly productive pastoral 
agriculture with reduced greenhouse gas emissions.

CONCLUSIONS

Genomic selection and improved field-
based phenotyping technology are two near term 
opportunities to improve forage breeding outcomes 
for Australasian dairy farmers. In delivering these 
opportunities, it is imperative that ongoing research in 
endophyte discovery and biology, and introgression 
of new genetic diversity for key traits are progressed, 
in addition to the wider set of pasture and plants 
sciences supporting the pastoral sector.  Decision 
support for farmers and breeders, as provided by the 
Forage Value Index, is a critical factor in the success 
of forage breeding and market uptake.  Keeping 
options open for genetic modification offering 
step changes in performance is also imperative. 
Achieving these will provide future options for the 
sector, contributing to a competitive and sustainable 
Australasian dairy industry.
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Changes in water soluble carbohydrate content during regrowth of three temperate grasses in 
northern Victoria
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ABSTRACT

Tall fescue has the potential to become part of the forage system in irrigated dairy farming systems in 
northern Victoria as dry matter removal from tall fescue compared to perennial ryegrass-based pastures can be 
40% higher during summer-autumn and 20% higher over a year.  However, difficulties with grazing management 
are limiting the uptake of tall fescue by dairy farmers in the region.  Leaf stage grazing management rules 
are commonly used for Italian and perennial ryegrass in northern Victoria and are based on changes in the 
water soluble carbohydrate (WSC) content of leaf and sheath material following defoliation.  This experiment 
aimed to compare changes following grazing in the WSC content of the leaf and sheath material of tall fescue, 
perennial ryegrass and Italian ryegrass when grazing according to current recommendations for each species. 

Measurements were taken on the WSC content of both the leaf (leaf blade) and sheath (leaf sheath and 
pseudostem) material of perennial ryegrass, Italian ryegrass and tall fescue collected during regrowth periods in 
spring, summer and autumn from pastures which were grazed according to current recommendations.  For all 
three species the WSC content of both leaf and sheath material declined following grazing and then gradually 
increased until the next grazing.  However, the average decline in WSC content was lower for tall fescue than 
for either of the ryegrasses for both leaf (80 vs. 130 g/kg DM) and sheath (100 vs. 190 g/kg DM) material.  The 
decline in WSC content for the sheaths was unaffected by sampling time (160 g/kg DM) but for the leaves it 
was greater in autumn (160 g/kg DM) than in either spring (90 g/kg DM) or summer (100 g/kg DM).  These 
results suggest that under the gazing management criteria used in this study, tall fescue is less dependent upon 
stored WSC for new leaf growth after grazing than either perennial or Italian ryegrass.  This finding can be used 
to help develop better grazing management guidelines for tall fescue which will facilitate its uptake by the dairy 
industry.  

Keywords: Perennial ryegrass, tall fescue, Italian ryegrass, water soluble carbohydrates, leaf-stage.  

INTRODUCTION

Irrigated perennial pastures used by the dairy 
industry in northern Victoria are based predominantly 
upon perennial ryegrass (Lolium perenne) and 
white clover (Trifolium repens) (Doyle et al. 
2000).  However, perennial ryegrass has low dry 
matter (DM) production over summer and rapidly 
declines in density (Stockdale 1983; Lawson and 
Kelly 2007a,b).  Alternatives to perennial ryegrass 
include Italian ryegrass (Lolium multiflorum), which 
may have higher DM production in winter and 
early spring, and tall fescue (Festuca arundinacea), 
which has higher DM production during summer and 
autumn and greater persistence (Lawson and Kelly 
2007, Lawson et al. 2009).  

Perennial and Italian ryegrass-based pastures 
in the region are generally grazed using the ‘3-
leaf stage’ approach (Fulkerson and Donaghy 
2001).  This approach is based upon the way these 
species utilise water soluble carbohydrate (WSC) 
reserves after grazing to assist in the rapid growth 
of new leaf material.  While there are some studies 
on the changes in WSC content of tall fescue after 
defoliation (Zarrough and Nelson 1980, Volenec 

1986, Donaghy et al. 2008), there is insufficient 
evidence to either support or reject a ‘leaf stage’ 
approach to the grazing management of tall fescue or 
to define an alternative grazing management system.  
Instead, the current ‘best-management’ approach for 
the grazing of tall fescue is based upon pre-grazing 
pasture height during spring and summer with the 
aim of avoiding declines in palatability (Milne 2001) 
and forage quality (Callow et al. 2003) that occur 
with leaf maturation.  This study compared changes 
in WSC content of three species following grazing, 
when grazing was based on current recommendations 
for each species. 

MATERIALS AND METHODS

The experiment was conducted at the Kyabram 
Dairy Centre (36°20’S, 145°04’E, 105 m altitude) in 
northern Victoria on the site of a pasture renovation 
experiment (Lawson and Kelly 2007a).  The plots 
comprised pastures sown in March 1999 to mixtures 
of white clover (a mixture of cvv. Irrigation and 
Kopu) and either perennial ryegrass (a mixture of 
cvv. Vedette, Banks and Yatsyn 1), Italian ryegrass 
(cv. Concord) or tall fescue (cv. Grasslands Advance).  
There were three replicates of each pasture type.  The 
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site was border-checked irrigated and annual soil tests 
(0-100 mm) indicated an Olsen Phosphorus of 26 
mg/kg and a pH (H

2
O) of 6.3.  Nitrogen (N, as urea) 

was applied at 25 kg N/ha after most grazings (total 
of 225 kg N/ha.year).  The tall fescue was grazed at 
an approximate rising plate meter pasture height of 
7.5 cm, while the ryegrasses were grazed at the 2–3 
leaf-stage (Fulkerson and Donaghy 2001).  For more 
details of soil parameters and grazing management 
see Lawson and Kelly (2007a).  

The WSC content of the sown grass species 
was measured prior to and following grazings during 
spring (20 August), summer (4 February) and autumn 
(6 May) of 2001/02.  Sampling was undertaken on the 
day prior to grazing, on days 1, 3 and 7 after grazing, 
and then at weekly intervals until the next grazing.  
Sampling commenced at 09:00 h and involved 
removing about 10-15 random plants (including 
intact tiller bases) from each plot and placing them 
in sealed plastic bags in iced water.  Samples were 
divided into leaf (leaf blade) and sheath (leaf sheath 
and pseudostem) components (the dead material was 
discarded), frozen in liquid N, freeze dried, ground 
and analysed for WSC content using the same method 

as (Donaghy et al. 2008).  Maximum changes in 
WSC content following grazing were analysed in a 
split-plot analysis with the species as the main-plot 
and the sampling time as the sub-plot.  WSC data 
for each growth cycle were analysed in a repeated-
measures analysis of variance with the replicates 
treated as a fixed effect.  All statistical analyses were 
performed using Genstat 14 (2011).  

RESULTS

In spring there was an interaction (P<0.05) 
between species and days after grazing on the WSC 
content of the sheath material (Figure 1d).  While the 
WSC content of the sheath material declined for all 
species during the first 7 days after grazing before 
increasing again from day 14 onwards, the initial 
decline and subsequent increase in WSC content 
was greater for the ryegrasses than for tall fescue.  
The changes in WSC content of the leaf material in 
spring (Figure 1a) were of a similar pattern to that 
of the sheath material but the interaction was only 
significant at the (P<0.1) level.  

Figure 1:  Water soluble carbohydrate (WSC) content in leaf and sheath material (g/kg dry matter (DM)) 
during growth cycles in spring, summer and autumn for 3 grass species.  The left error bars indicate the 
species x day interaction l.s.d. (P=0.05) and the right error bars indicate the l.s.d between days within a 
species (P=0.05). 
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In summer and autumn, the WSC content of both 
leaves and sheaths in all pasture species declined after 
grazing before gradually increasing again (P<0.05).  
In summer, the WSC content in Italian ryegrass was 
lower (P<0.05) than in either perennial ryegrass or 
tall fescue for both leaf and sheath (Figures 1b and 
1e) material.  In autumn, there were no differences 
(P>0.05) between species in their WSC content for 
either the leaf or sheath material (Figures 1c and 1f). 

The size of the decline in WSC content after 
grazing (pre-grazing WSC content less minimum 
post-grazing WSC content) was greater (P<0.05) for 
both the ryegrasses than for tall fescue for both leaf 
(130 vs. 80 g/kg DM) and sheath material (190 vs. 
100 g/kg DM).  The decline in WSC content of leaves 
after grazing was greater (P<0.05) in autumn (160 g/
kg DM) than in either spring or summer (average of 
90 g/kg DM), while for sheaths, the decline in WSC 
content (160 g/kg DM) was unaffected (P>0.05) by 
sampling time.

DISCUSSION AND CONCLUSION

The major finding of this work is that, based 
upon current grazing guidelines, the amount of 
WSC mobilised after grazing in tall fescue is around 
half that mobilised, on a per unit weight basis, in 
either perennial or Italian ryegrass, irrespective of 
the time of year.  While the pattern of mobilisation 
and subsequent accumulation of WSC after 
grazing is consistent with the literature for both the 
ryegrasses (Danckwerts and Gordon 1987) and tall 
fescue (Zarrough and Nelson 1980, Volenec 1986, 
Donaghy et al. 2008), the difference in the quantity 
of WSC mobilised suggests that the importance of 
WSC reserves during regrowth differs between 
these species.  For ryegrass, the large changes in 
WSC content after grazing are consistent with the 
established view that WSC have an important role to 
play in the regrowth of these species (Fulkerson and 
Donaghy 2001).  In contrast, the lower proportion of 
WSC mobilised in tall fescue than in the ryegrasses 
suggests that WSC mobilised after grazing may 
have a smaller role in tall fescue than in ryegrass 
in providing the energy and structural compounds 
necessary for the development of new leaf area.

ACKNOWLEDGEMENTS

We thank DEPI, Dairy Australia and Murray 
Dairy for their financial support and Graeme Phyland, 
Liz Byrne and Mark Nankivell for their technical 
support.  

REFERENCES

Callow MN, Lowe KF, Bowdler TM, Lowe 
SA, Gobius NR (2003) Dry matter yield, 
forage quality and persistence of tall fescue 
(Festuca arundinacea) cultivars compared 
with perennial ryegrass (Lolium perenne) in a 
subtropical environment. Australian Journal of 
Experimental Agriculture. 40, 1093-1099. 

Danckwerts JE, Gordon AJ (1987) Long-term 
partitioning, storage and re-mobilization of 
14C assimilated by Lolium perenne (cv. Melle). 
Annals of Botany. 59, 55-66. 

Donaghy DJ, Turner LR, Adamczewski KA (2008) 
Effect of defoliation management on water-
soluble carbohydrate energy reserves, dry 
matter yields, and herbage quality of tall fescue. 
Agronomy Journal. 100, 122-127.  

Doyle PT, Stockdale CR, Lawson AR, Cohen DC 
(2000) Pastures for Dairy Production In Victoria. 
(Agriculture Victoria: Kyabram, Australia). 

Fulkerson WJ, Donaghy DJ (2001) Plant-soluble 
carbohydrate reserves and senescence - key 
criteria for developing an effective grazing 
management system for ryegrass-based pastures: 
a review. Australian Journal of Experimental 
Agriculture. 41, 261-275.

Genstat 14 (2011) ‘Genstat 14.1’ (VSN International 
Ltd., UK.). 

Lawson AR, Greenwood KL, Kelly KB (2009) Water 
productivity of winter-growing annuals is higher 
than perennial forages in northern Victoria. Crop 
and Pasture Science. 60, 407-419. 

Lawson AR, Kelly KB (2007a) Responses to the 
renovation of an irrigated perennial pasture in 
northern Victoria 1. Pasture consumption and 
nutritive characteristics. Australian Journal of 
Experimental Agriculture. 47, 149-158. 

Lawson AR, Kelly KB (2007b) Responses to the 
renovation of an irrigated perennial pasture in 
northern Victoria 2. Botanical composition and 
plant and tiller densities. Australian Journal of 
Experimental Agriculture. 47, 159-169. 

Milne G (2001) “Tall Fescue Guide.” 2 edn. (Pacific 
Seeds: Toowoomba, Qld.)

Stockdale CR (1983) Irrigated pasture productivity and 
its variability in the Shepparton region of northern 
Victoria. Australian Journal of Experimental 
Agriculture and Animal Husbandry. 23, 131-139. 

Volenec JJ (1986) Nonstructural carbohydrates in 
stem base components of tall fescue during 
regrowth. Crop Science. 26, 122-127. 

Zarrough KM, Nelson CJ (1980) Regrowth of 
genotypes of tall fescue differing in yield per 
tiller. Crop Science. 20, 540-544. 



232 C.M. Wims – Determining genetic gain in pasture species: integrating multiple traits and economic values

Determining genetic gain in pasture species: integrating multiple traits and economic values

C.M. WIMS1, J. JACOBS2, D.F. CHAPMAN3

1 DairyNZ, Private Bag 3221, Hamilton 3240, New Zealand 
2 Department of Primary Industries, 78 Henna Street, Warrnambool, Vic. 3280, Australia 

3 DairyNZ, PO Box 160, Lincoln University, Canterbury 7647, New Zealand

ABSTRACT

Over recent decades grass and legume breeding programmes have focussed on increasing annual and 
seasonal dry matter (DM) production, disease resistance, and persistency, and on improving nutritive value.  
Sustainable increases in farm productivity and profitability are the ultimate measures of plant breeding success. 
However, current estimates of genetic gain preclude this because they focus solely on DM yield measured in 
monoculture swards and have not evaluated  other key pasture productivity traits, and the potential economic 
impacts of gains have not been assessed. A more comprehensive analysis is required to quantify the amount of 
genetic gain that plant breeding is delivering to the economic sustainability of dairy farming in New Zealand 
and Australia. This paper presents a methodology to evaluate genetic gain in perennial ryegrass (Lolium perenne 
L.) cultivars, which considers the key pasture performance traits of DM yield, pasture nutritive value and 
persistence in mixed species pastures. 

Keywords: genetic gain; perennial ryegrass; pasture  

INTRODUCTION

The global competitiveness of the Australasian 
dairy industries is largely based on the efficient 
consumption of grazed pastures dominated by 
perennial ryegrass (Lolium perenne L.). To build 
on this advantage plant breeding efforts have 
focused on increasing dry matter (DM) production, 
disease resistance, persistency, and on parameters 
leading to improved pasture nutritive value 
such as, increasing water soluble carbohydrate 
content, increasing ploidy and altering flowering 
behaviour (Easton et al. 2002, Lee et al. 2012). 
(Lee et al. 2012) reviewed published studies of 
genetic gain in annual DM production for New 
Zealand perennial ryegrass cultivars; estimates 
of gain ranged from 0.25 – 0.73 % per annum, 
with an average estimate of 0.5 % per annum, 
similar to values reported from Europe (Wilkins 
and Humphreys 2003). However, sustainable 
increases in farm productivity and profitability 
must be considered the ultimate measures of plant 
breeding success. Current evaluation information 
is inadequate to gauge the economic contribution 
of plant breeding because, a) data come mainly 
from monocultures and, therefore, do not account 
for interactions between perennial ryegrass and 
other pasture species (e.g. white clover) that may 
affect whole pasture performance (Camlin 1981); 
and b) the information relates only to gains in DM 
yield - changes in other economically important 
traits have not been evaluated.  

By contrast genetic gain in animals is well 
documented and has contributed substantially 
to industry productivity gains (Macdonald et al. 

2008). For example, herd breeding worth in New 
Zealand increased by 10 units per year; this is the 
realised rate of genetic gain being achieved on 
farm, which is equivalent to an additional $10 profit 
per 5 t DM consumed (J. Bryant, NZAEL, pers. 
comm.). For animals to express their greater milk 
production potential, the current recommendation 
is that herd size should be reduced by 1 cow 
per 300 cows (0.3%) per year if no extra feed is 
supplied (J. Bryant, NZAEL, pers. comm.). To 
retain the competitive advantage of our pasture-
based systems, improvements in animal genetics 
must be matched by similar sized shifts in the 
supply of cheap home grown feed, grass, otherwise 
production systems may continue to shift towards 
greater use of imported supplementary feed, 
which poses a risk to the long term economic 
sustainability of the Australasian dairy industries.  
Currently, it is not possible to compare rates of 
genetic gain in dairy animals with rates of gain in 
dairy pastures, because the pasture information is 
not available. Therefore, a more-comprehensive 
and systematic analysis incorporating multiple 
traits is required to quantify the amount of genetic 
gain that pasture plant breeding has delivered to 
the economic sustainability of dairying in New 
Zealand and Australia. 

DETERMINING THE RATE OF GENETIC 
GAIN IN PERENNIAL RYEGRASS IN 

NEW ZEALAND AND AUSTRALIA 

Previous attempts to define the contribution 
of plant breeding to gains in farm productivity 
(Easton et al. 2002, Crush et al. 2006) have been 



Proceedings of the 5th Australasian Dairy Science Symposium 2014 233

met with a lack of certainty.  If future attempts 
to define plant breeding success are to provide 
definitive answers, performance data should be 
collected from robust, structured experiments that 
capture information on key pasture performance 
traits impacting on farm profitability (i.e. more than 
just DM production). When considering genetic 
gain in perennial ryegrass there are a number of 
core requirements that must be considered in the 
experimental design: 
1. It is necessary to include as wide a range of 

cultivars as possible, in their chronological 
order of release, such that the relationship 
between time of release and performance can be 
determined with confidence. 

2. It is necessary to account for the diversification 
of functional groups.  Cultivars first released in 
New Zealand and Australia were early to mid-
season flowering diploids (e.g. Nui, Victorian); 
however, in the last two decades, late-flowering 
diploids and tetraploids have been released. 

3. The development of new endophyte technology 
has been an integral part of perennial ryegrass 
improvement (Lee et al. 2012) and cultivar 
endophyte interactions must be considered 
in any assessment of plant improvement in 
Australia and New Zealand. 

4. Estimates of genetic gain in pasture species must 
consider all key pasture performance traits and 
the economic value resulting from changes in 
these traits. 

5. Evaluation of perennial ryegrass cultivars 
should account for genotype x environment 
interactions related to the physical macro-
environment, management and any potential 
species interaction that may affect whole pasture 
performance (Lee et al. 2012).

To determine the gains in farm productivity 
and profitability that is being delivered from 
current pasture plant breeding programmes in New 
Zealand and Australia, field experiments were 
established at two sites in New Zealand (Waikato 
and an irrigated site in Canterbury) and at two 
sites in Australia (Terang, south-west Victoria 
and an irrigated site near Shepparton, northern 
Victoria). All sites are managed under rotational 
grazing using dairy cattle. In these experiments, 
the decade of first release will be used to represent 
the time factor, for which there are five relevant 
levels (Table 1).  To account for the diversification 
of functional types, cultivars used include mid-, 
late- and very late-flowering diploids, and late- 
and very late-flowering tetraploids. This will allow 
genetic gains over time within functional types and 

genetic gains delivered by broadening the range 
of functional types (notably, into late-flowering 
diploids and tetraploids) to be determined. To 
investigate the role of novel endophyte in the 
agronomic performance of cultivars a comparison 
between standard and novel endophytes is included 
for some cultivars.  It is difficult to strike a balance 
design because, for example, current commercial 
cultivars don’t include mid-season flowering 
tetraploids (only late or very late flowering 
types are available), and only a few cultivars are 
available with a full range of endophytes. 

To account for any genotype x environment 
interactions, a number of cultivars are sown at 
all four sites, providing performance data  from 
contrasting environments, ranging from hot and dry 
Mediterranean-type conditions in southern Australia 
to mild, irrigated conditions in Canterbury. In New 
Zealand, cultivars were sown with white clover 
to capture any species interactions that may affect 
whole pasture performance. 

Data on key pasture performance traits will be 
collected to quantify the contribution of improved 
plant genetics to gains in farm profitability.  In 
addition to recording annual and seasonal DM 
yield, information on persistency and changes 
in pasture nutritive value resulting from direct 
manipulation of ryegrass characteristics (such 
as heading date, or ploidy) or indirect outcomes 
(e.g. grass-clover interaction) will be recorded 
in this experiment. Using pasture performance 
information and farm system simulation models, 
it is possible to estimate the economic value 
of changes in pasture performance traits. This 
approach was used by (McEvoy et al. 2011), who 
integrated the key pasture performance traits of 
seasonal DM production, pasture nutritive value 
and persistence into a weighted economic index to 
provide the total economic merit of a cultivar. A 
similar approach will be used in this experiment; 
economic values will be applied to performance 
data to calculate the economic merit of the 
cultivars evaluated and consequently the gains in 
profitability delivered by plant breeding over time.

CONCLUSION

Methods for estimating the economic value 
of changes in the key production traits of pasture 
species are now available.  These should be applied 
to pasture performance data from structured genetic 
gain experiments to calculate the rate of gain in 
profitability that is being delivered to dairy systems 
from current pasture plant breeding programmes in 
New Zealand and Australia. 
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Table 1: Outline of experiment to determine the rate of genetic gain in perennial ryegrass in New Zealand and 
Australia

Decade of first use
Diploid Tetraploid

Mid-season maturity Late-season maturity Late-season maturity

1940 Victorian SE* n/a n/a
1970 Nui SE n/a n/a
1980  Grasslands Pacific SE# n/a n/a

1990

Fitzroy SE* Impact AR1 Quartet II Endo5
Kingston SE* Matrix SE
Samson Nil*
Samson SE*
Samson AR37*
Samson AR1*
Bronsyn SE
Bronsyn AR1
Avalon SE*
Avalon AR1*

2000

 

 

Commando SE# One50 SE Bealey NEA2
Commando AR1# One50 AR1 Banquet II Endo5
Commando AR37# One50 AR37 Halo AR37
Arrow AR1 Alto AR1 Endure AR1*

Alto AR37
Abermagic AR1
Aberdart AR1

2010

ExtremeAR1* Prospect AR37 Base AR37
Extreme AR37* Trojan NEA2 HSLpt8 NEA2*
Kingsgate SE* Excess AR1* kLp902 Endo5*

Excess AR37*
HSLp4 AR1*

*Sown in Australian experiments only; #Sown in New Zealand experiments only
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Milk solids production and apparent dry matter intake of dairy cows grazing perennial  
ryegrass-white clover and diverse pastures at different herbage allowances
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ABSTRACT

The effect of herbage allowance (20, 30, 40, 50 and 60 kg DM/cow/day) on apparent DM intake and milk 
solids production of mid lactation dairy cows grazing simple perennial ryegrass-white clover pastures and 
diverse pastures containing perennial ryegrass, white clover and additional herbs (chicory and plantain) and 
legumes (lucerne) was examined. Milk solids production increased curvilinearly with herbage allowance, rising 
from an average of 1.6 0 kg MS/cow/day at a herbage allowance of 20 kg DM/cow/day to 1.98 kg MS/cow/
day at a herbage allowance of 60 kg DM/cow/day. Milk solids production was unaffected by pasture type or the 
pasture type x allowance interaction. Apparent herbage DM intake increased linearly with herbage allowance 
from 10.8 kg DM/cow/day at an allowance of 20 kg/cow/day to 17.9 kg DM/cow/day at an allowance of 60 kg 
DM/cow/day, but was unaffected by pasture type. The results indicate that for a recently established irrigated 
dairy pasture, the milk solids response to increasing herbage allowance was similar for a simple ryegrass-white 
clover pasture and a more diverse pasture containing chicory, plantain and lucerne in addition to ryegrass and 
white clover. 

Keywords: High quality pasture; dairy; green leaf; intake; allowance

INTRODUCTION         

The most common pasture sown in Australasian 
dairy systems is a binary mixture of perennial 
ryegrass (Lolium perenne) and white clover 
(Trifolium repens). However, with concerns over 
the poor persistence of perennial ryegrass and white 
clover, and a growing appreciation of the role that 
alternative pasture species may play in reducing 
the environmental impact of dairy farming, there 
has been increased interest in the use of pasture 
mixtures containing herbs (chicory, Chicorium 
intybus, plantain, Plantago lanceolata) and legumes 
(e.g. lucerne, Medicago sativa) (Pembleton et al. 
2014). Diverse pastures have been shown to have 
environmental merit by reducing urinary nitrogen 
(N) excretion by dairy cows (Totty et al. 2013), in 
part linked to lower N intake from diverse pastures. 
However, compared to perennial ryegrass-white 
clover pasture there is little knowledge of appropriate 
grazing management of diverse pastures and how 
factors such as herbage allowance affect DM intake 
and milk solids production. This study was conducted 
to quantify the effect of herbage allowance on 
apparent DM intake and milk solids production of 
mid lactation dairy cows grazing simple perennial 
ryegrass-white clover pastures and diverse pastures 
containing ryegrass and white clover and additional 
herbs (chicory and plantain) and legumes (lucerne).  

MATERIALS AND METHODS

The experiment was conducted at the Lincoln 
University Research Dairy Farm with approval by 
the Lincoln University Animal Ethics Committee 

(AEC no. 545). Fifty Friesian x Jersey crossbred 
multiparous cows in mid lactation were blocked 
into 10 treatment herds (n = 5 cows per treatment). 
Cows were blocked on the basis of live weight (509 
± 4.2 kg), milk solids production (1.63 ± 0.05 kg MS/ 
cow/ day), days in milk (164 ± 2.3 days), age (6 ± 
0.1 years), and breeding worth ($100 ± 2.9).  The 
10 herds were then randomly allocated to herbage 
allowances of 20, 30, 40, 50 and 60 kg DM/cow/day 
above  ground level in simple (perennial ryegrass and 
white clover) and diverse (perennial ryegrass, white 
clover, plantain, chicory and lucerne) pastures  for 
a period of 10 days starting on 10 February 2014. 
Cows were offered a fresh break every day after 
the morning milking. Days 1 to 5 were used as the 
adaptation period, with measurements on days 6 
to 10. Pastures were established in October 2013, 
and grazed with dairy cows and fertilised with 50 
kg N/ha as urea, one month before the experiment 
commenced. 

Allowance was manipulated by offering cows 
areas of different size through the use of temporary 
electric fences. The area offered was calculated from 
estimates of pre-grazing herbage mass.   Herbage 
mass was estimated by taking 50 compressed height 
(Jenquip, rising plate meter) measurements pre- and 
post-grazing in each pasture area allocated. The height 
measurements were calibrated to herbage mass using 
separate calibration curves derived for each pasture.  
The calibration curve between rising plate meter 
(RPM, 0.5 cm units) and herbage mass was derived 
from a total of 20 quadrats each 0.2 m2 (10 from 
pre- and post-grazing respectively) in each pasture 
type.  These were: diverse, herbage mass (kg DM/ha) 
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= 2275ln(RPM) – 3490 (R2 = 0.85, n = 20); simple, 
herbage mass (kg DM/ha) = 173 x RPM +263 (R2 = 
0.73, n = 20)  Apparent DM intake for each herd was 
determined: (pre- minus post-grazing herbage mass)/
(area offered x number of cows).  Herbage samples 
were cut to ground level between 06 00 and 10 00 h on 
days 6-10 of the trial. Samples were sorted to species, 
and leaf, dead and stem components, oven-dried at 
65 ˚C, and botanical composition on a dry weight 
basis determined. Selection differentials for leaf were 
calculated following (Dalley et al. 1999). A bulked 
sample was dried at 65 ˚C, ground through a 1mm 
sieve, and crude protein (%) and ME determined by 
near infrared spectroscopy (NIRS, Lincoln University 
Analytical Services). Milk yield (kg/day) was recorded 
daily for each cow at each milking. Milk samples were 
collected at morning and evening milking on days 
6-10 and analysed for milk fat, protein and lactose 
(Foss Fourier Transform infrared analyser).  

The effects of pasture type and herbage allowance 
on daily milk solids production and apparent group 
herbage DM were analysed by ANOVA with linear 
and quadratic contrasts embedded in the ANOVA 
treatment structure to test for linear and curvilinear 
trends with herbage allowance. Cow and sampling day 
were used as replicates in these analyses for milk solids 
and herbage intake, respectively. The effect of pasture 
type on nutritive value and botanical composition was 
analysed by ANOVA with sampling day as replicate.   

RESULTS

Pre-grazing herbage mass was higher (P<0.01) in 
simple (3900 kg DM/ha) than diverse (3400 kg DM/
ha) pastures. Swards had an average leaf composition 
of 47% and 56% in simple and diverse, respectively.  
Herbage DM% was similar for simple (11.0%) and 
diverse (12.7%) pastures. The legume percentage 
of pastures was high in both simple (49%) and 

diverse (53%) pastures. Herbs (chicory and plantain) 
contributed 14% of the DM of diverse pastures. Pre-
grazing average ME value (MJ ME/kg DM) was 
10.5 and 10.4 for simple and diverse, respectively.  
Crude protein was higher (P<0.05) in simple (21% 
DM) than diverse (19% DM) pastures. Milk solids 
production increased curvilinearly and apparent DM 
intake linearly with herbage allowance. Both milk 
solids and apparent DM intake were unaffected by 
pasture type or the pasture type x herbage allowance 
interaction (Table 1). On average, apparent DM 
intake increased 0.17 kg DM/kg increase in herbage 
allowance at herbage allowances between 20 to 60 
kg DM/cow/day. Selection differentials for leaf were 
unaffected by either pasture type, herbage allowance 
or the interaction. The mean selection differential for 
leaf was 1.8 and 1.9 for simple and diverse pasture 
types, respectively. 

    DISCUSSION

Milk solids production was similar for cows offered 
a simple binary mixture of perennial ryegrass and white 
clover and a more diverse pasture also containing 
chicory, plantain and lucerne. This result contrasts with 
the higher milk solids production found by (Totty et 
al. 2013) for late lactation dairy cows grazing diverse 
compared to simple ryegrass-white clover pastures 
in autumn. However, the result is in agreement with 
the findings of (Soder et al. 2006), where increasing 
pasture diversity from 2 to 9 species per mixture, did 
not significantly affect milk production.  The lack of an 
effect of pasture diversity in the current study probably 
reflects that apparent herbage DM intake and ME on 
offer were similar across pasture treatments. Further, 
the selection differential for leaf was unaffected by 
pasture type, which indicates a similar diet quality 
across pasture types. 

Table 1: Effect of herbage allowance (kg DM/cow/day) and pasture type on milk solids (MS) production (kg 
MS/cow/day) and apparent DM intake (kg DM/cow/day. P values for effects of allowance and pasture type, and 
linear (Lin.) and quadratic (Quad.) effects of herbage allowance are shown. 

Pasture  
(P)

Allowance

(A)

Significance

20 30 40 50 60 LSD* A P PxA Lin. Quad.

Milk 
solids

Simple 1.61 1.78 1.95 1.97 1.97 0.12 <0.01 0.3 0.59 <0.01 <0.01

Diverse 1.59 1.67 1.94 1.93 1.99

Intake Simple 10.1 11.1 12.7 14.9 19.8 2.99 0.01 0.6 0.14 <0.01 <0.08

Diverse 11.4 11.4 13.5 14.9 16.0

*Least significant difference (P=0.05) for interaction of herbage allowance x pasture interaction
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Milk solids production increased with 
increasing herbage allowance from 20 to 60 kg 
DM/cow/day, although the effect was curvilinear. 
Milk solids increased 0.35 kg MS/cow/day as 
herbage allowance increased from 20 to 40 kg DM/
cow/day but only 0.03 kg MS/cow/day as herbage 
allowance increased from 40 to 60 kg DM/cow/
day. It appears the additional energy consumed at 
higher allowances did not translate in to additional 
milk production, instead perhaps being partitioned 
to liveweight gain; averaged across treatments the 
liveweight change (kg/cow/day) was -1.15, -1.06 
and 0.29 for allowances of 20, 40 and 60 kg DM/
cow/day, respectively.  Of particular note, was 
that no herbage allowance x pasture interaction 
was detected, indicating that for these pastures the 
relationship between herbage allowance and milk 
solids production was similar for both pasture 
types. This may reflect that both pasture types were 
newly established, with a high proportion of green 
leaf. As pastures age, and dead and stem material 
accumulates, animals may select more green leaf 
at higher allowances.  

Consistent with previous studies (Dalley 
et al. 1999), increased milk solids production at 
high herbage allowances was associated with 
lower herbage utilisation; averaged across pasture 
types, herbage utilisation of pre-grazing herbage 
mass declined from 54% to 31% as herbage 
allowance increased from 20 to 60 kg DM/cow/
day respectively. This poor utilisation has the 
potential to affect pasture quality, herbage intake 
and milk production at subsequent grazing events 
(Hoogendoorn et al. 1992). Whether this effect is 
similar for both simple and diverse pastures, due 
to differences in plant morphology and growth 
among species, is not clear.

 CONCLUSION

For recently established irrigated dairy pastures, 
the milk solids response to increasing herbage 
allowance, from 20 to 60 kg DM/cow/day, was 
similar for a perennial ryegrass-white clover pasture 
and a diverse pasture containing ryegrass, white 
clover, chicory, plantain and lucerne
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ABSTRACT

The use of complementary forage systems has been demonstrated to be able to increase operating surplus 
on commercial case study farms.  The aim of this study was to investigate the suitability of three development 
options (1. Complementary Forage System (CFS), 2. Purchased feed and 3. Leased land) on farmers being able 
to achieve their individual goals.  It is suggested that a CFS can increase both milk solids production per hectare 
and operating surplus for three of the case study farms.  Lease land was a profitable option for farmers according 
to this modelling study, but each case needs to be evaluated on an individual basis. 

Keywords: Complementary forages; dairy;

INTRODUCTION

Irrigated dairy farms in northern Victoria are 
under pressure from several sources, including water 
availability, variability in milk price, increase in 
concentrate price and increase in land values (García 
and Fulkerson 2005, Ho et al. 2005, Armstrong et al. 
2010).  

Garcia and Fulkerson (2005) designed a system 
to utilise a combination of forage crops termed 
a Complementary Forage Rotation (CFR).  This 
rotation was demonstrated to have the ability to 
produce more than 40 t DM/ha and have high water 
and nutrient use efficiencies (Garcia et al. 2008).  

The practical application of the CFR in a 
pasture based dairy system was achieved by (Fariña 
et al. 2011) who used the CFR as part of a whole 
farm system and developed the Complementary 
Forage System (CFS) model.  The results of this 
study showed that at a whole farm level a forage 
utilisation of over 25t DM/year is achievable with 
milk production over 27,000 litres/ha. 

While the potential for a CFS to increase 
operating surplus on commercial dairy farms 
has been shown (Campbell and Garcia, 2012), in 
reality each farmer has individual production and 
development goals and each farm will implement 
different strategies to achieve those goals.  

The objective of this study was to investigate 
the effect on physical production and economic 
performance of four case study dairy farms all 
achieving their individual production goals by using 
either a CFS, purchasing more feed or leasing land.

MATERIALS AND METHODS

Four commercial dairy farms from northern 
Victoria form the basis of this study.   Production data 
and feed samples (including pasture) were collected 

on a fortnightly basis during the years 2010-2011. 

Individual Farm Development Goals
The goals for each of the farms were derived 

from personal discussions with the farm manager.  In 
many cases the farm manager had many other goals 
associated with sustainability and environmental 
concerns; however for the purpose of this study the 
production focus goals were used.

Farm 1 - Increase the herd size 350 cows 
with production per cow remaining the same.  This 
manager was particularly reluctant to increase the 
quantity of concentrate fed per cow.

Farm 2 – Maintain current cow numbers and 
production.  Have a reliable and consistent feedbase 
with low levels of purchased feed. 

Farm 3 – Increase herd size to 900 cows.  
Production per cow remains the same.

Farm 4 – Would like to have a secure feedbase 
with low levels of purchased fodder; Increase herd 
size to 300 cows with current infrastructure. 

Modelling Study
Each case study farm was monitored fortnightly 

over a one year period.  Feed quality testing was 
conducted at the NSWDPI Feedtest Laboratory, 
Wagga Wagga. The production information collected 
was used to model each of the farms in UDDER 
(Larcombe, 1989).  The outputs from UDDER 
were then used as inputs for MilkBiz (Milk Biz 
Whole-Farm Budgeting Program© version 3.2.1, 
NSW Department of Primary Industries, Kempsey, 
Australia) to provide an economic  model for the 
farms.  

To ensure that realistic scenarios were simulated 
a decision making process was used based on practical 
restrictions.  The CFS could be implemented on 
every farm but an increase in wastage of conserved 
fodder was assumed for farms without a feed pad.  In 
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practice, three of the four farms used maize silage, 
either on a feed pad or in the paddock, in recent 
times providing evidence of the use of this crop in 
the region. 

The purchased fodder was modelled using 
oaten hay at an average quality of 9 MJ ME/kg 
DM.  UDDER is not able to fully account for the 
associative effects between feeds and so increasing 
concentrate feeding level may provide misleading 
results.  Also all the farmers indicated a reluctance to 
increase the concentrate feeding rate per cow.

The cost of lease land was calculated as 6% of 
dairying land worth $8000/ha, and irrigation water 
at $35 per mega litre. Each hectare of leased land 
was assumed to require the same amount of water as 
the base case study farm and pasture utilisation was 
modelled to be the same as the base farm.

An increase in labour requirements was assumed 
for increases in cow numbers based on the current 
labour utilisation on the base farm.  

RESULTS

All four farms were all able to increase 
milk solids produced per hectare by utilising a 
complimentary forage system and increasing the 
use of purchased fodder (Figure 1).  Utilising leased 
land was the option that provided the least scope 
for increasing milk solids per hectare.  Only farm 4 
showed a slight increase in milk solids production 
per hectare with this option. 

Operating surplus was increased on Farm 1, 2 
and 4 through the use of a complimentary forage 
system and leasing land (Figure 2).  Using an 
increased in purchased fodder was able to increase 
operating surplus only on Farm 1.  None of the 
development options were able to increase operating 
surplus for Farm 3.

Figure 1:  Milk solids (kg) produced per hectare 
on four farms under different development options 
(incorporating a complimentary forage system CFS; 
using more purchased feed; leasing more land) of four 
commercial case study farms in northern Victoria.

FIGURE 2: The operating surplus of 
different development options (incorporating a 
complementary forage system (CFS); using more 
purchased feed; or leasing more land) of four 
commercial case study farms in northern Victoria.

DISCUSSION

In terms of physical production the use of a 
CFS or increased use of purchased feed were able to 
increase milk solids produced per hectare (Figure 1).  
However, this increase in milk production comes at a 
marginal cost and so when the increase in production 
is compared with operating surplus (Figure 2) it can 
be seen that the CFS is the only option that is able to 
increase production while also increasing operating 
surplus on three out of the four farms.  

Utilising leased land was, by virtue of the rules 
of this modelling study, not able to increase the milk 
solids production per hectare as it was assumed that 
the pasture utilisation on the lease land was the same 
as in the base year model.  Based on the assumptions 
used here leasing land was a strategy to increase 
operating surplus in three out of the four farms.  
The purchase of additional land as a development 
option is an investment decision that would require 
an analysis of wealth creation for the farmer rather 
than the analysis used in this study.  This could be 
explored in future studies. 

Farm 3 already has high levels of production, 
so none of the development options were able to 
increase operating surplus. Leasing more land was 
the only option that provided a comparable level 
of operating surplus to the base model.  This farm 
currently has a high stocking rate and is able to 
source relatively cheap purchased feed.  The results 
of this study suggest that the best option for this farm 
might be to continue with their current operation.  

This modelling study demonstrates the potential 
for the use of a complimentary forage system to be 
used by dairy farms as an option to achieve their 
individual goals.  While each farmer will have 
their own individual preferences for the system 
they operate it is important to focus on the role that 
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producing relatively cheap home-grown feed can play 
in a profitable dairy farm.  An area of future research 
that is needed is to investigate the risk associated 
with each of these options allowing farmers to make 
more informed decisions.  
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ABSTRACT

Forage brassica and chicory are alternatives to summer pasture. However, there is little information 
available on the effect of diets containing forage brassica or chicory on milk production from dairy cows, 
especially under the hot and dry Australian conditions. Thirty-two Holstein Friesian cows were fed for 10 days 
on a diet dominant in lucerne hay or diets in which forage brassica or chicory were substituted for some of the 
lucerne hay. Cows offered forage brassica produced more milk and milk solids (fat + protein) (27.4, 1.77 kg/
cow/day) than cows offered the control diet (23.7, 1.62 kg/day), even though the dry matter intake was the 
same for both groups (20.6 kg/cow/day). In contrast, cows offered chicory produced less milk and milk solids 
(20.5, 1.36 kg/cow/day) than cows offered the control diet, which was a reflection of the lower dry matter 
intake by cows offered the chicory diet (17.6 kg/cow/day). Fresh forage brassica appears to be a suitable partial 
replacement for dry conserved forage for lactating cows. Chicory can also be used as part of a summer feeding 
strategy for dairy cows but should be fed at a vegetative stage if maximum benefits are to be realised.

Keywords: milk composition; Brassica napus; Cichorium intybus

INTRODUCTION

The feeding value and growth of perennial 
ryegrass pastures in southern Australia are low 
during the summer-autumn period. The use of 
alternative perennial and annual temperate forages 
to improve the productivity of grazing dairy systems 
is becoming increasingly popular. Forage brassica 
(Brassica napus L.) and chicory (Cichorium intybus 
L.) offer alternative summer-growing forages to fill 
this seasonal gap in home-grown feed supply. There 
has been considerable research in New Zealand 
investigating the nutritional qualities for sheep of 
forage brassica (Sun et al. 2012) and chicory (Barry 
1998, Waghorn et al. 2002, Sun et al. 2011). However, 
there is still little information available on the effect 
of diets containing forage brassica or chicory on milk 
production from dairy cows, especially under the 
hotter and dryer climatic conditions that prevail in 
Australia during summer (Muir et al. 2014). Increased 
use of summer-growing forages has potential to 
increase the proportion of low cost, home-grown 
feed consumed by the milking herd. This research 
provides information on the relative milk production 
response to forage brassica and chicory when used to 
replace lucerne hay in the diet.

We hypothesised that the feeding of forage 
brassica or chicory would not affect yields of milk, 
milk fat and milk protein compared to a control 
lucerne-based diet.

MATERIALS AND METHODS

Thirty-two Holstein Friesian cows (583 kg 

body weight, 20 kg/d milk, 148 days in milk) were 
individually fed in stalls, one of three diets for 10 
days. On a dry matter basis, all cows were offered 
daily, 3.0 kg of cracked maize grain, 2.0 kg of cold 
pressed canola meal and 0.2 kg of a mineral mix. In 
addition, cows on the control diet were offered 15.5 
kg lucerne (Medicago sativa L.) cubes; cows on 
the brassica diet were offered 7 kg of lucerne cubes 
and 8.5 kg of forage brassica (Brassica napus L. cv 
Winfred); and cows on the chicory diet were offered 
7 kg of lucerne cubes and 8.5 kg of perennial chicory 
(Cichorium intybus L. cv Grasslands Choice). The 
forage brassica was in a mature vegetative state, 
while the chicory was in full flower. Cows were 
milked and fed twice per day and all feed offered and 
refused were recorded at each feeding period.

Milk yield was recorded at both the morning 
(0615 h) and afternoon (1515 h) milking using in-
line milk meters (DeLaval International, Tumba, 
Sweden). Milk samples were collected at each 
milking from the afternoon of day 7 to the morning 
of day 10 and analysed for milk fat and protein using 
a mid-infrared milk analyser (model 2000, Bentley 
Instruments, Chaska, MN, USA). Analyses of 
variance were performed on data from the last 5 days 
of the experiment.

RESULTS

Mean dry matter intake (DMI) of cows offered 
the control and forage brassica diets were greater 
than that of cows offered the chicory diet (Table 1). 
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Table 1: Mean dry matter intake and milk component 
yield of cows fed a control, brassica or chicory diet.

Parameter
Diet

Control Brassica Chicory

Feed intake

  Total (kg DM/day) 20.7 b 20.5 b 17.6 a

  Brassica (% of total) 0 41 0

  Chicory (% of total) 0 0 31

Milk yield (kg/day) 23.7 b 27.4 c 20.5 a

  Fat (kg/day) 0.89 b 0.94 b 0.76 a

  Protein (kg/day) 0.73 b 0.83 c 0.60 a

Within rows, means followed by different 
superscripts are different (P < 0.05).

Mean milk yield from cows fed the control diet 
was less (P < 0.05) than that from cows fed the forage 
brassica diet but greater (P < 0.05) than that from 
cows fed the chicory diet (Table 1). For feed intake 
and milk yield, the coefficients of variation within all 
treatment groups were less than 0.02. Thus, despite 
the relatively short 5 day adaptation period, intakes 
and milk yields were stable during the measurement 
period. The mean yield of milk fat of cows fed the 
control diet and forage brassica diet were greater 
(P < 0.05) than that of cows fed the chicory diet. 
Mean milk protein yield for cows fed the control diet 
was less (P < 0.05) than that for the cows fed the 
forage brassica diet but greater (P < 0.05) than that 
from the cows fed chicory.

DISCUSSION

Cows offered forage brassica produced more 
milk and milk solids (fat + protein) than cows offered 
the control diet even though the DMI was the same for 
both groups. Brassicas generally have a high ratio of 
readily fermentable to structural carbohydrate (Barry 
2013) and the digestibility of a diet increased as hay 
was replaced by forage brassica (Lambert et al. 1987). 
In the current experiment, total DMI was not different 
between the brassica and control cows suggesting that 
a greater digestibility of the brassica diet may have 
resulted in more energy available for milk production.

Chicory, in combination with lucerne cubes, 
reduced milk production compared to the control diet. 
Cows offered chicory produced less milk, fat and 
protein than cows offered the control diet, and this 
was a reflection of the lower DMI of cows offered the 
chicory diet. The chicory used in our experiment was 
in full flower. It is considered that DMI of chicory in 
its reproductive state is restricted by the presence of 
stem material which is less palatable, has a lower ME 
and higher NDF concentration than a chicory sward in 
a vegetative stage of growth (Soder et al. 2006). When 

chicory in a vegetative stage was fed to ruminants, 
live weight gain was found to be greater than when 
pasture was fed to deer (Min et al. 1997) and to 
lambs (Ramirez-Restrepo et al. 2005) but similar 
when lucerne was fed to lambs (Ramirez-Restrepo 
et al. 2005). This suggests that if the chicory in this 
study had been maintained in a vegetative stage then 
there may have been no difference in milk production 
between the cows fed the chicory or control diets.

Conclusion
Fresh forage brassica offers a partial replacement 

for conserved forage in the diet of lactating dairy 
cows. Chicory can also be used as part of a summer 
feeding strategy for lactating cows but careful 
management is required to maintain it in a vegetative 
stage if maximum benefit is to be realised. 
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ABSTRACT

Summer active forage herbs, such as chicory (Cichorium intybus L.) can improve grazed feed supply 
and nutrient intake from the home grown feedbase over late spring, summer and autumn. The nutritive 
characteristics of herbage consumed affects the milk yield response achieved from concentrate supplementation 
(Stockdale 1999). Chicory typically has lower neutral detergent fibre (NDF) concentrations than perennial 
ryegrass (Lolium perenne L.) therefore response to increasing amounts of concentrate supplement when cows 
are consuming chicory-based diets may be different to those observed when perennial ryegrass is offered. Two 
grazing experiments were conducted in South-West Victoria, Australia (38°14’S, 142°55’E) during spring 2013 
and summer 2014. In each experiment, 45 Holstein and Holstein cross cows (spring; mid lactation, summer; 
late lactation) were offered a single allowance of chicory (~25 kg DM/cow/day) in conjunction with increasing 
amounts (0 to 8 kg DM) of a cereal based concentrate (pellet). During both spring and summer, milk yield (kg/
day) increased linearly (P<0.05) with increasing level of concentrate intake. In spring, milk yield increased by 
0.26 kg/kg concentrate intake, while in summer milk yield increased by 0.73 kg/kg concentrate intake. This 
research provides further evidence that cows can be offered chicory as the sole dietary forage, with up to 8 
kg DM of concentrate. However, a reduced response to increasing concentrate was observed compared with 
previous observations of cows consuming perennial grass species.

Keywords: Milk yield; milk composition; marginal response

INTRODUCTION

Summer active forage herbs, such as chicory 
(Cichorium intybus L.) can improve feed supply 
and nutrient intake from the home grown feedbase 
over late spring, summer and autumn. Cows grazing 
chicory (particularly in its first year of growth) as part 
of a mixture or as a supplementary forage have been 
observed to produce more milk compared with those 
grazing perennial ryegrass alone during summer 
and autumn (Waugh et al. 1998, Chapman et al. 
2008), while cows offered chicory as the sole dietary 
forage source produced similar milk yields to those 
offered perennial ryegrass (Muir et al. 2014). There 
is, however, limited information on the interaction 
between chicory and supplementary concentrate (i.e. 
marginal milk response). 

The nutritive characteristics of herbage 
consumed affects the milk yield response achieved 
from supplementing with energy-based concentrate 
(Stockdale 1999). Generally, there is a negative 
relationship between marginal milk response and 
the metabolisable energy (ME) concentration of 
the herbage consumed, related to both substitution 
of pasture for concentrate and nutrient imbalances 
associated with herbage nutritive characteristics, in 
particular neutral detergent fibre (NDF) (Stockdale 
1999). In spring, chicory typically has lower 
NDF concentration than perennial ryegrass when 
considered at similar metabolisable energy (ME) 
and crude protein (CP) concentrations (Waugh et 

al. 1998); therefore response to increasing amounts 
of supplement with a chicory-based diet may be 
different to those observed when grass species are 
offered. 

Understanding the marginal milk responses 
to feeding energy based concentrate when cows 
are offered a constant allowance of chicory is an 
essential component in determining the integration 
of chicory into dairy feed base. The objectives of 
this work were to examine the responses (dry matter 
intake (DMI), milk yield and milk solids) from cows 
grazing chicory and offered increasing amounts of 
cereal-based concentrate during spring and summer 
and to calculate a marginal response to chicory and 
cereal-based concentrate. 

MATERIALS AND METHODS

Two grazing experiments were conducted in 
South-West Victoria, Australia (38°14’S, 142°55’E) 
during spring (November-December) 2013 and 
summer (January-February) 2014. Both experiments 
used a completely randomised design, with 3 
replicates (3 cows each replicate) of each of 5 levels 
of cereal-based concentrate supplementation (0, 2, 
4, 6 and 8 kg DM/cow/day). In each experiment, 
45 Holstein and Holstein cross cows (spring; mid 
lactation, summer; late lactation) were offered a 
single allowance of chicory (~25 kg DM/cow/day to 
ground level) in conjunction with increasing amounts 
(0 to 8 kg DM) of a cereal-based concentrate (pellet) 
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fed in the dairy during milking. During summer, 
all treatments were offered 4 kg DM/cow/day of 
perennial ryegrass hay intake fed in feed troughs in 
each replicate paddock, to maintain DMI. 

Cows were allocated to replicates using 
stratified randomisation based primarily on days in 
milk (DIM) but also considering milk yield and milk 
fat concentration. During spring, cows in each of the 
5 treatments averaged 137 (± 31 SD) days in milk 
(DIM), 3.6 (±1.5) lactations and 565 (±53) kg live 
weight. Milk yield at the start of the experiment was 
27.2 (± 4.24), 3.8% (± 0.55) fat and 3.4% (± 0.27) 
protein. During summer, cows offered each of the 5 
concentrate levels averaged 249 (± 21) DIM, 3.3 (± 
1.3) lactations and 594 (±59) kg live weight. At the 
start of the experiment, cows were producing 16.4 (± 
2.6) kg milk with 4.2% (± 0.57) fat and 3.5% (± 0.32) 
protein. Cows were adapted to their experimental diets 
over 14 days, followed by a measurement period of 
10 days, where forage nutritive characteristics, DMI, 
milk production and composition were measured. 

Treatment groups of three cows grazed chicory 
in adjacent paddocks separated from each other by 
electric tape. The area of chicory was adjusted to 
meet the desired allowance, which was the same for 
all concentrate levels. The daily allowance of forage 
was offered in two meals, following the AM (~7 
am) and PM (~4.30 pm) milking, with a fresh break 
offered following each milking. Grazed areas were 
back fenced daily to prevent back-grazing. Intake of 
chicory per group of cows was estimated by herbage 
disappearance. Pre and post grazing herbage masses 
were measured using quadrat cuts. The day prior to 
grazing, six quadrats (1 m2) replicate paddock were 
cut to ground level. Quadrat cuts were weighed and 
bulked on a replicate basis. Dry matter (DM) content 
of subsamples (~400g wet) determined by drying at 
100°C for 24 hours. Following daily grazing, residual 
DM yield of chicory was measured by cutting six 
quadrats (0.25 m2) along the same diagonal transect 
in each grazed area to ground level and weighed. The 

6 quadrats of residual material from each plot were 
washed and dried at 100°C for 48 h to determine 
residual DM yield. 

Samples (~1 kg wet) of supplementary feeds 
(perennial ryegrass hay and pellets) were collected 
daily during the measurement period. For each 
treatment, samples (~600 g wet) of pre and post 
grazing herbages cut to ground level were collected 
daily throughout the measurement period. These 
samples of herbage and supplementary feed) were 
dried at 60°C and ground (Foss CyclotecTM 1093 
Sample Mill, Foss, Denmark) through a 1 mm 
screen and subsequently analyzed for nutritive 
characteristics by near-infrared spectroscopy (NIRS) 
at DEPI , Horsham, Victoria, Australia. 

Milk yield of individual cows was measured at 
every milking during all periods using a DeLavel 
Alpro milk metering system (Delavel International, 
Tumba, Sweden). A composite sample (~500 ml) of 
the milk from individual cows (PM + AM) was taken 
every second day throughout the measurement period 
using in line milk samplers (DeLavel International, 
Tumba, Sweden) and sub-sampled  (~30 ml) for 
analysis. Milk was tested for concentrations of 
protein and fat using an infra-red milk analyser 
(Bentley 200, Bentley Instruments, USA). 

Statistical analyses were conducted on 
measurement period means for each group of 3 cows. 
For ECM yield, milk yield, milk fat concentration 
and yield, protein concentration and yield, these were 
derived by averaging over the treatment period within 
cows before averaging over cows within groups. Values 
were analysed as a one way analyses of variance with the 
effect of treatment partitioned into (i) a linear response 
to amount of concentrate added (0 to 8 kg DM/ cow) 
and (ii) any deviations to this linear response. 

RESULTS

Nutritive characteristics of herbages and 
supplementary feeds (hay and concentrate are 
presented in Table 1. 

Table 1: Mean (± SD) dry matter digestibility (DMD), estimated metabolisable energy (Est. ME, MJ/kg DM), 
crude protein (%DM), acid detergent fibre (ADF, %DM) and neutral detergent fibre (NDF, %DM) of chicory 
forage, perennial ryegrass hay and concentrate pellets during spring 2013 and summer 2014.

Spring 2013 Summer 2014

Chicory Concentrate Chicory Concentrate Hay

Crude Protein (% DM) 15.9 ± 2.87 12.4 ± 0.27 8.4 ± 2.61 14.7 ± 1.27 9.0 ± 1.62

ADF (% DM) 19.1 ± 1.73 11.0 ± 1.35 36.8 ± 7.62 9.3 ± 0.69 30.1 ± 2.32

NDF (% DM) 27.5 ± 2.47 17.8 ± 1.73 50.3 ± 10.56 17.8 ± 0.79 56.0 ± 4.18

DMD (%) 73.9 ± 3.08 80.8 ± 1.52 54.6 ± 6.84 82.6 ± 0.52 68.0 ± 3.02

Estimated ME MJ/kg DM 11.1 ± 0.53 13.0 ± 0.25 7.7 ± 1.18 13.2 ± 0.31 10.1 ± 0.53
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Table 2: Forage dry matter intake (kg/cow/day), total dry matter intake (kg/cow/day), milk yield (kg), milk 
composition (% fat and protein) and output of milk fat (kg/cow/day), milk protein (kg/cow/day) and total 
milk solids (kg/cow/day) when grazing dairy cows are offered increasing amounts (0 to 8 kg DM/cow/day) of 
cereal- based concentrate with a chicory based diet during spring and summer. 

Concentrate (kg/cow/day)
sed

P-values

0 2 4 6 8 Overall Linear

Spring 2013

Forage Intake kg DM/cow/day 18.0 17.5 16.7 16.8 14.6 0.83 0.018 0.0023

Total Intake kg DM/cow/day 18.4 19.3 20.3 22.1 21.6 0.82 0.0059 0.00056

Milk Yield kg 21.6 22.3 23.7 23.1 23.8 1.08 0.24 0.048

Milk Fat % 4.01 4.21 3.80 4.01 3.94 0.179 0.31 0.42

Milk Protein % 3.20 3.26 3.13 3.36 3.40 0.101 0.10 0.049

Milk Fat kg/cow/day 0.86 0.94 0.90 0.92 0.94 0.058 0.66 0.29

Milk Protein kg/cow/day 0.69 0.69 0.78 0.79 0.80 0.038 0.034 0.0045

Total Milk Solids kg 1.55 1.64 1.66 1.71 1.74 0.086 0.27 0.039

Summer 2014

Forage Intake kg DM/cow/day 8.17 8.20 6.94 7.62 5.92 1.919 0.737 0.264

Total Intake kg DM/cow/day 12.66 14.19 14.59 17.61 17.85 1.845 0.072 0.0074

Milk Yield kg 9.70 9.70 10.98 13.13 15.25 1.095 0.0018 0.00014

Milk Fat % 4.44 4.67 4.62 4.42 4.11 0.371 0.599 0.293

Milk Protein % 3.73 3.67 3.67 3.56 3.46 0.143 0.407 0.071

Milk Fat kg/cow/day 0.42 0.45 0.50 0.57 0.62 0.041 0.0035 0.00021

Milk Protein kg/cow/day 0.35 0.35 0.39 0.46 0.53 0.029 0.00041 0.000032

Total Milk Solids 0.78 0.80 0.90 1.03 1.15 0.061 0.00052 0.000032

During spring (Table 2), forage intake decreased 
by 0.38 kg DM/kg DM concentrate with increasing 
concentrate allocation (linear, P<0.05), indicating 
substitution of forage for concentrate. Total intake 
was also affected by concentrate allocation, 
increasing from 18.4 to 21.6 kg DM/cow/day in a 
linear fashion (0.46 kg DM/kg DM concentrate, 
P<0.001). Milk yield increased from 21.6 kg to 23.8 
kg with increasing concentrate allocation, increasing 
in a linear fashion by 0.26 kg/kg DM concentrate.  
Milk protein concentration and milk protein 
output increased linearly (P<0.05) with increasing 
concentrate intake. Milk protein concentration 
increased by 0.03 %/ kg concentrate, from 3.20 to 
3.40%, while milk protein output increased by 0.015 
kg for each additional kg DM concentrate.   However, 
there was no effect on milk fat concentration or milk 
fat output. Milk solids (fat + protein) increased by 
0.02 kg/ kg concentrate, from 1.55 kg/cow/day to 
1.74 kg/cow/day. 

During summer (Table 2), forage intake did not 
change significantly with increase in concentrate 
allocation; however total intake increased by 0.69 
kg DM/kg concentrate intake. Intake of pasture hay 
was not different between concentrate allocations. 
Milk yield increased linearly (P<0.001) by 0.73 
kg/kg DM concentrate. There was no effect on the 

concentrations (%) of milk fat and protein, however 
output of milk fat and protein (kg/cow/day) increased 
(P<0.001) with increasing concentrate allocation. 
Milk fat output increased from 0.42 kg in cows 
offered 0 kg DM concentrate to 0.62 in cows offered 
8 kg DM concentrate, while milk protein output 
increased from 0.35 kg to 0.53 kg. Milk solids (fat 
+ protein) output increased linearly (P<0.001, 0.048 
kg/kg DM concentrate) from 0.78 kg to 1.03 kg. 

DISCUSSION AND CONCLUSION

When cows graze grass species and are 
supplemented with increasing amounts of grain 
or concentrate, we expect a non-linear increase in 
milk yield, with responses per kg of supplement 
decreasing as grain intake increases (Auldist et al. 
2013). Diminished milk production responses from 
cows fed pasture (typically perennial ryegrass) tend 
to occur when concentrate is increased to between 5 
and 9 kg DM/cow/day (Auldist et al. 2013). In the 
current experiments (spring and summer) a linear 
response to increasing concentrate supplement 
was observed over the range of 0 to 8 kg DM 
concentrate. Response (kg milk/ kg DM concentrate) 
to increasing concentrate supplementation was 0.26 
in spring and 0.73 in summer, equating to 0.12 and 
0.42 kg fat corrected milk (FCM, corrected to 4% 
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fat). Production responses (kg milk/kg supplement) 
to a concentrate supplement offered with a perennial 
grass (ryegrass/ paspalum) pasture range between 
0.4 to 1.6 kg fat corrected milk (FCM)/ kg DM 
supplement (Doyle et al. 2001, Wales et al. 2006). 
The highest marginal responses to concentrate when 
cows are grazing grass species typically occur during 
summer and autumn when pastures are low in energy, 
consistent with the responses observed in this study 
(Table 2)  (Stockdale 1999). 

When compared to published values the marginal 
milk responses observed during spring (Table 2) in 
this experiment are considerably lower than those 
reported for cows consuming grass species. Lower 
spring responses may be related to both substitution 
of pasture for concentrate and the energy density of 
the diet, as well as nutrient imbalances associated 
with the nutritive characteristics of the grazed 
herbage (e.g. NDF insufficiency) (Stockdale 1999). 
With moderate to high levels of substitution the 
increase in intake of ME associated with increased 
concentrate consumption are offset by a reduction 
in the intake of ME from pasture, resulting in little 
increase in milk yield (Wales et al. 2003). During 
summer (Table 2), increased concentrate intake 
was not associated with significant substitution of 
forage for concentrate so the increased milk yield 
associated with increased concentrate consumption 
can be attributed to increased ME intake. In spring, 
substitution of pasture for concentrate averaged 0.38 
kg DM/kg DM. Considering the two ‘extreme’ levels 
of concentrate supplementation; 0 and 8 kg DM/
cow/day the effect of substitution on energy intake 
becomes more clear. Chicory herbage averaged 11.1 
MJ ME/kg DM, and concentrate averaged 13 MJ ME/
kg DM (Table 1). Cows offered 0 kg DM concentrate 
consumed 18.4 kg DM chicory daily equating to 204 
MJ ME/day, cows consuming 8 kg DM concentrate 
consumed only 14.6 kg DM forage, for a total intake 
of 21.6 kg DM, equating to 253 MJ ME/day, or an 
additional 49 MJ ME, for an additional 2.2 kg milk. 
Based on 5 MJ ME/kg milk (at standard fat and 
protein) we would expect a greater increase in milk 
yield than observed. However, we were unable to 
accurately estimate changes to body conditions due 
to the short term nature of both spring and summer 
experiments, although it is likely to be contributing 
to inconsistencies in energy balance.  

Low dietary NDF content may also have 
contributed to results observed in spring. 
Concentrations of NDF in grass-based pastures, 
as well as pastures containing clover a likely to 
be marginal in spring (Stockdale 1999) which is 
potentially associated with reduced rumination and 
impaired rumen fermentation (Wales et al. 2006). 

(Wales et al. 2006) suggested that this may limit 
milk response to the increased energy provided in 
supplementary concentrates, observing reduced 
milk fat concentrations when cows consumed 5-6 
kg DM of grain in association with irrigated pasture 
containing at least 31% NDF. In spring, chicory 
NDF concentration was 27% (± 2.47), similar to the 
Persian clover (26.1% NDF) offered by (Williams 
et al. 2005) who concluded that inclusion of cereal 
based supplements with diets low in NDF may put 
cows at risk of rumen dysfunction.  This suggests 
that, despite milk fat concentration (%, Table 2) 
not being significantly affected in the current study, 
rumen fermentation may have been altered and 
response to concentrate limited during spring.  

The linear increase in milk yield observed when 
cows are offered chicory plus increasing amounts 
of energy-based concentrate suggest that cows 
consuming chicory-based diets could be offered in 
excess of 8 kg DM concentrate, before a diminishing 
response is observed. However, the low response 
observed in spring suggests that when cows are 
consuming relatively high ME and low NDF chicory 
herbage substitution of forage for concentrate may 
reduce potential milk responses. 
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Milk urea estimates of nitrogen excretion by dairy cows grazing forage species with  
contrasting chemical and morphological characteristics

G.P. COSGROVE, P.S. TAYLOR, K.A. LOWE, A.G. FOOTE, A. JONKER

AgResearch Grasslands, PB 11008, Palmerston North 4442

ABSTRACT

White clover has high nutritive value, but is associated with high excretion of surplus dietary nitrogen (N).  
The objective of this study was to determine if other species of equally high nutritive value could reduce N 
wastage.  Four species of legume, an herb and a brassica, representing contrasting chemical and morphological 
composition, were compared against ryegrass and white clover controls. Each species was sown in monoculture 
and milk urea-nitrogen (MUN) measured as a predictor of surplus N excreted when grazed by lactating cows.  
For each species, two replicate groups of cows grazed ryegrass pasture for three days and baseline MUN 
measured, followed by grazing the test species for seven days and MUN measured on days six and seven, 
in autumn and in spring.  The low concentrations of MUN when grazing chicory (2.1 mmol/L) or sulla (2.6 
mmol/L) were associated with low concentrations of crude protein, and the high concentrations of MUN when 
grazing lucerne (8.0 mmol/L), red clover (7.7 mmol/L) or white clover (5.7 mmol/L) were associated with high 
concentrations of crude protein and high rumen degradability. The differences in MUN among species suggest 
it may be possible to reduce N excretion by grazing alternative species to white clover, but this needs to be 
confirmed with direct measures of urine and faecal N.

Keywords: Milk urea-nitrogen; dairy cows; legumes; herb, brassica, ryegrass.

INTRODUCTION

Pasture-based dairy systems in NZ are 
considered efficient in terms of conversion of 
grazed pasture to milksolids.  However, dietary 
nitrogen (N) intake often exceeds requirements for 
milk production and maintenance.  When white 
clover forms a significant proportion of the pasture 
composition, the benefit of its high nutritional 
value is offset by the excretion of the excess dietary 
N in urine.  Finding ways to enhance milksolids 
production through better use of white clover or 
other legumes, while at the same time reducing the 
loss of excess N, would be beneficial for pasture-
based systems that are increasingly scrutinised 
around environmental consequences. 

Alternative species to white clover may offer 
scope to reduce N excretion by cows, either in 
total, or by reducing the concentration of N in 
urine, or by increasing the partitioning of excreted 
N to faeces and away from urine.  The objective 
of this study was to compare a range of forage 
types against ryegrass and white clover to identify 
the scope for reducing urinary N excretion while 
maintaining or enhancing milksolids production. 
The concentration of milk urea-nitrogen (MUN) 
was measured as an indicator of surplus dietary 
nitrogen (Jonker et al. 1998), and so the likelihood 
of the test species increasing or decreasing N 
excretion relative to ryegrass and white clover 
controls.

MATERIALS AND METHODS

A grazing study was conducted at Massey 
University No 1 Dairy farm, Palmerston North, 
New Zealand, during autumn and spring 2013.  Two 
replicate plots (0.125ha each) of eight different 
species were established by sowing into a cultivated 
seedbed in spring 2012.  The species were perennial 
ryegrass (Lolium perenne; negative control) and 
white clover (Trifolium repens; positive control), 
test legumes birdsfoot trefoil (Lotus corniculatus), 
lucerne (Medicago sativa), red clover (Trifolium 
pratense) and sulla (Hedysarum coronarium), an 
herb, chicory (Cichorium intybus) and a brassica, 
turnips (Brassica napus; cv Green Globe for autumn 
and Barkant for spring).  In autumn, spring-calved 
Friesian cows in late-lactation (220 ± 26 days-
in-milk at April 1; n=2 or 3 depending on forage 
species), milked twice daily, were used.  In spring, 
autumn-calved cows (also in late-lactation, 228 ± 24 
days-in-milk at December 1; n=3) comprised of both 
Friesian and Friesian x Jersey crosses were used, and 
they were milked once daily in the morning.  Within 
each season, each forage species was grazed when 
it reached the optimum stage of growth for grazing 
(10% flowering for legumes, 2500-3000 kg DM/ha 
for ryegrass, approximately 40 cm plant height for 
chicory and 80-90 days maturity for turnips).  The 
required number of cows for each replicate plot (two 
or three) were randomly selected and withdrawn from 
the main herd three days prior to starting grazing 
the assigned species.  During those three days they 
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grazed as a single group on a ryegrass dominant 
pasture typical of the farm, to estimate background 
MUN.  The cows were then allocated to their assigned 
replicate of the test species and grazed that for seven 
days.  Given the potential for some of the legume 
species to induce bloat, each cow was orally dosed 
twice daily following milking (once daily in spring) 
with Bloateze (700 g/L alcohol ethoxylate and 70 g/L 
ethylene/propylene co-polymer, FIL, Mt Maunganui, 
NZ) when they started grazing the background pasture 
and continued through the test period, for all species.  
Cows were offered a fresh allocation of forage twice 
daily after each milking (and at the equivalent pm time 
in spring), with area calculated to ensure uniform daily 
dry matter (DM) allowance across all forages.  On day 
three of grazing the background pasture and on days six 
and seven of grazing the test species, samples of milk 
from each cow were collected at the pm and following 
am milking, using in-line proportional milk sampling 
units (Waikato Milking Systems NZ Ltd). During 
spring when cows were milked once daily, am milk 
samples only were collected, on days two and three of 
the background period and on days six and seven of 
the test period.  Samples were stored frozen and later, 
centrifuged and the supernatant fraction, minus casein, 
analysed for the concentration of urea-nitrogen using 
the urease-UV procedure as described by (Pacheco 
et al. 2007).  Samples of the test forage species were 
collected from the fresh allocation of feed offered to 
cows in the morning and in the afternoon on days six 
and seven.  These samples were immediately frozen, 
and later freeze-dried, ground to pass a 1 mm sieve, am 
samples and pm samples from the consecutive days 
pooled and analysed to determine the concentrations 
of crude protein and rumen degradable protein 
(Cumberland Valley Analytical Services, MD, USA).  
The effects of species (8 d.f.), period (background, 
test periods; 1 d.f.) and the species x period interaction 
were determined by two-way ANOVA using a 
stripped-plot model, after taking the mean of am and 
pm concentrations of MUN (for autumn only) and the  
mean of autumn and spring values for each group of 
cows.  For forage composition, the mean of am and 
pm samples, and the mean of spring and autumn were 
derived and the species effect (8 d.f.) determined in 
a one-way ANOVA. The experimental unit for MUN 
was the mean value of all cows in the group grazing 
a replicate plot, and for forage composition it was the 
replicate plot.  

RESULTS

The concentrations of MUN (Figure 1) were 
highest for lucerne (8.0 mmol/L), and lowest for 
chicory and sulla (2.1 and 2.6 mmol/L, respectively).  
While the overall mean concentrations in the 

background and the treatment periods were similar 
(P>0.05), the species x period interaction was 
highly significant (P<0.0001); lucerne, red clover 
and white clover resulted in higher concentrations 
of MUN than during the background period, 
whereas concentrations were lower than during the 
background period for sulla, chicory and turnips.  For 
ryegrass and birdsfoot trefoil there was no change 
in the concentration of MUN when grazing the test 
species compared with the background.

Figure 1:  The concentration of urea nitrogen in 
milk from cows grazing ryegrass dominant pasture 
during a background period followed by each forage 
species. LSD

0.05 
for comparing means during the 

treatment period=0.9; treatment bars capped with 
different letters differ significantly P<0.05.

There were significant differences (P<0.0001) 
among forage species in protein characteristics (Table 1).  
White clover and lucerne had the highest concentrations 
of crude protein and rumen-degradable protein whereas 
chicory and sulla had the lowest concentrations.

Table 1:  The concentration of crude protein and the 
concentration and proportion of rumen degradable 
protein (RDP) in each forage species.

Species Crude 
protein

RDP Proportion 
of RDP

g/kg DM

Birdsfoot trefoil   201b1 125c 0.62

Chicory 144e 94d 0.65

White clover 248a 176a 0.71

Lucerne 249a 188a 0.76

Ryegrass 161d 117c 0.73

Red clover 199b   130bc 0.65

Sulla   147de 88d 0.60

Turnips 179c 144b 0.80

P <0.0001 <0.0001 -

LSD
0.05

16.0 14.8 -

Grand mean 198 138 0.69

1 Means within column with different letters differ 
significantly P<0.05
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DISCUSSION AND CONCLUSION

Of the eight species compared in this study, 
the herb chicory, and the legume sulla, were the 
most effective in reducing the concentration of 
MUN below both white clover and ryegrass.  These 
species each had a low concentration of crude 
protein with low rumen degradability.  Despite 
having moderately high concentrations of highly 
degradable crude protein, turnips also reduced the 
concentration of MUN compared with white clover.  
The reason for this is not clear, but may be related 
to the concentration of other constituents such as 
soluble carbohydrate.  Lucerne resulted in the highest 
concentrations of MUN, a consequence of both high 
concentration and high degradability of the protein. 
Sulla and birdsfoot trefoil both had low rumen 
degradability of the protein, possibly related to them 
containing condensed tannins (Waghorn et al. 1998).  
However, for birdsfoot trefoil the comparatively 
high concentration of MUN suggests that the low 
degradability could not offset the high concentration 
of protein. 

Based on their effects on MUN, these results 
indicate that there may be scope for reducing N 
excretion through using forage species other than 
white clover.  Data on urine and faecal nitrogen 
excretion is required to support this preliminary 
conclusion.  Furthermore, work is required to 
integrate such forage species into grazing systems to 
mitigate the risks of N leaching at critical times.

ACKNOWLEDGEMENTS

This work was funded by the Pastoral 21, a 
collaborative venture between DairyNZ, Fonterra, 
Dairy Companies Association of New Zealand, Beef 
+ Lamb NZ and the Ministry of Business, Innovation 
and Employment.  Thanks to Tom Wilson, Adam 
Judd and Fiona Smith for managing cow feeding and 
the sampling regimes, and to Agricultural Services, 
Massey University, for access to research facilities at 
their No 1 Dairy unit.

REFERENCES

Pacheco D, Burke JL, Death AF, Cosgrove (2007)  
Comparison of models for estimation of urinary 
nitrogen excretion from dairy cows fed fresh 
forages.  In ‘Proceedings of the 3rd Australasian 
Dairy Science Symposium, Meeting the 
Challenges for Pasture-based Dairying’.  (Eds 
DF Chapman, DA Clark, KL Macmillan, 
DP Nation) pp 417-422.  The University of 
Melbourne, Australia, 18-20 September 2007, 
National Dairy Alliance.

Jonker JS, Kohn RA, Erdman (1998)  Using milk 
urea nitrogen to predict nitrogen excretion and 
utilization efficiency in lactating dairy cows.  
Journal of Dairy Science. 81, 2681-2692.

Waghorn GC, Douglas GB, Niezen JH, McNabb 
WC, Foote AG (1998)  Forages with condensed 
tannins – their management and nutritive value 
for ruminants.  Proceedings of the New Zealand 
Grassland Association. 60, 89-98.



252 S.L. Lamoureaux – Potential distribution of yellow bristle grass, Setaria pumila, in New Zealand and its implications  
 for the dairy industry

Potential distribution of yellow bristle grass, Setaria pumila, in New Zealand and its  
implications for the dairy industry

S.L. LAMOUREAUX, G.W. BOURDÔT 

AgResearch Limited, Gerald Street, Lincoln, New Zealand 

ABSTRACT

Yellow bristle grass (Setaria pumila), an annual C
4
 grass, has invaded some upper and central North Island 

dairy pastures, resulting in reduced feed quality and low pasture utilisation. Its occurrence as a roadside plant in 
other parts of New Zealand raises the prospect that it could become a more widespread weed of dairy pasture. 
A recently published climate niche model supports this, revealing vast tracts of climatically suitable land 
throughout New Zealand. To determine the extent to which New Zealand dairy farms fall within this potential 
distribution, we intersected a Geographic Information System (GIS) layer of the country’s dairy farms with the 
projection of the climate niche model.

The intersection of these two layers reveals that almost all dairy farms in New Zealand occur on land that 
is considered climatically “optimal” for yellow bristle grass. A relatively small proportion, in eastern South 
Canterbury, falls within climatically “suitable” areas. Thus, our analysis indicates that the climate is favourable 
for yellow bristle grass on all dairy farms in New Zealand. An interpretation of this analysis is that yellow bristle 
grass could invade dairy farms anywhere in New Zealand, creating the economic losses currently experienced 
in Waikato and other northern regions.

To help prevent yellow bristle grass from invading new farms in the currently infested regions, and farms 
in regions from which it is currently not found, it would be prudent for the dairy industry to establish a suitable 
internal biosecurity programme aimed at raising awareness of this grass weed and preventing the dispersal of 
its seeds.

Keywords: Climate niche model, weed, C4 grass, pasture weed

INTRODUCTION

Setaria pumila (Poir.) Roem. et Schult. (yellow 
bristle grass), a C

4 
annual summer grass, is widely 

distributed in North America, Argentina, Uruguay, 
Africa, the Middle East, Europe, Asia, Australia 
and many Pacific Islands (Wang et al. 1995). It is 
considered a serious agricultural weed in North 
America (Wang et al. 1995, Dekker 2003). It was 
first recorded in New Zealand in 1905 (Allan 1940) 
and has since spread through Waikato dairy pastures 
(James et al. 2009, Tozer et al. 2012). Because of 
its poor nutritive value and avoidance by cows when 
seeding, losses in farm production can be substantial 
(James et al. 2009).

While yellow bristle grass is currently only 
affecting dairy farms in the central and upper North 
Island, its sporadic occurrence throughout the North 
and upper South Island (Figure 1a) could portend a 
wider ecological and economic impact. As a first step 
toward quantifying the potential national impact, a 
climate-niche model for yellow bristle grass was 
developed to identify the weed’s potential distribution 
in New Zealand (Lamoureaux and Bourdot 2014). 
Here, we extend this analysis to determine the extent 
to which New Zealand dairy farms fall within this 
potential distribution.

MATERIALS AND METHODS

To determine the extent of dairy pasture land that 
is climatically suitable for yellow bristle grass we 
constrained the potential climatic distribution of the 
weed projected by a previously published CLIMEX 
model (Lamoureaux and Bourdot 2014) to dairy 
farming land as determined using the AgriBase™ 
database.

Potential climatic distribution
CLIMEX is a dynamic model (Sutherst et al. 

2007) that integrates the weekly growth and survival 
(stress) responses of a species to climate and biotic 
variables into an annual index of climate suitability, 
the Eco-climatic Index (EI). EI ranges from 0 for 
locations where the species cannot persist to 100 
for optimal locations. Such a model was developed 
for yellow bristle grass based on the number of 
known occurrences of the plant globally and using 
two climate variables, air temperature and soil 
moisture (Lamoureaux and Bourdot 2014). The Eco-
climatic Index values from the model, along with 
their associated latitude and longitude values, were 
exported from CLIMEX, imported into ArcMap and 
then joined with polygon fishnet to create a potential 
distribution layer based on EI values.
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AgriBase™ database
The AgriBase™ database holds information 

on land use of rural properties (e.g., farms, 
vineyards, orchards, forests and small holdings). 
It is a voluntary system that is kept up to date 
through routine contact with rural property owners 
and through updates of property changes from 
Valuation Service Provider (AsureQuality 2014) . 
While the database does not represent every rural 
property in New Zealand, it provides an insight into 
the extent of different land use types throughout 
the country. In this analysis, we used the “dairy 
cattle farming” and “dairy dry stock” layers of the 
October 2013 version of AgriBase™.

Layer intersection
The results of the CLIMEX model for yellow 

bristle grass were projected onto a map of New 
Zealand in ArcGIS v 10.1 and intersected with 
the “dairy cattle farming” and “dairy dry stock” 
layers of the October 2013 Agribase™ database. 
This intersected map was then visually assessed 
to determine the extent to which New Zealand 
dairy farms fall within the projected climatically 
suitable land. 

RESULTS

The CLIMEX model, when projected onto 
New Zealand encompasses all known occurrences 
of yellow bristle grass and has the highest EI 
values in those regions where the plant is currently 
most invasive (Figure 1a). Evidently, large tracts 
of land throughout New Zealand beyond the 
currently invaded areas are climatically suitable. 
Most of the North Island is highly suitable with 
unsuitable areas occurring only in the Central 
Plateau. All unsuitable areas are a result of cold 
stress. In the South Island, much of the Tasman 
district, East Coast, the northern part of the West 
Coast and parts of Southland are either suitable or 
optimal. 

The intersection of CLIMEX and AgriBase™ 
dairy layers reveals that almost all dairy farms in 
New Zealand occur on land that is climatically 
“optimal” for yellow bristle grass (Figure 1b). 
A relatively small proportion, in eastern South 
Canterbury, falls within climatically “suitable” 
areas. 

Figure 1: Potential distribution of yellow bristle grass 
in New Zealand as projected by a CLIMEX model 
(Lamoureaux and Bourdot 2014), overlaid with (a) 
known occurrences of the species (circles) and (b) 
AgriBase dairy farm properties (green shading). Figure 
1a reprinted from Lamoureaux and Bourdôt (2014). 



254 S.L. Lamoureaux – Potential distribution of yellow bristle grass, Setaria pumila, in New Zealand and its implications  
 for the dairy industry

DISCUSSION AND CONCLUSION

The potential distribution of yellow bristle grass 
in New Zealand as modelled by CLIMEX reveals that 
it has, to date, occupied very little of the land area 
that is climatically suitable (classified as “suitable” 
or “optimal” in the model (Figure 1a)). This 
indicates that this weed remains in the early stages 
of its invasion and has been found to be expanding in 
many North Island regions (Tozer et al. 2014, Tozer 
pers. com.). When the potential distribution model is 
overlaid with dairy properties we see that the climate 
is favourable for yellow bristle grass on all dairy 
farms in New Zealand. This suggests that yellow 
bristle grass has the potential to invade dairy farms 
anywhere in New Zealand, creating the economic 
losses currently experienced in the Waikato and other 
northern regions (Tozer and James 2014). The extent 
to which the plant will invade dairy pastures in other 
regions may depend on the prevalence of droughts 
and the availability of irrigation. This may be inferred 
from its possession of the C

4 
carbon fixation pathway, 

which confers a higher water-use-efficiency and 
tolerance of higher temperatures than is characteristic 
of C

3
 grasses (Harper 1977). This is likely to result in 

yellow bristle grass having a competitive advantage 
over C

3
 grasses such as perennial ryegrass under hot 

dry conditions. Supporting evidence for this comes 
from field observations in the Waikato region where 
the weed increased markedly in non-irrigated dairy 
pastures in the year following a severe summer/
autumn drought (Tozer et al. 2012).

The maps presented here for yellow bristle grass 
highlight the extent to which the weed could spread 
within New Zealand. To help prevent yellow bristle 
grass from invading new farms in the currently infested 
regions, and farms in regions from which it is currently 
not found, it would be prudent for the dairy industry 
to establish a suitable internal biosecurity programme 
aimed at raising awareness of this grass weed and 
preventing the dispersal of its seeds particularly on 
properties where irrigation is absent.
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ABSTRACT

Yellow bristle grass (Setaria pumila) is a C
4
, summer-active annual grass weed that has become prevalent 

in many dairy pastures in the upper North Island of New Zealand. It is also spreading into new North Island 
regions. Although similar in quality to perennial ryegrass at the start of its growing season, there is a large 
reduction in its nutritive value once panicles are produced (which usually occurs from late summer-early 
autumn, between January and April). Farmax Dairy Pro was used to estimate the impact of this weed on the 
profit of a Waikato North Island dairy farm by comparing the production and supply of a perennial ryegrass-
based pasture with and without yellow bristle grass. To maintain milk production on the 126 ha modelled farm 
432 additional bales of balage (baled grass silage) were required to compensate for the lower nutritive value and 
changes in the pattern of feed supply of pastures infested with yellow bristle grass, when it comprised 12% of 
total ground cover. Given the cost of purchasing and feeding the balage is $100/bale, then an additional $43,200 
p.a. is required, equating to extra costs of $343/ha averaged across the farm. This equates to a 12% drop in farm 
profit. Given this substantial cost, effort is warranted to prevent yellow bristle grass from infesting new pastures 
and to control this weed when present.

Keywords: Pasture quality; pasture botanical composition; weed invasion.

INTRODUCTION

Yellow bristle grass (Setaria pumila) is a C
4 

, 
summer-active annual grass weed that is prevalent in 
upper North Island dairy pastures (Tozer et al. 2012). 
It typically emerges in November – early December 
and rapidly undergoes reproductive development 
(Edgar & Connor 2000). New panicles emerge 
between successive grazings until the first frosts in 
the following year, which kill the plant (James et 
al.  2009). Although similar in quality to perennial 
ryegrass at the start of its growing season, there is 
a large reduction in its nutritive value once panicles 
are produced (Inam-Ur-Rahim et al. 2008), which 
usually occurs between January and April. Grazing 
avoidance once panicles are visible can also be an 
issue (James et al. 2009). It is also possible that the 
weed could spread into other New Zealand regions 
that are climatically suitable (Lamoureaux & Bourdôt 
2014). For all these reasons, dairy farmers are 
concerned about its impact on pasture productivity 
and farm profit. 

Despite these concerns, there is no published 
information available on the economic impact of 
yellow bristle grass on a dairy farm. Quantification 
of its impact will assist farmers in deciding the 
extent to which yellow bristle grass control should be 
prioritised. To that end we have modelled a Waikato 
dairy pasture using the FARMAX Dairy Pro model  
(Bryant et al. 2010) based on data from a typical 
Waikato dairy farm along with previously published 
field data on yellow bristle grass. We hypothesised 

that a yellow bristle grass infested pasture would 
result in a reduction in farm profit when compared to 
a yellow bristle grass-free pasture.

MATERIALS AND METHODS

The economic impact of yellow bristle grass on 
a central Waikato dairy farm was estimated using 
Farmax Dairy Pro (version 6.5.7.08 (Bryant et al. 
2010)). A ‘base model’ of the 126 ha case study dairy 
farm was constructed using data on farm land area, 
pasture growth, farm infrastructure, use of crops 
and supplements, nitrogen use, herd numbers, stock 
classes, calving and mating. The farm was considered 
to be typical of the region, with an effective grazing 
area of 117 ha, peak milking of 401 Jersey cross 
cows, an average production of 343 kg milk solids 
(MS)/cow, an annual production of 140,000 kg MS/
year and moderate use of supplements (PKE (palm 
kernel extract), maize silage and hay (approximately 
1 t DM/cow/year)), such that it is classified as a 
Systems 2 farm (DairyNZ 2013).  Up to 200 kg/ha 
of nitrogen are applied annually, in up to seven split 
applications. The farm is in a yellow bristle grass 
infested region.

To develop a scenario that included the impact 
of yellow bristle grass, the base model’s pasture 
growth and quality parameters were adjusted based 
on assumptions regarding yellow bristle grass 
abundance and quality and herbage accumulation 
in infested pastures. The data on which these 
assumptions were based have been previously 
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published and are summarised below.

Yellow bristle grass abundance
Percentage ground cover of yellow bristle grass 

was assessed each February in each of 39 dairy 
pastures on a total of 12 central Waikato dairy farms, 
one of which was the case study farm. Assessments 
were made over a 4-year period (2008-2012) (Tozer et 
al. 2012). Yellow bristle grass comprised an average 
of 13% of total ground cover, over all pastures 
and years. This percentage cover was used as an 
approximation of biomass (Lavorel et al. 2008), so 
that a yellow bristle grass content of 13% of total DM 
was assumed when estimating the impact of yellow 
bristle grass abundance on pasture quality.

Pasture quality
Perennial ryegrass and yellow bristle grass 

nutritive value was assessed monthly in three 
pastures, from December (vegetative state) until 
May (senescent state (Tozer et al. 2014, K.N. Tozer 
unpublished data)). Two of these were on the case 
study farm and the third on a nearby farm. Yellow 
bristle grass samples were sent to a commercial 
laboratory that used NIRS (Near-infrared 
spectroscopy, (Corson et al. 1999)) that had been 
calibrated with YBG to estimate ME.  There was no 
difference between the species in December but there 
was a rapid decline in quality of yellow bristle grass 
from January onwards once it became reproductive. 

On average, yellow bristle grass ME was lower 
than that of ryegrass by one unit over the assessment 
period; its ME values were 11.2, 10.2, 9.3, 8.2 and 8.4 
MJ ME/kg DM in January, February, March, April 
and May respectively (Tozer et al. 2014, K.N. Tozer 
unpublished data).To incorporate the impact of bristle 
grass on pasture quality, the Farmax base model 
quality parameter was adjusted on a proportional 
basis (Table 1), assuming a yellow bristle grass 
abundance of 13% of total DM and nutritive values 
given above. It was also assumed that the botanical 
composition remained constant between January and 
May after which bristle grass was no longer present, 
and the default Farmax Pro quality parameters for a 
perennial ryegrass-based pasture were utilised. An 

average yellow bristle grass abundance of 13% of 
total DM over the five month period is considered 
to be a conservative estimate, based on herbage 
accumulation data from (James et al. 2013). Further, 
the model assumes that YBG and perennial ryegrass 
are grazed to a similar extent by dairy cattle (Tozer et 
al. 2014). Grazing avoidance of YBG may occur in 
some circumstances after panicle emergence (James 
et al. 2009), which would lead to an underestimate of 
the impact of YBG on farm profit.

Table 1: Difference in pasture quality of a perennial 
ryegrass (PRG)-based sward with and without 
yellow bristle grass (YBG). The pasture quality 
estimates of swards containing YBG are based on 
published nutritive value data (Tozer et al. 2014) and 
assumed an average YBG content of 13% total DM 
from January-May (Tozer et al. 2012). The perennial 
ryegrass nutritive value was based on Farmax Pro 
Dairy data. 

Pasture quality 
(MJ ME/kg DM) Jan Feb Mar Apr May

PRG-based sward 10.8 10.6 10.6 10.9 11.4

PRG+YBG 
sward* 10.9 10.6 10.5 10.6 11.0

PRG+YBG 
sward vs. PRG-
based sward 101% 100% 99% 98% 96%

* Assuming YBG comprises 13% of total DM

Pasture DM production
Herbage accumulation in swards with and 

without yellow bristle grass was assessed in replicated 
plots in one paddock on the case study farm (n=4) 
over a 12 month period (James et al. 2013). Yellow 
bristle grass comprised approximately 20% of total 
DM when data were averaged over its growing 
season (December-May). Removing yellow bristle 
grass in that study increased total DM production by 
4% from 12,760 to 12, 920 kg DM/ha and changed 
the distribution of pasture growth (James & Rahman 
2009, James et al. 2013), Table 2.

Table 2: Pattern of pasture supply of a perennial ryegrass (PRG) based sward with and without yellow bristle 
grass (YBG). Data adapted from (James et al. 2013). 

Growth rates (kg DM/ha/day) Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May

PRG-based sward only 12.0 15.0 25.0 35.0 50.0 62.0 57.0 50.0 28.0 35.0 30.0 25.0

PRG+YBG sward 12.4 15.4 28.3 35.4 36.6 61.2 62.6 56.8 30.6 35.0 25.3 19.4

YBG vs. PRG (%) 103 103 113 101 73 99 110 114 109 100 84 78
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Table 3: Summary of farm system parameters used to model of the impact of yellow bristle grass (YBG) on a 
typical Waikato dairy farm (in Farmax Dairy Pro).

Scenario Base farm without YBG Base farm with YBG Difference

Area 126 Ha 126 ha -

Peak milked cows 401 cows 401 cows -

Milk solids per cow 343 kg MS/cow 343 kg MS/cow -

Feed offered* 4,682 kg DM/cow 4,777 kg DM/cow 95.5 kg DM/ha

Feed eaten* 4,252 kg DM/cow 4,305 kg DM/cow 52.7 kg DM/ha

Feed utilisation 90.8% 90.1% 0.7%

*Includes supplements

Mitigation strategy: 
It was assumed, based on conversations with the 

case study farm manager, that additional grass balage 
would be used to compensate for the combination of 
lower pasture DM production and pasture quality 
of the yellow bristle grass infested pastures and to 
maintain seasonal production at the base farm level 
of 140,000 kg MS/year.

RESULTS

To maintain milk production at a level of 140,000 
kg MS/year on the case study farm, an additional 
432 bales of grass balage or an additional 4.2% of 
energy consumed was required in the Farmax yellow 
bristle grass scenario model to counter the falling 
production due to yellow bristle grass presence. This 
was an extra feed allocation of 90.7 t DM or 998 GJ 
ME based on 11 MJ ME/kg DM in the balage. 

Assuming the cost of purchasing and feeding 
the balage was $100/bale, then $43,200/year was 
required to cover the cost of purchasing the balage, 
equating to $343/ha/year. The operating profit for 
owner operator dairy farms in 2011/12 was $2,933/
ha for the Waikato region (DairyNZ 2013). The 
additional expense of purchasing the balage would 
equate to a 12% drop in operating profit. 

DISCUSSION AND CONCLUSION

At infestation levels modelled on the case 
study farm, which is typical of many others in 
Waikato, yellow bristle grass does cause a significant 
economic loss, equivalent to a 12% drop in operating 
profit due to the additional cost of purchasing feed. 
For some farms, lower infestation levels will equate 
to a lower economic impact while on other farms 
with higher infestations (e.g. up to 40% of ground 
cover; (Tozer et al. 2009), the economic impact will 
be much greater.

Based solely on our model outputs for yellow 
bristle grass, control efforts are warranted on this 
case study farm and many other similar farms. Many 

of the control options advocated for yellow bristle 
grass will also control other C

4
 grasses, which 

contribute to a loss of pasture quality. For example, 
Puma S (fenoxaprop) is efficacious on all C

4
 species 

(James et al. 2013), and can assist in reducing the 
seed production and subsequent establishment 
of C

4
 annual grasses. Farmers estimate that the 

cost of applying a single Puma S application is 
approximately $105/ha (pers. comm., R. Hooker, 
chairman, yellow bristle grass action group), which is 
much less than the economic impact of yellow bristle 
grass (equating to costs of $343/ha/year). Therefore, 
advocating that farmers control yellow bristle grass 
is warranted and is likely to lead to better control of a 
suite of C

4
 grasses, resulting in significant economic 

benefits by improving pasture performance, reducing 
the need for supplements and ultimately increasing 
farm profit.
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Implications of species and management interactions for ranking perennial ryegrass  
(Lolium perenne L.) cultivars: a progress report from the two hemispheres

L. ROSSI1, J. MCDONAGH2, 5, M. MCEVOY2, M. O’DONOVAN2, J.M. LEE3, D.F. CHAPMAN1,  
G.R. EDWARDS4 

1DairyNZ, P O Box 85066, Lincoln University, Lincoln 7647,  New Zealand,  
2 Animal & Grassland Research and Innovation Centre, Teagasc, Moorepark, Co. Cork, Ireland,  

3 DairyNZ, Private Bag 3221, Hamilton, 3240, New Zealand,  
4 Agriculture and Life Sciences Faculty, P O Box 85084, Lincoln University, Lincoln 7647. Christchurch, New Zealand, 

5Institute for Global Food Security, School of Biological Sciences, Queen’s University, Belfast.

ABSTRACT

 Experiments with a common design were established in County Cork, Ireland and in four dairying regions 
in New Zealand during 2012 to determine if forage value indices developed in both countries to rank perennial 
ryegrass cultivars should account for genotype x management interactions. Eight perennial ryegrass cultivars 
representing a range of phenotypes were sown in monocultures or in mixtures with white clover and received 
low or high rates of nitrogen fertiliser.  Results from the first year of the Irish and Canterbury (NZ) experiments 
indicate no evidence that ryegrass cultivars re-ranked or that the scale of the difference between highest-yielding 
and lowest-yielding cultivars changed, when cultivars were sown in ryegrass-clover mixtures compared with 
ryegrass monocultures.  All experiments will continue for three years to confirm whether or not these initial 
findings remain valid through different climate years and potential persistence differences among cultivars. 

Keywords: Perennial ryegrass cultivars; white clover; nitrogen fertilizer; Pasture Profit Index; Forage Value 
Index; Ireland; New Zealand.

INTRODUCTION

Indices to rank perennial ryegrass cultivars 
based on their relative economic benefit to  
grass-based dairy production systems have been 
developed in Ireland and New Zealand during 
the last three years: Pasture Profit Index (PPI) in 
Ireland (McEvoy et al. 2011) and Forage Value 
Index (FVI) in New Zealand (Chapman et al. 2012). 
Both systems include the key trait of seasonal dry 
matter (DM) yield, for which performance values 
have been calculated using data from cultivar 
evaluation trials conducted using perennial ryegrass 
monocultures and high nitrogen (N) fertiliser inputs 
(>300 kg N/ha/annum)  (Easton et al. 2001, DAFM 
2010). Cultivars are then ranked for their estimated 
profit index in the PPI and FVI.  However, sowing 
perennial ryegrass in a mixture with white clover is 
a standard practice in New Zealand and is becoming 
more widespread in Ireland, due to potential 
benefits on animal performance (Harris et al. 1997), 
environmental and cost benefits. As ryegrass and 
white clover cultivars have the potential to influence 
each other when in association (Camlin, 1981) it is 
important to examine this issue  to determine if the 
indices need to take such interactions into account. 
The objective of this work was to compare total DM 
yield produced when perennial ryegrass cultivars 
were sown with and without white clover at low and 
high rates of N application in both Ireland and New 
Zealand. 

MATERIALS AND METHODS

Field experiments using the same basic design 
(but different perennial ryegrass and white clover 
cultivars) were established in Ireland (Moorepark, 
County Cork) and New Zealand (Hamilton, Waikato; 
Palmerston North, Manawatu; Lincoln, Canterbury; 
and Woodlands, Southland) during 2012. Only the 
Ireland and Canterbury experiments are reported here. 

In Canterbury the experiment was set up as a 
split plot design with five blocks; main plots are all 
combinations of plus or minus clover x two N levels, 
randomised within blocks; subplots are the eight 
perennial ryegrass cultivars, randomised within main 
plots. In Ireland the experiment was a randomised 
block design with a 2 x 2 factorial arrangement of 
treatments with 5 blocks; main combinations of plus 
or minus clover x two N levels, randomised within 
blocks; subplots are the eight perennial ryegrass 
cultivars, randomised within main plots.

Eight perennial ryegrass cultivars covering a range 
of phenotypes were sown, with or without white clover, 
and received either low (100 kg N/ha) or high rates of 
N fertiliser annually (250 or 325 kg N/ha for Ireland 
and Canterbury, respectively). N fertiliser levels were 
chosen to represent values associated with low and high 
rates in each country. Plot size was 54m2 (Ireland) and 
64.8 m2 (New Zealand). All combinations of ryegrass 
cultivar, white clover presence/absence, and N fertiliser 
level were replicated five times. In Ireland, four of 
the eight perennial ryegrass cultivars were diploids 
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(Aberchoice, Denver, Drumbo and Glenveagh) and 
four were tetraploids (Abercraigs, Astonenergy, 
Kintyre and Twymax). In New Zealand, the cultivars 
included phenotype and heading date contrasts, and a 
range of endophytes. The main phenotypic contrast was 
between high tiller density/fine leaf material (‘dense’, 
represented by cultivars Prospect AR37 and Abermagic 
AR1, both diploids) and low tiller density/broad leaf 
material (‘open’, represented by cultivars Base AR37 
and Bealey NEA2/6, both tetraploids). The heading date 
contrast was between mid- and late-season flowering 
material (represented by cultivars Commando AR37 
and Kamo AR37, and cultivars One50 AR37 and Alto 
AR37, respectively). Two of these eight cultivars were 
tetraploids (Base AR37 and Bealey NEA2/6) and the 
rest were diploids. 

In the with-clover treatments, the ryegrass cultivars 
were sown with medium or large-leaved cultivars 
commonly used in dairy pastures: Crusader in Ireland, 
and a 50:50 mixture of Kopu II and Tribute clover 
cultivars in New Zealand. Total dry matter (DM) 
yield was estimated in each plot by cutting a 6 m2 strip  

with an Etesia mower in Ireland and 9 m2 strip with a 
Haldrup harvester in New Zealand immediately before 
each grazing. Cutting height reflected the mowing 
capabilities of the two harvesters. Harvested herbage 
was immediately weighed and subsampled to determine 
DM content. Yields from harvests were allocated to 
seasons as follows: spring (Feb-April in Ireland, Sep-
Nov in New Zealand), summer (May-July in Ireland, 
Dec-Feb in New Zealand), and autumn (Aug-Nov in 
Ireland, Mar-May in New Zealand). At one grazing event 
in each season at each site, the percentage contribution 
of white clover to total DM was determined from a 
subsample of the harvested material. The experimental 
plots were grazed by dairy cows following standard 

farm management practices for each site. In Canterbury, 
grazing occurred when average pasture cover mass in 
each main plot was between 2500 and 3000 kg DM/
ha. In Ireland, rotational grazing was carried out at 
21 days for high N treatments with 30 days rotational 
grazing under the low N treatments. Rotation length 
was reduced when pastures reached an average herbage 
mass of 1500 kg DM/ha before set rotation length. 
During the first year, nine grazing events occurred on 
the high N plots and seven on the low N plots in Ireland, 
while nine grazing events occurred on both the high 
and low N plots in New Zealand. Analysis of variance 
was conducted on seasonal and annual DM yield using 
PROC MIXED in SAS (2011) in Ireland and Genstat 15 
(VSN International Ltd.) in New Zealand, with cultivar, 
N and clover treatments as fixed effects, and block, main 
plot within block and subplot as random effects.

RESULTS

In the first spring in New Zealand, the high N 
treatments yielded significantly more than the low N 
treatments (TABLE 1), but there was no effect of clover. 
Conversely in the first spring in Ireland, the without-
clover treatment yielded more than the with-clover 
treatments.  Thereafter, the low nitrogen without clover 
treatment yielded significantly less herbage compared 
with the low N grown with clover and the two high 
N treatments grown with and without clover, at both 
sites (TABLE 1). There was an effect of cultivar on 
total annual DM yield, although the range between the 
highest and lowest yielding cultivars was much greater 
in New Zealand than in Ireland (3.9 vs. 1.9 t DM/
ha respectively).  However, there was no interaction 
between clover inclusion/exclusion and ryegrass 
cultivar or between N level and ryegrass cultivar, on 
seasonal or total annual DM yield at either site.

Table 1: Seasonal and annual dry matter yield (kg DM/ha) from pastures sown with or without clover, and 
receiving high (250 or 325 kg N/ha for Ireland and Canterbury, respectively) or low (100 kg N/ha) rates of 
nitrogen (N) fertiliser annually.

Canterbury,  
New Zealand

High N - 
clover

High N + 
clover

Low N - 
clover

Low N + 
clover SED

Significance 
of N x Clover 
interaction

Significance of 
main effects

N Clover

Spring 4818 4470 3169 3198 537 NS ** NS

Summer 4078 a 4543 a 2226 b 4348 a 355 ** ** ***

Autumn 2520 a 2748 a 1430 b 2709 a 186 ** ** ***

Annual 11415 a  11760 a 6825 b 10255 a 958 * *** *

Moorepark, Ireland

Spring 1301 1100 1312 1258 57  NS NS **

    Summer 4717 a 4701 a 3906 b 4702 a  157 ** *** **

    Autumn 3398 a 3311 ab 2088 c 3126 b  110 *** *** ***

     Annual 9417 a 9111 a 7306 b 9085 a  237 *** *** ***

Different letters within a row indicate statistical differences between N and Clover treatment combinations. 
SED = standard error of differences between means 
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In Ireland, diploid cultivars yielded significantly 
more DM (+1,379 kg DM/ha; P < 0.001) compared 
with the tetraploid cultivars (8,040 kg DM/ha). 
In New Zealand, annual DM yield from cultivars 
representing the dense phenotype (diploids) was 
greater (+1,508 kg DM/ha; P < 0.001) than from 
open (tetraploids) cultivars (8,725 kg DM/ha); total 
annual DM yield did not differ between mid- and 
late-season cultivars.   

With the exception of spring in Ireland, the 
white clover content of pastures was greater in the 
low N+clover treatments compared with the high 
N+clover treatments in both countries (TABLE 
2). In both hemispheres during spring, phenotype/
ploidy affected white clover content; open cultivars 
had a greater white clover content than dense 
cultivars in New Zealand. Conversely in Ireland, 
dense cultivars had greater white clover content 
than open cultivars. During summer and autumn, 
only heading date affected the white clover content 
in New Zealand; mid-season cultivars had greater 
white clover content than late-season cultivars. 
There were no significant interactions between 
nitrogen and cultivar for clover content of pastures 
at either site. 

DISCUSSION AND CONCLUSION

       The absence of a significant interaction 
between cultivar and clover treatment indicates 
that ryegrass cultivars did not re-rank, and that the 
scale of the difference between highest-yielding 
and lowest-yielding cultivars did not change, 

when cultivars were sown with white clover 
compared with ryegrass monocultures. Although 
late heading cultivars had lower clover content 
during summer and autumn in New Zealand, these 
differences were insufficient to re-rank on total 
DM yield basis. 

As expected, (Whitehead 1995, Harris et al. 
1996) the greater rate of N fertiliser increased total 
pasture DM yield compared with the low rate of N at 
both sites, although the total annual DM yield of the 
low N plus clover treatment did not differ from the 
two high N treatments.  At the low N rate, clover grew 
strongly, comprising 46% of total DM at the autumn 
sampling in Ireland and 50% at the summer sampling 
in Canterbury. Overall, the open/dense phenotype 
contrast in New Zealand, and the diploid/tetraploid 
contrast in Ireland, had little effect on the clover 
content of pastures. In New Zealand, mid-heading 
date was associated with a larger white clover content 
during summer and autumn. This was presumably due 
to the creation of different intensities of competition 
with white clover. Compared with late-heading 
material, mid-heading cultivars produced significantly 
less DM in summer and autumn (data not presented), 
which would have shifted the competitive advantage 
more towards white clover during these seasons. 

Data will be collected for at least 2 more years to 
determine whether or not performance values in the 
PPI and FVI systems should be adjusted to account 
for grass-clover interactions over time and their 
effects on total pasture dry matter yield.  

Table 2: White clover content (% of DM) in the pastures of the +clover treatments only

Canterbury, 
New 
Zealand

N treatment Perennial ryegrass contrasts

High Low SED

Significance 
of N main 
effect

Phenotype
Heading 
date  

Significance of 
contrasts

Dense  Open Mid Late SED Phenotype
Heading 
date

Spring 5.4 12.3 2.2 * 9.0 12.5 7.2 6.7 2.0 * NS

Summer 14.6 50.5 6.8 ** 28.7 32.5 38.9 30.1 3.4 NS *

Autumn 5.2 23.0 2.5 ** 14.3 14.0 17.2 10.9 2.5 NS *

Moorepark, Ireland Diploid Tetraploid             Ploidy

Spring 1.6 2.0 0.15 NS 2.1 1.5 0.15 *

Summer 10.3 23.0 0.79 *** 17.0 16.2 0.79 NS

Autumn 10.4 46.3 0.93 *** 28.6 28.2 0.93 NS
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SED = standard errors of differences of means
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ABSTRACT

Fertiliser recommendations for potassium (K) fertiliser in dairy pastures are largely based on the higher 
K requirements for clover.  Ryegrass biomass responses to fertiliser K are less common and smaller.  Dairy 
pastures in south-western Australia are now dominated by high-yielding ryegrasses.  Therefore, farmers may be 
applying too much K fertiliser to their ryegrass dominant pastures based on outdated recommendations.  Some 
dairy farmers have started to apply fertiliser K based on ryegrass plant test results rather than soil test results, 
but have to rely on critical plant test values for perennial ryegrasses.  

An experiment has been set up in south-western Australia to determine the critical plant test K concentrations 
for ‘rain-fed’ annual and Italian ryegrasses during 2013 and 2014.  The study was conducted on a site that had 
been prepared over 7 years to deplete soil K to 31-43 mg/kg Colwell K.  Potassium fertiliser was applied at 
amounts ranging from 0 to 320 kg/ha/year, split over 6 applications during the pasture season. Ryegrass pasture 
was harvested mechanically when it reached the 3-leaf stage.  This paper provides results for the 2013 annual 
pasture season.  

For these K-depleted soils, 95% of maximum pasture yield (9.53 t DM/ha) was achieved at 96 kg/ha/
year of K fertiliser applied.  At this level of K fertiliser use, the estimated K concentration in annual/Italian 
ryegrass pastures was 1.14% in DM.  So-called ‘luxury uptake’ of K started to happen above ~1.5% K in pasture 
DM.  Increasing K fertiliser application reduced pasture protein content.  Soil Colwell K concentrations further 
declined over the course of the 2013 season in all treatments except for treatment K320. 

Keywords: Critical plant test potassium values, annual ryegrass. 

INTRODUCTION

Due to its Mediterranean climate, dairy 
production in south-western Australia is heavily 
reliant on Annual ryegrass (Lolium rigidum Gaud.) 
and Italian ryegrass (L. multiflorum Lam.) and to a 
lesser extent subterranean clover (‘clover’ Trifolium 
subterraneum L.).  Annual ryegrasses are also 
important pasture species during the autumn/winter/
spring period in the dairy regions of northern and 
south-western Victoria and some other parts of the 
country. 

Clover is very sensitive to potassium (K) 
deficiency (Bolland et al. 2002).  The sandy soils in 
south-western Australia have a low capacity to retain 
K in the root zone of pasture plants, which typically 
is no deeper than 20 cm. The resulting K deficiency 
can cause clover to rapidly disappear from the sward 
(Bolland et al. 2002, Bolland and Guthridge 2009).  
Fertiliser recommendations for K are therefore still 
largely based on the higher requirements for clover.  
However, pastures in south-western Australia are 
now dominated by high-yielding annual ryegrasses.  
Ryegrass biomass responses to fertiliser K are less 
common and smaller than clover biomass responses 
(Bolland et al. 2002, Bolland and Guthridge 2009).  
Therefore, farmers may be needlessly applying too 
much K to their ryegrass dominant pastures based on 
outdated recommendations.  

Some local dairy farmers have started to apply 
fertiliser K based on ryegrass plant test results rather 
than soil test results, aiming to keep K levels at 2% in 
leaf dry matter (DM) to avoid the adverse impact on 
cow health of high K levels in pasture.  Adopting this 
strategy at DAFWA’s Vasse Research Centre reduced 
K fertiliser use from 100 (2000-2005) to 35 kg/ha/
year (2005-2010), without any adverse impact on the 
amount of pasture used per ha per year, resulting in a 
saving of ~$90/ha/year.  

Suggested minimum plant test concentrations 
for ryegrass are based on studies with perennial 
ryegrasses (Reuter and Robinson 1997) and we are 
not aware of minimum plant test concentrations for 
annual and/or Italian ryegrasses in Australian dairy 
pastures.  The objective of this study is to determine 
the critical level of plant K concentration in ryegrass 
that provides Australian dairy farmers with 95% 
of maximum pasture production from an annual 
ryegrass pasture managed under contemporary best 
practice. 

MATERIALS AND METHODS

The experiment (May 2013 to November 2014 
and thus ongoing) is a plot study located at Vasse 
Research Centre near Busselton in south-western 
Australia.  Mean annual rainfall is 750 mm (range 
500-1000), with 85% occurring between April and 
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October, resulting in a typical pasture growing season 
from May to November.  The soil type (1-2 m sand 
to sandy loam over massive clay), flat topography 
and winter rainfall pattern result in paddocks that are 
intermittently waterlogged from June to September.  

The study site had been depleted of soil K from 
2006 to 2012 by not applying K fertiliser, and by 
excluding livestock (urine patches), and by removing 
pasture as silage/hay in October/November every 
year.  Mean soil K (0-10 cm) in individual plots had 
declined to 42 (range 22-69) mg/kg Colwell K at 
the start of the experiment in 2013.  By comparison, 
target Colwell K values for dairy soils on commercial 
WA dairy farms in WA are in excess of 100 mg/kg. 

The experiment was set up as a factorial design 
with 8 potassium fertiliser treatments and 2 pasture 
species as the main treatments, with 4 replicates in a 
randomised block design.  The pasture species used 
were Aristocrat annual ryegrass and Concord Italian 
ryegrass. Following season-opening rains, ryegrass 
seed was broadcast on 7 May 2013 at a high rate of at 
200 kg/ha to mimic ‘natural seed-set’, as is common 
for annual pastures on WA dairy farms.  

The eight K fertiliser treatments (with K in kg/
ha/year) were K0, K0-low, K10, K20, K40, K80, 
K160 and K320, with K fertiliser applied as muriate 
of potash, split over 6 equal applications during the 
growing season. Two control treatments were adopted 
for this experiment: K0 and K0-low. Treatment K0 
was allocated to plots by stratified randomisation 
so that the mean initial soil K for treatment K0 was 
equal to that for treatments K10 to K320 (mean 43 
mg/kg). Treatment K0-low was specifically allocated 
those plots with the lowest soil K (mean 31 mg/kg), 
to assess if there would be a difference in pasture 
production between treatments K0 and K0-low. 

After each pasture harvest, nitrogen (N) and 
sulphur (S) fertiliser were applied as ‘NS31’, at a rate 
of 2 kg N per ha for each day since the last harvest (or 
the seeding date for the first harvest).  For example, 
as there were 40 days between pasture harvests 1 and 
2, an amount of 80 kg/ha of N was applied the day 
after pasture harvest 2.  Phosphorus fertiliser (20 kg/
ha as super phosphate) was applied at the start of 
the experiment to ensure that soil P was not limiting 
pasture production.  

Total pasture in each plot (from 5 cm above 
ground level) was harvested mechanically using 
a large ride-on lawn mower, whenever ryegrass 
reached the 3-leaf stage.  As a result, six pasture 
harvests were made over the course of the 2013 
annual pasture season.  The two ryegrass species 
reached the 3-leaf stage at similar times. Total pasture 
dry matter yield per plot was recorded.  Pasture was 
subsampled to determine mineral concentration at 

each harvest, and pasture feed quality at harvests 2 
and 4. Pasture was dissolved in a nitric/perchloric 
acid mixture and the concentrations of elements in 
the digest were measured by inductively coupled 
plasma-atomic emission spectrometry (ICP-AES) 
(Zarcinas et al. 1987).  

Soil was sampled for each plot just prior to the 
start of the experiment and again after the last pasture 
harvest for the 2013 season.  The sodium bicarbonate 
procedure as modified by Colwell (1963) was used 
to measure soil test potassium (Colwell and Esdaile 
1968, Bolland et al. 2002). 

Data were analysed by two-way analysis of 
variance using GENSTAT.  Total pasture harvest 
was plotted against K concentrations in plant and 
soil samples, to determine response relationships and 
to calculate the minimum plant test concentrations 
for annual ryegrass and Italian ryegrass to achieve 
pasture production at 95% of the maximum achieved 
in this study (GENSTAT exponential curve fitting).

RESULTS AND DISCUSSION

There was no significant difference in pasture 
DM yield between the two species of ryegrass 
(P=0.14) and the interaction between K fertiliser 
and pasture species was not significant (P=0.58).  
The effect of K fertiliser on pasture yield was 
highly significant (P<0.001).  Results are therefore 
presented for K fertiliser treatment averaged across 
species in Figure 1a. 

Plots with an initial soil K level of ~31 mg/
kg (K0-low) had significantly reduced pasture 
production compared to plots with an initial soil 
K of ~ 43 mg/kg (K0).  With an initial soil K of ~ 
43 mg/kg there was no significant effect on pasture 
yield of 10-20 kg K/ha, while 40 kg K/ha and above 
did increase pasture yield significantly.  There was 
no significant difference in pasture yield between 
treatments receiving 160 and 320 kg/ha of K fertiliser. 
In these K-depleted soils, 95% of maximum pasture 
yield (9.53 t DM/ha) was achieved at 96kg/ha/year 
of K fertiliser. 

Mean pasture crude protein content declined 
linearly with increasing K fertiliser application 
from 19.6 to 16.3 % in DM (P=0.005), presumably 
due to a ‘dilution effect’ with the increased pasture 
biomass produced at increasing K fertiliser rates.  
Mean pasture metabolisable energy (ME) content 
tended to be lower and neutral detergent fibre (NDF) 
content higher in the K0-low treatment (11.2 and 
52% respectively) than in the other seven treatments 
(11.8 and 48% respectively; P<0.10).  

Potassium concentration in pasture differed 
significantly between the K treatments (Figure 1b).  
The relationship suggests that ‘luxury uptake’ of 
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K has started to happen above ~1.5% K in pasture 
DM.  Potassium fertiliser also affected other 
mineral concentrations in pasture DM significantly, 
although many of the changes were biologically of 
little apparent significance.  Details are not reported 
here.  In all treatments except K320, soil Colwell K 
concentration declined over the course of the 2013 
growing season.  The increase in soil K mass for 
K320 (+14 mg/kg) amounted to ~18 kg per ha for the 
top 10 cm of soil. 

Figure 1a: (left panel): effect of K-fertiliser 
treatment on total pasture yield 
(open diamond is treatment K0-low; broken line indicates line of 
best exponential fit excl. treatment K0-low; vertical line indicates 
5% lsd). 

Figure 1b: (right panel): relationship between 
pasture potassium content and total pasture yield 
(open diamond is treatment K0-low; horizontal line indicates 5% lsd). 

CONCLUSION

For these K-depleted soils, 95% of maximum 
pasture yield (9.53 t DM/ha) was achieved at 96 
kg/ha/year of K fertiliser applied.  At this level of 
K fertiliser use, the estimated K concentration in 
annual/Italian ryegrass pastures was 1.14% in DM.  
So-called ‘luxury uptake’ of K started to happen 
above ~1.5% K in pasture DM.  Increasing K 
fertiliser application reduced pasture protein content.  
Soil Colwell K concentrations further declined over 
the course of the 2013 season in all treatments except 
for treatment K320. 
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ABSTRACT

The increasing importance of endophyte alkaloids in forage breeding and pasture assessment requires 
consideration of the effect common sample drying practices have on the chemical integrity of the harvested 
tissue.  It is common practice to freeze-dry samples for endophyte alkaloid analysis, whereas oven drying is 
more common for pasture quality assessment.

A pilot study was undertaken to evaluate the effect drying method has on alkaloid concentrations.  Biological 
replicates of three grass host/endophyte associations (perennial ryegrass/ AR37, perennial ryegrass/NZ common 
toxic and tall fescue/ AR584) were either oven-dried (80ºC) or freeze-dried for 48 hours.  The concentrations of 
alkaloids detected in each treatment were then compared.  

In general, this study showed a general decrease in the chemical integrity of the oven dried samples.  
For the epoxy-janthitrems and ergovaline this decrease was significant (p<0.05).  Oven drying removed all 
detectable levels of ergovaline.  For the remaining alkaloids (lolitrem B, the lolines, and peramine) there was 
a general (but not statistically significant) trend towards decreased alkaloid concentrations due to oven-drying.

Due to the effect oven-drying has, it is recommended that samples intended for alkaloid analysis are freeze-
dried to ensure accurate assessment of all forage characteristics, including alkaloid concentrations.  

Keywords: Epichloë, sample drying, chemical analysis.

INTRODUCTION

Novel associations, artificially created, between 
selected asexual Epichloë fungal endophytes and 
improved grass cultivars form an important part of 
New Zealand’s agricultural success (Johnson et al. 
2013).  These endophytes provide their grass host 
protection from herbivory in the form of secondary 
metabolites, including alkaloids, that protect the grass 
from insect attack and mammalian grazing (Thom et 
al. 2014).  Unfortunately, due to the later response, 
these endophytes have been largely associated with 
detrimental effects on the health of grazing animals 
including; ryegrass staggers (Gallagher et al. 1984), 
perennial ryegrass toxicosis (Combs et al. 2014), 
fescue toxicosis (Porter 1995)).

Combined with classical feed value parameters, 
the analysis of pastures for endophyte alkaloid levels 
can be important for determining not just the nutritional 
value of a pasture, but also the potential animal health 
factors.  As it is important to have quality information 
before being able to make decisions regarding pasture 
management, it is also important to understand whether 
current chemical analysis methods (including the 
treatment and handling of samples prior to analysis) 
could impact on the results.  Routine protocols have 
been established for the quantitation of endophyte 
alkaloids at a number of laboratories around the world 
(Rottinghaus et al. 1991, Craig et al. 1994, Hill and 
Agee 1994, Faeth et al. 2002, Reed et al. 2011), and 

are applied to sample material that has undergone some 
form of sample treatment to provide the material as a 
dried and ground powder.

However, there is currently a lack of research 
into what affect the treatment and handling of 
samples has on the final concentrations of the 
alkaloids.  One of the key areas where handling of 
the samples can affect chemical analysis is the drying 
of samples.  For feed value assessment, oven drying 
is often used (Moate et al. 2012, Meale et al. 2013) 
whereas for endophyte alkaloid analyses the freeze-
drying of samples is common practice (Reed et al. 
2011).  In the present study we present the results 
from comparison between these two common drying 
methods, and the effect drying method had on the 
concentrations of endophyte alkaloids detected in a 
range of pasture grass/endophyte associations.

MATERIALS AND METHODS

Experimental Design
The experiment consisted of three grass host/

endophyte association treatments and two drying 
treatments, providing six individual treatments.  Six 
replicates of each treatment were prepared, and the 
experiment was laid out in a 6x6 “Latin-square” design.

Three grass host/endophyte associations; 
perennial ryegrass cv. Samson infected with New 
Zealand common toxic endophyte, cv. Samson 
infected with Epichloë festucae var. lolii strain AR37 
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and Festuca arundinacea cv. Jesup infected with E. 
coenophialum strain AR584, were selected to cover 
the range of endophyte alkaloids and common pasture 
species.  Samson common toxic is known to produce 
peramine, ergovaline and lolitrem B, Samson AR37 
produces epoxy-janthitrems, and Jesup AR584 
produces lolines and peramine.

Seedlings from each accession were raised in a 
glasshouse, their endophyte status determined after 
4 weeks (Simpson et al. 2012).  Endophyte-free 
plants were discarded and endophyte-positive plants 
transferred into poly-bags (P3/4) with fresh potting 
mix.  Plants were maintained in the glasshouse and 
periodically trimmed to 5cm with scissors to promote 
alkaloid expression.

Sample harvesting and drying
All above ground tissue was harvested in late 

summer and immediately placed into liquid nitrogen 
to supress ongoing metabolic activity.  All samples 
were collected within one hour.  Six replicates from 
each grass host/endophyte accession were oven 
dried at 80ºC in a forced air oven for 48 hours.  The 
remaining six replicates of the grass host/endophyte 
accession were freeze-dried (Freezone Plus 12L, 
Labconco Corporation, Kansas City, MI, USA) for 
48 hours.  The dried samples were immediately 
ground to pass through the 1mm screen of a cyclonic 
sample mill (Cyclone Sample Mill, Udy Corporation, 
Fort Collins, CO, USA) and stored at -20ºC until the 
alkaloid analyses could be performed.

Sample extraction and purification
Analysis of samples for lolines (N-acetylnorloline, 

N-acetylloline, and N-formylloline), lolitrem B, 
epoxy-janthitrems, ergovaline and peramine were 

conducted as previously described (Baldauf et 
al. 2011, Moate et al. 2012), with some minor 
modifications.  The samples were additionally 
ground with a bead ruptor (FastPrep FP120, Savant 
Instruments Inc, Farmingdale, NY, USA) with 
3x3mm stainless steel beads in each 2 mL vial (10 
seconds at 5 m/s) in order to ensure a fine powder to 
increase the efficiency of alkaloid extraction.

Statistical analysis
A linear mixed effect model (REML) was 

used to analyse for differences between the drying 
methods (Galwey 2006).  The epoxy-janthitrem and 
lolines data required log transformation to achieve 
variance homogeneity.  Analysis was conducted using 
GenStat©, 16th edition (VSN-International 2013).

RESULTS

Oven drying resulted in no detectable ergovaline 
in the samples (Table 1). The concentrations of 
ergovaline detected in the freeze-dried samples (0.2-
0.7 ppm, limit of quantitation = 0.1 ppm) (Table 1) 
are within the range expected for samples harvested 
in late summer.  The concentrations of the epoxy-
janthitrems were significantly reduced by oven 
drying compared with freeze-drying (P <0.05) (Table 
1) with the mean reduction in total epoxy-janthitrems 
being 67%.  The reduction for the individual epoxy-
janthitrems ranged from 49% to 73%.

Though there was no significant (P >0.09) 
reduction in the concentrations  of lolitrem B, 
peramine or the lolines due to oven drying, there was 
a general trend towards decreasing concentrations of 
detected alkaloids.  This reduction ranged from 20% 
to 51% depending on the alkaloid (Table 1).

Table 1: Mean alkaloid levels detected for freeze-dried and oven dried herbage samples (n = 6).  Where P-value is 
blank, statistical analysis was not able to be undertaken.  Standard deviations shown in brackets.  ND = not detected.

Endophyte/Host Alkaloid Freeze-dried (ppm) Oven dried (ppm) P

Samson AR37 Epoxy-janthitrem I 16.3 (6.4) 5.7 (2.8) <0.05

Epoxy-janthitrem II 10.1 (3.7) 2.8 (1.4) <0.01

Epoxy-janthitrem III 4.4 (1.9) 1.2 (0.7) <0.05

Epoxy-janthitrem IV 6.6 (3.1) 2.1 (1.2) <0.01

 Epoxy-janthitriol 1.9 (1.0) 1.0 (0.3) <0.05

Samson Common Toxic Ergovaline 0.44 ND  

Lolitrem B 12.2 (5.8) 6.3 (4.4) 0.098

 Peramine 43.8 (9.2) 26.7 (20.6) 0.093

Jesup AR584 N-acetylloline 37 (28) 18 (16)  

N-acetylnorloline 112 (93) 63 (26) 0.394

N-formylloline 173 (114) 88 (45) 0.124

 Peramine 9.8 (5.2) 7.9 (3.0) 0.344

The levels of N-acetylloline were not sufficient to allow valid statistical analysis.  Only four of the twelve 
samples showed concentrations above the limit of quantitation (25ppm, data not shown).
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DISCUSSION

The sample drying process can have a significant 
effect on the concentrations of endophyte alkaloids 
detected in pasture samples.  Specifically, the 
detected levels of ergovaline and epoxy-janthitrems 
are significantly reduced due to oven drying at 80°C 
for 48 hours, to the point where no ergovaline was 
detected in the oven dried samples.  For the remainder 
of the endophyte alkaloids investigated, there was a 
general (though not statistically significant) trend 
towards decreasing detection of alkaloids in the oven 
dried samples.

There is a large variance in the expression of 
endophyte alkaloids with the genotypic diversity 
of the host being a large factor in the variation in 
alkaloid expression (Easton et al. 2002, Mace and 
Baker 2012).  The results emphasise the need for 
sufficient replication within an experiment involving 
endophytes, as larger sample numbers would account 
for the high variability in alkaloid concentrations and 
allow confident determination of the differences in 
mean responses observed.  Higher replication may 
have provided sufficient statistical power to prove an 
effect of drying technique on peramine, lolitrem B 
and the lolines.

Other research (Sarah Finch, pers. comm.) 
has shown that the epoxy-janthitrems are 
susceptible to oxidative degradation.  It has 
also been reported that the ergot alkaloids (the 
class of alkaloids containing ergovaline) are 
susceptible to thermal degradation (Schwarz et al. 
2007).  It is not surprising that the combination 
of oxygen containing atmosphere and high drying 
temperatures degraded these alkaloids, and similar 
processes may be involved in the decrease in 
the concentrations of peramine, lolitrem B and 
the lolines.  Additionally, the lolines are volatile 
compounds, which may be being liberated from 
the plant/endophyte cellular matrix under the 
elevated temperatures of the drying process.

CONCLUSION

This pilot study has shown that oven drying 
samples at 80°C for 48 hours can destroy/degrade 
ergovaline in perennial ryegrass herbage, and 
significantly reduce the concentrations of epoxy-
janthitrems.  The results also indicate that oven drying 
could be decreasing the concentrations of peramine, 
lolitrem B, and the lolines.  Where herbage samples 
are being dried for the purpose of endophyte alkaloid 
analysis, it is recommended that the samples be 
freeze-dried so as to maintain the chemical integrity 
of the sample.
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ABSTRACT

We hypothesised that chicory (Cichorium intybus L.) could be successfully used in a dairy system if certain 
conditions are met. This was tested by modelling the costs and benefits associated with incorporating chicory 
into a traditional pasture-based dairy system. Typical pasture-based dairy farms in the Waikato and Northland 
regions were modelled using three different modelling tools, Farmax, the DairyNZ Whole Farm Model, and a 
non-linear optimisation model. Predicted changes to farm operating profit from varying chicory yield, crop area, 
crop persistence, pasture yield, system intensity, and economic input parameters were estimated. Modelling 
results indicate that farm profitability could be increased by including a chicory crop on 5-20% of a dairy farm 
in low summer rainfall regions and this increase was greater during years of below-average pasture yield and 
in low-input systems. Including chicory in the mix of grazed forages may be useful in dairy regions where the 
frequency of dry summers is high. However, the profitability is dependent on the yield of chicory achieved.

Keywords: Forage crop; feed deficit; profitability.

INTRODUCTION

Pasture-based dairy farmers in low summer 
rainfall regions often face feed supply shortages in 
summer and autumn months because of depressed 
ryegrass-clover growth and low pasture quality. 
These feed deficits can be filled by either importing 
supplements or growing crops on the milking platform 
during the deficit period. Chicory (Cichorium 
intybus L.) is a potential option, with the bulk of 
production in the warm season under favourable 
conditions. Also, animal performance on chicory 
can be superior to grass-based pastures and similar 
to that on legumes (Li and Kemp 2005). The chicory 
stand is grazed in situ, reducing the costs of feeding. 
However, there are a number of factors that count 
against using chicory. Low DM yields due to winter 
dormancy results in a requirement for alternative 
feeds during that time. Chicory yields of 9-14 t DM/
ha/yr have been measured from pure stands over one 
and two year growth cycles (Waugh et al. 1998), with 
yields more consistently in the range of 9-11 t DM/
ha/yr (Lee and Minnee 2012). Chicory persistency 
is normally ≤2 years resulting in the requirement 
for frequent re-grassing or re-sowing for another 
round of the crop (Li and Kemp 2005). This brings 
extra costs. So, a meaningful evaluation of chicory 
as a new addition to the feed base ideally requires 
a system-level analysis that considers all the factors 
affecting profitability in an integrated manner.

We hypothesised that chicory could be 
successfully used in a dairy system if certain 
conditions are met. The objective was to quantify 
the potential value of chicory in low summer rainfall 
regions with different farm system intensity, crop 
persistence, crop area, and yield. Several system 

modelling approaches were used because different 
models have different conceptual frameworks and 
provide alternative viewpoints.

MATERIALS AND METHODS

In one modelling exercise the Farmax DairyPro 
model was initialised for farms typical of the Waikato 
(Waikato) and Northland (Northland) in New Zealand. 
These farms are low-input systems where less than 10% 
of the feed is imported as supplements. Farms were 
set up in the model using available long-term average 
monthly pasture growth rates and qualities for each 
region. Average annual pasture yield was 15 and 13.3 
t DM/ha/yr for Waikato and Northland, respectively. 
The Waikato baseline was also initialized with monthly 
pasture growth rates representing a summer drought 
year (13.8 t DM/ha/yr). Farm operating profit was 
predicted using 2009-10 economic inputs and a milk 
price of $6/kg milksolids. The baseline scenarios were 
then altered by simulating chicory crops grown on the 
farm with 1st year yields of 9, 11 or 13 t DM/ha and 2nd 
year yields of 7, 9 or 11 t DM/ha.  Cropping area was 5, 
10, 20, 30 or 40% of the farm area. Other assumptions 
for chicory were 12 MJ ME/kg DM, NDF of 26%, 
minimum residual of 1400 kg DM/ha, sowing date of 
10 October, cropping cost of $1,170/ha, utilisation of 
90%, and digestibility of 85%. Stocking rate was not 
allowed to change and no extra imported supplements 
were allowed in any of the simulations. Farm pasture 
covers and animal condition at the beginning and end of 
the season were kept in equilibrium in all simulations.

In another modelling exercise the economic 
performance of a typical low-input Waikato dairy 
farm (stocking rate = 3 cows/ha; planned start 
of calving = 1 July; final dry off date = 15 May) 
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incorporating a chicory crop on different proportions 
of the farm was evaluated using the DairyNZ Whole 
Farm Model (WFM). In the WFM the ryegrass-
clover pasture and chicory yields are climate-driven, 
in this case using weather data from the Ruakura 
weather station. In the baseline scenario the whole 
farm was sown in ryegrass-clover pasture, which 
was then compared with scenarios with 5, 10, 15 
or 20% of the farm sown in chicory and the rest in 
ryegrass-clover. Each scenario was modelled over 
14 individual climate years to capture the effect of 
climate variability on pasture and chicory yields 
and, ultimately, milk production and profitability. 
The chicory scenarios were simulated for either a 
1-year or a 2-year chicory crop. In poor growth years 
imported pasture silage was used to fill feed deficits. 
Model outputs were DM production, milksolids and 
farm operating profit, which included cropping costs 
of chicory, per climate year.

A non-linear optimisation model (IDEA) was 
used to evaluate the profitability of a chicory crop on 
three Waikato farm systems differing in the amount 
of imported supplements. The systems were low-
input (< 10% = system 1), medium-input (10-30% = 
system 3) and high-input (>30% = system 5). Each 
system was evaluated for the impact of a chicory 
crop on 0, 5, 10, 15 or 20% of the farm. (Romera et 
al. 2014) describe further details of the methodology 
for this exercise. 

RESULTS

Results from Farmax modelling indicated a chicory 
crop grown on 20% of the farm and yielding 11 t DM/
ha as a 1-year crop, or 11 and 9 t DM/ha as a 2-year 
crop, would increase operating profit by ~10% in an 

average year on a typical Waikato farm (Figure 1). If a 
drier-than-normal summer is expected then the chicory 
crop can be increased to 30% of the farm if a yield of 11 
t DM/ha can be achieved. If lower yields are expected, 
the area of crop should be reduced. For Northland, a 
1-year crop appears to be the best option with 20% of 
the farm in chicory yielding 9-11 t DM/ha resulting in a 
potential increase of 40-50% in profitability. 

Figure 1: Farmax predicted changes to operating 
profit relative to the baseline (no chicory) for a low 
input Waikato farm with long-term average pasture 
yield (15 t DM/ha/yr) and with different areas and 
yields for a 1-year chicory crop.

Modelling with the WFM predicted 1-year 
chicory crop yields from October to March ranging 
from 7 to 12.1 t DM/ha (mean=10.7;sd=1.2), and 
2-year crop yields averaging 5.9 to 13.3 t DM/ha/yr 
(mean=10.8;sd=1.8). Results indicated that a chicory 
area of 5-10% for a 1-year crop and up to 15% for a 
2-year crop can be a viable option for the Waikato 
region. This has the potential to increase operating 
profit by 10 to 20%, especially in the below-average 
years when pasture yields were predicted between 12 
and 14 t DM/ha (Figure 2). 

Figure 2: WFM predicted operating profit relative to baseline (no chicory) for a low-input Waikato farm over 
14 climate years with different farm areas in a 2-year chicory crop. Arrows indicate years of below average 
pasture yield (12 – 14 t DM/ha). 
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Results from the non-linear optimization 
exercise indicated that chicory had some potential 
for increasing operating profit in the low-input farm 
(system 1), with the value of chicory increasing 
with lower rates of pasture production in summer, 
later calving, higher milk price, and lower crop 
establishment cost.

DISCUSSION AND CONCLUSION

The three modelling approaches predicted the 
same trends, but differed in the recommended crop 
area and the magnitude of the advantage. All three 
showed advantages for chicory in low-input systems, 
which became greater in seasons with drier-than-
normal summers. However, it is important to evaluate 
these results in the context of the models being 
based on best-management practice for growing and 
utilising the crop. 

Our hypothesis that chicory can be successfully 
integrated into pasture-based dairy systems was 
supported in the optimised simulations. Chicory is a 
good summer cropping option in regions subject to 
low summer rainfall and where the average annual 
yield from standard pasture is closer to the annual 
yield from a chicory crop. These two conditions are 
more prevalent in Northland than in Waikato and 
chicory was a more viable option in Northland. 

The simulations predicted that chicory offers 
less of an advantage in high-input systems, because 
imported supplements in these systems provide more 
flexibility than chicory in filling temporary feed 
gaps.  Chicory was a viable option only for systems 
in which imported supplements comprise less than 
10% of the feed. Therefore, chicory may be useful 
in pasture-based dairy systems, but the decision to 
include it depends on the frequency of summer-dry 
conditions, the average pasture yield and the level of 
imported supplement, as well as the farmer’s ability 
to achieve a high yielding chicory crop.

Chicory can be a successful option for a typical 
low-input Waikato farm in an average growth year. 

But yields must be in excess of 9 t DM/ha. With 
these yields, a chicory crop can be a valuable hedge 
against drier-than-normal summers in the Waikato 
region. Climate-driven modelling indicated a clear 
profit advantage of chicory in the Waikato in dry 
summer years. Profitability increased by >10% in 
three summer-drought years, of which 2012-13 was 
the most recent. The most profitable crop area was 
between 10 and 15% of the farm.

Including a chicory crop as part of the summer 
feed strategy could be a highly profitable option for a 
typical low-input Northland farm, even with chicory 
yields < 9 t DM/ha. All crop areas, from 5 to 40% 
of the farm, were profitable, but the optimum area 
appeared to be 20-30% when the average chicory 
yield was 11 t DM/ha.
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Almond hulls and citrus pulp can be used as supplementary feeds for dairy cows, but neither 

has any methane mitigation potential
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ABSTRACT

There has been growing interest in the inclusion of almond hulls and citrus pulp in the diet of Australian 
dairy cows during summer when pasture availability is limited and digestibility is low. However, there 
is little information on the resulting milk production response. Thirty-two Holstein Friesian cows were 
offered one of three diets (lucerne hay, lucerne hay plus almond hulls, lucerne hay plus citrus pulp). Cows 
fed almond hulls had a lower mean milk yield than those on the other diets. Mean fat yields from cows did 
not differ between diets. Mean protein yields of cows fed almond hulls were lower than those of cows on 
the other diets. Methane yield (g/kg dry matter intake) from the cows did not differ between diets. Both 
almond hulls and citrus pulp can be fed to dairy cows as a partial replacement for high-cost purchased 
forage, but inclusion of almond hulls may be less desirable than citrus pulp due to reduced yields of milk 
and milk protein. Neither almond hulls nor citrus pulp exhibited any methane mitigation effect in dairy 
cows. 

Keywords: enteric methane yield, SF
6
 technique, milk composition.

INTRODUCTION

In Australia, approximately 100,000 tonnes of 
almond hulls and 200,000 tonnes of citrus pulp are 
produced annually. There has been growing interest 
in the use of these by-products as alternative feed 
supplements for dairy cows during the summer 
period when pasture availability is limited and 
pasture digestibility is low. 

Almond hulls (Aguilar et al. 1984, Singer 
et al. 2008) and citrus pulp (Belibasakis and 
Tsirgogianni 1996, Leiva et al. 2000) have been 
fed to dairy cows, and almond hulls have been 
reported to inhibit methane production in vitro 
(Durmic et al. 2013). Most research has reported 
no significant difference in milk yield between 
cows fed citrus pulp and a comparison diet (e.g.: 
Gehman et al. 2006, Leiva et al. 2000). Citrus 
pulp contains limonene, which has been reported 
to have antimethanogenic properties in vitro 
(Kamalak et al. 2011).

We hypothesized that partial replacement of 
a lucerne hay diet with almond hulls or citrus pulp 
would not adversely affect milk yield or yield of milk 
components, but would reduce methane yield (g/kg 
dry matter intake) and intensity (g/kg milk).

MATERIALS AND METHODS

Thirty-two Holstein Friesian cows with a 
mean body weight of 614 kg, daily milk yield of 
25 kg/d and 147 days in milk were offered one 
of three diets for 28 days. All cows received 6.0 
kg of cracked maize grain, 2.0 kg of cold pressed 
canola meal and 0.2 kg of a mineral mix on a 

dry matter basis. In addition, the 12 cows on the 
control (CON) diet were offered 14 kg of lucerne 
cubes; the 10 cows on an almond hull (ALM) diet 
were offered 10 kg of lucerne cubes, and 4.0 kg of 
almond hulls; while the 10 cows on a citrus pulp 
(CIT) diet were offered 11 kg of lucerne cubes and 
3 kg of ensiled citrus pulp. Diets were designed to 
offer the same mass of dry matter per day to cows 
on each treatment. Cows were milked and fed 
twice per day and feed offered and refused were 
manually recorded at each feed. Cows were fed 
in individual feed stalls within a well-ventilated 
animal house and spent the remainder of their day 
on an outdoor loafing pad.

Milk yield was automatically recorded at both 
the morning (0620 h) and afternoon (1510 h) milking 
using in-line milk meters (DeLaval International, 
Tumba, Sweden). Milk samples were collected at 
both milkings on four consecutive days during the 
final two weeks of the experiment and analysed 
for fat, protein and lactose concentrations using a 
mid-infrared milk analyser (Model 2000, Bentley 
Instruments, Chaska, MN, USA). Milk yield data 
from days 15 to 28 were included in the statistical 
analysis. Daily methane emissions of individual 
cows were determined using the modified SF

6
 tracer 

technique of Deighton et al. (2014) during days 24 to 
28 of the experiment.

RESULTS

Mean dry mater intakes (DMI) of the cows 
offered the CON and ALH diets were greater (P < 
0.05) than that of cows offered the CIT diet (Table 1). 
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Table 1: Feed intake, milk yield and milk composition 
of cows fed a control (CON), almond hull (ALH) or 
citrus pulp (CIT) diet.

Parameter
Diet

CON ALH CIT

Feed intake

Total (kg/day) 22.4 b 22.6 b 21.0 a

Almond hulls (% of total) 0 17 0

Citrus pulp (% of total) 0 0 10

Milk yield (kg/day) 27.4 b 24.6 a 26.2 b

Fat (kg/day) 1.04 1.00 0.98

Protein (kg/day) 0.87 b 0.78 a 0.85 b

Lactose (kg/day) 1.36 b 1.19 a 1.29 ab

Milk composition

Fat (g/kg) 38.1 41.4 37.6

Protein (g/kg) 32.2 32.0 32.5

Lactose (g/kg) 49.9 48.8 49.3

Within rows, means followed by different 
superscripts are significantly different (P < 0.05)

Mean milk yield from CON cows was greater (P 
< 0.05) than ALH cows, but not different to that from 
cows fed the CIT diet (Figure 1). Mean fat yield was 
not affected by treatment and while mean protein 
yield did not differ between CON and CIT cows, 
protein yields in both treatment groups were greater 
(P < 0.05) than from cows on the ALH diet (Table 
1). Mean lactose yield of cows on the CON diet was 
greater (P < 0.05) than that from cows on the ALH 
diet, but neither was different to that of cows fed the 
CIT diet.

Neither methane yield nor methane intensity 
were affected by treatment (mean 18.6 g CH

4
/kg 

DMI and 16.4 g CH
4
/kg milk, respectively).

DISCUSSION

The effects on milk production of dairy cows 
fed almond hulls or citrus pulp are inconsistent. 
For example, replacing lucerne with either 12.5 
or 25% almond hulls was reported to have no 
effect on milk yield or composition (Aguilar et al. 
1984), whereas in the data presented here, partially 
replacing lucerne with almond hulls (i.e., 17% of 
DMI) significantly reduced milk volume and milk 
protein yield without affecting fat yield. Similarly, 
citrus pulp has previously been fed to dairy cows 
at 20 to 30% of DMI in place of beet pulp or 
maize grain, with variable effects on milk protein 
concentration (Belibasakis and Tsirgogianni 1996, 
Gehman et al. 2006). Being by-products, the 
composition of almond hulls and citrus pulp can 
vary greatly and this can have implications for 

metabolisable protein and energy concentration. 
The proportions of hull, shell and nut can vary in 
almond hulls and the proportions of fruit variety, 
skin and flesh can vary in citrus pulp. It is plausible 
that the inconsistency between experiments is a 
result of inconsistency in the nutritive value of 
the by-products. This indicates that although by-
products can be used to replace more expensive 
feeds, differences in by-product nutritive value 
should be considered in any evaluation protocol.

Neither methane yield nor intensity were 
affected by the inclusion of almond hulls or citrus 
pulp in the diet. This is contrary to results reported 
from in vitro studies. When tested in vitro, ground 
almond hulls at 50% of substrate DM reduced total 
gas production by 13% and methane yield by 26% 
(Durmic et al. 2013). This suggests that almond 
hulls can reduce enteric methane emissions. 
However, a 50% inclusion rate for almond hulls is 
unlikely in commercial dairy cow rations. In our 
experiment, almond hulls constituted only 17% 
of DMI, much less than the 50% inclusion rate 
used in vitro. Citrus essential oil has been reported 
to reduce methane yield in vitro (Kamalak et al. 
2011, Sallam and Abdelgaleil 2010). However, no 
effects of citrus pulp were evident in the research 
presented here. The lack of effect in the reported 
experiment may be due to the use of whole citrus 
pulp and the resulting lower concentration of 
essential oil in the diet. As far as we can ascertain, 
this is the first in vivo experiment to explore 
the feeding almond hulls or citrus pulp to dairy 
cows and their effect on methane production and 
provides the first evidence that the feeding of 
almond hulls or citrus pulp will not reduce the 
methane emissions of dairy cows.

CONCLUSION

Both almond hulls and citrus pulp can be fed 
to dairy cows as a partial replacement for high-cost 
purchased forage, but inclusion of almond hulls is 
less desirable than citrus pulp due to reduced yields 
of milk and milk protein under the conditions of 
this experiment. Neither almond hulls nor citrus 
pulp exhibited any methane mitigation effect in 
dairy cows, but future efforts should consider 
by-product nutritional composition and dietary 
inclusion rates.
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ABSTRACT

White clover (Trifolium repens L.; WC) is beneficial in grass swards as it can fix atmospheric nitrogen (N) 
and make it available for grass growth. This experiment compared herbage and milk production from swards in 
their first full year of production: a perennial ryegrass (Lolium perenne L.; PRG) sward receiving 250 kg N/ha/yr 
(Gr250), a PRG/WC sward receiving 250 kg N/ha/yr (Cl250), and a PRG/WC sward receiving 150 kg N/ha/yr 
(Cl150) in an intensive grazing system. Sward WC content, stolon mass and tiller density were also measured. 
Fourteen cows grazed each treatment. Sward WC content (<4 cm) was similar on Cl150 (24.4%) and Cl250 
(21.2%).  Cows grazing Cl250 had higher (P<0.001) total milk yield than cows grazing Cl150 and Gr250 (6107, 
5908, 5757 kg/yr, respectively). Cows grazing Cl250 and Cl150 had higher (P<0.001) total milk solids yield 
compared to Gr250 (479, 476, 451 kg/yr, respectively); this occurred after June (summer – autumn). Treatment 
had no effect on pre-grazing herbage mass. Sward white clover content and stolon mass was similar for Cl150 
and Cl250. Tiller density of PRG was greater on GR250 compared to Cl150 and Cl250. It is concluded that 
including WC in grass swards can result in an increase in milk production. The high N fertiliser application in 
Cl250 did not reduce annual sward WC content compared to Cl150 in this first year.  

Keywords: Trifolium repens L., nitrogen, dairy cow and milk production.

INTRODUCTION

White clover (Trifolium repens L.; WC), a 
legume, is beneficial in grass swards as it can fix 
atmospheric N and make it available for grass 
growth. White clover and perennial ryegrass 
(Lolium perenne L.; PRG) have different responses 
to temperature and different seasonal growth 
patterns (Davies, 1992). As a consequence of low 
WC growth rates before June/July in temperate 
regions of the northern hemisphere, the strategic 
use of nitrogen (N) fertiliser on grass WC swards in 
spring is commonly practiced to increase herbage 
production relative to swards reliant solely on N 
fixation. Fertiliser N application can reduce sward 
WC content (Harris et al. 1996), due to increased 
competition from grasses. Sward WC content is 
inversely related to PRG tiller density so that WC 
content declines as tiller density increases (Brereton 
et al. 1985). Research has shown the benefit of WC 
over PRG for milk production, particularly in the 
second half of the year (Egan et al. 2013, Riberio 
Filho et al. 2003). The objective of the current study 
was to compare herbage production (>4 cm) of and 
milk production from a grass only sward receiving 
250 kg N/ha with grass WC swards receiving 
150 or 250 kg N/ha. Additionally the effect of N 
fertiliser application to PRG WC swards on sward 
WC content, stolon mass and tiller density was 
examined.

MATERIALS AND METHODS

A farm systems experiment was established in 
2013 at Teagasc, Animal and Grassland Research & 
Innovation Centre, Moorepark, Fermoy, Co. Cork, 
Ireland. Forty two spring calving Holstein Friesian 
dairy cows (33 multiparous and 9 premiparous) were 
blocked on calving date, pre-experimental milk yield 
and parity, and randomly allocated to one of the three 
treatments (n=14), a PRG only sward receiving 250 
kg N/ha/yr (Gr250), a PRG/WC sward receiving 250 
kg N/ha/yr (Cl250), and a PRG/WC sward receiving 
150 kg N/ha/yr (Cl150), from 17 February to 17 
November 2013.  All swards were conventionally 
sown in May 2012. Treatments were stocked at 
2.74 LU/ha. Fertiliser N was applied between 15th 
January 2013 and 15th September 2013. Fertiliser N 
application was the same across all treatments until 
May, after which N application to Cl150 was reduced 
for the remainder of the year. Herbage was allocated 
daily to achieve a target post-grazing sward height 
of 4 cm. Milk yield was recorded daily and milk 
composition (fat and protein contents) measured 
weekly. Milk solids (MS) yield was calculated as 
the sum of milk fat and protein yields. Pre-grazing 
herbage mass (PGHM) (>4 cm; HM) was determined 
twice weekly using an Etesia mower (Etesia UK 
Ltd., Warwick, UK). Total herbage production >4 
cm (kg DM/ha) for each paddock was calculated 
as the sum of the PGHM. Sward WC content >4 
cm for the clover treatments was quantified once in 
each paddock prior to each grazing as described by 
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(Egan et al. 2013). Thirty turves (10 cm × 10 cm) 
were removed at random from each treatment on 
four occasions (March, May, July and October). The 
tillers of PRG and other grass species in each turf 
were counted and WC stolon mass was determined 
by removing the stolon and drying it at 40°C for 48 
h and weighing. Data were analysed using mixed 
models in SAS with terms for treatment, time, week, 
rotation and month and the associated interaction. 
Fixed terms were treatment and week, rotation and 
month, and random terms were cow and paddock. 

RESULTS

There was a treatment × week interaction 
effect (P<0.001) on daily milk yield, MS yield 
(Figure 1) and milk fat content. Milk solids 
production was similar on all three experimental 
treatments from early spring (February) until 
Mid-summer (June) when the Cl150 and Cl250 
treatments had significantly higher milk production 
compared to the Gr250 treatment. Treatment had 
no effect on daily milk protein content. Treatment 
had an effect on cumulative milk yield (Table 1); 
Cl150 had lower (P<0.05) cumulative milk yield 
compared to Cl250 (5908 and 6107 kg milk/cow, 
respectively); there was no significant difference 
between Cl150 and Gr250 (5908 and 5757 kg 
milk/cow, respectively); and Cl250 had greater 
(P<0.001) cumulative milk yield than Gr250 
(6107 and 5757 kg milk/cow, respectively). There 
was no significant difference in cumulative MS 
yield between Cl150 and Cl250. Cl150 and Cl250 

had greater (P<0.001) cumulative MS yield than 
Gr250 (Table 1). Treatment had no significant 
effect on PGHM or total herbage production 
(Table 1). Sward WC content increased as the 
year progressed regardless of treatment (P<0.001), 
from a minimum WC content in February of 4.5% 
to a maximum of 43.5% and 31.6% for Cl150 and 
Cl250, respectively. There was a treatment × week 
interaction (P<0.01) on sward WC content.. Sward 
WC content was similar between treatments from 
February to July, after which Cl150 had higher WC 
content for the remainder of the year, coinciding 
with the reduction in N fertiliser application to 
Cl150. There was no significant difference in 
average annual sward WC content between Cl150 
and Cl250 (Table 1). Rotation had a significant 
effect on sward WC content (P<0.001) which 
increased from 0.05 g/kg in February to a peak 
of 0.43 and 0.33 g/kg on Cl150 and Cl250, 
respectively, in August. Time had a significant 
effect (P<0.001) on tiller density; it was greatest 
in spring, declined in mid-summer and increased 
again in autumn. Treatment had a significant 
(P<0.001) effect on tiller density; GR250 had 
more tillers/m2 compared to the clover treatments 
(5655 vs. 4646 tillers/m2, respectively). There was 
no difference between clover treatments. Time had 
no effect (P=0.44) on stolon mass. Stolon mass 
on Cl150 was significantly (P<0.001) greater than 
Cl250 (27.7 vs. 22.9 g/m2). 

Figure 1: Effect of sward type on daily milk solids production for cows grazing a Grass only sward receiving 
250 kg N/ha (Gr250) (Black dotted line) and Grass Clover swards receiving 150 kg N/ha (Black solid line) 
and 250 kg N/ha (Grey solid line) (Cl150 and Cl250, respectively) for each week of experiment (17 February 
to 17 November) and average sward WC content for both clover treatments Cl150 (Black dashed line) and 
Cl250 (Grey dashed line) for each rotation (Feb, Mar & April – Spring; May June & Jul – Summer; Aug, Sep 
& Oct – Autumn).
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Table 1: Daily and cumulative milk production, average pre grazing herbage mass >4 cm and tiller density on grass 
only swards receiving 250 kg N/ha (Gr250) and grass clover swards receiving 150 kg N/ha and 250 kg N/ha (Cl150 
and Cl250, respectively), and average sward clover content >4 cm, stolon mass and tiller density on Cl150 and Cl250.

Cl150 Cl250 Gr250 S.E.1 TRT TRT * Week

Milk yield (kg/cow/d) 21.10b 21.81a 20.56 b 0.28 <0.001 <0.001

Milk solids (kg/cow/d) 1.70 a 1.71 a 1.61b 0.021 <0.001 <0.001

Milk fat (%) 4.60 a 4.41b 4.39 b 0.029 <0.05 <0.001

Milk protein (%) 3.59 3.59 3.58 0.056 NS NS

Cumulative milk yield (kg/cow) 5908 b 6107a 5757b 78 <0.001 -

Cumulative milk solids (kg/cow) 476 a 479 a 451b 5.6 <0.001 -

Pre-grazing herbage mass <4 cm (kg DM/ha) 1400 1370 1575 100 NS 0.07

Total herbage production <4 cm (kg DM/ha) 12600 12330 14150 900 NS -

Clover content <4 cm (%) 24.4 21.2 - 1.95 NS <0.01

Tiller Density (tillers/m2) 4531b 4761b 5655a 204 <0.001 NS

Stolon mass (g/ m2) 27.6 22.9 - 3.31 <0.001 NS

1S.E. = Standard Error; 2TRT = Treatment; 3Week = Week of Experiment 

DISCUSSION AND CONCLUSION 

This study reiterates the potential increased milk 
production that can be achieved when WC is included 
in N fertilised PRG swards. Milk production benefits 
were greatest in the second half of lactation which 
can be seen in Figure 1. As WC content increased 
the natural reduction in milk solids was less apparent 
in both WC treatments which is in agreement with 
previous research by (Riberio Filho et al. 2003) and 
(Egan et al. 2013). (Ribeiro Filho et al. 2003) showed 
that this increase in milk production in mixed swards 
has been shown to be related to increased herbage 
intake. In the current experiment, however, there was 
no difference in PGHM or total herbage production >4 
cm. It has been reported that a sward WC content of 
30% is necessary to attain a balance between PRG and 
WC components and maximise the quantity of herbage 
produced (Harris and Thomas 1973). The relatively 
low WC content in this study (<25%) and the 250 kg 
N/ha of fertiliser N on the grass-only treatment could 
be likely reasons for the lack of difference in herbage 
mass, although (Egan et al. 2013) did find increased 
herbage production on PRG/WC swards receiving 250 
kg N/ha compared to grass only swards receiving the 
same N application. Reducing N fertiliser application 
in mid-summer resulted in increased sward WC content 
on Cl150 compared to Cl250, similar to Ledgard and 
Steele (1992); as N is reduced, PRG growth decreases 
and WC growth increases, resulting in increased sward 
WC content. The inclusion of WC in the PRG/WC 
swards reduced tiller density.  As stolon mass and sward 
WC content increased, PRG tiller density in Cl150 and 
Cl250 decreased compared to Gr250. The PRG tiller 
density was lower on the Cl150 and Cl250 swards at all 
measurement periods. 

To conclude, including WC in PRG swards 
can result in increased milk production. However, 
this experiment must be continued for a number 
of years to examine the long term consequences 
of the different N application strategies for WC in 
intensively grazed PRG WC swards. For example, 
the WC in the high N treatment could decrease at a 
more rapid rate compared to the low N treatment, and 
while there still is WC in the swards there could be a 
possible benefit in MS production.
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ABSTRACT

Dairy heifer growth and live weight at first calving are regarded as important management variables affecting 
profitability and animal welfare. However, the appropriateness of heifer growth rate targets for different farming 
systems is not clear. Retrospective assessments of the association between heifer live weight and subsequent 
productivity indicate significant benefits in milk production and, even, reproduction from increasing live weight 
at breeding and first calving. Prospective interventionist experiments do not concur, however, with very variable 
effects of live weight at breeding on milk production and only limited evidence of a positive effect of first 
calving live weight on first lactation milk yield. In addition, any benefit in the first lactation is not evident in 
subsequent lactations in the limited number of long-term studies reported. Pre-weaning nutrition and average 
daily weight gain are areas of increasing interest, with lifelong increases in milk production resulting from 
accelerated growth rates during the first eight weeks of life indicating possible significant return from a short-
term investment. This could be one reason for the inconsistent effects of heifer live weight at breeding and first 
lactation on milk production. Although the effect of pre-weaning average daily gain on heifer live weight is 
short-lived, a recent meta-analysis indicates that pre-weaning average daily gain explains 22% of the variation 
in first lactation milk production. The validity of these results in grazing systems requires investigation. Despite 
considerable extension efforts over successive decades, current evidence indicates that failure to provide the 
new-born calf with sufficient high quality colostrum is common. To understand the reasons for suboptimal 
colostrum feeding requires social research, with appropriate extension strategies developed to elicit practice 
change. Although there can be little doubt regarding the importance of heifer rearing to the profitability and 
sustainability of the farming business, the collective literature points to a failure of retrospective analyses in 
determining the cause of poor heifer performance. In reality, it is likely to be a combination of factors. The most 
likely nutritional factors are discussed in this review.

BACKGROUND

Dairy heifer growth rate and live weight (Lwt) at 
first calving are regarded as important benchmarks in 
farm management (Sejrsen and Purup, 1997) because 
lower Lwt heifers are at a greater risk of dystocia at 
first calving (Mee et al. 2008), produce less milk, 
and have a shorter lifespan in the herd (Archbold 
et al. 2012, McNaughton and Lopdell 2013). Also, 
greater heifer growth rates can theoretically lead to 
an earlier breeding event and reduce the time that 
the heifer spends in a non-productive state (Capuco 
et al. 1995, Sejrsen and Purup 1997). However, 
there is evidence that excessive growth rates at key 
periods of development are associated with impaired 
mammary development and reduced milk production 
(Harrison et al. 1983, Sejrsen et al. 1983, Sejrsen 
and Purup 1997). Therefore, the rate of growth must 
be planned to ensure that heifers become productive 
early, without undermining lifetime productivity.

To complicate matters, recommendations on 
optimum first-calving Lwt vary widely. In high 

concentrate intensive feeding systems, Holstein-
Friesian cows achieve 550 to 650 kg of Lwt before 
first calving (Keown and Everett, 1986; Heinrichs, 
1993; Hoffman, 1997), while a more modest first-
calving Lwt is accepted in pasture-based systems 
for the same breed (450 to 550 kg; McLean and 
Freeman 1996, Holmes et al. 2002). Troccon (1993) 
recommended that a heifer’s Lwt at first calving 
should be 90% of her mature Lwt. However, how 
should mature Lwt be determined? The average of 
the herd does not account for the heifer’s individual 
genetics and is heavily influenced by the environment 
in which the herd is managed. In addition, (Archbold 
et al. 2012) reported that low Lwt heifers at 15 
months remained low Lwt heifers at first calving and 
as cows up to at least their third lactation. In fact, in 
their dataset, all heifers were 85% of their five year 
old Lwt at first calving, irrespective of the quartile 
of 15 month Lwt they belonged to; herd mature Lwt 
could, therefore, be a function of historical heifer 
growth trajectory and projecting heifer growth on 
data from cows that were poorly grown as heifers 
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would only perpetuate the cycle of poor productivity. 
There is also debate about the trajectory of heifer 

Lwt gain. For example, Troccon (1993) recommended 
that heifers should be 30, 60, and 90% of mature Lwt 
at 6, 15, and 24 months of age, respectively. This 
is a linear trajectory of growth. However, both the 
availability of feed and the quality of available feed 
can decline periodically, particularly when heifers are 
reared in grazing systems, reducing potential heifer 
growth rate if she is not provided with supplementary 
feeds. An alternative strategy is a phased nutrition 
regime (Ford and Park, 2001), wherein heifers are 
subjected to periods of restriction and re-alimentation 
(i.e., compensatory growth), as would be the case in 
pastoral systems with limited use of supplementary 
feed. Production and feed efficiency advantages have 
been claimed through utilisation of compensatory 
growth following periods of under-nutrition (Choi et 
al. 1997, Park et al. 1998, Ford and Park 2001).

In this review, a basis for determining the 
mature Lwt of the herd is provided, discussing 
the appropriate trajectory of Lwt gain, paying 
particular attention to the different phases of heifer 
development, and providing recommendations on 
the long-term implications of heifer Lwt rearing 
strategies. 

MATURE LIVE WEIGHT

Before discussing the appropriate management 
strategy for heifer rearing, it is important to define 
the target. It is generally accepted that heifers 
should be 80-90% of their mature Lwt just before 
their first calving (Troccon, 1993; NRC, 2001); but, 
how should mature Lwt be defined? There is a wide 
range in mature Lwt reported. The mature Lwt of the 
French Friesian cows used by Troccon (1993) was 
620 to 625 kg, which is consistent with the reported 
Lwt for cows in housed systems (Otto et al. 1991, 
Yan et al. 1997, Charagu and Peterson 1998, Coffey 
et al. 2006). However, dairy cattle grown in pastoral 
systems are significantly smaller; New Zealand (NZ) 
Holstein-Friesian cattle have a mature Lwt of 500 to 
530 kg (Bryant et al. 2004, Macdonald et al. 2005, 
DairyNZ and LIC 2014).  This Lwt difference is 
predominantly caused by divergent genetics in cattle 
strains selected in pastoral and high concentrate 
systems. In high concentrate, housed systems, where 
a fixed number of animals can be stalled and feed 
inputs are a considerable proportion of total expenses, 
selection intensity for milk production/cow has been 
high. Larger cows produce larger amounts of milk, 
in general, and, therefore, intensive feeding systems 
have favoured a larger cow. Conversely, smaller cattle 
fare better than larger cattle in a pastoral system, 
where the ability to eat is more limited by the number 

of hours daylight than by cow Lwt, feed quality and 
quantity are sometimes limited, and good fertility is 
needed to maintain the 365-day inter-calving interval 
required to match pasture supply and cow demand 
(Laborde et al. 1998, Harris and Kolver 2001). 

There are also higher maintenance costs 
associated with feeding a larger cow. This has led to 
a negative economic weight for Lwt in the genetic 
selection indexes of some pastoral systems such as 
Ireland (-€1.49/kg Lwt), Australia (-AUD$0.85/
kg Lwt) and New Zealand (-NZD$1.66/kg Lwt). 
However, because larger cattle produce more milk 
and milk production has a high positive economic 
weighting (+€7.27/kg fat and protein, +AUD$7.48/
kg fat and protein, and +NZD$11.21/kg fat and 
protein, respectively), the economic weighting on 
Lwt serves to prevent cattle from becoming larger 
with increased production capacity, rather than to 
make cattle significantly smaller. 

In general, grazed cows are genotypically 
smaller than their high concentrate system 
counterparts and this should be reflected in their 
target mature Lwt. But, what if the limited food 
available in the pastoral system prevents cows from 
achieving their potential mature Lwt? If this is the 
case, setting heifer target Lwt based on the mature 
Lwt of their stunted peers may perpetuate poor heifer 
growth (Archbold et al. 2012). This situation has not 
been studied extensively, but there is some evidence 
that pastoral cows are heavier when placed in higher 
input systems. Strains of NZ Holstein-Friesian cows 
reared in Ireland (which is a pastoral system that 
includes winter housing and concentrate feeding) 
weighed 510 to 570 kg throughout lactation (mixed 
age) and were consistently 20 kg to 40 kg lighter than 
North American Holstein-Friesian strains under the 
same treatment (Berry et al. 2005, Coleman et al. 
2009, Horan et al. 2005, McCarthy et al. 2007). In 
comparison, similar strain comparisons undertaken 
in NZ under exclusively pastoral conditions reported 
that NZ strains weighed 470 kg to 500 kg throughout 
lactation (mixed age) and were 30 kg to 100 kg 
lighter than North American strains farmed under 
the same conditions (Kolver et al. 2002, 2005, 
Macdonald et al. 2008). Interestingly, in the above 
experiments, North American Holstein-Friesian 
cows were a similar Lwt, whether grown in Ireland 
(535 kg to 607 kg) or New Zealand (535 kg to 560 
kg), indicating that their growth may not have been 
compromised by the exclusively pastoral system. It 
is likely that the NZ strain is fatter when raised in 
a higher input system (rather than having a larger 
mature size). Consistent with this, NZ cows fed a 
total mixed ration system were 2.6 body condition 
score units (1 to 10 scale, Roche et al. 2004) higher 



Proceedings of the 5th Australasian Dairy Science Symposium 2014 283

at dry-off than their grazing contemporaries in a NZ 
experiment (Kolver et al. 2002). One body score unit 
is equivalent to around 33 kg Lwt (Berry et al. 2006) 
and so fatness can have a considerable effect on 
mature Lwt.  Furthermore, in comparing first cross 
heifers from NZ Holstein-Friesian and Canadian 
Holstein-Friesian matings raised in either New 
Zealand or Canada (the “CANZ trial”), Charagu and 
Peterson (1998) did not detect a significant genotype 
by environment effect on mature Lwt, although it is 
interesting to note that the heifers raised in NZ were 
nearly 200 kg lighter at maturity. 

On the basis of international evidence indicating 
that there is not a genotype x environment interaction 
for mature Lwt, it can be assumed, for now, that mature 
cows in a pastoral herd have not been irreparably 
undergrown and that it is appropriate to use their mature 
Lwt as a target for future generations. However, there 
are still further challenges. Dairy industry statistics 
indicate that the average mature Lwt of NZ Holstein-
Friesians is 507 kg, compared with 419 kg for Jersey 
and 484 kg for Holstein-Friesian x Jersey crossbreds 
(DairyNZ and LIC, 2014). However, the dataset for 
mature Lwt is small, because few farmers record 
the Lwt of mature cows. Additionally, many breed 
society records are estimated by eye rather than by 
directly weighing the animal. The most useful NZ Lwt 
records available come from two-year old cows that 
are collected as part of bull progeny tests. However, 
these animals have not reached maturity and are not 
generally measured again at mature size. In other 
countries such as Australia, cows are not weighed for 
progeny testing; instead Lwt is estimated from type 
traits, such as stature and body depth (Haile-Mariam 
et al. 2014). This may have further implications in 
terms of the accuracy of mature Lwt estimates in these 
datasets.

Standard breed averages (such as those reported 
earlier in the review) are a poor predictor of mature 
Lwt in an individual heifer for two reasons: Firstly, 
the accuracy of the data used in the breed average 
is questionable. Secondly, the use of crossbreeding 
and North American and European genetic strains in 
pasture-based systems has resulted in a wide variety 
of genetic backgrounds present in the average herd. 
Using a standard breed average does not account for 
this variation within a breed group. Another method, 
and one that has been recommended for some time 
to NZ farmers, is to weigh a subset of mature cows 
(i.e. 6 to 8 years old) from each breed class (ideally 
including different composites of crossbreds as 
separate breed classes) on-farm. Care must be taken 
to weigh cows at a time when they have an adequate 
level of body condition and when they are non-
pregnant or in the early stages of pregnancy. This 

method will provide a better estimate of mature Lwt 
than standard breed averages because it predicts 
mature Lwt for heifers from mature animals that are 
likely to have a more similar genetic background.

An alternative method for predicting a heifer’s 
mature Lwt is to use her Lwt breeding value (BV, 
Bryant et al. 2004). The Lwt BV is predicted from 
daughter Lwt records of the heifer’s sire and maternal 
grandsire collected during progeny testing (if they are 
progeny tested sires). The heifer’s Lwt BV is added 
to the genetic base Lwt (essentially the average Lwt 
of all mature cows) to predict her mature Lwt. This 
method avoids the need to weigh older animals in 
the herd and takes into account the pedigree of each 
animal, resulting in a unique target Lwt estimate for 
each heifer. This method can adequately assess if 
Lwt targets are being met, on average, by the herd. 
However, using Lwt BV to predict an individual 
heifer’s Lwt target may not be more reliable than 
using a target derived from the Lwt of mature cows in 
the herd. This is because of the effects of Mendelian 
sampling. That is, the Lwt BV assumes that the heifer 
has inherited genes that are an average of her two 
parents; but, in reality, a heifer can inherit a sample 
of ‘large’ or ‘small’ genes that make her mature Lwt 
larger or smaller than the Lwt BV prediction. This 
leads to individual heifers weighing more or less 
than their Lwt targets because of their natural growth 
potential. Natural and expected deviations between a 
heifer’s true mature Lwt potential and her Lwt BV can 
be misinterpreted as her being under- or overgrown.

Further research is needed to develop methods 
for improving the accuracy of Lwt BV predictions so 
that they can be used more appropriately to identify 
individual heifers that are under- or overgrown. 
Analysis is underway to determine if the heifers own 
measurements (for example, birth weight or height 
measurements) can be used to take into account 
Mendelian sampling and reduce the error of mature 
Lwt estimations.

EFFECT OF HEIFER SIZE AT FIRST 
CALVING

The effect of heifer Lwt on first lactation and 
lifetime milk production is inconsistent. It is almost 
always concluded from retrospective analyses of 
large population datasets that there is a large effect 
of heifer Lwt at first calving on milk production due 
to a positive association between these variables. 
For example, in both Ireland and New Zealand, 
respectively, (Archbold et al. 2012) and McNaughton 
and Lopdell (2013) reported a 300 kg increase 
in first lactation milk yield for a 50 kg increase in 
first calving Lwt. Furthermore, at least in the Irish 
analysis (Archbold et al. 2012), there was a similar 
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milk production effect of heifer Lwt in lactation 2 and 
3, such that yield of milk fat and protein combined 
increased 1.3 kg during the first three lactations 
per kg Lwt at first calving (Figure 1). On the basis 
of these association analyses and considering the 
consistency of the effect across lactations, it could 
be plausibly hypothesised that, at least in grazing 
systems, production of milk fat and protein would 
increase between 2.0 and 2.5 kg over a cow’s lifetime 
for every kg Lwt at first calving, for cows with an 
average longevity of five lactations. 

However, although these association analyses 
indicate a positive relationship between heifer Lwt 
and milk production, experimental evidence does 
not always concur. For example, in an experiment 
designed to separate the effect of pre-pubertal and 
post-pubertal gain, (Macdonald et al. 2005) reported 
no effect of a 68 kg difference in first calving 
Lwt in Holstein-Friesian heifers on first lactation 
milk production, when the difference in Lwt was 
established before puberty; in fact, cumulative 
milk yield for the first three lactations was 200 kg 
less in the larger heifers. They did, however, report 
a 5-7% increase in milk, milk fat, and milk protein 
production during the first lactation in heifers that 
were 68 kg heavier at first calving due to differences 
in post-pubertal growth rates. This effect is similar in 
size to the effect reported from the aforementioned 
association analyses. However, the effect of first 
calving Lwt was limited to the first lactation, with no 
effect on milk production in subsequent lactations. 
(Van Amburgh et al. 1998) also reported a positive 
relationship between post-pubertal average daily 
gain (ADG) and first lactation milk production, but 
the opposite effect of pre-pubertal ADG.

The reason for the inconsistency in the milk 
production responses to heifer Lwt is not known, but 
possibly reflects positive genetic effects of greater Lwt 
on milk production (i.e., pleiotropy) in the retrospective 
analyses, differences in the timing of Lwt gain (i.e. pre- 
or post-pubertal), non-nutritional factors that affect 
heifer productivity (e.g., colostrum management, 
parasite control strategy), underpowered experiments, 
where biologically relevant differences in milk 
production were, if real, not statistically significant, or 
post-treatment compensatory growth that reduced the 
effect of the nutritional insult (Valentine et al. 1987, 
Van Amburgh et al. 1998). 

A particular difference between reported results 
from prospective and retrospective studies worthy of 
note is the association between heifer Lwt and mature 
Lwt. (Archbold et al. 2012) reported a linear relationship 
among 15-month Lwt, first calving Lwt, and mature 
Lwt: for every 1 kg Lwt difference at 15 months, first 
calving heifers were 1 kg heavier and mature cows 

were 1.2 kg heavier (Figure 1a). Therefore, differences 
in pre-pubertal growth rates were maintained for the 
duration of the animal’s life. These results are not 
consistent with the results reported by (Carson et al. 
2000) or (Macdonald et al. 2005); in the latter study, the 
66 kg Lwt difference at 15 months was 29 kg after the 
first calving, and only 19 and 12 kg after the second and 
third calving, respectively. Furthermore, a 68 kg Lwt 
difference at first calving was only 8 and 4 kg after the 
second and third calving, respectively. 

It is not possible to determine the reason for 
the inconsistency between studies, but, collectively, 
they point to an exaggerated effect of pre-breeding 
and first calving heifer Lwt on mature Lwt and milk 
production in retrospective epidemiological studies 
when compared with intervention-type experiments 
designed to determine the effect of nutrition and 
associated growth rates. The purpose of this section 
is to look specifically at the role of nutrition-mediated 
differences in ADG during heifer development 
on milk production and survival. Non-nutritional 
factors contributing to heifer premature mortality 
and parasitology will not be discussed. The period 
of heifer development can be logically characterised 
into four stages of growth: 1) the new-born calf, 2) 
pre-weaning, 3) post-weaning to pre-pubertal, and 4) 
post-conception to the beginning of the first lactation. 
Although inherently integrated, each of these phases 
is distinct in the development of the growing heifer 
and can be regarded separately in reviewing the 
rearing of the replacement animal. 

Figure 1: Association between pre-breeding live 
weight (Lwt) and mature Lwt (a) and between 
first calving Lwt and total yield of fat and protein 
during the first three lactations (b). Adapted from 
(Archbold et al. 2012)
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Phase 1: New-born calf
One of the factors potentially contributing to 

the difference between retrospective analyses and 
intervention-type experiments, in which heifer 
Lwt gain has been manipulated through nutrition, 
and even between intervention-type experiments, 
is the management of the neonate pre-experiment. 
Retrospective association analyses examine the 
association between the ‘end-point’ (i.e. heifer Lwt) 
and milk production, but are unable to distinguish 
association from causality. However, until 
relatively recently, virtually all experiments that 
have considered the effect of Lwt gain or heifer size 
on milk production have focussed their research 
efforts in the post-weaning period; how the calf was 
managed perinatally may be one source of variation 
in published results.

Nutritional management of the neonate 
essentially involves the supply of quality 
colostrum to the newborn calf. Colostrum is the 
first mammary secretion produced after calving. 
Chemically, colostrum is a very complex fluid, 
rich in nutrients, antibodies, antimicrobial 
compounds and growth factors (Pakkanen and 
Aalto, 1997). The uptake of immunoglobulins 
(IgG) from the colostrum by the calf is referred 
to as passive transfer of maternal immunity. 
Domesticated ungulates, like the dairy cow, 
have an epitheliochorial placenta, where the 
trophoblastic epithelium comes into contact 
with the uterine epithelium (Gibson, 2013). This 
means that the young are born with no detectable 
immunoglobulins in circulation. Although their 
humoral immune system is functional (Mallard et 
al. 1998), it is not operating at optimum capacity. 
Therefore, the new-born calf is completely 
reliant on colostrum ingestion to supply the IgG 
required for primary disease prevention in the 
first weeks of life. Failure of passive transfer 
(FPT) is generally accepted as a calf serum IgG 
concentration <10 g/L when sampled 24-48 hours 
after calving (Godden, 2008). 

Failure of passive transfer is recognised as 
one of the leading causes of calf mortality and 
morbidity. In the United States, for example, 
31% of pre-weaning mortality occurring in the 
first three weeks of life was attributed to failure 
in the passive transfer of IgG (Wells et al. 1996). 
This statistic compared with only 12% and 3%  
of mortality being attributable to a dystocia 
and twin birth, respectively. In another study,  
improving colostrum management to ensure 

adequate passive transfer reduced pre-weaning 
mortality by 39% (Tyler et al. 1998). Godden 
(2008) summarised national health monitoring data 
for the United States and concluded that mortality 
to eight weeks of age was 4% in heifers with 
serum IgG concentrations >10 g/L, while 8 week  
mortality in heifers with serum IgG concentrations 
<10 g/L was 8%. In New Zealand, (Muir et al. 
2006) also reported higher morbidity and mortality 
rates in bull calves with low colostrum intakes. 
In Ireland, 70% of 1,896 post-mortem samples 
received into veterinary pathology laboratories 
had inadequate zinc sulphate turbidity (i.e., an 
indicator of FPT), emphasising the link between 
poor colostral immunity and calf mortality  
(Anon, 2012).

Although colostrum is most strongly 
recommended because of the need for the 
passive transfer of immunity between the cow 
and calf, colostrum is also a rich source of fat 
(2x milk), protein (4x milk), vitamins, minerals, 
and a host of bioactive compounds to stimulate 
growth and development of the gastrointestinal 
tract and to prevent attack from microbiological 
entities (Pakkanen and Aalto, 1997; Godden, 
2008). Therefore, inadequate colostrum intake 
may also lead to suboptimal development of the 
gastrointestinal tract and less than achievable 
animal performance. For example, (Jones et 
al. 2004) reported that feed efficiency (kg Lwt 
gain/kg DM intake) during the first month of 
life was more than 60% greater in calves that 
received maternal colostrum compared with a 
colostrum replacer, despite the fact that calf serum  
IgG concentrations were not different at  
24 hours of age (13.9 g/L). Similarly, Soberon 
(2012) reported that calves that received 2 L of 
pooled colostrum at birth had lower DM intakes 
(0.6 kg/day) post-weaning compared with calves 
that received 4 L. This effect was despite the fact 
that only 14% of calves of the 2 L group had FPT. 
Although there are very few studies to determine 
the long-term effect of adequacy of colostrum 
intake on subsequent productivity, the collective 
evidence indicates that in animals that survive, 
FPT results in lower DM intake (Muir et al. 2006), 
lower growth rates through the first 6 months  
of life in both heifers and bulls (Robison et al. 
1988, Muir et al. 2006), and lower milk and 
milk fat production (DeNise et al. 1989) as  
adult animals.
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Figure 2: Effect of time from calving to first 
milking on colostrum IgG concentration (a) and 
time from birth to first feed on the neonate intestinal 
absorption coefficient of IgG (b).

The proportion of calves reported to have 
inadequate blood IgG concentrations (i.e., FPT) is 
large. Godden (2008) reported that 41% of 2,177 
calves sampled between 24 and 48 hours of age in the 
United States had serum IgG concentrations <10 g/L. 
Consistent with those statistics, between 38% (Vogels 
et al. 2013) and 49% (Vermunt et al. 1995, Wesselink 
et al. 1999) of calves sampled in commercial herds 
in Australia and New Zealand, respectively, were 
classified as having insufficient transfer of passive 
immunity. It is important that the calf receives 
an adequate amount of high quality colostrum as 
quickly as possible post-calving. Although the 
volume of colostrum is very important (Godden, 
2008), the timing of colostrum consumption relative 
to birth is probably the critical factor. There are two 
reasons for this. Firstly, the concentration of IgG in 
colostrum declines with the interval between calving 
and first milking (Figure 2a). It is estimated that 
colostral IgG concentrations decrease by between 
1.5 and 3%/hour after calving (Morin et al. 2010, 
Conneely et al. 2013). Secondly, the calf’s ability to 
absorb IgG diminishes with time (Figure 2b). Kruse 
(1970) reported a linear decline in the IgG absorption 
coefficient of calves with time post-birth, such that 
serum IgG concentrations in calves fed at 20 hours 
post-birth were less than half that of calves fed at two 
hours of age. Consequently, if fed 1 L of colostrum, 

only calves that received their feed within six hours 
of birth would have serum IgG concentrations >10 
g/L (Godden, 2008). Even if fed the recommended 
4 L colostrum, calves needed to receive their feed 
within 12 hours of birth to have serum IgG >10 g/L. 

In summary, industry surveys indicate that a 
large proportion of calves fail to receive adequate 
levels of high-quality colostrum in the first 12 hours 
of life, with blood serum measurements reflecting 
that 40-50% of calves suffer from FPT. These calves 
would be expected to have lower Lwt gain and feed 
efficiency, as well as greater rates of mortality and 
morbidity. Moreover, FPT has been reported to 
reduce DM intake and milk production. Specific 
management protocols for the care of the new-born 
calf must insist on the calf receiving 8-10% of their 
birth weight in high quality colostrum, ideally within 
the first six hours of life, but no later than 12 hours 
post-birth.

Phase 2: Pre-weaning calf
Until recently, there was a relative paucity of 

information on the effect of nutrient intake and ADG 
in early life on lifetime productivity compared with 
the other phases of the heifer development cycle. Most 
research on this period has focussed on calf mortality, 
disease prevention, and starter intake (Soberon et 
al. 2012). However, it is known that energy and 
protein intake during early life affects lean tissue and 
mammary gland development and increases milk 
production; for example, calves offered whole milk 
had higher ADGs and first-lactation milk production 
compared with calves offered milk replacer (Bar-
Peled et al. 1997, Shamay et al. 2005). These effects 
led (Soberon et al. 2012) to postulate epigenetic 
programming of the mammary gland during the 
pre-weaning period. As it is now recognised that 
metabolism in mammals is influenced permanently 
by their perinatal environment (Jirtle and Skinner, 
2007), this area of the heifer development cycle has 
received an increased interest in recent decades.  

Several studies have now investigated the effect 
of protein and energy intake during the first 6-8 weeks 
of life on ADG, days to puberty and pregnancy, first 
calving Lwt, and milk production (Bar-Peled et al. 
1997, Drackley et al. 2007, Moallem et al. 2010, 
Davis Rincker et al. 2011, Soberon et al. 2012). 
In almost all circumstances, increased energy and 
protein intake pre-weaning resulted in greater ADG 
and heavier calves at weaning, an earlier onset of 
puberty, and greater milk production, at least during 
the first lactation; all of these benefits were despite 
the difference in calf size at weaning diminishing 
with time post-weaning. Soberon and Van Amburgh 
(2013) summarised the available literature in a 
meta-analysis. From an analysis of 12 studies, they 
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concluded that calves fed for greater pre-weaning 
ADG were two times more likely to have greater 
milk yield in their first lactation (odds ratio of 2.09); 
for every 100 g increase in ADG pre-weaning, 
first lactation milk yield increased by 155 kg. The 
data indicated a positive relationship between pre-
weaning intake of milk or milk replacer and the long 
term productivity of the calf.

The reason for the long term effect of pre-weaning 
nutrition is, at least in part, a result of the effects of 
nutrition on mammary gland development. Sinha 
and Tucker (1959) reported that the accumulation 
of DNA within the mammary gland increased 60% 
faster than Lwt gain, confirming that mammary 
development proceeds allometrically from birth 
until near puberty. In addition, (Brown et al. 2005) 
reported that mammary development was sensitive 
to nutrition during this phase of the allometric 
growth period, with mammary parenchyma yield 
three to four times greater in calves under an 
accelerated growth protocol pre-weaning. (Brown et 
al. 2005) also provided evidence that the effect of 
nutrition on mammary parenchymal development 
was limited to the first eight weeks of life, with 
parenchymal development insensitive to nutritional 
plane subsequently (Brown et al. 2005, Meyer et 
al. 2006a, b). This provided a finite but significant 
window to influence lifetime productivity. Soberon 
(2012) confirmed the earlier results of (Brown et 
al. 2005), reporting 5.9 times greater parenchymal 
mass in calves subjected to an accelerated growth 
protocol for the first eight weeks of life; the increase 
in mammary development was associated with only 
a 35% increase in ADG, confirming the sensitivity 
of the mammary gland to nutrition during this phase 
of allometric growth. In addition to an increase in 
parenchymal mass, (Piantoni et al. 2012) reported 
altered gene expression in parenchymal tissue from 
calves on an accelerated growth programme; the 
results indicate reduced energy metabolism and 
activity of oxidative pathways, thereby protecting 
cells against oxidative stress. Furthermore, their 
data indicate that the effect was primarily due to an 
increase in amino acid supply and was not affected 
by increased consumption of fat.

Although there can be little doubt that accelerated 
ADG during the first eight weeks of life is associated 
with enhanced mammary development and that this 
likely contributes to the reported increase in milk 
production, a positive effect of feeding for greater 
ADG on the development of the gastrointestinal tract 
and other tissues should also be considered. There has 
been very little research investigating the association 
between early ADG and gastrointestinal tract 
development. However, (Khan et al. 2007, 2011), 

investigating the effect of doubling the consumption 
of milk in the first 30 days of life, reported increased 
Lwt gain and feed efficiency before weaning, 
improved rumen function, and reduced occurrence 
of diarrhoea at 3-4 weeks of age. Further work is 
required to understand the relationship between early 
life ADG and gastrointestinal tract development, 
as well as the development of other tissues and 
metabolic parameters (e.g., sensitivity of tissues to 
hormones). 

To date, all of these studies have been 
undertaken in systems where lactating cows are fed 
a total mixed ration. In the majority, calves received 
milk vs milk replacer or conventional milk replacer 
vs. a fortified milk replacer, containing more protein 
and less fat per kg. First-lactation milk production 
was increased when the increase in ADG resulted 
from an increased consumption of the same product 
(i.e., proportionally more fat and protein intake) or 
the consumption of a protein-enhanced product (i.e., 
same fat intake, but increased protein intake). To test 
the hypothesis that accelerated pre-weaning growth 
resulted in greater milk production in moderate 
yielding pasture-based cows, (Margerison et al. 
2014) supplemented a whole milk diet with 200 
g of a low amylose to amylopectin carbohydrate 
source, with or without supplemental amino acids, 
from 18 days until weaning. Supplemented calves 
reached weaning Lwt earlier, and at 82 days were 
heavier and had greater heart and rib girths and hip 
widths, although height was not different. There 
was no difference in Lwt or stature at first calving, 
but supplemented heifers produced approximately 
10% more milk and milk fat. These data support 
the effect of pre-weaning ADG on first lactation 
milk production in moderate yielding pasture-based 
dairy cows, with the proportional increase similar to 
that reported by Soberon and van Amburgh (2013; 
~10%). Nonetheless, the most economical method 
to achieve greater pre-weaning ADG and subsequent 
increases in lifetime productivity remains to be 
determined under a pasture-based system.

In summary, there is compelling evidence that 
increasing ADG pre-weaning results in greater 
milk production, at least during the animal’s first 
lactation; this is despite some reports indicating an 
earlier onset of puberty and, by default, a shorter 
phase of pre-pubertal mammary development. 
This effect of pre-weaning ADG is due, at least in 
part, to greater mammary development under the 
accelerated pre-weaning growth regime, but does not 
result in a persistent difference in heifer stature or 
Lwt. (Soberon et al. 2012) reported that pre-weaning 
ADG explained 22% of the variation in first-lactation 
milk yield and heifers that gained more Lwt pre-
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weaning were twice as likely to have increased milk 
production during their first lactation (Soberon and 
Van Amburgh, 2013).

Phase 3: Pre-pubertal heifer
The effect of heifer ADG pre-puberty or heifer 

Lwt at breeding on milk production is inconsistent. 
From recent association analyses (Archbold et al. 
2012, McNaughton and Lopdell 2013), it can be 
concluded that there is a linear increase in milk 
production with increasing Lwt at breeding and, by 
association, presumably, with pre-pubertal ADG; 
heifers produced 0.47 kg of fat and protein more 
during their first lactation and 1.27 kg of fat and protein 
more over their first three lactations for every 1 kg 
Lwt at breeding (Archbold et al. 2012). These results 
are not consistent with prospective experiments (as 
opposed to retrospective or associative analyses), 
however, where animal intake or diet nutrient density 
was manipulated to change ADG in pre-pubertal 
heifers. A series of 10 studies are summarised in 
Figure 3. To account for differences in production 
system and associated differences in milk production 
per cow, the effect of Lwt at 15 months on milk yield 
is presented as % deviation from the study mean. The 
data indicate no consistent effect of pre-breeding Lwt 
on milk production. 

There are plausible physiological/morphological 
reasons for a negative effect of pre-pubertal Lwt 
gain on subsequent milk production. The mammary 
gland undergoes three distinct growth phases 
(allometric from birth to puberty, isometric during 
the peri-pubescent period, and allometric during 
pregnancy). The reduction in milk yield associated 
with accelerated pre-pubertal ADG was originally 
postulated to be a result of reduced mammary 
parenchymal development and increased mammary 
fat pad development (Harrison et al. 1983, Capuco 
et al. 1995), possibly mediated through effects of 
reduced growth hormone secretion (Sejrsen et al. 
1986). More recent research has only supported this 
hypothesis in part; (Meyer et al. 2006a, b) reported 
greater fat pad development with a higher plane 
of nutrition pre-puberty, but the level of nutrient 
intake did not affect mammary parenchyma DNA 
accretion, mammary epithelial cell proliferation, or 
total mammary parenchymal mass. They concluded 
that mammary parenchyma is refractory to the level 
of nutrient intake during this phase of development, 
whereas mammary fat pad development is not. 
This lack of effect of nutrition on parenchymal 
development was confirmed subsequently by (Daniels 
et al. 2009). The negative effect of faster pre-pubertal 
Lwt gains on the milk production capacity of the 
gland appears to be a result of an advancement of 
puberty in heifers experiencing accelerated growth; 

as a result, heifers have a shorter phase of allometric 
growth and less total parenchymal yield (Meyer et al. 
2006a,b, Daniels et al. 2009). 

Despite the reduced mammary parenchymal 
development with accelerated rates of gain pre-
puberty, there is little consistency in the effect of 
pre-pubertal ADG on milk production (Fig 3). This 
inconsistency may reflect insufficient statistical 
power in the design of some studies, a compensatory 
effect of heifer Lwt at calving on milk production, 
or interactions between pre-pubertal Lwt gain and 
other factors (e.g. pre-weaning ADG, post-pubertal 
ADG, age at calving). For example, the lower 
parenchymal development with greater pre-pubertal 
ADG reported by (Meyer et al. 2006) and (Daniels 
et al. 2009) is consistent with that from (Capuco et 
al. 1995). However, (Capuco et al. 1995) reported 
no significant effect of pre-pubertal nutrition on first-
lactation milk production. Nevertheless, the low rate 
of Lwt gain heifers produced 1.4 kg milk and 1.1 kg 
of 4% fat-corrected milk more per day than the high 
rate of Lwt gain cohort. The lack of significance of 
these differences in milk yield may be a result of 
insufficient statistical power. Alternatively, the lack of 
effect could be a result of post-pubertal compensatory 
development in low ADG heifers. (Valentine et al. 
1987) reported a reduction in mammary DNA yield 
at breeding Lwt with increasing pre-pubertal growth 
rate in heifers in Australia. However, there was no 
difference in mammary DNA yield after first calving, 
possibly reflecting compensatory development in 
those animals with less mammary parenchyma. (Van 
Amburgh et al. 1998) reported compensatory Lwt 
gain post-puberty in low ADG pre-pubertal heifers; 
although, the heifers subjected to low pre-pubertal 
ADG had greater milk production post-calving, (Van 
Amburgh et al. 1998) concluded that this was more to 
do with the compensatory post-pubertal growth and 
the eventual first calving Lwt than the pre-pubertal 
trajectory of growth. 

Figure 3: A graphical summary of the effect of pre-
breeding live weight (~15 months) on first lactation 
milk yield (as a % of the study mean). 
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A further reason for the inconsistency may 
be an effect of heifer size on potential intake 
capacity, the partitioning of nutrients to Lwt gain 
in the smaller heifers during their first lactation 
(i.e., compensatory growth), or both. In one of the 
more large-scale heifer rearing studies undertaken, 
(Macdonald et al. 2005) reported no effect of 
Lwt at breeding on milk production in any of the 
first three lactations; this was despite the 66 kg 
difference in Lwt between the highest and lowest 
Lwt gain treatments at 15 months remaining until 
first calving. In comparison, a similar difference in 
Lwt at first calving generated from differences in 
post-pubertal Lwt gain, resulted in an additional 
229 kg milk, 11 kg milk fat, and 7 kg milk protein 
in the larger heifers. Considering that lighter 
heifers partitioned consumed nutrients to Lwt gain 
in their first lactation, adjustment of first lactation 
milk production for first calving Lwt indicated a 
linear decline in milk production from rapid pre-
pubertal gain (Macdonald et al. 2005); Holstein-
Friesian heifers that gained 0.80 kg Lwt/day during 
the pre-pubertal period produced 290 kg milk, 12 
kg milk fat, and 8 kg milk protein less in their first 
lactation than heifers gaining 0.4 kg Lwt/day (i.e., 
-0.3 kg milk fat and protein/kg pre-pubertal gain). 
This Lwt-adjusted difference in milk production 
tended to continue in the second lactation but was 
not evident in subsequent lactations. Other authors 
have also reported lower milk production with 
accelerated pre-pubertal growth (Little and Kay 
1979, Gaynor et al. 1995, Lammers et al. 1999, 
Radcliff et al. 2000). Collectively, these results 
are consistent with a negative effect of elevated 
pre-pubertal gain on the milk production capacity 
of the mammary gland, although there is no 
consistency in the reported effect of pre-pubertal 
growth rate on subsequent milk production.

With regards the effect of Lwt at first 
breeding on reproduction and animal longevity, 
both (Archbold et al. 2012) and McNaughton and 
Lopdell (2013) reported an effect of heifer Lwt at 
15 months on time to pregnancy; however, at least 
in the case of (Archbold et al. 2012), this effect 
reflected the number of heifers that had not attained 
puberty at the onset of the seasonal breeding season 
and was not an effect of heifer Lwt, per se. Of 
course, as puberty is influenced by Lwt (Foldager 
et al. 1988, Peri et al. 1993, Niezen et al. 1996), 
it must be acknowledged that too low a Lwt gain 
pre-puberty, which results in heifers not having 
reached puberty by planned start of breeding, will 
delay breeding, delay first calving, and reduce the 
likelihood of pregnancy during the first lactation; 
this was reflected in a lower longevity in first and 

second lactation in the lowest heifer Lwt quartile 
(Archbold et al. 2012). Nonetheless, in their 
dataset, as long as the heifers were at a sufficient 
Lwt to attain puberty before breeding, time to a 
successful pregnancy and longevity of the animal 
did not vary. This is consistent with the results of 
(Macdonald et al. 2005). As a guide, (Macdonald 
et al. 2005, 2007) reported that puberty occurred at 
180, 220, and 280 kg Lwt for Jerseys and smaller 
and larger Holstein-Friesian strains, respectively.

In conclusion, there are plausible physiological 
and morphological reasons for a negative effect of 
pre-pubertal Lwt gain on heifer milk production 
potential. However, there is virtually no 
consistency in the reported effects of pre-pubertal 
ADG on milk production. The inconsistency may 
be a result of confounding effects of post-pubertal 
compensatory development of the mammary gland 
or Lwt gain (Valentine et al. 1987, Van Amburgh 
et al. 1998, Macdonald et al. 2005), age at first 
calving (Van Amburgh et al. 1998, Abeni et al. 
2000), feed type used to achieve the required 
accelerated growth (Gaynor et al. 1995, Silva et al. 
2002), the statistical power of the study (Capuco et 
al. 1995), a combination of these factors, or even 
the duration of the experiment. Nevertheless, heifer 
slaughter studies consistently indicate less time for 
mammary development (shorter first allometric 
growth phase) with increasing pre-pubertal ADG 
because of an earlier onset of puberty. The positive 
effect of pre-breeding Lwt on milk production 
in retrospective association analyses probably 
indicates reasons for the differences in Lwt at 
breeding that cannot be assigned solely to feed 
intake during the post-weaning to puberty period. 
Nevertheless, feeding strategies should ensure that 
heifers have achieved puberty at least two months 
before the desired timing of breeding to ensure a 
high likelihood of pregnancy. 

Phase 4: Post-pubertal heifer
The fourth phase of heifer development 

is usually considered as the gestation period 
between puberty and first calving. During this 
period, the mammary gland goes through a 
second phase of allometric growth (Swanson and 
Poffenberger, 1979), where its growth is two to 
four times the rate of the rest of the body. The 
onset of the second phase of allometric growth 
begins about three months into gestation and 
continues until calving; therefore, unlike the pre-
pubertal allometric growth phase, the duration 
of this developmental phase is not affected by 
management or nutrition. 
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Fig 4. A graphical summary of the effect of first 
calving live weight (24 months) on first lactation 
milk yield (as a % of the study mean). 

A graphical representation of the effect of first 
calving Lwt on milk production is presented in 
Figure 4. To account for differences in production 
system and associated differences in milk production/
cow, the effect of Lwt on milk yield is presented as 
% deviation from the study mean. Although there 
is a general trend for an increase in milk yield with 
increasing Lwt at first calving, the effect is not 
present in all studies. Nevertheless, the studies have 
been categorised approximately into four groups 
by slope: (1) less than 0.04% additional milk/kg 
Lwt; (2) 0.06 to 0.07 % additional milk/kg Lwt; 
(3) 0.16 to 0.17 % additional milk/kg Lwt; and (4) 
>0.2% additional milk/kg Lwt. Further studies are 
required to better understand the reason for these 
disparate responses before milk yield can be reliably 
predicted from differences in calving Lwt. (Valentine 
et al. 1987) reported no effect of accelerated growth 
rates for 15 weeks during pregnancy on mammary 
DNA yield or percentage and (Lacasse et al. 1993) 
reported no effect of nutrition during the second 
allometric phase of mammary development on 
milk yield or milk composition. It would, therefore, 
appear that, like the pre-pubertal allometric phase 
of mammary development, mammary parenchyma 
is refractory to the level of nutrient intake during 
this phase of development. (Lacasse et al. 1993) did 
report reduced ADG during lactation in heifers with 
accelerated post-pubertal ADG, which is consistent 
with the long-term study of (Macdonald et al. 2005). 
Unlike (Macdonald et al. 2005), however, who 
reported no effect of post-pubertal rearing regime 
on reproductive efficiency in heifers after calving, 
(Lacasse et al. 1993) reported increased days to first 
post-partum ovulation in animals on the accelerated 
plane of ADG during the second allometric phase of 
mammary development (i.e. during pregnancy). 

The lack of effect of ADG on mammary 
parenchyma DNA indicates that any positive effect 
of first calving Lwt from accelerated post-pubertal 

growth rate is not mammary gland derived. The 
effect could be a result of heifers being closer to 
mature Lwt at first calving, ensuring more consumed 
nutrients are partitioned to milk production rather 
than ADG (Macdonald et al. 2005). An additional 
contributing factor could be an increased feed intake 
capacity in larger heifers during the first lactation. 
Whatever the reason, although it would appear 
that an increase in first calving Lwt resulting from 
accelerated post-pubertal growth rate is associated 
with increased first lactation milk production, the 
effect is inconsistent, hard to predict, and transitory 
in nature, such that the animal is not provided with 
long term production advantages (Carson et al. 2000, 
Macdonald et al. 2005).

GROWTH PROFILE

Having decided on the mature Lwt of the herd, 
this can be used to map the targeted growth trajectory 
of the heifer. The NRC (2001) estimated that heifers 
should be 82% of their mature shrunk (unfed) Lwt or 
78% of their mature fed Lwt at first calving, whereas 
Troccon (1993) reported that 90% of expected 
mature Lwt at first calving is an achievable target if 
heifers are managed well nutritionally. Consistent 
with this range, (Macdonald et al. 2005) reported 
that well-grown heifers in grazing systems were 85-
90% of their mature Lwt. However, (Archbold et 
al. 2012) reported that all heifer Lwt categories in 
their dataset were 85% of final mature Lwt, because 
smaller heifers at 15 months were smaller at first 
calving, and remained smaller throughout adult life. 
In fact, there was a strong linear relationship between 
15-month Lwt and first calving and mature Lwt that 
approximated unity (Figure 1a). This relationship is 
not consistent with prospective experiments in which 
heifer Lwt at 15 months was manipulated through 
feed allocation. This inconsistency probably means 
that either smaller heifers in the retrospective analysis 
were genotypically smaller and were, therefore, at an 
appropriate Lwt relative to mature Lwt, which may 
explain the persistent relationship between heifer 
Lwt and milk production, or that factors other than 
immediate feed allocation contributed to the lower 
heifer Lwt and the associated lower mature Lwt (for 
example, colostrum management and provision, 
failure to adequately control parasite burden). 
Nonetheless, if a mature Lwt target can be identified 
for the herd, it is generally accepted that 80-90% of 
this Lwt is an appropriate target for the pre-term, 
first-calving heifer. 

To achieve this end goal, Troccon (1993) 
recommended heifer Lwt targets of 30 and 60% 
of mature Lwt at 6 and 15 months, respectively. 
These targets ensured the animals were growing at a 
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consistent rate and achieved puberty (~50% mature 
Lwt) in advance of a 15-month breeding. The Lwt 
targets and associated growth rates during these 
growth phases are presented in Table 1. Attaining 
the targets outlined by Troccon (1993) are relatively 
easy in systems in which the heifer is provided 
with a consistent balanced ration. However, many 
heifers are reared under grazing systems. This can 
result in inconsistency in the supply and quality of 
feed offered, potentially affecting growth rate. For 
example, in summer, the concentration of neutral 
detergent fibre and the digestibility of the neutral 
detergent fibre decline in temperate grasses (Roche 
et al. 2009) and, with these, the metabolisable 
energy intake of the heifer declines. Furthermore, 
although winter pasture quality is reasonably high, 
pasture growth rates are low and heifers are often 
supplemented with lower quality forages. To attain 
the recommended trajectory of growth outlined in 
Table 1, more expensive concentrate feeds or crops 
would have to be provided to heifers, creating 
logistical difficulties around feeding and heifer 
management. 

Table 1: Live weight (Lwt) targets for growing 
heifers to attain optimum first calving Lwt. Adapted 
from Troccon (1993), with heifer Lwt targets equal 
to 30, 60, and 90% of mature Lwt at 6, 15, and 24 
months of age. Average required growth rates (kg/
day) for each period are presented in parentheses.

Mature Lwt (kg)

Age, d 450 500 550 600 650

Weaning 80 90 100 110 120

6 months 135 150 165 180 195

(0.57) (0.63) (0.68) (0.73) (0.78)

15 months 270 300 330 360 390

(0.50) (0.56) (0.61) (0.67) (0.72)

First 
calving  
(24 months)

405

(0.50)

450

(0.56)

495

(0.61)

540

(0.67)

585

(0.72)

An alternative to the linear growth trajectory 
recommended by Troccon (1993) is a ‘Phased 
Nutrition Regime’, wherein periods of restriction are 
followed by periods of re-alimentation (Choi et al. 
1997, Kim et al. 1998, Park et al. 1998).  Although 
compensatory growth in tissue growth and body 
composition had been reported in beef cattle in the 
1940s (Sheehy and Senior, 1942), its role in dairy 
heifer development had not been investigated until the 
mid-1980s (Park et al. 1987). Compensatory growth 
is the phenomenon wherein the re-alimentation of 
previously underfed animals results in a greater than 
predicted rate of gain in ‘stunted’ tissues (i.e. greater 
feed conversion efficiency, Sheehy and Senior 1942, 

Ledin 1984, Park et al. 1987, Barash et al. 1994). 
In a series of experiments to determine the effect 
of the “stair-step programme” of heifer nutrition, 
heifers were alternated between consuming 15-30% 
less than predicted requirements of a balanced ration 
for periods of three to four months and 20-30% more 
than requirement for periods of two to three months 
(Park et al. 1987, 1988, 1989, Choi et al. 1988, 
1997, Ford and Park 2001). In general, the regime 
resulted in greater feed conversion efficiency, greater 
mammary secretory development, and generally 
resulted in greater milk production (~10%). Others 
have confirmed the presence of compensatory 
growth in stature in dairy heifers, when two months 
of ad libitum feeding followed four months of a 
restricted allowance (Peri et al. 1993, Barash et al. 
1994). However, the effect on milk production was 
not consistent; (Barash et al. 1994) reported no effect 
of rearing method on milk production, while (Peri 
et al. 1993) identified a 16% increase in milk yield 
and a 9% and 2% increase in milk fat and protein 
yields, respectively. Similarly, Ford and Park (2001) 
reported 1.5 fold increase in growth efficiency (Lwt 
gain/DM intake) and a 21% and 15% increase in first 
and second lactation yield, respectively, in animals 
subjected to repeating periods of restriction and re-
alimentation. The lack of effect of rearing method on 
milk production in the study by (Barash et al. 1994) 
may be due to the composition of the compensatory 
growth in the experimental animals; they reported 
that the stair-step method of gain resulted in 
poorer utilisation of energy for Lwt gain during re-
alimentation, reducing feed conversion efficiency, 
and concluded that this was due to the heifers using 
energy for fattening rather than lean tissue gain. 

Considerable effort has been invested in 
understanding the mechanisms behind the increase in 
feed efficiency and milk production associated with 
the ‘stair-step’ method of heifer rearing. (Kim et al. 
1998) and Moon and Park (1999) reported increased 
mammary cell proliferation, reduced cell death via 
apoptosis, and greater cell activity in rats subjected 
to a compensatory growth regime. The greater 
proliferation was subsequently confirmed in late 
gestation and early lactation in rats that underwent 
periods of feed restriction followed by re-alimentation 
and compensatory growth (Kim and Park, 2003), 
as was the reduction in caspase-3 enzyme activity 
(indicating less apoptosis) during lactation 1 and 2. 
Consistent with these effects in rats, the restriction 
followed by re-alimentation regime increased both 
the yield of DNA and the ratio of RNA and protein 
to DNA in first-lactation dairy cows, indicating 
greater secretory tissue development and greater 
enzyme activity within secretory cells (Choi et al. 
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1997). (Choi et al. 1998) reported greater retained 
protein and secreted protein in an in vitro mammary 
cell culture and greater expression of casein genes 
in mammary tissue. Park (2005) hypothesised that 
the nutritionally-directed compensatory mammary 
hyperplasia and the permanent enhancement of 
lactation potential is the result of stable epigenetic 
changes in relevant genes, although further research 
to understand the metabolic imprinting process has 
not been undertaken.

In summary, mammary cell proliferation and 
activity appears to benefit from periods of restriction 
and re-alimentation (compensatory growth) that 
exceeds that of the body. This is in contrast to 
other reports that the post-pubertal allometric 
phase of mammary development is insensitive to 
nutrition (Lacasse et al. 1993), but is consistent with 
compensatory mammary development associated 
with increased ADG in heifers as reported by 
(Valentine et al. 1987). At least in rodents, the effect 
appears particularly potent during late gestation. 
Considering the seasonal and climatic difficulties 
associated with rearing heifers in grazing systems, 
further work is required in these farm systems to 
determine the effectiveness and practicality of the 
‘stair-step regime’ in increasing milk production 
and, more importantly, whether the nutritional 
requirements of the heifer during re-alimentation can 
be fulfilled in grazing systems.  

CONCLUSIONS AND FURTHER 
RESEARCH

Mature Lwt is hard to define, as it is dependent on 
both the genotype of the heifer and the environment 
in which she is managed. Furthermore, there does 
not appear to be a significant advantage to defining a 
mature Lwt for individual heifers compared with an 
average mature Lwt for the herd. Although accepted 
as dogma that heifers should calve between 80 and 
90% of mature Lwt, the advantage of achieving this 
target is not clear. The effects of pre-pubertal and post-
pubertal ADG on milk production and reproduction 
are inconsistent, as long as the heifer has had 
sufficient ADG to reach puberty before the desired 
breeding date. That said, there is morphological and 
physiological evidence that accelerated pre-pubertal 
ADG reduces mammary parenchymal development; 
what is not clear, however, is whether, or not, there 
is compensatory development of the mammary 
gland during the gestational allometric development 
phase. Further research is required in this area. 
Consideration should also be given to the trajectory 
of gain, if periods of restriction and re-alimentation 
increase the amount and activity of mammary 
secretory tissue and if the advantage can be exploited 

in pasture-based systems.
Further work is required to understand why 

such a high proportion of calves fail to receive 
sufficient high-quality colostrum to ensure adequacy 
of immunoglobulin transfer. The importance 
of colostrum in the lifetime productivity of the 
replacement animal has been known for decades. 
Therefore, the failure of this vital practice on farm 
is worthy of social study and increased extension 
effort. A growing area of interest is the pre-weaning 
nutrition of the calf and, in particular, the first eight 
weeks of life. Research to date indicates a significant 
return on limited additional investment during 
this time. However, the majority of that work has 
been undertaken in high-production, housed dairy 
systems. Further research is required in grazing 
systems and, in particular, research efforts should 
focus on determining if the window of opportunity is 
even shorter than work to-date has indicated.
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INTRODUCTION

Gastrointestinal nematode (GIN) parasitism is one of the most production limiting diseases of pasture-
based dairy cattle worldwide.  Pathology and reduced dry matter intake results in impaired live weight gain 
of young stock as well as reduced milk production and reproductive performance in lactating cattle (Shaw et 
al. 1998, Sanchez et al. 2004). In severely parasitized animals, profuse diarrhoea, loss of body condition and 

death if left untreated also poses a significant threat 
to animal welfare (Parkinson et al. 2010).

OVERVIEW OF GIN PARASITES IN 
AUSTRALASIA 

Gastrointestinal parasitism typically occurs in 
mixed infections whereby a large number of species 
may be present at any one time.  In New Zealand 
there have been over twenty-three different species 
of GIN recorded (Pomroy, 1997). Of these, five 
have their preferred site in the abomasum, thirteen 
in the small intestine and five in the large intestine. 
The most economically important species affecting 
dairy cattle in New Zealand and temperate Australia 
include Ostertagia, Trichostrongylus and Cooperia 
spp. (Charleston and McKenna, 2002, Taylor and 
Hodge, 2014). In the summer-rainfall and northern 
regions of Australia, and also in some areas of Western 
Australia ,  Haemonchus placei  and Cooperia spp. 
play a more significant role in GIN parasitism of 
dairy cattle (Taylor and Hodge, 2014).

The presence of numerous species of GIN at any 
one time poses a challenge for both developing and 
implementing parasite control programmes as well as 
for predicting the impact of  mixed parasite burdens 
on animal productivity.  For example, measuring the 
number of eggs in faeces (faecal egg count; FEC) 
provides an indication of the level of parasitism 
but may fail to provide an accurate picture of the 
productivity effects when used alone. This occurs as 
a result of marked variation in the pathogenicity and 
fecundity of various parasite species. For example, 
Ostertagia and Haemonchus spp., both abomasal 
parasites, are not particularly fecund yet pose the 
greatest concern as they are highly pathogenic and 
can lead to severe clinical disease and deaths in dairy 
cattle of all ages.  In contrast, Cooperia spp. is the 
most prevalent parasite in young stock and is highly 
fecund but is relatively non-pathogenic compared 
to Ostertagia, Trichostrongylus and Haemonchus 
spp. (Stromberg et al. 2012). The relatively benign 

effect of low to moderate levels of Cooperia spp. on 
live weight gain was demonstrated in field trials in 
eastern Victoria in early 2014 (S. Swaney personal 
communication) but heavy burdens were associated 
with pronounced production effects in both New 
Zealand studies and in northern Australia  (Lyndal-
Murphy et al. 2010, Sutherland and Leathwick 2011).  
This may be attributed to some extent to variable 
pathogenicity between species, with subtropical 
Cooperia pectinata and punctata more commonly 
associated with production loss and clinical disease 
in Australia when compared with C. oncophora 
(Keith, 1967, Coop et al. 1979, Lyndal-Murphy 
et al. 2010). Nonetheless, it is prudent to include 
larval culture and morphological speciation when 
submitting samples for parasitological examination. 

Interestingly, there appears to be some potential 
for sharing of GIN between livestock species.  
Trichostrongylus axei readily infects both small 
ruminants and cattle; whist typical small ruminant 
parasites such as Haemonchus contortus have 
been recorded in cattle(Pomroy, 1997). Therefore, 
co-grazing and grazing of dairy cattle on pasture 
previously grazed by small ruminants should be 
considered as a risk factor for transmission of GIN 
parasites.

CONTROL OF GIN PARASITES

There are a variety of worm control strategies 
available to farmers such as grazing management 
and nutritional supplementation but by far the most 
common is the regular application of anthelmintic 
drenches. Anthelmintics are drugs which are 
effective in either removing existing burdens 
and/or preventing the establishment of ingested 
infective-stage larvae.  Peer-reviewed reports on 
the productivity benefits of drenching young dairy 
cattle are limited but early work suggested that the 
regular use of anthelmintics could provide between 
20 and 65% improvement in live-weight gain 
(Entrocasso et al. 1986, Somers et al. 1987). More 
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recently, (Forbes et al. 2000) found that Holstein 
heifers naturally infected with gastrointestinal 
nematode parasitism spent significantly less time 
grazing and had lower dry matter intakes and 
mean live weight gain than uninfected controls 
, and (Larsson et al. 2011) showed that weight 
gain penalties incurred as a result of parasitism 
in the first grazing season persisted in subsequent 
seasons (Larsson et al. 2011). Therefore, the 
quality of parasite control practices implemented 
in the first  year or two of a heifer’s life may have 
lasting impacts on future productivity in the herd 
(Charlier et al. 2009). Despite this, there have been 
surprisingly few anthelmintics commercialized for 
use in livestock. 

Thiabendazole was the first commercially-
viable broad-spectrum anthelmintic and the 
new found ability for farmers to control GIN 
parasites was an instrumental means by which 
livestock production could be intensified (Brown, 
1969).  Thiabendazole was the first member of 
the benzimidazole family (BZ; ‘white drenches’) 
and its development was quickly followed by 
a number of related products which are still 
commercially available today (e.g. albendazole, 
oxfendazole, fenbendazole). The imidazothiazoles/
tetrahydropyrimidines (LEV; ‘clear drenches’) were 
introduced a few years later and include levamisole 
and morantel tartrate (Turton, 1969).  As with the 
benzimidazoles, products containing levamisole 
are still commercially available but are not widely 
used due to their lower efficacy against Ostertagia 
spp. and narrower safety margin. Ivermectin, the 
first of the macrocyclic lactones (MLs), further 
revolutionised worm control (Chabala et al. 1980). 
The MLs  (including doromectin, moxidectin, 
eprinomectin and avermectin) are highly effective 
at low dosages against not only GIN but also a range 
of ectoparasites and are available in convenient 
injectable and pour-on formulations which have 
since come to dominate the cattle anthelmintic 
market (Sutherland and Leathwick, 2011).

Recently, a further two anthelmintic families 
have been commercialised for use in sheep in New 
Zealand (derquantal; Startect,  Zoetis Ltd.) and 
Australia (monepantel;  Zolvix, Novartis Animal 
Health Ltd.) (Kaminsky et al. 2008, Little et al. 2010) 
but are not currently available for use in cattle. As a 
consequence worm control in cattle in Australasia 
has relied heavily upon the BZ, LEV and ML 
classes so it is not surprising that GIN populations 
have developed resistance to one or more classes. 
In hindsight, it is quite surprising that the efficacy 
of these classes of drenches has persisted as long as 
they have. 

ANTHELMINTIC RESISTANCE IN 
CATTLE GIN 

Anthelmintic resistance in GIN of cattle is now 
widespread in New Zealand, particularly to the market 
leading macrocyclic-lactones (ML).  A national 
survey of anthelmintic resistance found that over 90% 
of farms raising young beef animals had resistance 
to MLs (Waghorn et al. 2006). These findings were 
published at a time when anthelmintic resistance in 
cattle GINs were limited to isolated reports and so 
revolutionised our thinking about drench resistance 
as a threat to cattle production across Australasia. The 
majority of the cases of ML resistance involved the 
relatively non-pathogenic Cooperia spp., although 
there were reports of resistance in other species to 
the other drench families (Waghorn et al. 2006).  

There has been less emphasis on anthelmintic 
resistance on dairy farms but McAnulty and Gibbs 
(2010) identified anthelmintic resistance in at 
least one class of anthelmintic and involving all 
three economically important species (Ostertagia 
spp., Trichostrongylus spp. and Cooperia spp.) on 
four large-scale dairy farms on the South Island. 
Macrocyclic lactone-resistant Ostertagia spp. 
was present on three of four properties. Given the 
pathogenicity of this species, and the limited range of 
alternative treatment options available, this is a very 
alarming development. On two farms, a combination 
of albendazole and levamisole failed to reduce faecal 
egg count by greater than 95% for Ostertagia spp. 
and Trichostrongylus spp. indicating the presence 
of multiple-anthelmintic resistance (McAnulty and 
Gibbs, 2010). Interestingly, none of these farms 
had previously tested their current anthelmintics for 
efficacy and drenching decisions were made by the 
calendar and labour availability, usually monthly, 
rather than using any parasitological monitoring or 
epidemiological evidence. Australian farms appear 
to present a similar picture with often haphazard 
drenching practices and high-levels of BZ resistant 
Ostertagia spp. and ML-resistant Cooperia spp. 
detected on south-east Victorian dairy farms (S.L. 
Bullen, personal communication). Alarmingly 
ML-resistant Ostertagia spp. also appears to be 
commonplace although not to the same extent as 
resistant Cooperia spp.

The overwhelming majority of reports of 
resistance in GIN infecting cattle have been 
reported since 2000 (Sutherland and Leathwick, 
2011). However, diagnosis remains difficult by 
the limitations of diagnostic tests for anthelmintic 
resistance in cattle.

The ability to accurately assess the economic 
impact of drench resistance on dairy farms is difficult. 
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Depending on the severity of the resistance it is 
intuitive that any productivity gains made through the 
use of drenches will be progressively lost.  One study 
which did quantify productivity impacts of resistance 
in New Zealand measured a 17kg reduction in live-
weight of beef cattle by 12 months of age due to the 
presence of ML-resistant Cooperia spp. (Leathwick, 
personal observation) and it is likely the impact of 
resistance will become more pronounced as more 
pathogenic parasite species become involved.

DEVELOPMENT OF RESISTANCE

Typically when resistance emerges it only 
involves a single parasite and a single class of 
anthelmintic (Hall et al. 1979, Vlassoff and 
Brunsdon, 1981). However, as anthelmintic use 
has continued and resistant worms become more 
prevalent cases have emerged in which multiple 
species of GIN are found to be resistant to more than 
one anthelmintic family (Le Jambre, 1976, Wrigley 
et al. 2006, Gasbarre et al. 2009).  An alarming 
difference between small ruminants and cattle is 
that the appearance of multiple-active resistance 
seems to have occurred at an earlier stage in cattle.  
Although the exact reason for this phenomenon is 
unclear, it is reasonable to hypothesise that selection 
for resistance in GIN of each host may be occurring 
in a different manner and may be a reflection of 
the manner in which anthelmintics are used in the 
respective species (see below).

THE DETECTION OF RESISTANCE IN 
GIN INFECTING CATTLE

The gold standard method for determining 
anthelmintic efficacy/resistance status is controlled 
efficacy or slaughter trials. However, this is costly 
both in terms of animal usage and in diagnostic 
testing. Therefore, the Faecal Egg Count Reduction 
Test (FECRT), in which FECs of treated animals are 
compared with pre-treatment samples or an untreated 
control group is the most commonly employed 
technique for diagnosis of anthelmintic resistance. 
Resistance is defined as less than 95% reduction in 
FEC and a lower 95% confidence interval of less than 
90% provided a minimum parasitic burden is present 
in the first place. However, even with a reduction of 
<95% not all species present are necessarily resistant. 
Therefore, in order to determine the resistant species 
larval culture and morphological speciation must be 
performed.

A major limitation of FECRT of cattle is that it 
was validated for use in sheep which excrete higher 
numbers of eggs in faeces than cattle and eggs tend 
to be less aggregated between hosts (Taylor et al. 

2002, Demeler et al. 2010).  Egg counts are also 
less reflective of worm burdens in cattle particularly 
as age-related host immunity develops and the egg 
laying capacity of GIN of cattle is highly influenced 
by parasite density inside the host – that is, the more 
adult worms present the lower number of eggs each 
female produces (Smith et al. 1987).  Despite this, 
there are currently no other validated means by which 
to detect anthhelmintic resistance in cattle. 

HOW CAN WE MINIMISE SELECTION 
FOR RESISTANCE?

There is little empirical data for minimising 
the selection pressure for anthelmintic resistance 
in cattle. However, there has been extensive 
research conducted in sheep which has led to three 
main principles for both avoiding resistance and 
maintaining acceptable levels of productivity. These 
include:
1. Identification and mitigation of risk factors

2. Use of effective anthelmintics

3. Maintaining an adequate ‘refugia’ of unselected 
parasites

Many of the principles and recommendations 
from small ruminant research may be applied to the 
situation in young dairy cattle but it is important to be 
aware of some caveats. 

Identification and mitigation of risk factors
Anthelmintics are often used in young cattle  

regardless of infection status (McAnulty and Gibbs, 
2010).  While the correlation between number 
of treatments and selection for resistance is not 
straightforward it is intuitive that regular exposure 
greatly increases the likelihood of anthelmintic 
resistance.  In addition, frequent short-interval 
drenching or the use of long acting products typical 
of the pour-on and injectable MLs prevents the 
re-establishment of susceptible worms further 
exacerbating selection pressure (Sutherland 
and Leathwick, 2011).  The period of extended 
activity also invariably ends with a ‘tail’, whereby 
anthelmintic levels become sub-therapeutic, and 
allows the survival and re-establishment of resistant 
but not susceptible parasites.  In sheep, a reduction in 
the duration of efficacy of the ‘tail’ became evident 
as resistance began to build up. 

Use of effective anthelmintics
An area of increasing interest, particularly in 

terms of anthelmintic resistance, is the inconsistent 
and variable efficacy of topical (pour-on) 
anthelmintics. Convenience, ease of application and 
the widespread availability of low-cost ivermectin 
drenches has seen the parenterally administered 
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products come to dominate the cattle anthelmintic 
market. Initial studies showed topical Ivermectin 
demonstrating high efficacy against a wide 
range of nematode species (Shoop et al. 1996).  
However, further studies created questions about 
the unexplained variability in efficacy of topically 
applied products (Bisset et al. 1990).  What was not 
clear at the time was whether this phenomenon was 
due to resistance or some other factor such as innate 
tolerance to treatment. However, it is now known 
that licking can play a significant part in the intake 
of pour-on products both in intentionally treated 
animals and untreated herd-mates.  (Laffont et al. 
2001) demonstrated that the majority of ivermectin 
circulating in the bloodstream of animals was in fact 
ingested via the oral route with only around 10% 
taken up across the skin as intended (Laffont et al. 
2001).  Other studies in which self and allo-grooming 
were restricted have also demonstrated the inability 
of pour-on products to cross the skin and therefore 
to reach the intended site of action (Sallovitz et al. 
2005).  Therefore, major questions have arisen as to 
the variability of exposure of GIN and potential for 
exposure to sub-therapeutic doses in a proportion of 
the worms which is known to be highly selective for 
resistance (Van Zeveren et al. 2007).

Administration of MLs via injection has 
been shown to result in higher and less-variable 
circulating concentrations of drug in the blood and 
injectable drugs are thought to be superior in efficacy 
to the equivalent  pour-on (Eagleson and Allerton, 
1992). However, this was challenged by a recent 
study in New Zealand. Moxidectin administered 
either as a pour-on, injectable or oral formulation 
was assessed on fourteen commercial farms 
(Leathwick and Miller, 2013).  Oral moxidectin was 
found to be the most effective (91.1% reduction in 
egg count) and unsurprisingly the pour-on was the 
least effective (51.3%).  Interestingly, the efficacy 
for the moxidectin injection (55.5%) was similar to 
that of the pour-on and there was significantly less 
variability in the oral moxidectin group.  Cooperia 
spp. were the predominant surviving species in each 
of the three treatment groups which may reflect 
the location of this species within the gut lumen as 
opposed to attached to the abomasal wall. Therefore, 
particularly where Cooperia spp. is present at high 
numbers, it is preferable to administer drenches 
via the oral route where possible resulting in more 
effective drenching and less selection pressure for 
resistance.

A very noteworthy difference between parasite 
control opportunities in New Zealand and Australia 
is the spectrum of products available for use by 
farmers.  In New Zealand, it is commonplace for 

farmers to apply combination products containing 
more than one anthelmintic class and they are a key 
tool for effective resistance management and worm 
control.  Combination products are not only more 
effective in the face of existing resistance but have 
also been shown to be more effective in slowing 
the rate of development of resistance than rotation 
of single-active anthelmintics. However, stringent 
registration requirements in Australia means that 
there are currently no combination anthelmintics 
currently registered for use in dairy cattle. 

Refugia
The term refugia is used to describe the 

population of parasites on pasture which have not 
been exposed to drenching and are therefore presumed 
to be predominantly susceptible to treatment.  The 
ingestion of susceptible parasites (in refugia) by 
animals carrying a resistant GIN population creates a 
dilution effect – that is, resistant genes will be diluted 
by those of the newly ingested susceptible parasites 
and the onset of resistance will be delayed. This 
concept was demonstrated experimentally in small 
ruminants and has now been implemented in the 
field (Leathwick et al. 2009, Laurenson et al. 2012, 
Leathwick and Besier 2013). However, this effect is 
reduced in cattle by the popularity and frequent use 
of persistant-acting formulations as discussed in the 
previous section.

The challenge for farmers is deciding which 
of several strategies to use in order to maintain the 
refugia.  In New Zealand, it is common practice for 
dairy farmers to raise replacement heifers off-farm 
on a contract-basis.  Once the animals have reached 
the required weight, they can then be returned to 
the home-farm.  As a consequence, animals are 
often reared in monocultures of young stock which 
are routinely drenched with long-acting products to 
maximise live-weight gains.  In Victoria, the need 
to reduce exposure of young animals to Bovine 
Johne’s Disease creates a similar situation although 
replacements are typically reared off the home farm 
or on a turn-out block.  Such a phenomenon means 
that there is virtually no opportunity to create a 
subpopulation of susceptible parasites in ‘refugia’ 
and as a consequence the current management of 
dairy heifers creates an environment highly-selective  
for resistance.  Of major concern, is that if left 
unchecked, levels of resistance in highly pathogenic 
species such as Ostertagia spp.  may create a 
situation in which current production systems in both 
countries are completely unsustainable.

CONCLUSION

In conclusion, the future outlook for effective 
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parasite control on dairy farms is dependent upon 
preservation of the efficacy of current and future 
anthelmintic classes.  Both the New Zealand 
and Australian dairy industries have significant 
problems with GIN in young stock as well as 
with the effectiveness and efficiency of treatment 
programmes.  While differences in management and 
product availability exist, the key issues are broadly 
similar and both countries are likely to benefit from  
more active and collaborative research efforts aimed 
at improving parasite control practices on dairy farms 
in their respective countries.
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ABSTRACT

The aim of this study was to evaluate the effects of divergent nutritional regimes pre-weaning on the 
growth and development of the digestive and endocrine systems of calves. Sixty four Hereford x Holstein 
Friesian heifer calves (4-6 days of age) were randomly assigned to one of the following 4 treatments (n=16 
each): Control [milk replacer (MR; 20.8% fat, 22.8% protein) at 12.5% body weight (BW) plus a standard 
meal]; high fat (HF) MR [HFMR (30.5% fat and 22.6% protein) at 12.5% BW plus a standard meal]; high 
fermentable starch meal [HFSM;  MR at 12.5% BW plus HFSM] and high volume MR [HVMR at 20% BW 
with a standard meal]. Standard and HFS meal diets had similar crude protein contents (CP; 19.1% of DM) and 
metabolisable energy (ME; 12.9 MJ/kg DM). After 7 weeks on the diets, 8 calves per treatment were slaughtered 
to examine rumen development parameters. The HVMR calves had the highest and HFM calves had the lowest 
rate of BW gain (P < 0.001) over the 7 weeks. At 7 weeks, blood glucose and IGF-1 were highest (P < 0.05) in 
HVMR calves while blood urea nitrogen was greatest (P < 0.05) in control calves. Blood -hydroxybutyrate, 
triglycerides and non-esterified fatty acids were not affected by dietary treatment. Concentration of total short 
chain fatty acids (SCFA) in the rumen was highest in control calves and the lowest in HVMR calves (P < 0.05). 
Empty rumen weight was highest in the control and lowest in HVMR calves (P < 0.001). Small intestine weight 
was heavier (P < 0.05) in calves fed control or HFSM diets compared to those fed HFMR and HFMR diets. 
In conclusion, the HVMR diet increased circulating IGF-1 concentration and supported greater body weight 
gain despite having lower rumen and small intestine weights compared to calves fed the control diet. Similar 
blood -hydroxybutyrate levels among experimental diets indicated similar metabolic activity of the rumen 
wall in calves. Greater rumen SCFA concentrations with the control diet than with the HFSM diet indicated no 
benefit of adding highly fermentable starch to the meal diet. Furthermore, the HFSM diet did not result in any 
advantage in growth or rumen development compared with HF and control diets. 

Keywords: Neonate, nutrition, development.

INTRODUCTION

High variation in growth performance of 
artificially-reared calves destined for either the 
dairy or beef industries is limiting profitability on-
farm. Notably, up to 70% of heifer replacements 
fail to reach target mating weights and frame size at 
mating (McNaughton et al. 2012) which contributes 
to 35% of heifers being culled by 2 years of age 
with only 85% of the remaining heifers remaining 
in the herd for a second lactation (DairyNZ 2012). 
Further, half of all beef produced originates from 
the dairy industry. With the growth of the dairy cow 
population and decline in beef cow numbers (Beef 
& Lamb NZ, 2011), beef production is becoming 
increasingly reliant on sourcing calves from the dairy 
industry.  For both industries (dairy and beef), the 
calves are artificially reared, often using a least-cost 
system approach.  The level and type of pre-weaning 
diet has been shown to affect growth rate and body 
composition of dairy heifer replacements at weaning 
(Moallem et al. 2010) which can have long-term 
effects on age at mating and milk production (Davis 

Rincker et al. 2011, Khan et al. 2011, Soberon et al. 
2012), but more research is required to confirm these 
effects and to establish their relevance to a pastoral-
based farming system. The aim of this study was to 
evaluate the effects of divergent nutritional regimes 
pre-weaning on the growth and development of the 
digestive and endocrine systems pre-weaning. We 
hypothesised that contrasting nutritional regimes 
early in a calf’s life (pre-weaning) may trigger 
different responses in rumen development, gut 
maturation, endocrine system and growth.

MATERIALS AND METHODS

All experimental procedures were approved 
by the AgResearch Grasslands Animal Ethics 
Committee, Palmerston North, New Zealand, 
according to the Animal Welfare Act 1999 of New 
Zealand. This study was conducted at On-Farm 
Research in the Hawkes Bay region of the North 
Island of New Zealand in Spring 2012.

Sixty four Hereford x Holstein Friesian heifer 
calves (4-6 days of age; average body weight (BW) 
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40 ± 0.4 kg) were sourced from commercial farms on 
a single day in Spring 2012 and randomly assigned to 
one of the following 4 treatments (n=16 each): Control 
[milk replacer (MR; 20.8% fat, 22.8% protein) at 
12.5% of initial body weight (BW) plus a standard 
meal to mimic a typical dairy-beef calf rearing 
system in New Zealand; High fat (HF) MR [HFMR, 
30.5% fat and 22.6% protein) at 12.5% of initial BW 
plus a standard meal designed to perturb endocrine 
development (to mimic an obesogenic diet); High 
fermentable starch meal (HFSM) [MR at 12.5% of 
initial BW plus HFSM] designed to promote greater 
rumen development, and higher volume MR [HVMR 
at 20% of initial BW with limited standard meal] 
designed to restrict rumen development. Standard 
and HFS meal diets were offered ad libitum from 
the start of the trial (with refusals recorded weekly to 
enable calculation of actual intake), and had similar 
contents of crude protein (CP; 19.1% of DM) and 
metabolisable energy (ME; 12.93 MJ/kg DM). Milk 
was offered using individual feeders once daily in the 
morning for the Control, HFMR and HFSM groups 
and twice daily for the HVMR groups. Calves were 
individually housed in pens on wood shavings with 
clean water provided ad libitum. After 7 weeks on the 
diets, 8 randomly-selected calves per treatment were 
slaughtered to examine rumen development. The 
remaining calves continued to be reared to evaluate 
early post-weaning performance up to 6 months of 
age (results to be reported elsewhere). 

Live weight of the calves was recorded weekly, 
at the same time of the day, during the trial to evaluate 
body weight gain. Blood samples were collected by 
jugular venepuncture prior to slaughter at 7 weeks of 
age (n=8/group) and plasma harvested for evaluation 
of hormone and metabolite profiles. Calves were 
slaughtered using captive bolt stunning and 
exsanguination. Full and empty rumen weights were 
determined, and a rumen fluid sample was collected 
for evaluation of rumen fermentation profiles. The 
weights of the empty small and large intestine and 
caecum were recorded.

Plasma insulin-like growth factor 1 was 
evaluated by RIA and -hydroxybutyrate, 
triglycerides, non-esterified fatty acids (NEFA) and 
blood urea nitrogen (BUN) levels were measured by 
auto-analyser (New Zealand Veterinary Pathology 
Laboratory, Palmerston North New Zealand) as an 
indicator of metabolic activity of the rumen wall. 
Short chain fatty acid concentration was determined 
from the rumen sample using gas chromatography 
according to the method described by (Tavendale et 
al. 2005). 

Both the single timepoint data and the data 
repeatedly measured through time were analysed 

using the Residual Maximum Likelihood algorithm 
in linear mixed effects models, employing the 
NLME package in R (R Core team 2012).  The 
animals arrived at the trial in two transport vehicles, 
and the model could account for this “nuisance” 
effect, as well as covariates such as initial weight 
or carcass weight, where appropriate. Treatment 
effects were assessed, and predicted means from the 
model, together with estimated standard errors, were 
obtained and compared.

RESULTS

There was a significant treatment effect on body 
weight (P<0.01). The HVMR calves had the highest 
BW gain during the 7 weeks of study while the HFM 
calves had the lowest (Figure 1). The HVMR group 
had the highest rate of overall average daily gain 
during the pre-weaning period (691 ± 10 g/day), while 
the HFMR had the lowest rate of gain (323 ± 25 g/day) 
with the other two groups being intermediate (Control: 
492 ± 15; HSFM: 474 ± 21, g/day). Calves in the 
control and HFSM groups had similar live weight 
gains. Total apparent milk DM intake was greater 
in the HVMR group (58.6 ± 1.07 kg) compared to 
the other 3 treatment groups (Control: 21.0 ± 0.37; 
HFMR: 20.9 ± 0.41; HSMR: 20.8 ± 0.54, kg). In 
contrast, total apparent meal DM intake was lower in 
the HVMR group (4.7 ± 0.56) compared to the other 3 
treatment groups (Control: 23.7 ± 0.91; HFMR: 15.7 
± 1.86; HSMR: 19.6 ± 5.45, kg).

Figure 1: Predictions from the random co-efficient 
model of body weight (kg) of calves reared on a 
higher volume milk replacer with limited meal 
(HVMR), high fat milk replacer with standard 
meal (HFMR), standard milk replacer and high 
starch fermentation meal (HSFM) compared to a 
standard milk and standard meal control group up to 
weaning.
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Table 1: Effect of dietary treatment on blood metabolite, hormone and short chain fatty acid profiles in calves 
reared on a higher volume milk replacer with limited meal (HVMR), high fat milk replacer with standard meal 
(HFMR) or standard milk replacer and high starch fermentation meal (HSFM) compared to a standard milk and 
standard meal control group up to weaning.  Data presented are predicted means ± SEM. Different letters for 
each parameter represents significant difference (P<0.05) or trends (P<0.10).

Control HFMR HSFM HVMR SEM P-value

Hormones and metabolites (mmol/L)

Glucose 4.64a 3.93b 4.87a 5.11a 0.28 0.001

Triglycerides 0.24 0.23 0.28 0.21 0.03 0.333

Urea 4.18a 3.23b 4.06a 2.66bc 0.31 0.006

NEFA 0.34 0.23 0.28 0.30 0.08 0.690

BHBA 0.125 0.116 0.09 0.08 0.02 0.129

IGF-1 125.6b 54.9b 114.1c 177.8a 15.89 0.0001

Short chain fatty acid (mol/100 mol)

SCFA (mmol/L) 110.69a 82.51a 108.60ab 75.00c 10.87 0.060

Acetate 50.50 52.79 49.85 56.02 2.24 0.217

Propionate 33.72 32.70 37.73 29.56 2.67 0.217

Butyrate 9.74 8.08 7.29 7.74 0.79 0.169

Valerate 2.48 2.29 2.41 2.14 0.41 0.940

Caproate 0.40 0.29 0.35 0.45 0.10 0.643

Isobutyrate 1.06bc 1.51ab 0.99bc 1.59a 0.19 0.071

Isovalerate 2.09 2.28 1.44 2.49 0.35 0.195

NEFA, non-esterified fatty acids, BHBA, -hydroxybutyrate; IGF-1, insulin-like growth factor-1, SCFA, short 
chain fatty acids.

At 7 weeks, blood glucose and IGF-1 were 
highest (P < 0.05) in HVMR calves while BUN was 
greatest (P < 0.05) in control calves. Blood urea 
nitrogen was highest in calves on Control and HSFM 
diets, while calves reared on the HVMR diet had the 
lowest concentration of BUN (Table 1).  Blood 
-hydroxybutyrate, triglycerides and NEFA were not 
affected by dietary treatment. The concentration of 
total SCFA in the rumen tended to be highest in control 
calves and lowest in HVMR calves. However, with the 
exception of isobutyrate, which tended to be highest 

in the HVMR group and lowest in the HSFM group, 
individual SCFAs did not differ across the groups. 

The weight of the full rumen was heavier in 
calves fed the control, HFMR and HSFM compared to 
the HVMR diet, while the weight of the empty rumen 
was heaviest in the control group and lowest in the 
HVMR group, with the other two groups intermediate 
(Table 2). The small intestine was heavier in calves 
from the HSFM and control diets compared to calves 
fed the HVMR and HFMR diets. Large intestine and 
caecum weight was not affected by dietary treatment.

Table 2: Effect of dietary treatment on rumen and hindgut parameters in calves reared on a higher volume 
milk replacer with limited meal (HVMR), high fat milk replacer with standard meal (HFMR) or standard milk 
replacer and high starch fermentation meal (HSFM) compared to a standard milk and standard meal control 
group up to weaning.  Data presented are least square means ± SEM. Different letters for each parameter 
represents significant difference (P<0.05) or trends (P<0.10).

Control HFMR HSFM HVMR SED P-value

Full rumen (g) 6528a 6121a 6930a 3676b 722.3 0.001

Empty rumen (g) 1463a 1148bc 1358ab 921c 152.6 0.003

Large intestine (g) 430 498 463 420 74.5 0.202

Small intestine (g) 1963a 1835ab 2029a 1702b 130 0.043

Caecum (g) 64 61 69 66 6.9 0.551
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DISCUSSION AND CONCLUSION

This study demonstrated that the growth 
performance, mass of the gastrointestinal tract and 
hormone and metabolite profiles can be influenced 
by pre-weaning diet. During the early postnatal 
period, there is considerable metabolic and physical 
development of the different body constituents 
including the gastrointestinal tract and endocrine 
systems, which enables calves to transition from milk 
to pasture/solid diets (Baldwin et al. 2004, Drackley 
2008). There is abundant evidence that feed type 
will affect the growth and efficiency of utilisation of 
feed in the young animal (Diaz et al. 2001, Bartlett 
et al. 2006, Castells et al. 2012). Emerging evidence 
suggests that different feeding regimes in the first 
three weeks of life can affect rumen and small 
intestine development, growth, solid feed intake and 
metabolic status of calves (Gorka et al. 2011).

In the current study, feeding a higher volume 
of milk pre-weaning resulted in greater body weight 
gain, while feeding MR with a high percentage of 
fat (30.5% vs 20.8%) resulted in lower body weight 
gain compared to control and HFSM groups. Our 
results are in line with those of (Hill et al. 2009) who 
reported reduced meal consumption, lower apparent 
DM digestibility and less body weight gain in calves 
with increasing level of fat in milk replacer. 

 In the young calf, the IGF-1 system is 
responsive to early nutritional status (Bork et al. 
2000). The greater circulating concentrations of IGF-
1 and glucose were associated with the higher rate of 
body weight gain in HVMR calves, despite having 
lower rumen and small intestine weights compared to 
control calves. HVMR calves had a greater nutrient 
intake than calves fed a lower milk volume which 
is consistent with previous studies (van Amburgh 
et al. 2001, Orihashi et al. 2012). The reduction 
in circulating concentrations of IGF-1 associated 
with poor growth rates in calves fed HFMR diets 
compared to the control diets further highlights the 
relationship between IGF-1 and growth (Elsasser et 
al. 1995). 

In young ruminants, increasing blood  
-hydroxybutyrate concentration with the initiation 

of solid feed intake indicate the stat of rumen wall 
metabolic activity (Baldwin et al. 2004). Similar 
blood -hydroxybutyrate levels in calves fed different 
experimental diets could possibly be attributed to 
similar rumen wall metabolic activity. However, 
future analyses of the tissues collected during the 
experiment will ascertain this suggestion.  Blood 
urea nitrogen is an indicator of excessive nitrogen 
intake or an imbalance between dietary nitrogen and 
energy concentration. However in the present study, 

the lowest BUN in HVMR calves could possibly 
be attributed to lower meal intake and thus lower 
availability of protein in the rumen compared with 
restricted milk fed calves. 

Greater rumen SCFA concentrations in calves 
fed with the control diet compared with the HFSM 
diet indicated no benefit of adding highly fermentable 
starch to the meal diet. Furthermore, the HFSM diet 
did not result in any advantage in growth or rumen 
development compared with HF and control diets.

In conclusion, the HVMR diet resulted in greater 
circulating IGF-1 concentration and supported 
greater body weight gain despite having lower rumen 
and small intestine weights compared to calves 
fed the control diet. Contrasting responses in both 
metabolic and gut development in calves receiving 
different pre-weaning diets warrant further research 
to explore success of transition to pasture and long 
term productivity of calves.
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ABSTRACT

The objective of this study was to compare liveweight gain and urinary nitrogen excretion of heifers 
grazing perennial ryegrass/white clover pasture, wheat and canola in autumn. A 35-d trial was conducted with 
thirty Friesian x Jersey dairy heifers, equally blocked into three groups balanced for their initial liveweight and 
breeding worth. Heifers were allocated to one of three dietary treatments (canola, wheat or pasture). Feed was 
offered every 4 days with allowance calculated according to feed requirements for maintenance based on initial 
liveweight plus gain of 0.8 kg liveweight/day. The metabolisable energy (ME) content of canola, pasture and 
wheat were 11.8, 10.1 and 9.9 MJ/kg DM, respectively. Apparent dry matter intake and estimated ME intake 
were not different among the three treatments. Estimated nitrogen intake was lower in wheat (98.3 g/d) than 
pasture (155.5 g/d) and canola (158.6 g/d). Average daily liveweight gain was higher in wheat (0.73 kg/d) 
than canola (0.58 kg/d) and pasture (0.56 kg/d). Urinary nitrogen concentration and estimated urinary nitrogen 
excretion were higher in pasture (0.21 %; 41.8 g/d) than wheat (0.13 %; 21.3 g/d) and canola (0.15 %; 18.4 g/d), 
with no difference between wheat and canola. Data from this study indicates that offering wheat to heifers as 
grazing forage can improve the liveweight gain in comparison to autumn pasture. The lower estimated urinary 
nitrogen excretion in wheat and canola compared with pasture demonstrated the potential to use these dual-
purpose crops to reduce the environmental pollution from heifer production systems.

Keywords: Metabolisable energy; dairy heifer; urea nitrogen; dual-purpose crop; pasture; sustainability.

INTRODUCTION

The rearing of dairy heifers as replacements for 
the milking herd is important for successful dairy 
businesses. Reaching liveweight (LW) targets at 
critical growth stages, such as at mating, enhances 
the chances of successful conception and can 
increase milk production in subsequent lactations 
(McNaughton and Lopdell, 2012). However, recent 
analyses report up to 70 % of the heifers in New 
Zealand fail to achieve such target LW at mating 
(McNaughton and Lopdell, 2012). Further, the 
rearing of dairy heifers also contributes to the 
environmental footprint of dairy systems, particularly 
nitrate leaching through urinary nitrogen excretion. 
This study examined the role of alternative forages, 
specifically dual-purpose crops, in increasing LW 
gain and reducing urinary nitrogen excretion.

A dual-purpose crop refers to the use of a crop 
for grazed forage before subsequent seed production 
(Sprague et al. 2014). In Australia, dual-purpose 
cereal and brassica crops have been used for winter 
forage for livestock production, due to their potential 
to promote high LW gain and subsequently high grain 
yields. Previous work has investigated LW gain of 
beef cattle (Pitta et al. 2011) and lambs (McGrath et 
al. 2014) grazing wheat, and also compared grazing 

canola and cereal crops for sheep production (Dove et 
al. 2012). However, there is limited comparative data 
on the performance of dairy heifers grazing perennial 
ryegrass/white clover pasture compared to dual-
purpose cereal and brassica crops. Also, there is little 
information on the environmental impact of grazing 
dual-purpose cereal and brassica crops as indicated 
by urinary nitrogen excretion. The objective of this 
study was to compare LW gain and urinary nitrogen 
excretion of dairy heifers offered wheat and canola 
forages or perennial ryegrass/white clover pasture in 
autumn.

MATERIALS AND METHODS

The study was undertaken at Ashley Dene 
Pastoral Systems Research Farm, Lincoln 
University, New Zealand under the approval of 
Lincoln University Animal Ethics Committee (No. 
556). A 35-d trial was conducted from 15 February 
2014 to 21 March 2014, with a 7-d feed adaptation 
period and a 28-d measurement period. Thirty 
Friesian x Jersey dairy heifers aged 6-7 months 
were blocked for their LW (143.9 ± 3.73 kg) and 
breeding worth ($ 140.6 ± 4.95) into three dietary 
treatments: canola, wheat or perennial ryegrass/white 
clover pasture (pasture). Feed was offered every 4 
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days with allowance calculated according to feed 
requirements for maintenance based on initial LW 
plus gain of 0.8 kg LW/day. Pre- and post-grazing 
herbage mass was measured with three randomly 
selected 0.1 m2 quadrat cuts per treatment every 4 
days. Group apparent dry matter intake (aDMI) was 
calculated from forage disappearance using pre- 
and post-grazing measurements. All forage samples 
were oven-dried (60 ˚C), then ground for quality 
analysis using wet chemistry methods. Nitrogen was 
analysed according to (Cheng et al. 2013). Modified 
acid detergent fibre (MADF) was measured using 
method described by Clancy and Wilson (1966). 
Metabolisable energy (ME) was then estimated using 
the equation from (Barber et al. 1984): ME (MJ/kg 
DM) = 14.6 – 0.13× MADF (%). For each heifer, 
LW was measured at the start and at the end of the 
measurement period after 12 hours fasting. One urine 
sample was collected per heifer on d 19 and d 33, 
and analysed for nitrogen concentration. One blood 
sample was collected from each heifer on d 19 and d 
33, and centrifuged to harvest plasma for plasma urea 
nitrogen (PUN) analysis. Urinary nitrogen excretion 
was estimated using equation from (Kohn et al. 
2005): estimated urinary nitrogen excretion (g/d) = 
1.3 x PUN (g/l) x LW (kg). The Genstat statistical 
analysis package (version 15.1) was used for general 
ANOVA with individual animal as block and forage 
type as treatment. As aDMI and forage chemical 
composition were measured per treatment over 
time, general ANOVA was conducted with sampling 
date as block and forage type as treatment. Multiple 
comparison test was performed to differentiate the 
mean values among treatments when P < 0.05.

RESULTS

Canola had greater ME than pasture and wheat 
(Table 1). The nitrogen content of forage was greatest 
in pasture and lowest in wheat (Table 1). The aDMI 
and estimated ME intake were not different among 

treatments (Table 2). Estimated nitrogen intake was 
lower in wheat than pasture and canola. Average 
daily LW gain was higher in wheat than pasture and 
canola (Table 2). Urinary nitrogen concentration 
from spot urine samples and estimated urinary 
nitrogen excretion from PUN were higher for pasture 
than wheat and canola, with no difference between 
wheat and canola (Table 2).

DISCUSSION AND CONCLUSION

The average daily gain of heifers over 28 days 
ranged from 0.56 kg/d to 0.73 kg/d. These values are 
greater than the target gain of 0.55 kg/d for heifers 
aged 6-9 month old (McNaughton and Lopdell, 
2012). The average daily gain was greater in heifers 
fed wheat compared with pasture and canola. This 
was despite no differences in aDMI or estimated ME 
intake due to large variation among sampling dates. 
The higher average daily gain may reflect a higher 
ME : nitrogen ratio in wheat than canola and pasture 
(Lee et al. 2001). 

Both estimated urinary nitrogen excretion and 
urine nitrogen concentration were higher in heifers 
grazing autumn pasture than wheat and canola. The 
difference in estimated urinary nitrogen excretion 
may be due to the higher estimated nitrogen intake 
in autumn pasture than wheat (Castillo et al. 2001). 
However this cannot explain differences between 
autumn pasture and canola as estimated nitrogen 
intake was similar. In this case, differences might 
reflect the higher ME : nitrogen ratio in canola 
(Vibart et al. 2009). In conclusion, data from this 
study indicates that offering wheat to 6-7 month 
old heifers as grazing forage increased average 
daily gain in comparison to autumn pasture and 
canola. Heifers grazing canola and wheat had lower 
estimated urinary nitrogen excretion than heifers 
grazing autumn pasture. Further work is needed to 
consider the effect of grazing on grain yield of the 
dual-purpose crop. 

Table 1: Chemical composition of autumn pasture, wheat and canola.

Item Pasture Wheat Canola LSD P-value

Nitrogen (g/kg of DM) 37.4a 24.2c 31.8b 4.39 <0.001

Metabolisable energy (MJ/kg DM) 10.1b 9.9b 11.8a 0.517 <0.001

Metabolisable energy : nitrogen ratio (MJ/g) 0.27b 0.42a 0.38a 0.046 <0.001
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Table 2: Effects of forage type on intake, liveweight gain, plasma urea nitrogen, estimated urinary nitrogen 
excretion, and urinary nitrogen concentration.

Item Pasture Wheat Canola LSD P-value

Liveweight at the start (kg) 139.0 140.0 137.3 11.87 0.895

Liveweight at the end (kg) 154.7 160.3 153.6 13.43 0.544

Apparent dry matter intake (kg/d) 4.2 4.1 5.0 1.56 0.456

Estimated metabolisable energy intake (MJ/d) 42.7 40.3 57.6 16.18 0.079

Estimated nitrogen intake (g/d) 155.5a 98.3b 158.6a 49.32 0.035

Estimated urinary nitrogen excretion (g/d) 41.8a 21.3b 18.4b 3.85 <0.001

Average daily gain (kg/d) 0.56b 0.73a 0.58b 0.122 0.017

Plasma urea nitrogen (g/l) 0.22a 0.11b 0.10b 0.013 <0.001

Urinary nitrogen concentration (%) 0.21a 0.13b 0.15b 0.056 0.013
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ABSTRACT

Using forage crops for wintering non-lactating dairy cows in late gestation may have negative effects 
on calf development due to restrictions on crude protein (CP) content of the diet to reduce N losses.  A study 
involving a commercial dairy herd was carried out to compare the effect of feeding forage crops on calf birth 
weight, skeletal development and pre weaning growth rates.  Cows were wintered on one of three diets 1.  kale 
+ straw, diet 12% CP (EK+Str); 2. kale + oat baleage, diet 13% CP (LK+OBal) and 3. fodder beet + ryegrass 
baleage, diet 11% CP (FB+Bal).  Calves born to dams from the LK+OBal group tended (P<0.10) to be heavier 
than calves from dams on the EK or FB group (35 vs 32 kg LW).  Girth width was correlated with birth weight 
which was also greater for LK+OBal (P<0.05). However, variation in birth weight and size did not result in 
significant differences in pre weaning growth rates and all calves reached their weaning weight target of 100 
kg LW by late November.  The crude protein and energy content of the dam’s diet met the requirements for 
pregnancy and body condition score gain, though further investigation is recommended into the effects of high 
energy diets on calf birth weight and mortality rates.

INTRODUCTION 

There is growing evidence to suggest that dam 
nutrition during pregnancy has long term effects on 
productivity of the offspring (Kenyon and Blair 2014).  
In studies using sheep and beef models intra- and 
intergenerational effects of maternal nutrition have 
been observed (Du et al. 2011, Paten et al. 2013).  Some 
of these differences arise from restrictions in nutrition 
of the dam which have limited her milk production and 
subsequent early growth of suckled off-spring (Paten et 
al. 2013) while other studies indicate reprogramming 
in-utero influences gene regulation (Du et al. 2011).  
In dairy systems, heifer calves are removed from the 
dam within 24 hours of birth and growth rates are 
controlled by farm practises around milk and meal 
allocation.  Traditionally the diet of non-lactating dairy 
cows in late gestation has been limited to grass based 
systems where diets were formulated to meet energy 
requirements and crude protein (CP) was generally not 
considered limiting i.e., above 12% CP in dry matter 
(NRC 2001).   With the expansion of dairying into 
more southern regions, farmers are adopting alternative 
feeding regimes for dairy cows in late gestation.  These 
systems, which often utilise brassicas or beets, are 
targeting lower N intakes to comply with proposed 
regulatory caps on N losses to the environment.  There 
is little information on the effect of these diets on calf 
development in-utero and their subsequent growth.  
The purpose of this study was to investigate the effect 
of feeding brassica and beet diets to non-lactating dairy 
cows, in late gestation, on calf development and pre-
weaning growth.  

MATERIALS AND METHODS

The experiment took place at the Lincoln 
University Dairy Farm (LUDF; 43°38.66’S, 
172°26.38’E, 14 m a.s.l) which milked 630 cows 
in 2013/2014.   In May 2013, 300 multiparous 
Friesian x Jersey non-lactating, pregnant dairy 
cows were blocked into six mobs of 50 cows 
based on calving date (26 August 2013 ± 15.2 
d), live weight (501 ± 49.4 kg LW), age (4 ± 1.8 
year) and breeding worth (122 ± 33.6 BW).  They 
were transported to Ashley Dene (43°39.05’S, 
172°19.21’E, 38 m a.s.l) and offered either early 
sown kale with cereal straw (EK+Str) or late sown 
kale with cereal oat baleage (LK+OBal) or fodder 
beet with ryegrass baleage (FB + Bal).  Details 
of management are described by (Jenkinson et 
al. 2014). The kale and beet diets were designed 
to offer similar energy supply (allowance of 
160 MJ ME/cow/day) and crude protein (CP) 
percent of diets consumed were 11.7% and 12.9% 
for EK+Str and LK+OBal diets and 11.5% for 
FB+Bal.  Planned start of calving was 4 August 
2013 and calf measurements commenced on 5 
August.  During calving, calves were collected 
and brought to the calf rearing pens once or twice 
daily.  At the pens, navels were disinfected with 
iodine and 2 litres/calf of bulk colostrum milk 
was provided twice daily in the morning and 
afternoon.  
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Table 1: Effect of dam diet in late gestation on 
skeletal measurements of day old heifer calves 

FB + 
Bal

EK + 
Str

LK + 
OBal

SED F. Pr

Girth width (cm) 75.1 73.7 75.8 0.89 0.05

Wither height 
(cm)

73.9 73.5 75.4 0.88 0.08

Rump height 
(cm)

78.6 78.1 79.6 0.87 0.18

Crown-to-rump 
length (cm)

83.3 85.17 85.8 1.29 0.13

Calf measurements were carried out in the 
calf rearing facilities between 8am and 10am each 
morning from 5 August until 13 September 2013.  
Calves were weighed using a manual weigh crate 
(Prattley Industries Ltd. Temuka).  Wither height, 
hind leg length, girth circumference and crown to 
rump length was measured with a tape measure.  
Calves were DNA tested for maternal identification. 
Calves were weighed again on 27 November 2013 at 
the time of weaning from milk and meal.  Means for 
birth weight were compared using one way analysis 
of variance using dam diet as a fixed effect.  Covariate 
analysis was used for birth weight and weaning weight 
(birth date as covariate) and growth rate was analysed 
using birth weight as a covariate.  Where covariates 
were significant the adjusted means are presented.

RESULTS

Calving records for the whole farm began on 
11 July and finished 9 October, recording 2, 3 and 
9 mortalities from FB+Bal, EK+Str and LK+OBal 
respectively. Of the 300 cows used in the current 
study, 104 heifer replacement calves were born 
between 5 August and 13th September giving rise 
to 32, 36 and 36 calf measurements for respective 
FB+Bal, EK+Str and LK+OBal treatments.  Body 
condition score at the end of July when cows were 
transferred from crop to pasture did not differ 
significantly between crop treatments FB+Bal (5.1 
± 0.03), EK+Str (4.9 ± 0.03) and LK+OBal (5.1 ± 
0.04).

Maternal diet affected development of calves, 
whereby cows offered LK+OBal produced calves 
with wider girths (P<0.05) and increased whither 
height (P<0.10) than those on EK+Str or FB+Bal 
(Table 1).  There was a tendency for greater wither 
height of these calves but no dam nutrition effect on 
rump height and CRL.

Calves from LK+OBal tended to be heavier than 
calves from EK+Str or FB+Bal (Table 2).  However, 
subsequent growth rate, adjusted 100 day weight and 
weight at weaning were not affected by forage crop 
treatment.  Regression analysis demonstrated a close 

relationship (P<0.001) between girth width (GW) 
and birth weight (BW) where: BW (kg) = 1.13 x GW 
(cm) – 51.2 ± 2.16 (standard error of the estimate, R2 
= 0.79). 

Table 2: Effect of dam diet in late gestation on birth 
weight, weaning weight, growth rate and 100 day 
weight of heifer calves 

FB + 
Bal

EK 
+ Str

LK + 
OBal

SED F. Pr

Birth weight (kg) 32.4 32.2 34.6 1.14 0.07

Weaning weight 
(kg)*

105 106 108 4.01 0.73

Growth rate (g/
day)*

741 746 743 21.9 0.96

100 day weight 
(kg)*

106 104 110 3.28 0.21

*Adjusted means following covariate analysis.

DISCUSSION

The NRC (2001) recommends that non-
lactating dairy cows in late gestation are offered a 
diet containing no less than 12% CP content.  The 
rationale for this value is not clear but it is thought 
to include a safety margin to ensure adequate rumen 
function and acknowledges that many low protein 
diets are low in ME and animals may not be able 
to eat sufficient DM to meet energy requirements.  
However, previous studies involving feeding 
restricted CP diets of 7 or 10% to late gestation cows 
showed no effect of CP intake on calf birth weight 
(Carstens et al. 1987).  The diet crude CP content 
in the current study was between 11.5 and 12.9% 
and likely to be within the safety margin postulated 
by NRC (2001),  particularly as BCS gain and calf 
development did not appear to be compromised.  

The higher CP% of the LK+OBal diet may have 
supported the increased birth weight of calves from 
dams on this treatment.  (Everitt et al. 1972) reported 
average birth weight of 28.5 kg for cross bred calves 
in the late 1960’s. Since then animal breeding has 
resulted in an increase in the mature liveweight of 
cross bred cows (MacDonald et al. 2008) which 
would explain the higher calf birth weight in this study 
compared to that of (Everitt et al. 1972).  Although not 
included in the statistical analysis due to variation in 
dam size and age, an additional 79 calves from cows 
wintered on ad-lib grass were also measured, showing 
an average birth weight of 33.8 ± 0.5 (SEM) kg which 
is within the range of calf weights recorded from 
crop treatments.  The dams of these calves included 
primiparous and smaller multiparous cows as well as 
early calvers making direct comparison with calves 
from dams on crops difficult.  
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Interestingly, calf mortality appeared to 
be associated the increased birth weight of the 
LK+OBal.  In this study birth weight and skeletal 
measures such as girth width were closely related, 
supporting previous observations (Heinrichs et 
al. 1992).  Dystocia is often attributed to size and 
weight of offspring which (Micke et al. 2010) have 
attributed to high levels of nutrition of dams during 
gestation.  On all three crop diets cows were offered 
ME allowances of greater than 140 MJ ME/cow/day 
(Edwards et al. 2014, Jenkinson et al. 2014) which 
is considerably greater than NRC (2001) estimates 
for maintenance, pregnancy and gain (approximately 
80 – 90 MJ ME/cow/day). Though the LK+OBal had 
a slightly higher CP% which may have contributed 
to greater calf weight. There are many factors which 
influence calf mortality and while the observations 
in this study do not provide the basis for any 
conclusions they do suggest further scrutiny into the 
effects of feeding of high energy diets to dairy cows 
in late gestation.  

In spite of the variation in calf birth weight due 
to diet, there were no apparent long term effects on 
growth or the ability of these calves to meet their pre 
weaning live weight targets.  Ongoing monitoring of 
calves from forage crop wintering systems will be 
useful to determine whether any longer term effects 
of maternal nutrition on performance of offspring do 
exist.  The observations from the current study would 
suggest that low protein diets of 11-12% do not pose 
a serious risk to calf performance but high energy 
intakes could be responsible for bigger calves and 
associated calving difficulties.
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ABSTRACT

The increasing availability and installation of computerised feeding and milk monitoring technology in 
Australia and New Zealand has led to an increased interest in feeding individual cows different amounts and 
types of supplements during milking. There is, however, confusion about the potential benefits of individualised 
feeding strategies compared with feeding the same amount of supplement to all cows in the herd. The majority 
of bail feeding research conducted over the past 30 years has identified little difference in cow response, 
between flat rate feeding and more complicated approaches of split feeding or feeding to individual cow milk 
yield. However, it must be noted that many of these experiments involved animals with unlimited access to a 
forage source. Large variability in response to supplements between individual cows within the herd implies 
there should be a benefit from individualised bail feeding practices.  This review examines the potential for 
individualised bail feeding in pasture-based dairy systems, considering both system (pasture allowance) and cow 
level parameters (dry matter intake, milk yield, genotype, bodyweight etc.) that could affect the individual cow 
response to a particular supplement, and discusses the current limitations and future challenges for implementing 
this technology on farm. Recommendations for future research are made to address any knowledge gaps.

INTRODUCTION

The majority of dairy farms in Australia and 
New Zealand are pasture-based. However, major 
limitations for cows in pasture-based systems include 
the seasonal variability in nutrient supply (Chapman 
et al. 2008, Chapman et al. 2009, Roche et al. 2009) 
and the fact that high producing cows cannot entirely 
satisfy their energy requirements from grazing alone 
(Kolver and Muller, 1998). Supplementation, with 
concentrates, is used to manage deficits in pasture 
supply (Holmes and Roche 2007) or to increase 
overall dry matter intake (DMI) and milk production 
(Stockdale, 2000, Bargo et al. 2003).

The predominant practice for farms feeding 
concentrate supplements to cows during milking is 
to provide the same quantity of feed to all cows. With 
the emergence and increasing uptake of modern feed 
and milk monitoring technology by dairy farmers for 
use in dairy sheds, there is increasing interest in the 
potential benefits of feeding each cow, according to 
individual nutritional requirements, with the aim of 
optimising production and maximising profitability. 
The shift in focus towards individualised management 
of cows is made possible with the introduction of 
electronic identification. As the ability to capture 
information about individual animals’ increases, 
parameters such as milk yield and bodyweight can 
be easily collected and used as a basis for making 
feeding decisions. 

According to a survey on Australian dairy farm 
technology and management practices conducted 
during 2010-11 (Dharma et al. 2012), approximately 

15% of Australian dairy farms had computerised bail 
feeding systems with milk meters installed. In a 2013 
survey of dairy farms in New Zealand (Edwards et 
al. 2014), 33% of farms were capable of feeding 
concentrates in the bail (up from 23% in 2008) 
and 22% of these feeding systems were capable of 
allocating one or more feed type simultaneously 
to individual cows. The most significant increase 
in feeding system installation has been associated 
with rotary dairies, with 62% having in-bail feeding 
systems (up from 43% in 2008) and 14% also 
having milk meters installed. In an on-line survey 
of 73 New Zealand farmers with computerised bail 
feeding systems, the main reasons provided for 
investing in the technology included the desire to 
improve productivity, reduce feed costs and better 
manage body condition score (BCS) (B. Dela Rue 
unpub. data). The combinations of milking/feeding 
systems are being used in many different ways by 
dairy farmers and their advisers to allocate grain/
concentrates either to individuals or to groups within 
herds, rather than as a flat rate to all cows in the 
herd. The main parameters used by the surveyed 
New Zealand farmers to allocate feed on either an 
individual or group basis included milk yield (58%), 
breed and age (50%) bodyweight (42%), stage of 
pregnancy (40%) and BCS (37%) (B. Dela Rue 
unpub. data).

While the technology to enable individualised 
feeding is available and increasingly being 
installed on dairy farms, the value of individualised 
concentrate supplementation on production and 
farm profit remains unclear. The majority of bail 
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feeding research conducted over the past 30 years 
has identified little difference in cow response, 
between flat rate feeding and more complicated 
approaches of split feeding or feeding to individual 
cow milk yield (Bines, 1985; Leaver, 1988; Gill 
and Kaushal, 2000). Summarising the results of 
7 trials comparing flat rate and stepped feeding 
strategies (Gordon 1982, Taylor and Leaver 
1984, Poole 1987, Rijpkema et al. 1990, Aston 
et al. 1995) resulted in an average milk yield of 
22.8 and 23 kg respectively and furthermore, the 
summary of 12 trials comparing between flat-rate 
and individualised feeding strategies, resulted 
in an average milk yield of 25.1 and 24.8 kg 
respectively (Gordon 1982, Taylor and Leaver 
1984, Moisey and Leaver 1985, Taylor and Leaver 
1986, Rijpkema et al. 1990). However, it must be 
noted that many of these experiments conducted 
during the past 30 years involved housed animals, 
with unlimited access to a forage source (in most 
cases high quality grass silage) in addition to 
the concentrate supplement. This is an important 
distinction as individual cows receiving high 
quality forage ad lib would be able to compensate, 
at least partially, for any shortage in concentrate. 
Conversely, in pasture-based systems most of 
the forage is offered as grazed pasture, typically 
restricted in quantity by grazing management and 
in quality by seasonality. 

There have been very few comparisons of 
concentrate feeding methods in pasture-based 
grazing cows, particularly where there is restricted 
access to forage. Restricting pasture allowance 
results in increased pasture utilisation but also 
creates competition between cows for the available 
resource, inevitably, leading to variations in 
nutrient supply and demand, for individuals within 
a herd. Results of a recent study in Australia, where 
cows grazed restricted pasture allowances (Garcia 
et al. 2007), indicated cows fed a concentrate 
supplement, based upon individual requirements, 
produced 7% more fat and protein when compared 
with cows fed at a fixed rate based on overall herd 
requirement.

This review examines the potential for 
individualised bail feeding in pasture-based 
dairy systems, considering both system (pasture 
allowance) and cow level parameters (DMI, milk 
yield, genotype, bodyweight etc.) that could 
affect the individual cow response to a particular 
supplement, and discusses the current limitations 
and future challenges for implementing this 
technology in pasture-based farming systems. 
Recommendations for future research are made to 
address any knowledge gaps.

THE POTENTIAL FOR INDIVIDUALISED 
FEEDING OF CONCENTRATE 

SUPPLEMENTS

Any advantage to be gained from the 
individualised feeding of concentrate supplements 
to cows, compared with flat-rate feeding, depends 
on both the existence of sufficient between animal 
variability, in response to supplementation, and 
the economics associated with exploiting this 
variability. Individual differences, in response to 
supplementation, would imply variation in efficiency 
of use of the supplement.

(Andre et al. 2010) in an observational study 
of 4 farms in the Netherlands reported considerable 
between cow variation in milk yields in response to 
concentrate intake. The researchers concluded this 
variation could be exploited to improve economic 
profitability of dairy farming, through optimisation 
of individual concentrate feeding. By applying 
individual economic settings for concentrate supply, 
based on daily milk yield, they were able to show 
that at least in the short term, potential economic 
gains ranged from €0.2 to 2.3 /cow per day (Andre et 
al. 2010). There was no consideration of the effect of 
substitution of forage (either summer grazed pasture 
and or silage) and the cost of the forage component 
of the diet in this study and the majority of cows were 
housed indoors for part or all of the year. In pasture-
based systems, the amount of pasture consumed and 
its nutritive value may influence the between cow 
variability in response to the supplement (Clark 2013) 
and will need to be considered as part of a dynamic 
model for calculating optimum supplementation 
rates.

CURRENT LIMITATIONS FOR 
INDIVIDUALISED SUPPLEMENTATION 

STRATEGIES

In any production system there is large variability 
in DMI between animals, although the source of this 
variability is not well understood.  The variation is at 
its largest and least predictable for grazing ruminants 
(Allison 1985).  (Garcia and Holmes 2005) showed a 
coefficient of variation of >30-35% in DMI even after 
correcting for bodyweight amongst cows of similar 
stage of lactation and having equal access to the 
same diet (pasture + maize silage). This variability is 
likely to be driven by a combination of both system 
(pasture allowance) and cow level factors (e.g. 
genotype, parity, days in milk, bodyweight etc.)

The lack of information on individual intake and 
nutritional composition of the pasture component 
of the diet and the extent to which the addition of a 
concentrate supplement to the diet affects the amount 
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of pasture consumed is a significant limitation 
in formulating individual animal supplementary 
programs. When supplements are offered to grazing 
dairy cows they reduce pasture intake with the average 
milk response to the supplement decreasing as the 
rate of substitution of supplementary feed for pasture 
increases (Stockdale 2000, Bargo et al. 2003).  

Pasture allowance is the system-level factor 
considered to have the greatest influence on pasture 
DMI and substitution rate (Stockdale, 2000). Pasture 
DMI increases with increasing allowance, but at a 
declining rate (see review by Baudracco et al. 2010) 
leading to a lower proportion of pasture available 
being harvested and inefficient utilisation of pasture at 
a level of allowance where maximum DMI is achieved. 
As a result, in typical rotational grazing systems, it is 
recommended that pasture allowance be restricted to 
90% of the level of pasture availability that would 
be required to achieve maximum cow’s voluntary 
intake at pasture (Peyraud and Delagarde, 2011). 
When pasture allowance is restricted, substitution of 
supplements for pasture is reduced and total DMI and 
the marginal milk response increase (Grainger and 
Mathews 1989, Wales et al. 1999, Stockdale 2000). 

Because pasture allowance has a significant 
effect on DMI and the substitution of supplements 
for pasture, which in turn affects the marginal 
production response to supplements, it is important 
to understand the extent to which pasture allowance 
varies and the potential implications of this variability 
for the individual animal in the herd.  From the angle 
of individual animals rotationally grazed in a dairy 
farm, pasture allowance (and therefore pasture DMI) 
can vary due to factors associated with inter (between 
paddocks), intra (within paddock) and inter-strata 
(vertical) variability in pasture quantity and quality; 
and due to factors more specifically associated with 
the individual animal. 

Inter and intra paddock variability in pasture 
utilisation and yield

The existence of large intra and inter-paddock 
variability in pasture yield indicates there is room 
for improvement in increasing yield by addressing 
variability, but more importantly in the context of 
individualised feeding of concentrates, such intra and 
inter-paddock variability highlights the complexity 
and variability in terms of the quantity and quality 
of pasture on offer every time cows are introduced 
to a new pasture break. The variability in pasture 
allowances makes it extremely difficult to accurately 
estimate pasture intake at the individual cow level.

Pasture utilisation (the annual amount of pasture 
harvested per ha) is a key driver of profitability in 
pasture-based dairy systems (Garcia et al. 2013), 
but pasture utilisation, is often below demonstrated 

potential (DIFMP, 2012).  In a recent review, (García 
et al. 2014) demonstrated that the gap between 
potential pasture utilisation and that achieved in 
practice can be reduced by improved management 
of both inputs and grazing. However, even when 
inputs and grazing management is similar between 
paddocks (and according to best practice), inter-
paddock variability in pasture utilisation remains 
high. (Garcia et al. 2013) combined experimental 
data from whole farm systems studies from both 
New Zealand and Australia; in all cases inputs 
and grazing followed strict management rules. 
When individual paddock pasture utilisation was 
expressed relative to the average of each particular 
study, the results indicated a 100% difference in 
pasture utilisation between the lowest and highest 
performing paddocks.  Given that this was done with 
research data, inter-paddock variability is expected 
to be much higher on commercial farms. (Clark et al. 
2010) found annualised pasture yields, for individual 
paddocks across farms, ranged from 9500 to 26100 
kg DM/ha/year. Within farms, paddocks with the 
greatest herbage yield produced between 30 and 
122% more pasture DM/ha than the least producing 
paddocks. There was a poor correlation (R2 of 0.1 or 
less) between average paddock yield and yield in the 
last calendar year for all farms. These data highlight 
the variability of paddock yield, both spatially within 
farms and across years (Clark et al. 2010).

In addition to inter-paddock variability, there is 
also large intra-paddock variability (Laca, 2009). There 
is a lack of specific information about this variability 
for dairy pastures, however, Pembleton (unpub. data) 
identified within paddock variability in pasture height, 
measured using a C-Dax pasture meter, ranging from 
approximately 70 mm to more than 110 mm in a 
perennial ryegrass pasture treatment (Figure 1).

Figure 1: Variability in pasture height for various 
pasture swards on a pasture trial plot at the 
Tasmanian Institute of Agriculture Dairy Research 
Facility in North West Tasmania. Pasture height was 
measured using a C-Dax pasture meter (Pembleton, 
unpub. data).
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Variability in nutrient content within the pasture 
strata

In addition to inter and intra-paddock variability, 
there is also variability associated with pasture strata. 
The quality of the diet consumed typically decreases 
as grazing progresses due to less green leaf and 
more dead material in the lower stratum (Chacon 
and Stobbs, 1976){!!! INVALID CITATION !!!,  
#0;Chacon, 1976 #476}. In general, the top stratum 
of pasture contains less fibre and more crude protein 
(CP) than the bottom stratum and vice versa, with 
levels of protein and fibre in an annual ryegrass 
pasture ranging from 133g/kgDM CP and 675 g/
kgDM neutral detergent fibre (NDF) in the bottom 
5 cm fraction, to 239 g/kgDM CP and 421 g/kgDM 
NDF above 15cm (Delagarde et al. 2000). 

In many pasture-based dairy systems cows 
arrive back at the pasture after milking over a period 
of 2-3 hours, and considering cows typically graze 
pastures in layers (Wade and Carvalho, 2000), cows 
that arrive last will be presented with both a reduced 
allowance and lower quality pasture than cows 
arriving first in the paddock (Scott et al. 2014). In 
the trial reported by (Scott et al. 2014), cows that 
arrived first to a paddock of kikuyu pasture would 
have had available a diet with approximately 21% 
greater CP and 15% lower acid detergent fibre than 
those arriving last.

In conventional dairy systems it is typical for 
the order of milking, for individual cows, to be 
consistent between days (Botheras, 2006) with this 
effect partially being a result of the social dominance 
herd structure, with the least dominant cows usually 
located at the rear of the herd (Arave and Albright, 
1981). If this is the case, it may be that the more 
submissive cows are consistently faced with reduced 
pasture allowances, impacting negatively on their 
milk yields. These submissive cows should have 
lower substitution rates and increased responses to 
supplement and therefore should benefit more from 
increased levels of concentrate supplementation 
than would the average cow in a herd. Together with 
amount of supplement, varying the nutritive value 
of the supplement in the bail according to milking 
order, and/or investigating areas of management to 
decrease the variability in pasture nutritive value 
accessed within a herd is an area for future research. 

In summary, significant inter and intra-paddock 
variability in pasture yields and utilisation, in 
addition to large variations in individual intake of 
pasture, are major limiting factors to the development 
of individualised supplementary feeding programs 
for pasture-based dairy cows. Although it is clear 
that obtaining a direct measure of pasture DMI or 
substitution is not currently possible at an individual 

animal level, there may be opportunities to obtain, 
via other means, a measure of an individual cow’s 
response to supplements at pasture and use these 
measures to identify cows with low substitution 
rates and high responses to supplementary feeds and 
individually feed these cows for greater efficiency.

COW FACTORS

Pasture intake and substitution rate
In a comprehensive review of factors affecting 

substitution rate, Stockdale (2000) concluded that 
pasture intake in unsupplemented cows (i.e. pasture 
allowance) and bodyweight were the most important 
factors, although both of these factors explained only 
51% of the variation observed.  Substitution rate tends 
to decline with increasing bodyweight (Grainger and 
Mathews, 1989), although there are effects of cow 
genetics on substitution rate that are not accounted 
for by bodyweight (Fulkerson et al. 2008). In a study 
by (Linnane et al. 2004) substitution was greater in 
New Zealand Holstein Friesian cows compared with 
North American high durability and North American 
high production Holstein Friesian cows, confirming 
an effect of genetics on substitution rate. 

Grazing behaviour has been shown to be 
affected by supplementation.  Time spent grazing is 
reduced on average by 12 minutes for every kg of 
concentrate consumed (Bargo et al. 2003, Sheahan et 
al. 2011).  However, this effect of time spent grazing 
is not uniform throughout the day, with a decrease 
in grazing time associated with supplementation 
during the morning, but little change in grazing time 
observed in the evening (Sheahan et al. 2011). The 
use of activity meters warrants further investigation, 
as a combination of different measures of activities 
such as grazing time, bite rates and rumination time 
may be able in the future to be used as a proxies for 
pasture intake and substitution rate for individual 
cows in the herd.

At the individual animal level, substitution 
rate is just the consequence of different amounts 
of pasture and concentrate eaten, which are in 
turn and to a large extent, regulated by complex 
physiological mechanisms involved in regulation 
of voluntary intake. Physical distention of the 
rumen and gastrointestinal tract, metabolism of 
products of digestion and endocrine products of the 
gastrointestinal tract, pancreas and possibly other 
tissues, all contribute signals that are processed 
centrally in the brain to control hunger, satiety and 
energy expenditure (refer to Roche et al. 2008 for 
an extensive review on intake regulation in ruminant 
farm animals). While physical extension may 
regulate intake in tropical pastures (Stockdale, 2000), 
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it does not appear to be a factor in cows grazing 
high quality digestible temperate pastures (Sheahan 
et al. 2011). Similarly, although hepatic oxidation 
of energy is involved in satiety in monogastric 
animals (Allen et al. 2009), there is little evidence 
to support a significant role for intake regulation in 
grazing dairy cows (Sheahan et al. 2013a). There 
is increasing evidence that neuroendocrine factors 
involved in intake regulation such as ghrelin may 
be the component that regulates substitution rate 
and could potentially be used to identify cows that 
would produce more milk in response to concentrate 
supplementation (Sheahan et al. 2013, Sheahan et 
al. 2013).  Supplementation with concentrates leads 
to a decrease in ghrelin levels with evidence for 
supplement type having an effect on substitution rate; 
starch based concentrates resulted in greater ghrelin 
decline and increased substitution rate compared 
with fermentable fibre-based concentrates (Sheahan 
et al. 2013).

In summary, dry matter intake of pasture continues 
to be the limiting factor in milk production in grazing 
animals and the significant amount of between cow 
variability in pasture intake, substitution rate and 
response to supplements highlights the importance 
of gaining a better understanding of the factors that 
explain this variability.  Recent attempts to improve 
the accuracy of estimates of intake at pasture through 
modelling of both animal and pasture related factors 
(eg milk yield at peak, pasture allowance, BW etc) 
are promising (O’Neill et al. 2013).

Milk production
(Bargo et al. 2003) in his review on 

supplementation of grazing dairy cows concluded 
that on average supplementation increases milk 
yield, milk protein percentage and yield and milk 
fat yield, but reduces milk fat percentage. There was 
considerable variation around this reported response 
to supplement with much of this variation probably 
associated with grazing management (discussed 
above), cow genetics and the type of concentrate 
offered. In a trial comparing the effect of concentrate 
supplementation on grass intake and milk production 
between medium and high genetic merit Holstein-
Friesian cows, genotype had a significant effect on 
all milk production parameters, with the high genetic 
merit cows having the highest yield of milk, fat, 
protein and lactose and the medium merit cows having 
highest milk fat, protein and lactose concentrations 
(Kennedy et al. 2003). (Fulkerson et al. 2008) 
found that cows produced differences in their milk 
production predicted by their estimated breeding 
values when grazing cows were fed supplements of 
greater than 0.8t DM/cow per lactation, but not when 

cows were fed low levels of concentrate supplement. 
These results indicate that the genetic merit of the 
cows needs to be considered in the decision on the 
most effective use of supplements.

Energy Balance and Body Condition score
Body condition score is a subjective assessment 

of a cow’s adipose and muscle tissue stores (Roche 
et al. 2004). A cow’s BCS at calving and during 
the reproductive period, as well as the change in 
BCS between calving and breeding are important 
parameters for milk production, health and welfare 
and reproductive function (refer to a comprehensive 
review by Roche et al. 2009). The two metabolic 
processes that are associated with changes in BCS 
are lipolysis and lipogenesis.  Simply, when the 
requirement for energy is greater than the supply of 
energy, the rate of lipolysis exceeds that of lipogenesis, 
the cow loses BCS (i.e. is in negative energy balance) 
and when the supply of energy exceeds requirements 
the rate of lipogenesis exceeds that of lipolysis and 
the cow , who is in positive energy balance, stores 
the excess energy and BCS increases (Brockman and 
Laarveld 1986, Roche et al. 2009).  Although BCS 
loss is a natural mammalian adaptation, intensive 
selection for milk production has resulted in cows 
that are prepared to mobilise BCS to the detriment 
of health and reproduction (Roche et al. 2009). 
After approximately 30 days in milk, the balance 
between lipolysis and lipogenesis can, on average, 
be turned in favour of BCS gain in grazing dairy 
cows by increasing the consumption of concentrate 
supplements. However, high genetic merit cows 
require a greater level of concentrate supplement 
to affect a change in these metabolic pathways 
(Roche et al. 2006). In addition, considering the net 
efficiency of producing milk from BCS in grazing 
cows is low because of the low efficiency of BCS 
gain from autumn pasture (Mandok et al. 2013) and 
the efficiency of gaining condition is 10% greater in 
lactating cows than dry cows (Moe and Tyrrell 1972, 
Yan et al. 1997), the opportunity to manage BCS 
through individualised feeding should improve feed 
conversion efficiency on grazing dairy farms.

In summary, the collective literature indicates 
a significant ‘cow effect’ in the marginal milk 
production response to supplements.  It is plausible 
that some combination of these cow factors and cow 
x grazing management interacting factors could 
be used to define appropriate supplementation of 
cows such that the final milk production response 
to supplementary feeds (i.e. immediate and deferred 
responses) will be greater than if all cows in the herd 
were fed similarly (i.e. flat-rate feeding). 
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IMPLICATIONS FOR REPRODUCTION 
HEALTH AND WELFARE

Apart from the objective of optimising milk 
or milk solids through increased milk response to 
supplement, the reproductive success and health and 
wellbeing of cows needs to be considered.

Rumen function and health
Providing concentrate supplements to dairy 

cows will have an effect on rumen function. As 
already discussed, in pasture-based systems there 
is no practical measure of the amount and nutritive 
value of pasture being consumed and even if 
measurement was possible, it is unlikely, that the 
balance of non-structural carbohydrate (NSC) to 
NDF and other factors is the same for all cows in the 
herd.  This indicates that individualised management 
of cows will require the identification of an, as yet, 
unknown factor that reflects when rumen parameters 
are indicative of poor rumen function.

Recent evidence indicates there is a threshold 
level of NSC consumption, below which, the cow 
functions normally, but above which, she functions 
sub optimally (Auldist et al. 2014).  If this threshold 
can be identified, the diet can be adjusted to replace 
NSC with fermentable fibre sources, or include 
rumen modifiers, that reduce the risk of acidosis and 
increase DMI, feed conversion efficiency and milk 
production.  The large variability between animals 
in response to rumen modifiers (Golder et al. 2014) 
supports the need for a biomarker that is indicative of 
poor rumen health, to ensure all animals are managed 
optimally.

Heat stress
Heat stress leads to a reduction in DMI and milk 

production, but there is considerable variation in heat 
tolerance between breeds and between individuals 
within a breed (Hansen 2004, Gaughan et al. 2009). 
Where heat stress can be identified as a risk factor, diets 
could be adjusted to reduce the heat of fermentation 
(e.g. through increasing the energy density and 
increasing the amount of bypass starch or perhaps 
by including additives such as chromium (Dunshea 
et al. 2013)).  Being able to identify those animals 
at increased risk of heat stress and individually feed 
them suitable mixtures of supplements is integral to 
the success of individualised feeding strategies that 
reduce negative effects of heat stress on production 
and welfare of lactating dairy cows.

Reproduction
Diet composition has a putative role in dairy 

cow reproductive success, but dietary adjustment to 
improve pregnancy rates is complicated, and merely 
offering pasture-based cows a supplement is unlikely 

to result in large effects (Refer to the comprehensive 
review by Roche et al. 2011). There is evidence for 
an anoestrus-reducing effect arising from altering the 
NSC to structural carbohydrate ratio in early lactation 
(Gong et al. 2002, Garnsworthy et al. 2008). However, 
supplementation with NSC in pasture-based systems 
does not appear to elicit this effect. In addition, a 
high NSC to structural carbohydrate ratio reportedly 
results in reduced pregnancy rates (O’Callaghan 
and Boland 1999). Further research is required to 
better understand the effect of carbohydrate type on 
pre- and postovulatory reproductive function, as, if 
influential, there is a potential role for individualised 
feeding of different feed ingredients to dairy cows 
at different days in milk and/or relative to stage of 
reproduction. 

The effect of CP, soluble CP, and rumen 
degradable protein in reproductive function is not 
clear. From a reproductive standpoint, pasture-based 
evidence does not support a role for altering protein 
amount or composition, but there is a lack of large 
scale interventionist studies to confirm this. This 
is an area for future research in grazing systems. 
Similarly to CP, the effect of dietary fat and fatty acid 
composition upon reproductive performance is not 
clear, but there may be an advantage to the addition of 
specific fatty acid to the ration (Ambrose et al. 2006). 
Further research is required to determine the role of 
fatty acid on pre- and post-ovulatory reproductive 
function.

FUTURE CHALLENGES AND 
OPPORTUNITIES

As advances in technology have made it easier 
to collect and store data, identifying what data might 
be useful and how such data could be interpreted to 
enable appropriate decisions to be made is becoming 
increasingly difficult. Much of this data is collected 
using differing technology and devices limiting the 
ability to consolidate the data on a single platform 
for assessment, often meaning that data collected is 
not effectively utilised as an aid to decision making 
by farmers. This increasing integration of technology 
on farm, with an inability to meaningfully use 
the technology, can be termed ‘the bleeding edge’ 
(Figure 2), where money and time has been ‘bled’ 
for no outcome. The successful integration of 
technology on-farm will require development of 
software to integrate and package data into something 
meaningful that allows efficient decisions to be made 
by farmers i.e. taking them from ‘the bleeding edge’ 
to the leading edge. 
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Figure 2: The increasing integration of technology 
on farm, with an inability to meaningfully use the 
technology, can be termed ‘the bleeding edge’, 
where money and time has been ‘bled’ for no 
outcome.

In the future, farmers, via intelligent decision 
support systems, could be allocating differing 
supplements to individual cows, based on algorithms 
that include details about the feed (pasture type, 
grain type), animal (genetic merit, bodyweight, 
condition score, specific biomarkers, reproductive 
status, days in milk) and environmental parameters 
(heat or cold stress) rather than just basing decisions 
on one or two parameters, such as milk yield and/or 
bodyweight, as is currently the case for many farms 
with computerised bail feeding and milk meters.

The question still remains as to how to adequately 
collect and combine appropriate data from various 
sources. Currently the data that is readily available for 
use in intelligent support systems include measures 
such as daily milk yield, daily bodyweight, grazing 
and rumination activity and milking order.  These 
sources of data, along with external data, such as 
temperature and economic factors including feed and 
milk price could all be used in the development of 
a dynamic model for the allocation of supplements. 
One method to address the uncertainty regarding 
the appropriateness of parameters to enable efficient 
allocation of supplements is to learn everything we 
can about cow responses from multiple component 
trials.  In practice this is not possible. Another 
method would be to utilise current technology and 
data generated from existing systems to do this 
‘learning’ for us. Given the numerous individualised 
feeding strategies on offer, research has a role to pull 
the results obtained from current feeding strategies 
together into an overarching model to aid on-farm 
supplementary feeding decisions. 

Recent research (Romera et al. 2010) has 
highlighted the ability to fit empirical parameters to 

observations to ‘train’ a model resulting in increased 
accuracy of individual paddock pasture growth 
predictions. In effect, this model (PGSUS) ‘learns’ 
from the past to better predict the future. A similar 
approach has been proposed, and tested, using daily 
milk recordings and milking interval durations in an 
automatic milking system to estimate the individual 
dynamic milk yield response to concentrate intake 
(Andre et al. 2010). In (Andre et al. 2010)’s model, 
there is no consideration of rumen health, weighting 
for reproductive considerations and measurement of 
factors that could account for variations in pasture 
intake or substitution rates.  Other similar approaches 
include the concept of statistical process control 
and the synergistic control concept to model real 
time (online) data for early detection of anomalies 
(Huybrechts et al. 2014).

It is proposed that a similar approach to the 
models discussed above be developed and tested 
for pasture-based cows. An example of the way to 
approaching this would be to enable the system to 
automatically conduct an “experiment” with the 
entire herd, to estimate feed/supplement responses. 
This machine learning process effectively removes 
the need for a manager to examine data from various 
sources for each cow and then make decisions on 
how best to use the available information to feed 
supplements. Over time, the accuracy of the machine 
learning model will improve, and with improvement 
increase the potential for efficient use of supplements 
in pasture-based dairy systems. 

CONCLUSION

While there is currently little evidence to 
support the premise of improved production from the 
individualised feeding of concentrate supplements to 
pasture-based dairy cows, the existence of significant 
variation in pasture and total DMI of herd-managed 
cows and in milk response to supplements suggests 
that efficiency gains from appropriate individualised 
feeding programs should lead to improved marginal 
milk responses. Significant variability in the quantity 
and quality of pasture available to individual cows, 
currently limits the ability to determine both pasture 
intake and substitution rates for individual cows.  This 
variability may be part of the reason milk response 
to concentrate supplements in individualised feeding 
programs has not led, in most cases, to improved milk 
production.  A number of cow factors that have been 
identified could provide a means for determining 
cows within a herd that have low substitution rates and 
high response to supplements. Further research needs 
to be conducted to better understand the relationship 
between factors, such as, grazing and other activity 
based behaviours and pasture intake and substitution 
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rates. Intrinsic factors related to metabolism and the 
physiology of intake regulation appear to be most 
promising.   In particular the potential to use satiety 
hormones such as ghrelin for identifying animals 
with lower substitution and increased supplement 
also requires further research. The inclusion of these 
parameters, along with routinely collected data such 
as milk yields and bodyweight, could be used in the 
development of a ‘self-learning’ model that estimates 
an individual cow’s response to supplement and 
improve allocation of concentrates across the whole 
herd.  This type of model will need to consider 
the impact of changing levels of concentrates on 
rumen function, health, welfare and reproduction. 
The development of ‘self-learning’ models for 
individualised feeding of concentrates should be a 
focus for future research.
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ABSTRACT

New technologies are rapidly becoming available which can allow measurement and exploitation of 
biological variation to improve resource efficiency. Some of these technologies can be applied to improve the 
efficiency of pasture based systems. There will be significant innovation in technology for capturing dairy cow 
productivity and welfare variation as the potential market globally is very large, however the market potential 
for technology for pasture based grazing systems is much smaller and will require public funding to stimulate 
innovation in technology to capture and exploit the variation in pasture production and utilisation. 

 Current research in Teagasc Moorepark is focused on developing and adapting technology to capture 
both the inter-paddock and intra-paddock variation in pasture production which will potentially allow more 
specific and efficient nutrient use and higher total herbage production. The second focus of current research 
is in the development of technologies to capture and manage the variation in grass utilisation by real time 
monitoring and collating the data on herd output and post-grazing residual and controlling individual animal 
pasture allocation through individual GPS location identification and control with virtual fencing.

INTRODUCTION

(Eastwood et al. 2004) defined Precision 
Livestock Farming as ‘the use of information 
technologies for the assessment of fine-scale 
animal and physical resource variability aimed at 
improved management strategies for optimising 
economic, social and environmental farming’. There 
has been and will continue to be enormous rates 
of innovation in adapting technologies developed 
for other industries to agricultural use which could 
allow measurement and exploitation of biological 
variation to improve resource efficiency. The major 
challenge for applied dairy researchers will be to 
identify the most relevant technologies to improve 
the profitability and sustainability of dairy farming. 
The range of technologies available currently 
are focused primarily on exploiting the variation 
between individual animals however in pasture based 
systems animal performance indicators such as milk 
production per cow and feed efficiency within the 
cow have a very poor relationship with profit 

Figure 1 shows the relationship between grass 
utilised per hectare and net profit for 200 farms 
selected from an Irish benchmarking dataset. Figure 
1 shows that approximately 44% of the difference 
in net profit per hectare between farms can be 
explained by overall grass utilised per hectare. There 
are numerous studies across multiple years that  have 
found similar relationships between grass utilised 
per hectare and profit A subsequent Irish study has 
shown that profit per hectare is increased by €160 
for each additional tonne in grass utilized per hectare 
within dairy systems (Dillon, 2011). The key drivers 
effecting grass utilised per hectare are grass growth 
and grazing management including stocking rate. 

Figure 1: relationship between pasture utilised and 
profit per hectare on a range of Irish farms

If profitability of grazing systems is driven by the 
degree of grass utilization, which in turn is a function 
of both increased growth and optimum utilization of 
that growth, the accurate and timely measurement of 
pasture is integral to effective grazing management 
practice. Farmers, who rely on grazing pasture as 
their primary source of feed, require accurate, timely 
measurement of pasture biomass for effective grazing 
management. In ruminant pasture-based systems, 
such as those in Ireland, Australia and New Zealand, 
more detailed information on pasture resources and 
utilization are the ‘missing link’ for whole farm 
precision systems (Eastwood et al. 2009). 

Pasture measurement tools (such as the rising 
plate meter) are available but not routinely used on a 
widespread basis. Reasons include: lack of confidence 
in their accuracy (Reeves et al. 1996), high labour 
demand (Dobos and Fulkerson, 2004), and difficulty 
in operation and cost (Lile et al. 2001). However, 
(Fulkerson et al. 2005) have shown that allocating 
an appropriate and constant amount of pasture daily 
will result in approximately 10 % higher milk yield.  

Pasture-based systems present a unique set 
of problems and opportunities. Dairy farmers 
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that rely on pasture as their primary source of 
feed require accurate real-time measurement of 
pasture biomass to optimise cow nutrition and 
grazing management, as well as individual cow 
indicators of animal production and health to 
ensure animal welfare is optimal (Donnelly et al. 
2005, Eastwood et al. 2010). This is much more 
complex than international dairy systems, where 
cows are primarily fed a mixed ration in confined 
housing; in these systems, the relatively easy task 
of accurate mixing of feed ingredients and the 
proximity of cows to the ‘technology hub’ means 
that the technology can be less complex and 
more user friendly. The development of parallel 
technology for precision feeding of animals within 
a pasture-based system as in Ireland, Australia 
and New Zealand is critical and the development 
and use of ICT (information and communications 
technology) within pasture management in general 
has the potential to significantly increase the 
efficiency and sustainability of milk production, 
in particular if user friendly technology can 
be made available to farmers to quantify the 
amount and quality of pasture available in real 
time. (Dolecheck et al. 2013) suggested that in 
an ideal precision operated farm, the technology 
should be low cost, reliable, robust, flexible, and 
easy to maintain and update, and should provide 
information that immediately can be turned into 
management action. This is the goal with regard to 
ICT within pasture management and the research 
being conducted in this area.

Current research in Ireland is focusing on (a) 
the development of an ICT tool to capture data 
automatically from a ‘rising plate meter’ with global 
positioning system (GPS) technology and mapping 
capabilities, i.e.  a reliable, precise, consistent and 
easy to use tool to estimate herbage mass; (b) a 
decision support tool to interpret the information 
generated and present in a readable format; (c) 
links to an inbuilt or web-accessible database 
and (d) the role of virtual fencing technologies to 
create boundaries that can (i) maintain cows in a 
space defined by a farm operator, dependent on 
grass availability; (ii) be respondent to grassland 
measures, such as height and density, so that the 
boundary advances as the herd residency time in 
a grazing area increases; (iii) be respondent to 
individual cow intake requirements so that the 
boundary advances for the individual cow. All such 
tools must improve whole farm pasture utilization 
while at the same time reduce labour demand 
associated with grassland management tasks. 

ICT TOOL TO CAPTURE DATA 
AUTOMATICALLY FROM A ‘RISING 

PLATE METER’

The current work involves developing the ICT 
based tool (a modified Rising Plate Meter - also 
referred to as the Grasshopper) with GPS technology 
which is capable of (i) mapping farms; (ii) capturing 
relevant grass measurement parameters (e.g. pre- 
and post-grazing herbage mass); and (iii) readings 
are saved in the recorder memory and the data 
automatically transmitted to a paired smart phone 
application in real-time. This provides a means to 
review the measurements in real-time and through 
interacting with a data package which can be provided 
with data such as grass dry matter (DM), number 
of cows and grass DM being allocated /cow, allows 
the operator to be informed of where to place the 
fencing wire within the paddock in order to achieve 
an accurate grazing allocation. It is envisaged that in 
time, the Grasshopper will also have near-infrared 
spectroscopy (NIRS) capability to measure pasture 
quality.  This would allow within paddock variation in 
pasture yield and quality to be measured, increasing the 
precision of pasture allocation through modified area 
provision and, thereby, improve grazing management. 

PROGRESS TO-DATE

The Grasshopper has been developed and is 
shown with a ‘DST operating concept’ in Figures 2 
and 3, respectively. Initial calibration was carried 
out on one hundred grazing plots of various sizes, 
herbage mass and grass heights. Measurements 
were taken in duplicate by the Grasshopper and 
the New Zealand plate meter, Jenquip, which is 
considered scientifically to be the ‘Gold Standard’ 
for grass height measurement over a period of 7 
days (3,440 measurements in total). The results 
were analysed and plotted and a Pearson correlation 
(r2) of 0.72 was observed between the Jenquip and 
Grasshopper grass heights. After discussion with 
the developer, some minor modifications were made 
to the software algorithms of the Grasshopper and 
a second set of measurements were put in place. A 
second calibration was carried out on twenty one 
grazing plots. A total of six hundred measurements 
were taken by the Grasshopper and the Jenquip. 
The results were analysed and plotted and a Pearson 
correlation (r2) of 0.99 was observed. However, 
there was a consistent 2 cm difference between the 
two devices. This is accounted for in all subsequent 
calibration studies using the Grasshopper, as it has 
been modified to automatically ‘zero’ prior to each 
set of measurements. The Grasshopper was then 
considered ready for further testing and validation. 
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The instrument has now been modified such that 
the Grasshopper is attached to an existing Jenquip. 
This allows measurements to be obtained from the 
manual Jenquip reader and the automated digital 
Grasshopper device, on the same grass height sample. 
A programme of work on testing and validating the 
Grasshopper /Jenquip hybrid has been in progress 
during the 2014 grass growing season. This work is 
being conducted on two research farms in Ireland. 
One of the farms has a high proportion grass sward, 
and the other has a mixture of grass and clover in 
the sward in order to assess the variation of different 
swards types that are common on commercial farms 
in Ireland. Other variables that will be assessed 
during the calibration and validation of this DST 
include sward height between 4 cm and 16/17 cm; 
stage of sward growth and sward growth period e.g. 
tillering to finishing of flowering in spring, summer 
and autumn; and sward density (kg DM/ha) pre- and 
post-grazing. Appropriate variations of this protocol 
have commenced in The Netherlands, Belgium and 
France. This testing and validation on the research 
sites will be followed by validation on monitor farms 
in Ireland, The Netherlands and France.

PASTUREBASE IRELAND

In addition to allowing increased accuracy of 
grass allocation in real-time, the grass measurement 
data recorded and stored in the Grasshopper will be 
uploaded to a grazing management decision support 
system PastureBase Ireland (PBI) for centralised 
storage. The creation of PBI has represented an 
important step in the development of new grassland 
technologies and can lead to greater efficiency 
in grass utilisation. PBI represents a grassland 
management decision support tool which incorporates 
a mechanism to capture background data on both 
research and commercial farms. The database stores 
all grassland measurements in a common structure. 
This system allows the quantification of grass growth 
and DM production (total and seasonal) across 
different enterprises, grassland management systems, 
regions and soil types using a common measurement 
protocol and methodology. Grass measurements 
are recorded on a regular basis and reports (grass 
wedge, distribution of growth and paddock summary 
reports) are automatically generated for management 
purposes. The reports are developed in a format 
that allows individual farms to be benchmarked 
with other farmers in their discussion group or 
to be benchmarked with farmers regionally. The 
background data such as paddock soil fertility, grass 
cultivar, aspect, altitude, reseeding history, soil type, 
drainage characteristics and fertiliser applications 
are also recorded. All farms on PBI are attached to 

their nearest weather station to allow the linkage 
between meteorological information to grass growth 
to be created. Information from different commercial 
grassland management software packages will be 
allowed into PBI once it meets rigorous quality 
assurance standards. Incorporating this data will 
increase the value of the database and would ensure 
that all generated grassland data is stored in one 
national database. All of the information collated 
within this new database can be used for future 
research to increase the understanding around 
grass growth at farm level, which should ultimately 
contribute to increased grass growth and utilisation 
at farm level. In summary, PBI is a new national 
grassland database. This database will enable the 
collection of regional grassland data across dairy, 
beef and sheep farms while providing decision 
support information for farmers and collating the 
background research information into a centralised 
grassland database.  

USING COW MILK PRODUCTION 
PERFORMANCE DATA TO INFORM ON 

GRAZING MANAGEMENT

Considerable additional value can be obtained 
from data sources if they are combined, thereby 
making full use of a biological logic in conjunction 
with appropriate signal processing methodologies 
(Højsgaard and Friggens, 2010). Biologically 
relevant questions of interest include the impact of 
alternative pasture allowances, pasture mass, pasture 
quality (e.g. dry matter digestibility, neutral detergent 
fibre, acid detergent fibre, crude protein) and grazing 
pressure on animal level performance (e.g. milk yield 
and composition), after adjustment for confounding 
effects (e.g., prevailing weather). 

Research is currently commencing on evaluating 
and adapting in-line sensors to measure milk volume 
and milk protein and fat concentrations during the 
milking process. The sensors need to be capable of 
measuring average herd milk yield and composition 
initially, which is a key requirement for system 
level decision-making, with subsequent progression 
to individual cow measures. The focus is on milk 
flow and volume measurements together with MIR/
NIR data. A significant feature of the development 
of these sensors is that they are deployed in a 
manner that ensures maximum accuracy within the 
constraints of the milking process. The development 
of an economically viable sensing strategy for milk 
quality on the farm has significant commercial 
potential. The potential of the sensors currently used 
on farm is significantly underutilised because the 
data are very rarely combined. The critical element 
envisaged in this research is using the monitored milk 
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yield and composition data to derive information 
about the nutritional environment of the cow, and 
taking cognisance of the animal performance and 
underlying biology to make inferences on the pasture 
quantity and/or quality.

VIRTUAL FENCE AS A TECHNOLOGY 
TO AID PRECISION IN ANIMAL AND 

GRASSLAND MANAGEMENT

In rotational paddock grazing systems, cows are 
allocated grass within a predefined area. With virtual 
fencing technology, there is no perimeter wire (Swain 
et al. 2009, Umstatter 2011, Nebel 2013), rather 
GPS localisation, wireless networking and motion 
planning are combined to delineate the boundary. It 
focuses on controlling animal location and enables 
the precise allocation of pasture and therefore, precise 
feeding. It uses GPS to automate the generation of 
stimuli at the appropriate location. Movement of the 
animal is controlled by a combination of auditory 
and tactile stimuli delivered by a device worn around 
its neck and communicated to the farm manager via 
SMS, email or other methodologies to ensure that 
the farmer is aware of any issues that may arise. The 
sensory cues are being developed and tested so it is 
ensured that they elicit consistent cow behaviour in 
response to GPS coordinates, effectively creating 
an invisible fence line (and thereby control of the 
animals). Variables include type of sensory cue (e.g. 
audio or tactile), level of expression and distance 
from the GPS fence line at which the cue is activated. 
This system provides the advantage of not needing 
any physical fencing components to be placed on the 
ground to achieve control of the animals. Therefore, 
with virtual fencing technology, it is possible to 
allocate the required pasture supply daily or more 
frequently if advantageous. 

A previous virtual fence prototype (Umstatter, 
personal communication) is currently being modified 
for suitability within an intensive grazing system. This 
has been developed and is currently being tested. It is 
intended to incorporate it into PBI. So pasture allocation 
will be based on overall herd demand and delivered 
using a virtual fence. Specifically, a software control 
system is developed to optimise the communication 
process. This GPS-Real Time Kinematic (RTK) 
system provides positioning of individual cows 
with an accuracy of less than 1 metre. This level of 
accuracy is deemed necessary for consistency in 
communicating the (otherwise invisible) fence to each 
cow. The evaluation will include the live uploading 
of ‘new’ fence lines to on-cow receivers on a daily 
or similar basis. The on-cow unit will incorporate 
communication devices operating at increasing 
levels as the fence is approached. A key constraint 

will be maximising energy efficiency within the 
sensor devices. The work on virtual fence technology 
involves animal welfare as a primary concern. Thus, 
GPS sensors will be used to determine the effects of 
the virtual fence technology on the behaviour of the 
animal. Both stress levels and clustering behaviour 
will be assessed. 

A key element is real-time location and the 
motion control of animals, thus allowing pro-active 
management and the control of a dynamic boundary. 
This will be first tested for a herd scenario using grass 
measurement data from PBI to fix and control the 
dynamic fence. Internationally, the objectives behind 
much of the recent precision dairy farming research 
is to revert focus to individual animal performance 
(Bewley, 2010). However, this approach is orientated 
more towards animals in indoor systems and, to date, 
precision feeding technologies have not been used 
for individual treatment of animals in pasture-based 
systems. However, it is envisaged that the virtual 
fence can be used to develop strategies to individually 
feed animals at pasture. Virtual fencing has the 
potential to take the concept of precision feeding to 
a new level and towards individual animal allocation 
of a grazing area, thus enabling the grazing intake of 
the individual cow to be controlled and optimized. 
This will require outputs from precision technologies 
that (i) measure pasture availability and quality to 
allocate optimally; (ii) individual cow milk yield and 
composition to determine the animal’s requirements 
and (iii) an animal friendly virtual fencing system to 
confine individual cows within a confined area. 

USING SITE-SPECIFIC NUTRIENT 
MANAGEMENT (SSNM) TO INFORM ON 

OPTIMIZING GRASS AND GRAZING 
MANAGEMENT

The application of SSNM in grazing systems 
may offer considerable benefits in terms of optimised 
nutrient use efficiency and pasture productivity. There 
is significant variability in soil nutrients and plant 
growth potential across pasture paddocks, suggesting 
that SSNM may prove useful (Virgona and Hackney, 
2008). The SSNM approach is used in cropping 
systems, but there has been little focus on this strategy 
within complex grazing systems. (Anderson et al. 
2012) reported initial studies on the SSNM approach 
which indicated strong N responses in the different 
land areas tested with respect to biomass production 
and pasture quality. The differential response across 
the areas were expected to become more apparent as 
the season continued as a consequence of variation 
in soil moisture. It is envisaged that this study may 
provide insights into the value of SSNM in grazing 
systems.
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APPLICATION OF RESEARCH 

The work described above has the capacity 
to significantly improve pasture management by 
increasing grass utilization thereby increasing 
the profitability of pasture based farming. These 
measurement tools will increase grass measurement 
precision and consequently, improve pasture 
recording, management and budgeting. The tools 
must be user friendly, thus encouraging farmer 
uptake with a greater number of farmers embracing 
ICT technologies. This approach will also increase 
the sustainability of pasture based dairy farming  
if it leads to an increase in the quantity of pasture 
consumed per hectare. In the Irish scenario, a 
centralised grassland database can be used to 
benchmark grassland performance over time and 
will facilitate a better understanding of the factors 
that are driving pasture production and utilization 
at farm level, acting as a valuable resource of future 
research. 

The initial application for this type of software 
will be for use in rotationally grazed dairying and 
beef systems in temperate pastures. At a later stage 
it can be adapted for other pasture based-systems in 
other environments. In Ireland approximately 10% of 
dairy farmers carry out weekly grass measurements 
(a much higher proportion does so less frequently) 
(Creighton et al. 2011); it is anticipated that the 
developments in grassland software will have a 
positive impact on the numbers of grassland farmers 
practicing grass measurement. The integration of 
grass measurement data with the mapping facility 
of the SMART phone and the web based DST 
technology will mean the removal of the subjectivity 
and individual interpretation of pasture availability 
and allocation. The navigational /mapping facility 
on the SMART phone screen will allow precise 
pasture allocation, rather than previously used ‘best 
judgement’. This will result in increased grassland 
measurement at farm level, increased accuracy of 
grassland management decisions thus resulting in 
increased grass utilization and associated increased 
production output at farm level, leading to increased 
profitability. 

In conclusion, research on sophisticated grazing 
management involves optimizing the pasture feed 
quantity and quality available, and apportioning this 
to animals so that they can access the optimum amount 
of feed to maximize their production capability 
while minimizing wastage. This is very significant 
for sustainability as it impacts on improved farm 
management and increased marketing of grassland-
based products, which should result in increased 
financial flows towards the grassland-based primary 

production level and stimulate motivation of farmers 
and stakeholders to maintain, develop and optimally 
utilise their grassland resources. 

Figure 2: DST Grasshopper

Figure 3: DST operating concept

i. The DST (Grasshopper rising plate meter) 
connects to a satellite via GPS and the location 
of the DST is then recorded on a smart phone, 
on which a paddock and farm map can be 
constructed for future use.

ii. Prior to grass measurement, using a smart 
phone app developed specifically for the DST, 
the operator pre-selects the paddock area to 
be measured and inputs other data required to 
complement the grass measurements done by 
the rising grass plate meter, in order to calculate 
the herbage mass.

iii. Grass height measurements are then taken by the 
DST.

iv. The data is then transferred via Bluetooth from 
the DST to the smart phone app and the operator 
is informed of the grass height, herbage mass 
and where to place the fencing wire within 
the paddock to achieve an accurate grazing 
allocation. 
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ABSTRACT

Slow surface drainage from border-check irrigation bays is widely recognised as a cause of substantial 
pasture production and water losses on dairy farms in the southern Murray Darling Basin of Australia. Reducing 
the duration of water ponding can substantially increase pasture production and reduce soil damage, reduce 
water losses and reduce the environmental impacts of irrigated dairy production. In this paper the adaptation 
and testing of a 2-Dimensional surface water flow model for use in border-check bay design is described, and 
an example of its application to border-check irrigation is presented.

Keywords: Border irrigation; irrigation design; 2D surface water flow model; ANUGA

INTRODUCTION

Border-check irrigation (Brouwer et al. 
1988) of perennial pastures is by far the most 
common irrigation method for on-farm dairy 
feedbase production in southeast Australia. Slow 
surface drainage and uneven water distribution 
within irrigation bays is a common cause of 
pasture production losses on dairy farms in 
northern Victoria. For example, (Dunbabin et al. 
1997) reported that water ponding for 12 h and 24 
h at 50 mm irrigation interval over an irrigation 
season decreased pasture production by 17% 
and 14% respectively, compared to 4 h ponding. 
Controlling the duration of water ponding through 
better bay design has the potential to increase 
pasture production. Furthermore, more efficient 
bay designs may enable larger irrigation bays, 
better suited to larger herd sizes and to cropping 
operations, while involving less infrastructure and 
lower operating costs.

Over time laser graded bays develop 
microtopographic variation due to soil compaction 
and erosion. This microtopographic variation 
can be up to about 20 cm in the vertical. Spinner 
cuts (very shallow drains) introduced on the bays 
to accelerate surface drainage also constitute 
microtopography. Most studies of surface irrigation 
performance use one-dimensional (1D) surface 
water flow models such as WinSRFR (Bautista et 
al. 2009). These models simulate surface water 
flow only in the longitudinal axis of irrigation 
bays and are therefore of limited use in studies of 
bay microtopography.  Use of two-dimensional 
(2D) models in surface irrigation studies has been 
limited. The B2D model has been used in studies 
of basin irrigation microtopography (Playán et 
al. 1996, Bai et al. 2011), but is of limited use 
in border irrigation studies because it does not 
simulate the surface drainage process. Outside 

the field of irrigation science, 2D surface water 
flow models such as ANUGA (anuga.anu.edu.au) 
provide open source 2D modelling environments 
for flood, tsunami and inundation studies. 

The objective of this work has been to adapt 
for use in surface irrigation modelling the ANUGA 
Hydro tsunami and flood model (Neilsen et al. 2005) 
and to confirm its suitability for studying the effects 
of microtopography within irrigation bays. Future 
work will aim at using the model to develop more 
efficient irrigation bay designs.

MATERIALS AND METHODS

A study area is represented in ANUGA by an 
irregular triangular mesh. An elevation attribute 
at each mesh vertex defines the topography of the 
model domain. A finite volume method is used 
to solve the shallow water wave equation within 
each mesh cell, with water depth and horizontal 
momentum tracked and propagated throughout the 
mesh over time (Nielsen et al. 2005). Importantly 
for our purpose, the model is capable of simulating 
the wetting and drying of areas. ANUGA has been 
written in the Python programming language, with 
computationally intensive components coded in 
C routines. All code is open source and can be 
readily adapted. For our application, a key process 
not simulated by ANUGA was infiltration of water 
into the soil profile, which is a fundamental aspect 
of irrigation. Consequently, we have developed an 
ANUGA infiltration operator as part of this work. 
The model was initially tested by comparison with 
output from WinSRFR, an established and well 
tested 1D surface irrigation model (Bautista et al. 
2009). The input data used in both models for a 
hypothetical irrigation bay with a smooth surface 
of uniform slope are given in Table 1. 
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Table 1: Parameter values used in comparisons of ANUGA with WinSRFR and with field data

Inflow Kostiakov coefficients Manning

Length Width Slope rate duration a k n

(m) (m) (m m-1) (m3 s-1) (hrs) (m s-a)

Hypothetical 
smooth bay

300 50 0.00125 0.1 2.5 0.45 7.13×10-4 0.3

Field data 320.5 60.5 0.00156* 0.1569 3.4 0.1264 3.16×10-2 0.315

* average

The adapted ANUGA model was subsequently 
tested by comparison with data acquired from 
an irrigation event measured on a bay with an 
established perennial ryegrass pasture on a local 
dairy farm in northwest Mooroopna, Victoria (Table 
1, Field data). Bay microtopography data on a 
grid of approximately 2×2 m were acquired with a 
precision surveying equipment. An irrigation event 
was measured on the bay as follows. Inflow was 
measured with an AquaTrans™ AT868 ultrasonic 
flow meter (GE Panametrics Waltham, MA USA) 
on the irrigation pump supply pipe. The depth 
hydrographs of irrigation water on the surface of the 
bay were measured using WT-HR capacitance meters 
(Intech Instruments, New Zealand) installed at six 
points evenly spaced across the bay at 55, 110, 165, 
220 and 275 m from the bay inlet. Isco 2150 pulse 
doppler flow meters (Teledyne Isco, New England) 
were installed in the bay drain to measure runoff, 
though no runoff from the event occurred. The 
ANUGA model was calibrated to the measured event 
indirectly by using a 1D surface irrigation model to 
provide fitted values for the Kostiakov-Lewis (Walker 
and Skogerboe 1987) infiltration coefficients and the 
Manning roughness coefficient (Table 1).  We then 
used the ANUGA model to simulate an irrigation 
bay with three different surfaces – (i) with a smooth 
surface equivalent to a perfectly landformed bay, 
as represented in 1D models, (ii) with our surveyed 
microtopography (unmodified), and (iii) with the 
microtopography modified by two shallow “spinner-
cut” drains (modified). Spinner cuts were represented 
in the model as shallow drains 10 cm deep by 20 cm 
wide. All other model inputs were unchanged.

RESULTS

There was close agreement between the 
WinSRFR and ANUGA hydrograph outputs for 
the initial smooth bay surface test (Figure 1a), 
demonstrating that the 2D model performed as 
intended. Results from the second test comparing 
ANUGA with measured field data (Figure 1b) showed 
good agreement between the measured and modelled 

depth hydrographs. The irrigation advance and 
hydrograph shapes were simulated well, in particular 
the flattened shape of the hydrograph at 275 m, which 
1D models do not capture. At 165 m the model over-
estimated the measured hydrograph, while at 220 m 
and 275 m it under-estimated, consistent with the 
fitted 1D model, and with infiltration varying down 
the bay length.

Figure 1: Comparison of (a) ANUGA and 
WinSRFR smooth bay surface hydrograph outputs, 
and (b) ANUGA and measured depth hydrographs 
with bay microtopography.

Figure 2 shows the three modelled bay 
surfaces 50 minutes after the start of the irrigation 
(2a) and just after inflow has ceased (2b). Water 
is flowing across each bay surface from left to 
right. On the smooth bay surface the advance is 
very uniform. On the unmodified bay the advance 
is more uneven as water finds the easiest path 
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across the surface. At 50 minutes, more elevated 
parts of the bay surface are already no longer 
ponded (Figure 2a).  Note that in the model water 
depth less than 1 mm is considered not ponded. 
In stark contrast, on the modified bay the advance 
has been much more rapid, with water flooding 
from the spinner-cuts rather than proceeding as a 
wave down the bay length. At five hours after the 
start of the irrigation (Figure 2b) water is slowly 
but evenly draining from the smooth bay surface, 
while on the unmodified bay, the recession is more 
uneven and large puddles are forming that no 
longer have connected surface drainage pathways. 
On the modified bay, drainage via the spinner-cuts, 
has been much more rapid and is almost complete.

FIGURE 2: A modelled border irrigation at (a) 50 
min and (b) 5 h, with (i) a smooth bay surface, (ii) 
unmodified microtopography, and (iii) modified 
microtopography with spinner-cuts (darker shade –
ponded water).

Cumulative distributions of the surface ponding 
duration on each triangular mesh cell (Figure 3) 
allow comparison of the three bay surfaces with 
respect to irrigation performance. Modification of 
the bay surface micro-topography has substantially 
improved performance. The uniformity of ponding 
duration is greater than either of the other treatments 
and the maximum ponding duration is substantially 
less.

Figure 3: Cumulative distributions of ponding 
duration for a smooth bay surface, unmodified 
microtopography, and modified microtopography 
with spinner-cuts.

DISCUSSION AND CONCLUSION

The ANUGA based 2D border irrigation model 
has been shown to simulate border irrigations well and 
closely matches a conventional, well documented 1D 
surface irrigation model.  ANUGA is able to simulate 
2D water flow across irregular bay surfaces well 
and is a useful tool for understanding the effects of 
microtopography on border irrigation performance, and 
for exploring opportunities for improving bay designs. 
Future work will focus on more efficient irrigation bay 
designs that enable increased crop production, reduced 
water losses to deep drainage and evaporation, and 
greater operational efficiencies on irrigated dairy farms.
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ABSTRACT

Inbreeding depression is the reduction in fitness in offspring resulting from  mating individuals that share 
at least one common ancestor. The objective was to compare the effect of genome-wide and location specific 
homozygosity on fertility and milk production traits in dairy cattle. Pedigree inbreeding was compared with 
genomic inbreeding which is the realised proportion of the genome that is identical by descent (IBD). Genomic 
inbreeding can be used instead of pedigree inbreeding to estimate the effects of inbreeding depression and 
give similar estimates. A 1% increase in inbreeding reduces milk yield by around 20 litres per lactation and 
increases calving interval by around 0.2 days/year. Breeding programs could manage whole genome as well as 
site specific or targeted inbreeding, as homozygosity in regions of the genome that are sensitive to inbreeding 
(for milk production and fertility) could be avoided. Genomic regions were found that, when homozygous, have 
an effect on fertility by extending the calving interval by  5 to 12 days. The challenge is now to develop tools 
that can be used to control inbreeding using genomic information, such as mating plans.

Keywords: Genomic, inbreeding.

INTRODUCTION

Inbreeding reduces fitness of individuals by 
increasing the frequency of homozygous deleterious 
recessives.  Some insight into the genetic architecture 
of fitness, and other complex traits, can be gained by 
using SNP data to identify regions of the genome 
which, when identical by descent (IBD), lead to 
reduction in performance.  Here, we compared 
the effect of genome-wide and location specific 
homozygosity on fertility and milk production traits 
in dairy cattle. Ideally, livestock breeding programs 
would increase the frequency of favourable alleles, 
possibly fixing them eventually, while minimising 
homozygosity for deleterious, recessive alleles.   
Dense genetic markers such as SNP create the 
opportunity to do this. 

Genetic markers can be used to estimate 
inbreeding as the realised proportion of the genome 
that is identical by descent (IBD). One advantage is 
that genomic measures of inbreeding do not suffer 
from lack of depth of pedigree data and pedigree 
errors. Secondly, it measures realised inbreeding 
which may vary among animals that have the same 
pedigree, such as full sibs. Location specific regions 
of the genome that are IBD can be identified by 
runs of homozygosity (ROH), which are stretches 
of chromosome segments that are identical by state 
(IBS) in n successive markers (MacLeod et al. 
2009). When 2 chromosome segments arise in the 
same individual, provided the number of successive 
markers is large, it is most often because of a shared 
maternal and paternal ancestor.  

The aims of this study were to: 1) Estimate 
inbreeding depression for milk production and fitness 
traits using inbreeding estimated from pedigree and 
genotypes; 2) Investigate whether there are specific 
regions of the genome that are associated with 
inbreeding depression.

MATERIALS AND METHODS

Data were retained on cows that had at least 
2 generations of complete ancestry and that were 
born after 1994. This was so that the animals in the 
“pedigree only” dataset were contemporaries with 
the genotyped population. After editing, there were 
338,696 Holsteins and 64,049 Jerseys. Pedigree 
inbreeding coefficients were calculated using the 
algorithm of Meuwissen and Luo (1992). 

There were 887,561 lactation milk, fat and 
protein records on 338,696 cows (i.e. each cow had 
on average 2.6 lactation records) and 755,618 calving 
interval records on 299,590 cows. For Jerseys, there 
were a total of 64,049 cows that had 179,108 milk, 
fat and protein yield records (on average 2.8 lactation 
records per cow) and 153,347 calving interval records 
on 57,049 animals. The average number of lactation 
records for cows with genotypes was 3.84 and 3.35 
for Holsteins and Jerseys respectively.

After quality control there were 45,753 and 
43,737 SNP genotypes available on 8,853 Holstein 
and 4,138 Jersey females respectively, genotyped 
with the Illumina BovineSNP50 BeadChip  (Illumina, 
San Diego, CA Matukumalli et al. 2009). For full 
details of the quality control methods for single 
nucleotide polymorphism (SNP) editing see (Erbe et 
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al. 2012). SNPs with no recorded heterozygotes were 
removed, as were animals with genotype-pedigree 
incompatibilities. The average spacing between 
SNPs was 58kbp.

Genomic inbreeding was calculated from the 
genomic relationship matrix calculated using the 
methodology of (Yang et al. 2010) separately for 
animals identified as Jerseys and Holsteins as the 
diagonal of the GRM minus 1. Allele frequencies 
for Jerseys and Holsteins also included males of the 
same breed that had also been genotyped. Therefore 
the genomic estimates measures inbreeding relative 
to a base population which is the current population. 
The statistical model was the same as (Haile-Mariam 
et al. 2013) adapted to include one more covariate, 
which was the measure of inbreeding (pedigree or 
genomic) fitted as linear covariates in the fixed part 
of the model. ASReml 3.0 was used for the analysis 
(Gilmour et al. 2009). 

The genome wide association study (GWAS) 
was designed to investigate the non-additive effect 
of overlapping ROH at positions across the genome 
after correcting for the additive effect of the SNP. In 
this analysis, milk yield was selected to represent milk 
production traits, and calving interval to represent 
fertility. The model used for the GWAS was similar 
to described above, but inbreeding was replaced with 
2 new covariates:  the first corrected for the additive 
effect of the SNP at every position across the genome 
(one by one) and the second was the presence or lack 
of ROH at that SNP position, where ROH was coded 
as 1 or 0, a ROH was 1 where a run of homozygosity 
of at least 50 SNP in length was present around each 
SNP position. 

RESULTS

Mean pedigree inbreeding coefficients were 
higher in genotyped Holstein cows compared to the 
entire Holstein population included in the study, 
however, for Jerseys the opposite was true. The 
rate of inbreeding, calculated as the regression of 
pedigree inbreeding on birth year (1997 to 2007), in 
Holstein cows was 0.13%/year and 0.18%/year in all 

the cows and the genotyped population, respectively; 
the equivalent rates in Jerseys were both 0.13%.

A 1% increase in pedigree inbreeding was 
associated with a reduction in milk yield of 21 
litres/lactation in Holsteins, and 28 litres with a 
1% increase in genomic inbreeding (Table 1), 
which is 0.3% to 0.4% of the phenotypic mean, 
respectively. In Jerseys, a 1% increase in pedigree 
and genomic inbreeding was associated with a 
reduction in milk yield of 12 and 27 litres/lactation, 
respectively (Table 1), which is 0.2% and 0.5% of 
the phenotypic mean, respectively. The effect of 
inbreeding on calving interval was only significant 
(P<0.05) in Holsteins using pedigree where a 1% 
increase in inbreeding was associated with an 
extension of calving interval of +0.18 d which was 
0.04% of the mean (Table 1).  

After correcting for the additive effect of the 
SNP in a GWAS analysis, there were stretches of 
homozygosity, determined as ROH of 50 or more 
SNPs, that were significantly associated (P<0.001) 
with both milk yield and fertility in Holsteins and 
Jerseys. Negative associations of ROH with milk 
yield were found on chromosomes: 17, 11, 14, 16, 
17, 20, 26, 28 for Holsteins and 8, 17, 20 and 24 
for Jerseys. Negative associations of ROH with 
fertility were found on chromosomes: 2, 5, 8, 9, 
15 and 24 in Holsteins and 24 and X chromosome 
in Jerseys. For milk yield in Holsteins, there were 
117 ROH that were significant (P<0.001), of which 
65 ROH had an unfavourable effect on milk yield. 
On average these ROH had an effect of around 228 
litres/year of milk yield. For fertility in Holsteins, 
there were a total of 63 ROH that were significant 
and of these 52 had an unfavourable effect. At 
P<0.001, 43 would have been expected by chance, 
so false discoveries are likely to be high. These 
ROH appeared to be in 7 clusters on different 
chromosomes. The largest cluster in Holsteins was 
a region on chromosome 9, having ROH of at least 
50 SNP in this region led to an increase in calving 
interval of on average 7.6d. 

Table 1: The effect of 1% increase in pedigree and genomic inbreeding on milk, fat and protein yields and 
calving interval (P<0.001=***).

Holstein Jersey

Pedigree Genomic Pedigree Genomic

Milk (litres) -21.1*** -27.8*** -12.0*** -27.2***

Fat (kg) -0.73*** -1.28*** -0.62*** -1.58***

Protein (kg) -0.63*** -0.93*** -0.45*** -1.09***

Calving interval (d) 0.18*** 0.22 0.14 -0.08
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DISCUSSION

There have been relatively few studies of 
inbreeding depression using genomic measures of 
inbreeding. The results presented in our study are 
comparable to those of (Bjelland et al. 2013) and 
show that genomic estimates of inbreeding can be 
used instead of pedigree estimates to calculate the 
effects of increased inbreeding on performance and 
fitness traits. Under ideal conditions the effect of 
pedigree and genomic inbreeding would be the same. 
However, errors in pedigree would be expected 
to reduce pedigree based estimates of inbreeding 
depression. In fact, the pedigree inbreeding 
depression estimates are slightly lower than those 
from genomics. 

After correcting for the additive effect of 
the SNP at  a given position, there were ROH at 
genome positions that had an effect on either milk 
yield or calving interval of up to 0.6% and 1% of 
the phenotypic mean in Holsteins and Jerseys, 
respectively. The implication is that there is 
considerable value in selecting for heterozygosity in 
regions where homozygosity has a negative effect on 
valuable traits, such as fertility and milk yield.

Breeding programs could manage whole 
genome as well as site specific or targeted inbreeding, 
as homozygosity in regions of the genome that are 
sensitive to inbreeding (for milk production and 
fertility) could be avoided.
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ABSTRACT

The aim of this research was to create a pool of knowledge that will help researchers, farmers and industry 
representatives understand the impact of automatic milking systems (AMS) on labour and lifestyle on Australian 
farms. Labour audits were conducted on 5 commercial AMS farms to enable the development of case studies 
to raise awareness and knowledge of AMS impacts on pasture-based farms within the Australian dairy industry. 
Audits were conducted on each of the 5 farms for three days every month over a 12-month period. In addition 
each farmer was surveyed to capture qualitative data relating to labour and time management, labour implications 
during the transition to AMS, and the routines after the transition period. Labour efficiency ranged between 100 
and 273 cows/Full time equivalent (1 FTE = 50 h per week). All 5 AMS farmers stated that AMS had a positive 
impact on their quality of life and that their expectations around the impact of the technology were successfully 
fulfilled. These findings will contribute to existing industry knowledge and awareness, enabling farmers to 
make informed decisions regarding the potential impact of robotic milking technology.

Keywords: Automatic milking systems; labour.

INTRODUCTION

In Australia, an automatic milking system 
(AMS) was first commercially adopted in Victoria 
in 2001, but it was not until 2008 that a second 
commercial farm started operation. At present there 
are 29 farms operating across 6 states (NSW, QLD, 
SA, TAS, VIC and WA). 

As labour is the most significant operational 
cost likely to be affected by AMS (Mathijs 2004, 
Bijl et al. 2007), it is not surprising that farmers 
contemplating AMS seek sound data regarding the 
impact of AMS on labour.  Whilst Steeneveld (2012) 
reported no difference in total full time equivalents 
employed, Mathijs (2004) reported labour savings in 
the order of 20%.  Regardless of the results reported 
in the literature it is recognised that there is no 
published data regarding the labour requirements or 
lifestyle impact of AMS for pasture based systems.  
The vast differences between overseas and Australian 
operations create a level of discomfort (both at farm 
and industry level) with the use of overseas data for 
the development of realistic expectations and budget 
forecasting. 

MATERIALS AND METHODS

Labour audits were conducted on 5 commercial 
AMS farms for three days every month over 
a 12-month period. Key selection criteria for 
determination of participant farms were that they 
had to have been operating for more than 10 
months, that more than 50% of the herds’ nutritional 
requirements were provided through grazed pasture 
and that no two farms had opted for AMS with 
the same core objective(s), i.e. the selected farms 

would demonstrate five unique operations. Four of 
the five farms selected were dairying prior to AMS 
adoption but one of those four was a new dairy 
conversion (managed in conjunction with an existing 
conventional milking system: CMS).  Only the four 
farmers who had previous dairy experience with 
CMS were included in survey questions pertaining to 
pre vs. post-AMS adoption questions. 

Each farmer/operator was surveyed in a face-
to-face interview prior to the commencement of the 
study (March-May 2013).  The survey was designed 
to capture general operational information that would 
be used to put context around the audit data.

Audits of labour were conducted on each farm 
for 3 days per month over a 12 month period with 
audits commencing between March and May 2013.  
Customised timesheets were developed for each 
farm in consultation with the farmer/operator with 
additional timesheets provided for staff as required.  
Each farmer/operator was offered a number of 
recording options including notebook, clipboard, 
electronic spreadsheet and audio data capture.  All 
five farmers chose the clipboard option and submitted 
hardcopy timesheets at the conclusion of each three 
day recording period.  The first auditing period and at 
least two additional auditing periods were conducted 
with the principal investigator on site to validate data 
captured by the farmer.  These visits also allowed the 
investigator to observe the routines and develop an 
integral understanding of the whole operation.

Whilst the intention was to record each and every 
task conducted with a start time and a finish time or 
duration, this proved very difficult for tasks conducted 
within the dairy facility.  In reality most tasks were 
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not conducted as discrete actions and operators were 
observed to do a considerable amount of multi-tasking 
and task switching.  During the initial audits it became 
apparent that the most accurate records were obtained 
if time spent in the dairy was recorded and the tasks 
conducted during that ‘session’ were noted.  

RESULTS AND DISCUSSION 

Hours worked and routines
Labour audits were conducted on established 

AMS farms (>10 months of operation) with no 
data captured prior to AMS adoption.  As a result, 
no potential existed for quantitative comparison of 
‘before’ and ‘after’ AMS adoption.  Despite this 
three of the four farmers who were dairying prior 
to the adoption of AMS agreed that they now work 
less hours than they did with their CMS operations.  
The fourth farmer shifted his time to different tasks 
and dramatically reduced the employed labour in his 
operation but did not capture a reduction in the time 
he spends on farm.  

Average start and finish times for the farms 
are presented in Table 1.  The audited farmers have 
developed routines which involve relatively short days 
(particularly in relation to start times) in comparison to 
typical CMS routines with average hours worked per 
day ranging from 5.35 to 10.84 hours.  Whilst farmers 
were able to work reduced hours on given days (e.g. 
weekends with prior preparation) the audited days were 
appropriately proportioned to weekdays and weekends.  
It became apparent that short working days (i.e. later 
starts and earlier finishes) were possible (e.g. Farm B), 
but that farmers adopted working routines that appealed 
to them and that were practical.  It is noted that Farm 
C has a late finish time as that farmer chooses to do 
an after-dinner fetch of cows that do not voluntarily 
traffic out of one pasture allocation followed by a final 
check of the dairy.  Average start and finish times are 
not reported for Farm A (operating with batch milking) 
since they were extremely variable depending on how 
many herds he was milking and how often they were 
being milked.  It was not uncommon for this farmer to 
get up in the early of the morning (i.e. 1am) to fetch a 
herd to the dairy before returning to bed.

The four farmers with prior dairy experience 
all indicated that they no longer need to manage and 
schedule their day around milking sessions which they 
deemed as a significant advantage to their routines and 
work efficiency.  All 5 AMS farmers declared a positive 
impact in their quality of life and that the expectations 
they had of the technology were successfully fulfilled.

Time spent on specific tasks
With the adoption of AMS there has been a 

change in the nature of the work in comparison to a 

conventional dairy. Four of the five farms relied on 
voluntary cow traffic whilst one had adopted a batch 
milking management system fetching groups of cows to 
the dairy at regular intervals.  Of the voluntary milking 
farms, farmers visited the dairy 3.48 times per day 
(range 2.40 to 5.73) and spent an average of 2.0 hours 
(range 1.67 to 2.24) at the dairy per day. These farmers 
averaged 3.15 paddock visits (range 2.3 to 3.9) per day 
to fetch cows and set up fresh pasture allocations and 
spent an average total time of 1.06 hours (range 0.61 to 
1.43) hours per day in the paddocks or fetching cows 
that hadn’t trafficked to the dairy voluntarily.  

Shift in focus
Before the commissioning of the AMS, surveyed 

farmers reported they spent an estimated average 
60% of their working day harvesting milk. The 
audited data indicates that the five farms now spend 
an average 26% of time on milk harvesting related 
tasks (46% if fetching and setting up new paddock 
allocations is included).  Whilst this (46%) is not 
dramatically less than the 60% estimated for their 
CMS operations the total number of hours worked 
is also reduced.  

Farmers scored their level of agreement on the 
statement; ‘I have more time to focus on management 
aspects (e.g. pasture management, nutrition, animal 
health, reproductive performance, milk quality)’, to 
which one farmer was neutral, two farmers agreed 
and one strongly agreed. 

Monitoring system
Three of the surveyed farmers reported that they 

spend more time in the office compared to what they 
did with their conventional system. The predominant 
office tasks included monitoring performance (cow, 
herd, equipment and system level), managing cows 
(changing feeding, milking, drafting settings) and 
recording events (predominantly reproductive and 
health events).  Interestingly one of the audited 
farmers conducted the vast majority of his office 
work remotely (either from the house or from his 
CMS operation) to ensure that his time at the AMS 
dairy was spent most efficiently and to accommodate 
the limited time he spent at the AMS dairy.  

Less physical work
Three of the four farmers with prior dairy 

experience agreed that they are now doing less 
physical work on a daily basis. Not having to fetch 
the whole herd to the dairy and not having to stand on 
a concrete floor for several hours manually attaching 
cups are the two main physical activities that can be 
removed with AMS. The reduction in physical work 
may create occupational health and safety benefits 
for farmers and their staff. On average the surveyed 
farmers estimated that they averaged 5.5 hours/day 
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(range 4.5-7.0; across two milking sessions) when 
operating with a conventional system. The one 
farmer (farmer D) who responded that the amount 
of physical work has not decreased is continuing to 
operate both conventional and robotic dairies.  

Employed labour
Three out of four farmers (with prior dairy 

experience) reported that they have reduced the 
total cost of employed labour in comparison to their 
previous CMS operation by reducing the number of 
employed labour and/or by reducing the number of 
hours worked. The one farmer that had prior CMS 
experience and that didn’t report a drop in employed 
labour (farmer D, currently operating both CMS 
and AMS) has increased the total number of cows 
(by ~200 cows) being milked (across both dairies) 
without increasing the amount of employed labour.  
Some farmers also reported a reduction in the costs 
and reliance on hiring external contractors because 
they now have more time to do jobs like sowing, 
forage conservation and fencing.   

Labour efficiency 
Table 1 shows labour efficiency results from 

the labour audit and a comparison with the relevant 
regional average. Whilst it would be preferable to 
compare labour use efficiency with comparative data 
from farms of similar size and system type, such 
regional data is not available.

Table 1: Labour efficiency in five farms operating 
with AMS (Full time equivalent is a standardized 
people unit, calculated as 50 hours/week).  Regional 
data sourced from: Tasmania Benchmarking 2013, 
Dairy Farm Monitor Project – Victoria Annual report 
2012/2013 and Dairy Farm Monitor Project – New 
South Wales Annual Report 2012/2013

Farms A B C D E

Average start 
time

- 08:20 07:05 07:30 07:00

Average finish 
time

- 17:13 20:49 17:20 17:24

Average total 
hours worked 
per day

10.84 5.35 9.50 5.35 10.28

Cows 152 140 210 205 275

FTE 1.52 0.75 1.33 0.75 1.44

Cows/FTE 100 186 157 273 191

Regional 
Average

99 99 108 137 137

Improvement +1% +88% +45 +99 +39%

Labour efficiency ranged between 100 and 273 
cows/FTE. Through one-on-one discussions and 
survey data we understand that the labour efficiency 
is strongly affected by the objectives of the farmer. 

On average, the audited farms were achieving labour 
use efficiencies (cows/FTE) that were 54% higher 
than the regional averages.  Farmer A achieved a 
similar labour use efficiency to the regional average, 
and is an interesting case as he operates the system 
with batch milking rather than voluntary milking. 
His main objective when adopting robots was to 
decrease the number of employees and eliminate the 
need to physically milk cows.  Reducing the amount 
of physical work (by shifting his time to herding 
cows rather than milking cows) has allowed him 
to remain in the industry when his only alternative 
was to exit the industry due to health issues.  At the 
other extreme, Farmer D has achieved a cows/FTE 
ratio that is 99% higher than his regional average.  
This farmer continues to operate his CMS and has 
converted a dry stock block to AMS.  He has not 
employed additional labour since commissioning 
the AMS and has been very strategic in ensuring 
his AMS is buffered by his CMS to allow him to 
achieve maximum efficiency at the AMS dairy.  This 
buffering is achieved through many practices, one of 
which was by consolidating all of his dry stock and 
young stock management on the CMS farm.  

Labour flexibility 
All 5 farmers agreed with the statements; ’Most 

of my daily tasks can be conducted up to 2 hours 
earlier or later on occasions if needed’ and’ ‘It is 
not a problem if I decide to sleep in and go to the 
farm a couple of hours later on occasions’. This is 
a reflection on the flexibility that the AMS provides 
to farmers and it is considered by them as one of the 
main advantages. Although all of them follow daily 
routines many of the tasks are not required to be 
conducted at fixed times. The farmer no longer needs 
to schedule their day around the milking sessions.  

Farmers were asked if they have any off farm 
employment (not including off-farm employment of 
their spouses), and three out of five responded that 
they have a second (part-time) job not directly related 
to the dairy operation and that the flexibility the AMS 
provides them is key to allow them to do this. 

CONCLUSION

The impact of AMS on labour and lifestyle 
on commercial farms varies between farms and is 
affected by the objectives of the farmer.  However, 
it is also affected by the routines adopted by the 
farmer and is likely to be affected by other aspects 
of infrastructure, farm and herd management.  The 
case study farmers chose to capture the benefits in 
different ways. 

All five farmers reported a positive impact of 
the adoption of the automatic systems on labour 
and lifestyle. The scale of their operations allowed 
them all (except one) to operate their AMS 
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without regular employed (non-family) labour.  
The findings presented here increases the chance 
of farmers making informed decisions regarding 
the adoption of robotic milking technology when 
they are considering the installation of new milk 
harvesting equipment.
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ABSTRACT

Dairy cows progressively deplete a pasture sward in successive layers, and these layers vary in their 
chemical composition. As the milking order of dairy cows is relatively consistent, the objective of this study 
was to determine the effects of milking order on the quality and quantity of pasture accessed by dairy cows. Two 
experiments were conducted. The association between milking order and time of paddock access was evaluated 
in the first experiment whilst the second experiment determined the association between the order in which 
cows entered the paddock (paddock access order) and the quality and quantity of kikuyu pasture (Pennisetum 
clandestinum) ingested by cows after milking. Milking order was strongly associated with timing of paddock 
entry (R2 = 0.92). Over the duration of paddock entry, 70% of pasture (relative to post-grazing mass) was 
consumed before the last cow entered the paddock. Cows that arrived first to the paddock ingested pasture with 
approximately 21% greater (p<0.01) CP (19% vs 15%) and 15% lower (p<0.01) ADF (26% vs 30%) than those 
arriving last. Cows that accessed pasture last had greater (P=0.03) rumination than those accessing pasture first 
(567 and 544 minutes/cow/day, respectively. These data highlight the variability in nutritive value ingested 
by cows within a herd and the requirement for future research to evaluate the impact of such findings on milk 
(solids) yield and the ability to capitalise on this through differential feeding. 

Keywords: Milking order; pasture; nutritive value

INTRODUCTION

The depletion of sward canopy by cattle typically 
occurs in successive layers (Wade & Carvalho, 2000; 
Jouven, 2006). The chemical composition of a sward 
varies between these layers, with the greater end of 
the fraction typically containing more CP and less 
NDF than lower fractions (Delagarde et. al, 2000).  As 
there is a relatively consistent milking order for cows 
both within and between days (Botheras, 2006), the 
last cows being milked may be consistently arriving 
to a paddock later and accessing pasture of differing 
nutritive value compared to those consistently 
arriving to a paddock first after milking. 

Our hypotheses were that milking order would 
be positively associated with paddock access order 
and that cows early in the milking order would ingest 
pasture of greater CP and reduced fibre as compared 
with those accessing pasture last. Thus, our objectives 
were to determine the association between milking 
order and paddock access order, the change in the 
quantity and nutritive value of pasture accessed by 
dairy cows over the time of paddock access and the 
impact of paddock access timing on dairy cow daily 
rumination time.

MATERIALS AND METHODS

The research was conducted at Corstorphine 
dairy farm, University of Sydney, Camden. Ethics 
approval (Project: 569) was granted through the 

University of Sydney Animal Ethics Committee.
Over the 9 day experimental period, all cows 

within the milking herd were offered grain-based 
concentrate (7 kg/cow/d), a mixed crop of sorghum 
(Sorghum bicolor) and millet (Echinochloa utilis) 
after the morning (AM) milking, and kikuyu pasture 
(Pennisetum clandestinum) supplemented with oaten 
silage after the afternoon (PM) milking. A sub-set 
of this herd (n=46) were fitted with SCR heat and 
rumination long distance tags (Hi Tag, SCR Engineers 
Ltd., Netanya, Israel). These sensors consist of an 
accelerometer to quantify activity and a microphone 
to monitor rumination, as validated by (Schirmann 
et al. 2009). The SCR tags were fitted to the first 21 
cows and last 25 cows based on average milking 
order rank taken as an average of order during the 
60 days period leading up to the experimental period. 

The time of cow entry to each paddock was 
manually recorded and collated against the milking 
order recorded automatically at the dairy each day.  

Pre-grazing extended tiller height was measured 
across each paddock with a ruler. Tiller height 
measurements across the paddock (50counts; base to 
highest leaf) were repeated every 15 minutes from 
time the first to the last cow entered the paddock to 
determine pasture depletion across the paddock. To 
determine the relationship between extended tiller 
height and pasture mass (kg DM/ha), nine 50 × 50cm 
quadrats of the 3 different average tiller heights 
within the paddock were selected; low (L) (~20-30 



344 B.A. Scott – The nutritive value of pasture ingested by dairy cows varies within a herd

cm), medium (M) (~30-45 cm) and high (H) (>50 cm) 
resulting in 3 replicates of each of height.  These data 
were also used to determine the variance in nutritive 
value down the tillers. In each quadrat, the tiller height 
was randomly measured 6 times with the ruler. The 
tillers within the quadrat were cut as close to ground 
level as possible with a cordless grass shearer (Ozito 
HTL-072). The tillers were removed to maintain the 
vertical structure of the sward, labelled and taken 
for chemical composition analysis. The remaining 
stubble heights were randomly measured at 6 points 
and all stubble was then removed for chemical 
composition analysis. All samples were weighed and 
then pooled based on L, M and H tiller heights and 
cut into 5 cm fractions (5-10, 10-15, 15-20 cm from 
ground level). The fractions were weighed (fresh 
weight) and then dried at 60°C for 48 hours. Samples 
were ground to ~1mm and then analysed for crude 
protein (CP, FP628 Food/Protein Analyzer, LECO, 
Michigan, USA). Neutral detergent fibre (NDF) 
and acid detergent fibre (ADF) were analysed using 
ANKOM200 Fibre Analyzer (ANKOM, New York, 
USA).

Linear regression was used to determine the 
association between milking order and paddock 
access order. Pasture sward data were fitted with 
linear mixed models and all parameters were 
estimated using the Restricted Maximal Likelihoods 
(REML) procedure (Genstat, v.14; VSN International 
Ltd, Hemel Hempstead, Hertfordshire, UK). To 
determine the changes in CP, NDF and ADF for 
height of sward above ground level within L, M and 
H tiller heights, fraction height above ground (in 5cm 
increments) and treatment were fixed effects, and day 
was a random effect.  To determine the changes in CP, 
NDF and ADF ingested by cows across time, sward 
height taken as a mean of each 15 minute period post 
the first cow accessing the sward was a fixed effect 
and day a random effect. To determine the change 
in pasture mass overtime, time post the first cow 
entering the sward and day were fixed effects.

RESULTS

Milking order was associated (p<0.001; R2 = 
0.92) with the order that cows accessed the paddock.  
Pasture mass availability (kg DM/ha) was associated 
with the time of paddock entry (P<0.001). Cows 
that entered the paddock earlier had greater pasture 
availability than those that entered last (Figure 1). 

70% of pasture mass above post-grazing mass 
had been depleted over the duration of cow access 
into the paddock. The rate of cow access to the 
paddock was relatively constant as per the linear 
increase in the number of cows in the paddock across 
time (Figure 1).

Figure 1: Depletion of pasture (kgDM/ha;) and 
the number of cows in the paddock (∆) against 
time after entry. The error bar indicates the average 
standard error of the difference for kg DM/ha.

There was an effect (P<0.001) of L, M and H 
tiller heights on CP (Figure 2a) and ADF (Figure 2b) 
but NDF levels remained similar across the fractions 
of the tiller above ground level. The highest fractions 
contained approximately double the crude protein 
and two thirds the ADF as compared with the lowest 
fractions above ground level. 

Figure 2: a) Variation in crude protein (%)and b)  
ADF (%)for each pasture level: H (diamond), M 
(triangle) and L (square) in relation to fraction of 
the sward canopy layer. The error bar indicates the 
average standard error of the difference.

The average CP ingested from the sward 
decreased by 21% (P<0.01) over the duration of 
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cow access, whilst the average NDF and ADF 
content increased 8% (p<0.05) and 15% (p<0.01), 
respectively (Table 1). 

Rumination differed by day (P<0.01) and 
milking order group (P=0.02). Cows that accessed 
pasture last had a greater (P=0.03) rumination 
duration than those accessing pasture first (567 and 
544 minutes/cow/day, respectively).

Table 1: The nutritive value of pasture ingested (CP, 
NDF and ADF, % in DM) and sward height (cm) 
over the time of paddock access.

Time of 
access (min)

CP 
(%)

NDF 
(%)

ADF 
(%)

Sward 
height (cm)

0 19 60 26 42

15 19 60 26 42

30 18 62 27 37

45 17 63 28 34

60 16 64 29 31

75 15 65 30 27

90 15 65 29 28

105 15 65 30 26

SED 1 3 2 2

DISCUSSION AND CONCLUSION

Our work is the first to report on the substantial 
variation in the quantity and quality of pasture 
ingested by individual dairy cows associated with the 
timing of paddock access after milking. Pasture was 
depleted by 36% to ground level, and 70% to post-
grazing pasture mass during the duration between the 
first and last cow accessing pasture. These findings 
show that cows accessing pasture late in the order 
have a vastly reduced mass to select from (Figure 1).

Throughout the period of pasture access, 
the nutritive value of kikuyu herbage ingested 
decreased markedly (Table 1), presumably due to the 
preference of leaf versus stem (Chacon and Stobbs, 
1976) for those cows arriving early in the order and 
the difference in nutritive value that are apparent 
between sward fractions (Chapman et al. 2012) 
. In line with these findings, those cows accessing 
pasture later in the order had greater rumination 
levels, presumably due to the greater proportion of 
fibre on offer in the pasture and associated increased 
requirement for rumination to break down particle 
size (Adin et al. 2009).  

This work presents a new insight into the amount 
of pasture on offer to, and the nutritive value of this 
pasture ingested by, cows when pasture is offered 
immediately after milking.  With the intensification 
of dairy systems in both New Zealand and Australia, 

these preliminary findings highlight the opportunity 
to better formulate supplementary feeding strategies 
to account for differences in the nutritive value 
and amount of feed offered to individual cows. 
Alternatively, new systems to help reduce this 
variability could be designed. Before such changes 
are considered, further work should be conducted 
to determine the nutritive value, and quantity of 
pasture, ingested for differing pasture species such 
as ryegrass and the impact this has, if any, on milk 
(solids) yield for individual animals within a herd.
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Modelling the impact of increasing herd size on milking interval, milk yield and profit in a 
forage based automatic milking system
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ABSTRACT

The aim of this modelling study was to investigate the effect of herd size on walking distances and milking 
interval (MI), and their impact on milk yield (MY) and profit when 50% of the total diet was provided from 
home grown feed either as pasture or grazeable complementary forage rotation (CFR) in an automatic milking 
system (AMS). Twelve scenarios consisting of 3 AMS herd sizes (400, 600, 800 cows), 2 levels of pasture 
utilisation (15.0 t dry matter [DM]/ha, termed as ‘moderate’ and 19.7 t DM/ha, termed as ‘high’) and 2 rates 
of incorporation of grazeable complementary forage system (CFS [pasture+CFR], % farm planted into CFS; 
0, 30%) were investigated. Modelled results showed that increased herd size and associated increased walking 
distances, resulted in increased energy loss and MI of cows, and reduced MY in a pasture-based AMS. However, 
modelling the integration of grazeable CFR showed the potential to increase MY and financial performance 
compared to the pasture only, large herd, AMS.

Keywords: Automatic milking system; land areas; milk yield; milking interval; walking distances.

INTRODUCTION

Pasture-based automatic milking system (AMS) 
farms rely upon voluntary cow traffic where the cows 
largely move themselves around the farm without 
human intervention. In any pasture-based system, 
maintaining a sustainable stocking rate requires larger 
farm areas for larger herds and by default longer 
average distances between paddocks and the parlour.  
In an AMS increased distances between paddocks and 
the parlour are associated with increased MI (Lyons 
2013), and ultimately are likely to result in reduced 
milk yields (MY) and a reduced profit.  (Islam et al. 
2013) reported that a large herd of 800 cows require 
200 ha grazing area (when pasture utilisation levels 
were set at 15 t DM/ha) in a modelled AMS farm; 60% 
of which was located more than 1-km from the parlour. 
Negative impacts on MY and profitability (associated 
with scale of operation) may be partly mitigated in 
pasture-based systems by utilizing more pasture/ha 
and/or by incorporating high yielding, grazeable forage 
crops based on the principles of CFR (Garcia et al. 
2008). The aim of this study was to model the effect 
of herd size (and grazing area) on walking distances, 
MI, milk yield and profit when 50% of the total diet 
was provided from either as pasture or grazeable CFR 
in pasture-based AMS.

MATERIALS AND METHODS

Twelve theoretical scenarios consisting of 3 
AMS herds (400, 600, 800 cows), 2 levels of pasture 
utilisation (15.0 t DM/ha, termed as ‘moderate’ 
and 19.7 t DM/ha, termed as ‘high’) and 2 rates of 
grazeable CFS (0, 30%) were investigated in this 
modelling study. The assumptions developed were 

based on reported studies/literature and did not 
incorporate ‘new’ field data. The assumptions made 
in this modelling study were developed to allow 
comparative differences in MY loss between larger 
and smaller herd sizes.  

A desktop model was developed ad hoc in MS 
Excel to determine the effect of the 12 scenarios on 
walking distances, MI, MY and economic losses. The 
impact of walking distance (distance from parlour to 
paddock) on MI was shown to be 0.1 h (6 minutes) 
per additional 100 m when the walking distance 
was between 100 m and 1 km (MI increased from 
14.24 to 15.16 h; Lyons 2013). On this basis and 
in the absence of any additional published data, for 
modelling purposes it was assumed that no additional 
human intervention was involved in encouraging 
cow traffic and therefore that MI would increase 
(from 14 h) by 1 h for every 1 km increase in walking 
distance from the parlour to the paddock (one-way). 
Thus, a MI of 14 h was considered as the baseline 
for paddocks immediately adjacent to the parlour, 
MI extended to 15 h at 1 km distance, and so on to 
20 h at 6 km. Milking frequency was calculated as: 
MF = 24/MI). In order to consider return times from 
the paddock to the parlour as Lyons (2013), each MF 
was multiplied by 2 to calculate the number of ‘trips’ 
or trafficking events (i.e. from paddock to parlour 
and from parlour to paddock for each milking event) 
required to achieve a milking. Actual or total walking 
distances were calculated as total walking = walking 
distance from the parlour to paddock × number of 
trips). Land area requirement for walking distances 
from 1 to 6 km from the parlour to the paddock (total 
distances ranged from 0 to 14.4 km respectively) 
were taken from (Islam et al. 2013).
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The relationship between MI and MY was 
developed using data available in the literature 
(Erdman and Varner, 1995; K. Kerrisk, unpubl. data; 
Stockdale 2006) as: 
MY (kg/cow/d) = -0.594 × MI + 32.91 (R2 = 0.99; 
equation 1). 

Milk yield loss (kg/cow/d) due to extended MI 
from 14 h to 20 h was calculated using equation 1. At 
a MI of 14 h, MY was calculated to be 24.6 kg/cow/d, 
whilst a MI of 20 h MY was calculated to have a daily 
milk yield of 21 kg/cow/d. Net MY loss at each MI 
was calculated by the difference between yield at 14 h 
MI and yield at the MI of interest. 

A total of 50% of the metabolisable energy (ME) 
requirement of cows was supplied to modelled cows 
either from pasture only or from CFS. Metabolisable 
energy expended on walking to and from the parlour, 
and simultaneous grazing and walking, against each 
total distance walked was calculated using CSIRO 
(2007). Milk yield loss caused by walking and grazing 
was calculated from the energy loss attributed to 
simultaneous grazing and walking, and total distances 
walked for each MI. Energy loss was divided by 5.7 (as 
5.7 MJ ME is required to produce 1 kg milk; Nicol and 
Brookes, 2007) in order to calculate MY loss directly 
attributed to simultaneous walking and grazing and 
total walking distance. The net MY loss (kg/cow/d) 
against each MI or walking distance was multiplied 
by $0.38 ($/L milk; Fariña et al. 2013) in order to 
calculate an economic loss per cow/d resulting from 
extended MI or walking distances. 

Relationship between land areas, total walking 
distances between the parlour and the paddock or MI 

and all parameters mentioned above were developed. 
These relationships were used to calculate all parameters 
against scenarios related to herd sizes, pasture utilisation 
and rates of CFR utilisation in pasture-based AMS.  

RESULTS

Increasing herd size was associated with increased 
walking distances of cows in the AMS farm (Table 1). 
Our results showed that energy and MY loss could be 
3.5 MJ ME/cow/d and 0.86 kg of milk for every km 
increase in total walking distances between the parlour 
and the paddock, which resulted in an additional loss 
of $0.32/cow/d for every km increase in total distance 
walked (data not shown in table). Our results also 
indicate 0.42 h increase in MI for every km increase in 
total walking distances (i.e. walking distance from the 
parlour to paddock × number of trips), which incurred 
0.6 kg reduction in MY for each h increase in MI and 
$0.22 loss (data not shown in table). 

With moderate pasture utilisation and 0% CFR, 
increasing the herd size from 400 to 800 cows resulted 
in an increase in total walking distances between the 
parlour and the paddock from 3.5 to 6.3 km (Table 1). 
Consequently, MI increased from 15.2 to 16.4 h. High 
pasture utilisation allowed for an increased stocking 
density and resulted in a reduction in the total walking 
distances up to 1 km, thus reduced the MI by up to 0.5 
h compared to the moderate pasture and 800 cow herd 
combination. The high pasture utilisation combined 
with 30% of the farm in CFR (plus 70% high pasture) 
in the farm increased milk yield by up to 1.5 kg/cow/d, 
thereby reducing loss by up to $0.50/cow/d (c.f. the 
moderate pasture and 800 cow herd scenario) (Table 1). 

Table 1: Effect of herd sizes, pasture utilisation (P) and rates of grazeable complementary forage system (CFS) 
use on walking distances, energy loss, milking interval (MI), milk yield (MY) and economic profit or loss

Herd 
size 
(n)

P  
(t DM/
ha)

CFSa 
(%)

Area 
(ha)

Distance 
walked 
(km/d)

MI 
(h)

ME 
loss/ 
cow/d

MYL 
GW  
(kg/cow)

MYL  
MI  
(kg cow)

Loss 
GW  
($/cow)

Loss 
MI  
($/ cow)

TML 
(kg/cow)

TL  
($/ cow)

400 15.0 0 100 3.5 15.2 11.0 1.9 0.7 0.7 0.3 2.6 1.0

30a 80 2.9 14.9 9.1 1.6 0.6 0.6 0.2 2.2 0.8

19.7 0 80 2.9 14.9 9.1 1.6 0.5 0.6 0.2 2.2 0.8

30b 70 2.7 14.8 8.1 1.4 0.5 0.5 0.2 1.9 0.7

600 15.0 0 150 4.9 15.8 16.0 2.8 1.1 1.1 0.4 3.9 1.5

30 120 4.1 15.4 13.0 2.3 0.8 0.9 0.3 3.1 1.2

19.7 0 120 4.1 15.4 13.0 2.3 0.8 0.9 0.3 3.1 1.2

30 110 3.8 15.3 12.0 2.1 0.8 0.8 0.3 2.9 1.1

800 15.0 0 200 6.3 16.4 20.9 3.7 1.4 1.4 0.5 5.1 1.9

30 160 5.2 15.9 16.9 3.0 1.1 1.1 0.4 4.1 1.5

19.7 0 160 5.2 15.9 16.9 3.0 1.1 1.1 0.4 4.1 1.5

30 140 4.6 15.6 15.0 2.6 1.0 1.0 0.4 3.6 1.4

aCFS 0 represents 100% pasture and CFS 30 represents 30% complementary forage rotation and 70% pasture; 
ME = metabolisable energy; MYL GW, milk yield loss due to grazing and walking (GW); MYL MI, milk 
yield loss due to MI; TML, total milk yield loss, TL, total loss in $. 
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DISCUSSION

Our study revealed that as herd size and walking 
distances increased, so did energy expenditure. Our 
study also indicated that the energy loss of cows across 
all scenarios increased on average by 87% (9.3 to 
17.4 MJ ME; calculated based on the average energy 
loss from 11.0 to 8.1 MJ ME for 400 cows and from 
20.9 to 15.0 MJ ME for 800 cows in Table 1), with 
the increase in herd size from 400 to 800 cows. Thus, 
the net reduction in MY could also be as high as 87% 
(on average from 1.6 to 3.1 kg milk reduction/cow/d; 
calculated based on the average MY loss from 1.9 to 
1.4 kg for 400 cows and from 3.7 to 2.6 kg for 800 
cows in Table 1) with the increase in herd size from 
400 to 800 cows, when the base MY was considered 
as 25 kg/cow/d. Our results also indicated that the loss 
in energy and MY would be 3.5 MJ ME and 0.86 kg 
for every additional km walked. Thus, walking long 
distances may impact negatively on MY; directly 
through the energy costs associated with the extra 
walking; and through physiological impacts inhibiting 
MY (e.g. increased milking interval). 

Our results indicate 0.42 h increase in MI for 
every 1 km increase in total walking distances. 
However, an increase in the distance between the 
paddock and the parlour up to 0.5 km appeared to be 
unrelated to a change in MI (Lyons 2013). There is no 
literature to support the assumption that the impact 
of walking distance on MI is a linear relationship, 
which is one of the limitations of this study. We 
recognise the possibility that the negative impact of 
walking distance may in fact be significantly higher 
at extreme distances. Furthermore, it is possible that 
the number of cows that voluntarily traffic back to 
the parlour from furthermost paddocks may in fact 
be significantly reduced. If a large number of cows 
do not return to the parlour then it is possible that 
MI will extend dramatically if farm staffs do not 
intervene to encourage cows to traffic to the parlour at 
regular intervals. However, integration of grazeable 
CFR (30%) with pasture (70%) has the potential to 
increase milk yield and financial performance by 
reducing walking distances and MY in all herd sizes 
compared to the pasture-based only AMS.

CONCLUSION

Our study revealed that increased herd size and 
the associated increased walking distances, which led 
to increased energy loss, MI of cows, and impacted 
negatively on MY and economic cost in pasture-based 
AMS. Modelled reductions in MY in cows were 
predominantly explained by the energy expenditure 
directly associated with walking and grazing as 

opposed to those created through the resultant increases 
in MI. However, grazeable CFS (CFR:pasture 30:70) 
have the potential to reduce walking distances, MI, 
energy loss, financial loss and increase MY of a large 
AMS herd compared to pasture-based AMS only. 
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Milk flow profiles with an intermediate bimodality score are more efficient for milk harvesting
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ABSTRACT

Milking is a labour intensive task on dairy farms. The milking duration of individual cows is a key 
factor determining herd milking times, with large variability existing between animals for a given milk yield. 
Examining milk flow profiles can aid understanding of this variability. Data on milking duration, milk yield, 
average and maximum milk flow rate, yield in the first 2 min, time to maximum milk flow rate, decline duration, 
bimodality score (defined as the proportion the milk flow rate decreased from the initial increase or peak in 
milk flow) and milk flow rate at predetermined intervals were collected daily from two farms in New Zealand 
between September 2011 and May 2012 to generate milk flow profiles. Residual milking duration (RMD) was 
calculated as the residual of milking duration regressed on milk yield. Milk flow profiles (n=63,534) were 
classified into four categories by bimodality score (0-0.25, 0.26-0.50, 0.51-0.75 and 0.76-1). Data were analysed 
with a linear mixed model that included the fixed effects of farm, parity, session, breed, days in milk, bimodality 
category and the random effect of cow. Average milk flow profiles for the four categories were derived from 
the least squares means of milk flow rate at each of the recorded time intervals. The optimum profile category 
by RMD had a bimodality score of 0.26-0.5 (mean 0.36). This category had the shortest time to maximum milk 
flow rate and greatest milk yield in the first 2 min. In this category the initial increase in milk flow rate was lower 
than in categories with a higher bimodality score, however, the milk flow rate did not subsequently decrease, 
and reached a significantly higher maximum milk flow rate than the 0-0.25 category. Differences in the shape 
of milk flow profiles may be related to cisternal volume or the proportion of milk yield in the cistern. Further 
studies are required to determine the relationship between physical udder traits and optimum milk flow profiles.

Keywords: Milking efficiency, milk flow profile, labour productivity.

INTRODUCTION

Milking is a time consuming task, requiring over 
half of annual labour inputs on pasture-based dairy 
farms in New Zealand (Taylor et al. 2009). Average 
herd size has continued to increase (DairyNZ 2013), 
leading to renewed interest in maximising milking 
efficiency to limit herd milking times and labour 
inputs.

Individual cow milking duration is an important 
factor influencing milking efficiency. It determines 
the number of ‘go-around’ cows for a given platform 
speed in rotary dairies (Edwards et al. 2012) and the 
row time in herringbone dairies (Edwards et al. 2013). 
There is significant variability in the milking duration 
of individual cows (Edwards et al. 2014). Selecting 
for animals with shorter milking durations will help 
improve milking efficiency and consequently labour 
productivity.

Milking duration is strongly related to milk 
yield. (Berry et al. 2013) proposed the use of 
residual milking duration (RMD), the residual of 
the regression of milking duration on milk yield, for 
animal selection to avoid compromising production. 
(Edwards et al. 2014) hypothesised that differences 
between cows in RMD may be related to the shape 
of their milk flow profile.

The study reported here sought to classify milk 
flow profiles into four categories based on bimodality 

and to explore differences in milking characteristics 
for each category to determine an optimum milk flow 
profile. It was hypothesised that milk flow profiles 
with an intermediate level of bimodality, 0.26-0.50 
would be the most efficient.

MATERIALS AND METHODS

Milk flow profile data were collected from two 
farms (one in Southland and one in Waikato) with 
Metatron S21 milk meters (GEA Farm Technologies 
GmbH, Bönen, Germany) at every bail between 
September 2011 and May 2012. At each milking 
session the herd management software (DairyPlan 
C21, GEA Farm Technologies GmbH) was set up 
to record: cow number, birth identification, milking 
date, milking time, milk yield, milking duration 
(cluster-on to cluster-off), average milk flow rate 
(from initiation of milk flow to cluster removal), 
maximum milk flow rate, time from cluster 
attachment to maximum milk flow rate, milk yield 
in the first two min, and time from maximum milk 
flow rate to end of milking. Additionally, a measure 
of bimodality was calculated from the proportional 
decrease in the milk flow rate from the initial peak. 
For example, if the initial milk flow rate increased 
from 0 to 2.5 kg/min before declining to 1 kg/min 
as cisternal milk was emptied (and before milk 
ejection), this would equate to a bimodality score of 
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0.6 ((2.5 – 1) ÷ 2.5). The average milk flow rate was 
recorded in 15 s intervals up to 4 min, 30 s intervals 
between 4-7 min, and 60 s intervals from 7-10 min; 
no data were collected thereafter. Following (Berry 
et al. 2013) RMD was calculated as the residual 
value from the regression line of milking duration on 
milk yield.

Animal data from the corresponding time period 
were extracted from the New Zealand Dairy Industry 
Good Animal Database (NZAEL, Hamilton, New 
Zealand) and matched to animals from the milking 
data. Fields extracted included cow number, birth 
identification, animal key, date of birth, breed 
(Friesian, Jersey, other) and calving date, which 
allowed the calculation of DIM.

Milk flow profiles were classified into four 
categories according to bimodality score: 0-0.25 
(1; low bimodality), 0.26-0.50 (2), 0.51-0.75 (3), 
and 0.76-1 (4; high bimodality). Milking data were 
analysed with a linear mixed model that included 
the fixed effects of farm, parity (1, 2, 3, 4+), session 
(a.m. or p.m.), breed, days in milk, bimodality 
category and the random effect of cow. Analysis was 
limited to profiles collected during the following 
days in milk; 10, 15, 20, 25, 30, 35, 60, 65, 70, 85, 
90, 95, 115, 120, 125, 145, 150, 155, 175, 180, 185, 
205, 210, 215, 235, 240, 245, 265 and 270. This 
resulted in 63,534 milk flow profiles being analysed. 
Average milk flow profiles for the four categories 
were derived from least square means of the milk 
flow rate at each of the recorded time intervals and 
consequently differences between the profile and the 
tabular characteristics exist. For example, the time 
maximum milk flow rate occurred varied, meaning  
the maximum flow rate in the profile is less than that 
reported in the table.

RESULTS

Mean milk flow profiles for the four bimodal 
categories are presented in Figure 1. Category 1 
had the lowest initial increase in milk flow rate, 
lowest maximum milk flow rate, and longest milking 
duration. In contrast, category 4 displayed an initial 
spike in milk flow rate followed by a decrease before 
reaching maximum milk flow and finishing with the 
shortest milking duration. Categories 2 and 3 were 
intermediate between categories 1 and 4.

Figure 1: Milk flow profiles of four bimodal 
categories, 0-0.25 (1), 0.26-0.5 (2), 0.51-0.75 (3) 
and 0.76-1 (4)

Milking characteristics for the four bimodal 
categories are presented in Tables 1 and 2. Highest 
milk yield was observed in category 1, and the lowest 
milk yield was observed in category 4. However, 
milk yield decreased to a lesser extent than milking 
duration as bimodality score increased, meaning 
the greatest average milk flow rate was recorded 
in category 2 and greatest maximum flow rate in 
category 3. The shortest RMD, -10 s, was calculated 
for category 2, which was also the category with the 
shortest time to maximum milk flow, and greatest 
amount of milk harvested in the first 2 min. 

Table 1: Milking characteristics for four categories of milk flow profiles, 0-0.25 (1), 0.26-0.5 (2), 0.51-0.75 (3) 
and 0.76-1 (4).

Category N BS1 SE MY2 SE AF3 SE MF4 SE 2MIN5 SE

1 26,957 0.17d 0.06 10.56a 0.06 1.97c 0.01 3.30c 0.03 3.22c 0.03

2 18,025 0.36c 0.07 10.34b 0.06 2.04a 0.01 3.51b 0.03 3.38a 0.03

3 9,715 0.62b 0.08 9.92c 0.06 1.99b 0.01 3.53a 0.03 3.33b 0.03

4 6,501 0.84a 0.09 9.60d 0.06 1.90d 0.02 3.53ab 0.03 2.93d 0.04

1Bimodal score; 2Milk yield (kg); 3Average milk flow rate (kg/min); 4Maximum milk flow rate (kg/min); 5Milk 
yield in 2 min (kg) 
a-dMeans in the same column without a common superscript are significantly different (P < 0.05).
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Table 2: Time related milking characteristics for four categories of milk flow profiles, 0-0.25 (1), 0.26-0.5 (2), 
0.51-0.75 (3) and 0.76-1 (4).

Category MD1 SE RMD2 SE TMF3 SE DD4 SE

1 376.3a 2.7 6.1a 2.6 150.1a 1.4 113.8a 1.4

2 357.1b 2.7 -10.0d 2.6 133.7d 1.4 108.5b 1.4

3 353.3c 2.7 -6.8c 2.7 137.6c 1.4 105.7c 1.4

4 358.2b 2.8 4.0b 2.7 143.0b 1.5 103.2d 1.5

1Milking duration (s); 2Residual milking duration (s); 3Time to maximum milk flow rate (s); 4Decline duration (s) 
a-dMeans in the same column without a common superscript are significantly different (P < 0.05).

DISCUSSION AND CONCLUSION

The results of this study support the hypothesis 
that milk flow curves with an intermediate 
bimodality score (0.26-0.50) have the shortest 
milking duration when adjusted for milk yield, 
i.e. RMD, making it the most desirable milk flow 
profile for milking efficiency. Most of the advantage 
appears to be during the early stages of milking: 
compared to category 1, total milking duration was 
19 s shorter, time to maximum milk flow rate was 
16 s less, and maximum flow rate was 6% greater in 
category 2. During a similar stage of the milking, 
the amount of milk harvested in the first 2 min was 
greater for category 2 profiles compared to category 
1. The amount of milk harvested in the first 2 min 
is an indication of the milk held in the cistern at 
the start of milking, so these results support recent 
hypotheses that a greater proportion of milk held 
in the cistern is beneficial to milking efficiency 
(Edwards et al. 2013, 2014). The shape of the milk 
flow profile changes with stage of lactation, and 
varies between heifers and mature cows (Edwards 
et al. 2014). Further research is warranted to 
establish the relationship between physical udder 
traits and lactation average milk flow profiles with a 
bimodality score of 0.26-0.50.
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ABSTRACT

Good health is essential for good performance and the welfare of dairy cows, and nutrition is an important 
component of good health. Health is influenced by the interaction between the innate adaptive components 
of the immune system and other factors, such as the local and systemic inflammatory response, which can 
sometimes be more harmful than useful. Therefore, for dairy cows, particularly those in the periparturient 
period, it is important to avoid, or to reduce as much as possible, any kind of infectious, parasitic or metabolic 
disease and the associated inflammation. Such inflammation can impair cow performance by lowering milk 
yield, dry matter intake, fertility, and energy efficiency, and can reduce liver function. Good nutrition is essential 
in maintaining a functional immune system, while also avoiding other causes of inflammation, such as tissue 
damage, and digestive and metabolic syndrome-related disorders. Provision of appropriate nutrients, such as 
antioxidants, omega-3 polyunsaturated fatty acids (PUFA), conjugated linoleic acid (CLA) and vitamin D can 
have anti-inflammatory effects. In the future, ways to reduce inflammation while maintaining a good immune 
defence must be developed and the susceptibility of the cow to diseases and inflammation evaluated. Ideally, 
we would be able to selectively breed for cows with a lower susceptibility to both diseases and inflammation. 

Keywords: dairy cow, inflammation, immune system, nutrition.

INTRODUCTION

The periparturient period is widely recognised as 
a critical time for the health and productivity of dairy 
cows (Drackley 1999); for example, the incidence 
of several metabolic and infectious diseases, such as 
milk fever, metritis, acidosis, mastitis, and lameness, 
is elevated during this period (Drackley 1999). The 
negative genetic relationship between milk yield and 
health could be one reason for the high incidence 
of health disorders during this period; however, 
the metabolic stress resulting from high milk yield 
coupled with a restricted capacity to reach the 
necessary nutrient intake is also a likely contributor 
(Pond and Newsholme 1999).

Recently, there has been increased interest 
in the interactions between the immune system, 
inflammation and nutrition. Nutrition influences the 
activity of the immune system and the inflammatory 
response through its effect on health; but, health 
status also influences dry matter intake and the 
utilisation of  , which can further exacerbate health 
problems. Taken together, the health status of the 
cow and her nutritional state can greatly affect dairy 
cow performance and efficiency.

IMMUNE SYSTEM: ITS FUNCTION AND 
THE INFLUENCE OF NUTRITION

The immune system is an interactive network 
of lymphoid organs, cells, and humoral factors, 
such as cytokines, organised to recognise, resist 
and eliminate contaminants that penetrate the body 

membranes. The immune system can be divided into 
two components: innate and adaptive, based on the 
speed and specificity of the reactions, although the 
two parts are highly integrated (Daha 2011). Innate 
immunity encompasses the physical, chemical and 
cellular elements of the immune system that provide 
immediate non-specific defence to the host through 
the actions of neutrophils, monocytes, macrophages, 
complement, cytokines, and acute phase proteins; 
about 95% of infectious challenges are resolved by 
innate immune responses  (Daha 2011). Cells of 
the innate system recognise pathogen-associated 
molecular patterns (PAMPs) and damage-associated 
molecular patterns (DAMPs) through specific 
pattern-recognition receptors (PRRs) and produce 
mediators (cytokines) that induce inflammation and 
attract more immune cells into the damaged area 
(Medzitov 2008). 

According to (Calder and Jackson 2000), 
malnutrition is caused not only by inadequate dietary 
intake but also by disease, which increases nutrient 
requirements while often decreasing voluntary intake. 
In fact, the two factors (i.e., ill health and malnutrition) 
can reinforce one another. A further complication is 
that, during the transition from gestation to lactation, 
dairy cows undergo physiological modifications that 
include some impairment of the immune system. 
For example, neutrophil phagocytosis and oxidative 
burst activity decrease dramatically in the month 
prior to parturition and, in the days around calving, 
there is neutrophilia, eosinopenia, lymphopenia 
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and monocytosis (Meglia et al. 2005), as well as 
an important inflammatory response (Bertoni et 
al. 2008) and oxidative stress (Sordillo and Aitken 
2009).

INFLAMMATION MECHANISMS AND 
RELATIONSHIPS 

Inflammation is the innate immune response 
to infection or injury, the latter generally referred 
to as sterile inflammation. Its function is to combat 
dangers of all types, not simply to recognise non-
self from self (Piccinini and Midwood 2010). 
This is the best known cause of inflammation, 
but there is a growing interest in “systemic 
chronic inflammation”, which characterises 
certain conditions that will be discussed later and 
which, at least in humans, can contribute to the 
development of a wide variety of diseases, such as 
type-2 diabetes, cardiovascular disease (Medzitov 
2008), cancer and neurodegenerative diseases. The 
innate immune system engages “invaders” by a 
highly conserved set of PRR. These receptors are 
the key to initiate inflammation and can be induced 
exogenously, by microbial or non-microbial 
inducers, or endogenously, by signals from 
stressed, damaged or otherwise malfunctioning 
tissues (Medzitov 2008). Endogenous inducers 
may also include some crystals, like monosodium 
urate, which causes gout, oxidised lipoproteins, 
which cause atherosclerosis, and advanced 
glycation end-products, which are accumulated 
under hyperglycemic and pro-oxidative conditions 
that typify type-2 diabetes.

All of these inducers act on macrophages 
resident in tissue, on mast-cells, as well as on 
specific tissue cells (Luster et al. 2005) to trigger 
the production of inflammatory mediators. These 
mediators include vasoactive amines and peptides, 
complement fragments, lipid mediators, such as 
prostaglandins, tromboxanes, leukotriens, and 
lipoxins, pro-inflammatory cytokines, such as 
TNF , IL-1 and IL-6, chemokines, and proteolytic 
enzymes. They affect the vasculature and the 
recruitment of leukocytes and induce the acute 
phase response, which may appear as changes to 
plasma protein concentrations, increased vascular 
permeability, or changes in metabolism, and they 
help repair damaged tissue. 

The effects of these inflammatory mediators 
can be both local and systemic. The local response 
is characterised by redness, heat, swelling and pain, 
while the systemic response results in symptoms 
of fever, endocrine and brain effects. The most 
important systemic effects of inflammation are 
mediated by pro-inflammatory cytokines (PICs) 

and some eicosanoids, which act on peripheral and 
central targets (Kelley et al. 1994). Peripherally, 
PICs modify catabolic metabolism, increasing 
adipose tissue lipolysis and muscle proteolysis, and 
increase blood glucose probably due to increased 
cortisol release and insulin resistance. At the level 
of the liver, PICs increase the synthesis of some 
proteins and reduce the synthesis of others; these 
proteins are known as acute phase proteins. PICs 
also reduce the rate of gastric emptying, induce 
pain in the joints and affect activation of the 
pituitary-adrenal system, resulting in a rise in body 
temperature, lethargy and sickness, lower body-
care activity, decreased locomotion and social 
exploration, and reduced interest in food and 
eating. These effects can help to stop pathogens 
and favour repair of tissue damage. Nevertheless, 
depending on the seriousness of inflammation, the 
negative effects can be also very important for 
quality of life, due to their detrimental effect at 
a physical and mental level (Dantzer et al. 2008). 

In humans, low-grade systemic inflammation, 
which is also called metaflammation, referring to 
its metabolic trigger, is associated with obesity 
and chronic diseases. The trigger is a surplus 
of nutrients and excessive metabolic activity 
(Hotamisligil 2006). This status is probably 
exacerbated by stressful conditions in the adipose 
tissue when adipocytes are hypertrophic and 
when there is hypoxia. When this happens local 
macrophages are activated and pre-adipocytes are 
converted to macrophage-like cells (Conroy et al. 
2011).

The degree of inflammation is affected by three 
factors:
1. The type of trigger: infection and injury, 

particularly if severe, produce the highest 
response, and tissue malfunction causes the 
lowest response;

2. The severity of triggers: mild stressful 
conditions, whether infectious or non-infectious, 
can be handled by tissue-resident macrophages 
and mast cells, rather than a systemic response;

3. The success of the inflammatory response: 
when the initial noxious stimulus has been 
removed, the animal usually returns to its basal 
homeostatic set point and the inflammatory 
event is resolved. This is not always the case 
and abnormal conditions can be sustained by 
the endogenous danger signals (DAMPs), which 
induce a pro-inflammatory cascade by activating 
Toll-like receptors (Piccinini and Midwood 
2010; see Figure 1).
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Figure 1: The “damage chain reaction”. Harmful 
stimuli, including pathogens, injury, heat, auto-
antigens, tumourous and necrotic cells, cause tissue 
damage. Endogenous danger signals are generated 
and induce a pro-inflammatory cascade by 
activating Toll-like receptors (TLRs). Inflammation 
causes further tissue damage that magnifies the pro-
inflammatory cascade (modified from Piccinini and 
Midwood 2010).

These three factors are very important because 
inflammation, particularly chronic inflammation, 
produces undesirable collateral effects in the host. 
According to Sorci and Faivre (2009), even if a good 
inflammatory response is essential to reduce the 
sensitivity to infections and to increase the prospect of 
survival, the inflammatory response may be viewed 
as a double-edged sword - protecting the host, but 
potentially very harmful. This raises the question: 
can we modify inflammation without negatively 
compromising whole defence mechanisms? 

Because activation of Toll-like receptors is the 
first step in the damage chain reaction (Figure 1; 
Piccinini and Midwood 2010), we could perhaps 
reduce the local availability of Toll-like receptors; 
however, this would increase susceptibility to 
pathogens (Si et al. 2014) and also to the bacteria 
responsible for symptoms of acidosis in ruminants 
(Chen et al. 2012). Nevertheless, this may not be 
the case when we look at systemic inflammation, 
because the potential risks are lower. 

EFFECTS OF INFLAMMATION ON 
WELFARE AND EFFICIENCY OF DAIRY 

COWS

When a dairy cow becomes sick, its welfare 
deteriorates and its performance decreases; this appears 
to be particularly so when the malaise occurs during the 
periparturient period (Drackley, 1999). Even subclinical 
disease can affect welfare; however, the effects are not 

evident. For example, (Bertoni et al. 2008) undertook 
a retrospective study in which early lactation cows 
were separated into those with either high or low 
inflammatory responses at calving, regardless of their 
clinical symptoms. Their study demonstrated that 
inflammation in the transition period:
• can occur in many cows without clinical 

symptoms (58% of cows);

• was associated with a more severe negative 
energy balance than unaffected herd mates, 
with a greater loss of BCS and greater blood 
-OH butyrate concentrations, despite lower milk 
production;

• was associated with poorer reproductive 
performance, with cows requiring more 
insemination per pregnancy and having more 
open days. 

So, systemic inflammation can occur at a 
subclinical level and can be serious enough to 
reduce dairy farm efficiency in several ways. Energy 
efficiency was lowered by 15% in dairy cows with 
subclinical inflammatory conditions (Trevisi et al. 
2010). This can be explained by the energy cost 
of mounting an inflammatory response, together 
with increased thermogenesis. These studies also 
drew attention to the high frequency of subclinical 
and clinical inflammation (assessed as acute phase 
protein changes) in dairy farms ranked as having low 
animal welfare (Calamari et al. 2008).

The effects of systemic inflammation on liver 
function, primarily through elevated PICs, are 
particularly important. It promotes the synthesis 
and quick release into blood of positive APP, such 
as haptoglobin, serum amyloid A, C-reactive protein 
and ceruloplasmin (Powanda, 1980). But, at the same 
time, it reduces blood concentrations of negative 
APP, like albumins, some lipoproteins, retinol 
binding protein and paraoxonase. The consequences 
of these changes in liver and whole body metabolism 
have recently been reviewed (Loor et al. 2013). A 
few examples illustrate the impact of inflammation 
on liver function. Among the usual liver proteins are 
the apolipoproteins, a reduction in which can favour 
the accumulation of triglycerides in the liver (Bertoni 
et al. 2008). There are also “carriers” of vitamins and 
hormones, a lack of which threatens the availability 
of vitamin A and E and, maybe, D or of hormones, 
such as cortisol, when the level of Cortisol Binding 
Protein is low (Trevisi et al. 2013). However, as 
a corollary to this, a proper evaluation of blood 
proteins of liver origin, in particular the negative 
acute phase proteins, provides a useful way of 
monitoring systemic inflammatory response during 
the periparturient period (Bertoni and Trevisi 2013).
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NUTRITION OF COWS TO REDUCE 
INFLAMMATORY RESPONSES

Nutrition is involved in inflammatory 
phenomena and may be a direct contributor through 
metabolic diseases or tissue damage caused by 
nutrient deficiencies or excesses as well as toxins 
such as mycotoxins. It may also impair the immune 
system indirectly, heightening the risk of infectious 
or parasite diseases. Nutrition can also transform 
the animal from a pro- to an anti-inflammatory 
phenotype, resulting in a lower inflammatory 
response to the same stimuli (Calder, 2008).

When looking for ways to reduce inflammatory 
conditions in dairy cows, it is important to remember 
that there are many inflammatory conditions 
experienced during the periparturient period 
(Drackley 1999, Loor et al. 2013, Van Knegsel et 
al. 2014). These conditions include metabolic and 
infectious diseases, stressful events like unfavourable 
social interaction, trauma at calving time, energy 
excess or deficit, and digestive upsets. In contrast 
to lactation, the dry period is characterised by low 
requirements and  high DMI relative to requirements. 
As a consequence, an excess of energy, protein 
and minerals can occur during this period and it 
has been suggested that this can cause negative 
effects (Douglas et al. 2006). (Janovick et al. 
2011) suggested that, in ruminants as well as in 
humans, prolonged excess of energy could trigger a 
metabolic syndrome-like condition with associated 
inflammation. Results reported in a recent series of 
papers from the University of Illinois indicate that a 
high energy diet in cows can cause fat to accumulate 
at a different rate in visceral adipose tissue than 
in subcutaneous adipose tissue, such that BCS is 
not a sensitive measure of the animal’s metabolic 
activity (Drackley et al. 2014). Interestingly, the 
surplus energy did not induce an overt inflammatory 
response in subcutaneous adipose tissue (Ji et al. 
2014), but did in the visceral adipose tissue (Ji et al. 
2014). This may explain a phenomenon that has been 
observed previously: that cows fed a high energy diet 
in the last part of pregnancy are more susceptible to 
infectious and/or inflammatory diseases (Janovick 
and Drackley, 2010). 

When considering risks associated with dietary 
factors that lead to acidosis, the transition period 
is important because early lactation cows are 
abruptly changed to a high energy diet in an effort 
to minimise negative energy balance (Plaizier et al. 
2012). (Bertoni et al. 1989) suggested that conditions 
comparable to those in the rumen can also occur in 
the large intestine; this has since been confirmed in 
monogastric (Piè et al. 2007) and ruminant (Liu et al. 

2014) species. The major problems associated with 
both ruminal and hindgut acidosis are attributed to 
the absorption of bacterial lipopolysaccharide (LPS) 
through the ruminal epithelium or intestine mucosa; 
this results in an inflammatory response (Ametaj et 
al. 2005). However, some LPS is always present, 
both in the rumen (Nagaraja et al. 1978) and the 
intestine, without associated health problems in the 
host. Moreover, subclinical acidosis is not always 
followed by systemic symptoms (Trevisi et al. 2014). 
Therefore, the possibility that the integrity of both the 
ruminal epithelium and intestinal mucosa can be lost 
due to an underlying inflammatory response should 
be considered. For example, tight junctions (TJ) 
could be damaged, allowing microbial translocation 
and leading to more serious disorders. According to 
(Plaizier et al. 2012), the barrier properties of TJ can 
be affected by several physiological stresses caused 
by antigens, microorganisms, PICs, cold/heat, dietary 
modification, early stage of lactation, psychological 
stress and prolonged exercise (Lambert, 2009). We 
are not aware of specific data on the effects of such 
stresses in dairy cows at calving, but prolonged 
physical activity is common in dystocia, and heat and 
psychological stresses are also possible in summer or 
in conditions of overcrowding. These, and temporary 
reductions in feed intake, all have the potential to 
reduce the blood flow to the gut and cause hypoxia 
and associated TJ damage. 

Animals with induced membrane barrier leakage 
have been studied recently. When healthy sheep were 
injected with indomethacin – an anti-inflammatory 
and antipiretic drug with strong side effects at a gastro-
intestinal level – sudden changes in blood proteins, 
typical of an acute phase response, were evident. 
Concentrations of haptoglobin and ceruloplasmin 
rose, while those of albumin, cholesterol, vitamin 
A, and paraoxonase fell. Interestingly, the lactulose 
test that was used to evaluate the integrity of the 
gut indicated that the absorption of lactulose was 
roughly correlated with the seriousness of the acute 
phase response (Minuti et al. 2013). The induction of 
acute rumen acidosis by wheat flour in rams caused 
similar effects to those found in the indomethacin 
experiment, but rectal temperature also rose to 
40.5OC. The kinetics of the appearance of lactulose in 
blood, however, suggest that it was absorbed early in 
the acute phase response, probably through the rumen 
wall, indicating that the forestomach epithelium  may 
have been damaged (Minuti et al. 2014).

Nutrition can be managed to some extent to reduce 
metabolic or infectious diseases, as well as the tissue 
damage responsible for inflammation. Unfortunately, 
complete prevention of any inflammatory condition 
is impossible. Nonetheless, any attempt to reduce the 
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inflammatory response and to accelerate resolution 
could be useful. All these aspects can be affected 
by the genome, which in turn can be influenced 
by nutrients (Grimble, 2001). The first nutrients 
suggested that might reduce the inflammatory 
response in humans were 3-polyunsaturated fatty 
acids (PUFA) and antioxidants, such as Se, vitamin 
C, vitamin E, -carotene, and polyphenols. The 
3-PUFA, but also CLA (Williams, 2000), appear to 
modulate several nuclear transcription factors, such 
as PPAR  and NF-kB, which influence the expression 
of some genes that affect inflammation (Calder, 
2008). Preliminary results from our Institute on the 
use of nutrients to attenuate/avoid inflammation in 
transition dairy cows indicate promising possibilities 
for animal husbandry (Trevisi et al. 2008). The 
importance of antioxidants as potential nutrients 
for reducing inflammation is self-evident, because 
Reactive Oxygen Molecules (ROM) are known to 
release NF-kB – a nuclear activator of PIC gene 
expression – from the inhibitory unit  (Rimbach et 
al. 2002). Other possible anti-inflammatory nutrients 
are amino acids, such as glutamine, which improves 
intestinal barrier function, and the sulphur-containing 
amino acids, which are involved in the antioxidant 
systems (Grimble, 2002). A recent addition to the 
list is the active form of vitamin D

3
, which down 

regulates PIC production by Th1 cells in favour of 
Th2 cell production of anti-inflammatory cytokines 
(Hewison, 2011).

A new concept of nutritional involvement that 
goes beyond the anti-inflammatory involvement is 
to help eliminate inflammation altogether (Serhan et 
al. 2008). In this case, the molecules provide potent 
signals that selectively stop infiltration of neutrophils 
and eosinophils and stimulate non-phlogistic 
recruitment of monocytes, which can occur without 
producing pro-inflammatory mediators. 

 CONCLUSION

There are interactions between the functionality 
of the immune system, the inflammatory response 
and nutrition and the consequences of inappropriate 
activation of the immune system or excessive 
inflammation may be very costly for the animal. 
Performance is impaired, as is efficiency and health. 
For these reasons immune system activity and 
inflammation are maintained as low as possible by 
natural mechanisms and are only activated when 
needed and stopped as soon as possible. 

Most farmers are aware of the need to prevent 
infections, parasitism and tissue damage, and employ 
methods of hygiene, vaccination, metaphylaxis, 
immunonutrition, auxinic use of antibiotics, pre- and 
pro-biotics, or other ways to avoid digestive disorders. 

These methods are primarily aimed at reducing the 
activation of the immune system, thereby reducing 
inflammation indirectly. This approach assumes that 
the immune system and the inflammatory response 
are always involved together, which is not always the 
case. 

Inflammation is partly an independent defence 
mechanism, which can occur without significant 
intervention of the immune system, as occurs during 
metaflammation or chronic inflammation. Therefore, 
in addition to the tools that we have discussed to 
avoid activation of an immune response, it may be 
useful to intervene directly in some of the specific 
causes of inflammation as well as on its mechanisms. 
Where nutrition is concerned, there are two main 
approaches. First, to avoid any deficiency, excess 
or toxicity of particular nutrients to prevent tissue 
damage, or metaflammation, and, at the same time, 
optimise the immune system capacity and reduce 
susceptibility to infection. Secondly, using long 
chain fatty acids, like ω3 and CLA, antioxidants, 
and/or trace elements, like selenium, vitamin D, or 
glutamine.  Further studies should:
• pursue the possibility of reducing the 

inflammatory response while maintaining good 
immune responsiveness;

• evaluate the phenotype of cows for immune 
system capacity and for the pro- or anti-
inflammatory type;

• explore a genetic solution by selecting animals 
with a low susceptibility not only to disease, but 
also to the inflammatory response.
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ABSTRACT

The transition period of the dairy cow generally refers to the last three weeks of gestation and the first 
three weeks of lactation. During this period the dairy cow faces numerous physiological challenges, requiring 
both homeostatic and homeorhetic changes to support the demands of lactation.  Management strategies to 
achieve a successful transition have developed over many decades.  Historically, these strategies focused on 
achieving high energy intakes pre-calving in an attempt to improve post-calving metabolism; however, more 
recent research indicates this approach may not be appropriate.  Behavioural, physiological and molecular data 
indicate that imposing a slight negative EBAL pre-calving can improve post-calving EBAL, metabolic health 
indices and milk production.  It was hypothesised that the challenges of the transition period would be less in 
a grazing system compared with an intensive confinement system, due to the lower milk production and the 
difference in population density and, therefore, pathogen exposure.  However, the molecular and immunological 
responses to the change of state are similar in magnitude in a moderate-yielding pasture-fed cow as in a high-
yielding cow fed a total mixed ration. The collective data point to a peripartum immune dysfunction, which 
is affected by body condition score and feeding level. This review will outline the literature and provide an 
assessment of the most recent transition cow management for grazing dairy cows.  

BACKGROUND

The transition period in the dairy cow (defined 
as three weeks prior to three weeks post-partum) 
is associated with large metabolic, hormonal and 
immunological challenges.  Failure to transition 
successfully from gestation to lactation can result 
in increased occurrence of diseases, reduced 
performance and premature culling (Curtis et al. 
1985, Goff and Horst 1997, Godden et al. 2003).  
The challenges faced by the transition dairy cow and 
the metabolic and physiological adaptations required 
to transition successfully have been reviewed by 
(Grummer 1995, Bell 1995,  Drackley 1999, Goff 
2000, Overton and Waldron 2004 and Roche et al. 
2013).  In brief, with the onset of lactation there is a 
rapid and substantial increase in nutrient requirements 
that is not matched by the increase in nutrient intake 
(Bell, 1995). This means the transition dairy cow 
enters into a state of severe negative energy balance 
in early lactation.  

Negative energy balance (EBAL) has been 
associated with metabolic disorders such as ketosis 
and milk fever, susceptibility to infectious diseases 
(i.e. mastitis, metritis) and reduced reproductive 
performance (Drackley 1999, Buckley et al. 2003).  
Consequently, management strategies during this 
period have focused on maximising energy, nutrient 
and mineral intake and minimising mobilisation of 
body stores post-calving.  Despite this knowledge, 
metabolic disorders and premature death in dairy cows 
still occur frequently.  (Roche et al. 2012) estimated that 

failure to transition adequately costs the New Zealand 
dairy industry in excess of NZ$1.5 billion annually.  
(Godden et al. 2003) reported that in Minnesota, USA, 
almost 25% of the cows that exited the herd did so 
in the first 2 months of lactation, and a proportion of 
those that left after this point resulted from metabolic 
disorders encountered during the transition period.  
These metabolic disorders are related to immune 
dysfunction associated with the transition between 
pregnancy and lactation.  Overton and Waldron (2004) 
discussed the need to investigate the interrelationships 
between metabolic adaptations and the immune 
system, as well as nutritional requirements, during 
this period.  This review outlines the current state of 
knowledge regarding transition cow nutrition and 
immune function and highlights the challenges and 
responses that arise within pasture-based systems. 

NUTRITION AND PHYSIOLOGY OF THE 
PASTURE-BASED TRANSITION COW 

The common objective of dairy industries is 
to convert animal feedstuffs (e.g. grass, grain, by-
products) that are not suitable for human consumption 
to high quality nutritive feeds beneficial for humans. 
However, despite this similar objective, there are large 
differences in production systems due to physical, 
climatic and financial factors.  Grazed pasture is the 
major component of the total diet for only 10% of the 
world’s cows and pasture-based systems are based on 
different operating principles compared with systems 
feeding hay, cereal grains and horticultural and arable 
by-products in confinement (Holmes et al. 1984).  
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In a successful grazing system, the herd’s feed 
requirements must be synchronised with the rate of 
supply of feed from pasture, which typically varies 
seasonally, in both temperate and sub-tropical/
tropical regions. To achieve this, each cow must calve 
once every 365 days, and all cows must calve within 
8-10 weeks so that peak feed demand matches peak 
pasture growth. Hence, cows must become pregnant 
within 83 days of calving and grazing management 
practices must ensure that high pasture growth and 
quality are maintained for the whole season (Dillon 
et al. 1995, Macdonald et al. 2008). Usually, cows 
are not lactating during seasons when pasture growth 
is low; here, the focus is on increasing pasture mass 
to offset low pasture growth rates at the beginning 
of the next lactation while simultaneously increasing 
cow body condition before calving.  Furthermore, 
genotype x environment interactions have been well 
documented in pasture-based systems; cows selected 
for high milk production, such as North American or 
Dutch Holstein-Friesian strains, perform well when 
fed a high energy total mixed ration (TMR), whereas 
strains of New Zealand origin are more suited in a 
pasture-based system (Horan et al. 2006, Kolver et 
al. 2002, Roche et al. 2006). 

Genetic selection criteria for cows in seasonal 
grazing system place relatively greater emphasis 
on fertility and body condition score (BCS), and 
less on milk production, than selection criteria for 
confinement feeding systems.  Therefore, these 
animals should not face the same challenges during 
the transition period as their overseas counterparts 
that have been bred for milk production at the 
expense of body stores (Roche et al. 2009).  This 
review investigates this hypothesis and considers 
whether the level of negative EBAL and immune 
dysfunction experienced by pasture-based cows is 
similar to cows in systems achieving much higher 
milk production.  The most appropriate management 
strategies to ensure a successful transition between 
pregnancy and lactation are also discussed.  

INFLAMMATORY STATE

During the transition period, the cow goes from 
an anabolic to a catabolic state, and post-calving 
physiological pathways that involve lipid metabolism 
and energy partitioning are altered (Drackley, 1999).  
The physiological processes that are most affected 
during the transition period include glucose, lipid, 
protein, and mineral metabolism.  Homeostatic and 
homerhetic control of these processes is vital to 
ensure a successful transition from the non-lactating 
to the lactating state. In addition, cows experience 
a period of inflammation around parturition (Bertoni 
and Trevisi 2013, Loor et al. 2013) indicated by 

the release of pro-inflammatory cytokines which 
can cause a myriad of metabolic changes including 
anorexia, fat mobilization, increased insulin 
resistance, and reduced milk yield (Bertoni and 
Trevisi, 2013). The impact of specific management 
strategies on the regulation of these pathways in 
pasture-based dairy cows has only recently been 
investigated. 

BCS at calving is a key factor determining 
the physiological state of the transition dairy cow, 
affecting post-partum production and reproduction 
and, although less well-defined, health and welfare 
(Roche et al. 2009, Roche et al. 2013). In a recent 
experiment, (Akbar et al. 2014b) blood composition 
and hepatic gene expression (using RT-qPCR) were 
analysed in transition cows grazing pasture and 
calving in three different BCS states: high (5.5 BCS),  
medium (4.5) and low (3.5); 10-point scale, Roche et 
al. 2004). Cows in the high and medium groups had 
a greater expression of genes associated with hepatic 
fatty acid oxidation (CPT1A, ACOX1), ketogenesis 
(HMGCS2) and hepatokines (FGF21, ANGPTL4), 
whereas cows in the high BCS group had the lowest 
expression of genes associated with fatty acid export 
from the liver (APOB).  These results are consistent 
with greater lipolysis and hepatic fatty acid oxidation 
in cows calving at a BCS of 4.5 or above.  Cows 
that calved at a high BCS had decreased TMLHE 
and increased SLC22A5 expression at week 3 post-
calving, indicating greater muscle-derived carnitine 
uptake. Greater expression of BBOX1 in cows in the 
medium and low BCS groups indicated greater de 
novo carnitine synthesis. 

Hepatic glucose metabolism was also altered by 
calving BCS.  In comparison with cows in the low 
BCS group, cows calving with a high or medium 
BCS had greater expression of genes that encode 
key gluconeogenic enzymes (PC, PDK4) indicating 
greater gluconeogenesis in these cows, which likely 
contributed to their increased milk production.  The 
expression of genes involved in the growth hormone/
IGF-1 signalling axis (GHR1A, IGF1 and IGFALS) 
was lower in these cows, which is consistent with the 
increased lipolysis.  

Cows that calved with a medium BCS had lower 
plasma globulin and a higher albumin:globulin ratio, 
which could indicate a less-pronounced inflammatory 
status and better liver function. This was supported 
by a marked decrease in the expression of the 
inflammation-related genes in the liver (NFKB1, 
STAT3, HP, and SAA3) coupled with an increase in 
expression of the negative acute-phase protein ALB. 

Overall, these results indicate that the greater 
milk production associated with the highest calving 
BCS resulted in a more pro-inflammatory state 
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than the moderately conditioned cows, but did not 
negatively affect the expression of genes related to 
metabolism and the somatotropic axis (Akbar et al. 
unpublished data). Indicators of metabolic health 
and inflammatory state are sensitive to changes in 
calving BCS and point to suboptimal health status in 
cows calving at either BCS 3.5 or 5.5 compared with 
BCS 4.5. The data are consistent with recommended 
calving BCS targets of 5.0 (10-point BCS scoring 
system; equivalent to approximately 3.0 in a 5-point 
system) in grazing dairy cows to optimise production, 
while reducing liver lipid accumulation and the 
negative effects of inflammation on liver function 
and metabolic state.

 In addition, preliminary results from 
microarray analyses from the same experiment 
indicate that there are progressive changes in hepatic 
expression of genes in response to increased BCS 
at calving (Akbar et al. 2014b). Data indicated 
that cows in the high BCS group had a modest up-
regulation of steroid biosynthesis and ketone body 
metabolism along with a modest down-regulation 
of glycolysis and gluconeogenesis and vitamin B6 
metabolism compared with cows in the medium 
BCS group.  In contrast, cows   in the low BCS group 
displayed marked up-regulation of those pathways, 
especially steroid biosynthesis. 

Although preliminary, the data indicate that 
the liver transcriptome of grazing cows is dynamic 
through the transition period and can adapt to changes 
in milk synthesis rate and dry matter intake (DMI). It 
is noteworthy that cows with a low calving BCS were 
able to up-regulate pathways with important roles in 
metabolism and steroid synthesis. Such responses 
seem to indicate that the liver maintains the ability 
to respond to the change in physiological state from 
pregnancy to lactation, despite the apparent reduction 
in liver function assessed with the blood biomarkers, 
globulin and albumin.

IMMUNE DYSFUNCTION

It is well documented that the immune system 
of the dairy cow is impaired during the transition 
period and this probably contributes to increased 
susceptibility to infectious diseases. Mastitis and 
metritis are the most common infectious diseases 
to occur during the peripartum period; however, 
other diseases such as salmonellosis and Johnes 
disease often reach clinical stages during this time.  
These diseases can result in permanent damage 
of the mammary gland, delays in conception, 
poor reproduction and substantial losses in milk 
production, all of which can lead to early culling (De 
Vliegher et al. 2012, Aungier et al. 2014). 

One of the risk factors in this context is the 

immunological performance of transition cows 
and the possibility that the extent of immune 
dysfunction or immunosuppression they experience 
causes greater susceptibility to infectious diseases. 
Immunosuppression during the transition period 
is reflected in impaired lymphocyte and neutrophil 
function (Suriyasathaporn et al. 2000, Grinberg et 
al. 2008, Ster et al. 2012).  Neutrophils are affected 
during parturition, particularly in the context of 
their role in innate immune defence against mastitis 
(Gilbert et al. 1993, Madsen et al. 2002, Hammon et 
al. 2006, Graugnard et al. 2012). 

A recent study utilised cell culture techniques 
and quantitative PCR to analyse the immunological 
performance of transition dairy cows grazing pasture 
(Heiser et al.  unpublished data).  The expression of 
mRNA encoding for selected cytokines was analysed 
after in vitro stimulation with a combination of 
Staphylococcal enterotoxin B (SEB) and LPS. The 
cytokines analysed were tumor necrosis factor (TNF), 
interferon-γ (IFN-γ), Interleukin-17 (IL17) and IL10.  
TNF is a regulator of immune cells whereas IFN-γ 
is crucial for innate and adaptive immunity against 
viral and intracellular bacterial infections and is an 
important activator of macrophages (Schroder et al. 
2004). Dysregulation of either IFN-γ or TNF has 
been associated with a number of diseases (Locksley 
et al. 2001). Interleukin-17 functions in a similar 
way to IFN-γ and acts synergistically with TNF. It is 
produced by T-helper cells and increases chemokine 
production in various tissues to recruit monocytes 
and neutrophils to the site of inflammation (Jin and 
Dong, 2013). In contrast to these pro-inflammatory 
cytokines, IL10 is considered to be an anti-
inflammatory cytokine (Couper et al. 2008). 

(Heiser et al. unpublished data) analysed mRNA 
expression of IFN-γ, TNF, IL17, and IL10 genes by 
qPCR in unstimulated and SEB/LPS stimulated 
blood samples collected at four time points: prior 
to calving (-1 to -16 d), post-calving (3 to 10 d, 10 
to 16 d, and 25 to 34 d).  From calving until three 
weeks post-calving, there was a decrease in pro-
inflammatory gene expression (IFN-γ, TNF and IL17) 
and an increase in anti-inflammatory gene expression 
(IL10), indicating a degree of immune dysfunction 
in these grazing dairy cows. The temporal profile of 
IFN-γ and IL17 expression was high pre-calving, 
decreased during d 3 to 10, increased during d 10 
to 16 to levels to greater than pre-calving levels and 
then readjusted to pre-calving expression during d 
25 to 34.  Although following a similar pre- to post-
partum profile of change in mRNA expression, TNF 
recovered slower post-calving and had not returned 
to pre-calving levels by d 25  to 34.  Compared with 
IFN-γ, TNF and IL17, IL10 had a reverse profile, 
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with increased expression after calving and a slow 
return to the pre-calving level by d 34.  Collectively, 
these changes reflect an immune system that is biased 
toward anti-inflammatory or type-2 mechanisms, as 
reported in previous studies (Shafer-Weaver and 
Sordillo 1997, Shafer-Weaver et al. 1999).  Previous 
studies of immunological performance during the 
transition period have primarily used housed dairy 
cows fed TMR subject to different sampling times 
and stimulation protocols.  More importantly, cows 
also differed in genetic origin and were exposed to 
different feeding systems. Despite these differences, 
there are many similarities in the measurement of 
dysregulation of immune responses (Lessard et al. 
2004, van Engelen et al. 2009). Dysregulation of 
immune function during the peripartum period, as 
indicated by the expression patterns for IFN-γ, TNF, 
IL17, and IL10, indicates that grazing dairy cows 
experience similar levels of immunosuppression 
compared with high production cows fed TMR in 
confinement systems.  

PROPOSED MANAGEMENT 
STRATEGIES IN PASTURE-BASED 

SYSTEMS

The impact of nutrition in the performance of the 
transition cow has undergone intensive investigation 
in the past few decades (Drackely 1999, Overton 
and Waldron 2004, Ingvartsen 2006, Roche et al. 
2013, Ingvartsen and Moyes 2013).  In combination 
with the detrimental effects of an impaired immune 
system and an increased inflammatory state, success 
in transition cow management needs to involve an 
integrated management strategy that focuses not only 
on optimising nutrition but on reducing inflammation 
and improving the immunological capacity during 
this period by. 

NON-STEROIDAL ANTI-
INFLAMMATORY DRUGS 

One management strategy for reducing 
inflammation during the transition period is to 
treat early post-partum cows with a nonsteroidal 
antiinflammatory drug (NSAID). Short-term (e.g. 
first 5 days postpartum) use of NSAID (acetyl-
salicylate) had a positive effect on milk yield and 
indices of inflammation (e.g. greater serum Zn and 
lower serum haptoglobin and ceruloplasmin) during 
the first 4 wk postpartum (Bertoni et al. 2004, 
Bradford and Farney 2010). 

Most of the research on NSAID has been 
conducted with confinement cows that reach milk 
production levels substantially greater than those 
grazing pasture. Furthermore, there are few data 

available on the effect of NSAID on the expression 
of genes involved in inflammation and metabolism. 
Transcription regulation is an important mechanism 
of inflammation and metabolic control (Loor et al. 
2013).  In a recent experiment, hepatic and adipose 
tissue gene expression was measured in response to 
injections of the NSAID carprofen on 1, 3, and 5 d 
after calving (Vailati-Riboni et al. unpublished data). 
There were no major effects of NSAID on hepatic 
or adipose gene expression.  However, when week 
-1 was used as covariate there was overall greater 
expression of MTTP and PDK4 in liver tissue of 
cows receiving the NSAID (Vailati-Riboni et al. 
unpublished data). The former encodes a protein 
important for the synthesis of very-low density 
lipoproteins (VLDL) in liver and the latter is a key 
gluconeogenic gene (Loor et al. 2013). Thus, despite 
the lack of difference in milk yield due to the NSAID 
injection (Meier et al. 2014), the up-regulation of 
both genes indicated that treatment with NSAID 
had a positive effect on liver function and could 
potentially help alleviate inflammation after calving. 
More research is required to examine the most 
effective dose and duration of treatment.

NUTRITIONAL MANAGEMENT 

Although there are potential benefits of 
managements that reduce hepatic inflammation 
(reduced triglyceride accumulation and increased 
gluconeogenesis in the liver), one of the greatest 
influences on hepatic function and consequent 
metabolic status of the transition dairy cow is 
nutrition management pre-calvingNearly a century 
ago, the recommendation to “steam-up” dairy cows 
several weeks before calving was accepted as the 
best management strategy for a successful transition 
from gestation to lactation (Boutflour, 1928). Several 
decades later, this strategy was re-invoked based on 
the positive correlation between pre-partum NEFA 
concentrations and the incidence of metabolic 
diseases post-partum (Dyk et al. 1995).  In support 
of this premise, there was also a negative association 
between pre-partum energy intake and peri-partum 
triglyceride accumulation in the liver (Bertics et al. 
1992).  However, after retrospective investigation, 
there were some shortcomings in the interpretation 
of these data. (Dyk et al. 1995) based their 
conclusions on associations only, with no causative 
effect investigated, and although (Bertics et al. 1992) 
measured a benefit of increased intake pre-calving on 
metabolites at calving, when post-partum metabolic 
data were considered, the effect of increased intake 
pre-calving was no longer positive and was very 
likely negative.  In subsequent experiments, when 
nutritional strategies were manipulated to investigate 
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this hypothesis; the derived conclusions were in 
contrast to what was originally proposed. Research 
conducted in NZ and USA revealed a positive linear 
relationship between pre-partum DMI and post-
partum live weight loss (Douglas et al. 2006, Roche 
et al. 2005). In further support of this new evidence, 
cows that were fed below energy requirements (energy 
required for maintenance, pregnancy and activity) 
for several weeks prior to calving, had a reduced risk 
of milk fever and ketosis and an increased capacity 
for gluconeogenesis and β-oxidation, coupled with 
reduced TAG accumulation in the liver (Holtenius 
et al. 2003, Roche et al. 2005, Loor et al. 2006, 
Janovick et al. 2011). 

These studies have led to a paradigm shift in 
the basic principles of transition cow nutritional 
management and in our understanding of cow 
physiology during this time (Roche et al. 2013). 

Combined with animal behaviour data, they 
have highlighted the difference between the indirect 
link that exists between pre-partum and post-
partum metabolic state, and the causative effects 
of nutritional manipulation.  Indirectly, cows that 
undergo a natural reduction in DMI before calving 
have an increased risk of metabolic and infectious 
diseases post-partum (Huzzey et al. 2007, Goldhawk 
et al. 2009, Proudfoot et al. 2010) whereas, when DMI 
is intentionally reduced before calving, the resulting 
slight negative EBAL improves post-calving EBAL, 
metabolic health profile and, in some instances, milk 
production (Roche et al. 2005, Douglas et al. 2006).  

In addition to this paradigm shift, recent 
research has highlighted that the type of dietary 
carbohydrate type fed during this period has no 
effect on animal performance. Increasing the supply 
of non-structural carbohydrates (NSC) as an energy 
source prior to calving has been postulated to 
stimulate ruminal papillae development (Dirksen et 
al. 1985), acclimatise rumen microorganisms for a 
high NSC post-partum diet (Anderson et al. 1999) 
,provide nutrients for the conceptus thereby sparing 
maternal energy stores (Overton and Waldron, 2004), 
and suppress body tissue mobilisation via the anti-
lipolytic effects of insulin (Lee and Hossner, 2002; 
Lafontan et al. 2009) . However, in a review of the 
published literature, (Roche et al. 2013) reported 
no evidence of positive benefits from increasing the 
proportion of NSC in the diet of the periparturient 
dairy cow.  

In addition to examining the effect of 
carbohydrate type, the impact of the level and 
quality of protein and fat in the transition cow diet 
has undergone intensive investigation. The current 
recommendation for periparturient protein inclusion 
is based on the NRC (2001) recommendations of 

~900 g/day, with an additional ~120 g/d to support 
the increased synthesis of mammary tissue (Bell et al. 
2000).  In pasture-based systems, where high quality 
pastures typically contain 15 – 20 % crude protein, 
cows will easily receive their total requirement of 
~1,020 g/day of protein.  However, when pasture 
makes up a smaller proportion of the diet, increasing 
the level of protein fed during the prepartum period to 
meet these requirements may have positive responses 
(Bell et al. 2000). In contrast, there have been reports 
of negative effects on production with excessive 
ruminal degradable protein in the diet (Putnam et 
al. 1999, Hartwell et al. 2001, Garcia-Bojalil et al. 
1998a). This could have significant implications 
in grazing systems, where cows consume large 
quantities of rumen degradable protein. However, 
(Roche et al. 2010) observed no benefits in milk 
production when low protein supplements replaced 
a proportion of pasture in the diet and, consequently, 
reduced total protein intake. 

The impact of lipid supplements (Grum et 
al. 1996) and in particular the effect of specific 
individual fatty acids on physiological processes 
during the transition period has also been recently 
reviewed (Roche et al. 2013).   Although there are 
potential benefits on hepatic lipid and carbohydrate 
metabolism from specific fatty acids (Mashek and 
Grummer 2003, Mashek et al. 2002), much of the 
data have been generated in vitro often using fatty 
acids at supra-physiological concentrations.  Further 
in vivo research with fatty acids administered at 
physiological concentrations is required to ascertain 
the positive and negative impacts of different lipid 
supplements during the transition period.  

CONCLUSION

The grazing dairy cow suffers from physiological 
and immunological dysfunction during the transition 
period of similar magnitude to its higher producing 
TMR-fed counterpart.  Management strategies in 
grazing systems should focus on achieving target 
BCS at calving, adequate mineral supplementation 
and then, if target BCS are met, feeding to just below 
energy requirements in the weeks prior to calving.  
After calving, if feed supply does not meet feed 
demand, then the tactical use of supplementary feeds 
or a reduction in milking frequency is recommended.  
Although much research has focussed on the 
transition period, several questions still remain 
regarding the effects of different feed types during 
the transition period (palm kernel extract; crops, high 
fibre or high starch feeds), transitioning on and off 
these diets around the time of parturition, and the 
impact of different rates of BCS gain during the dry 
period.  Experiments are underway to investigate 
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the effects that these nutritional strategies have on 
cow performance both during and after the transition 
period. 
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ABSTRACT

Fibre represents a significant fraction of forage diets, and the extended time required to break down the 
fibre for passage out of the rumen can limit intake.  Rumen pH and concentration of rumen metabolites have 
been described as factors that could interfere with the rate and extent of fibre degradation, but there is no work 
describing the effect of diurnal variation in rumen environments on fibre degradation. An in sacco trial was 
conducted at the Lincoln University Dairy Farm from 2010 to 2012 to measure the effect of the diurnal variation 
of rumen environment on the extent of fibre degradation. High quality perennial ryegrass was cut and frozen 
and later minced for fibre degradation assessment. The extent of fibre degradation was measured in two diurnal 
periods of 6 h each (from 2000h to 0200h (PM) and from 0800h to 1400h (AM)) where rumen environment had 
previously been identified to present a diurnal variation. The mean of the four runs showed that minced grass 
fibre degradation in the AM period was 22% higher than in the PM period. Rumen environments with a lower 
rumen pH and higher concentration of rumen metabolites reduced fibre degradation when compared with those 
with a higher pH and lower concentrations of rumen metabolites.

Keywords: Fibre degradation, diurnal rumen environment.

INTRODUCTION

Fibre degradation of temperate perennial 
ryegrass have been extensively studied by rumen 
incubation of nylon bags (in sacco) to evaluate 
characteristics of nutritive value (Taweel 2004, Sun 
et al. 2010). While several studies have described the 
factors that might affect NDF degradation (e.g. rumen 
pH), these studies have been predominantly with 
in vitro systems (de Veth & Kolver 2001, Cerrato-
Sanchez et al. 2007). However, there are significant 
differences between this environment and the rumen 
environment of pasture fed cows. In particular, dairy 
cows grazing high quality pasture have a pronounced 
rumen diurnal variation (Kolver, 1998; Laporte-Uribe 
& Gibbs, 2009). Rumen metabolite concentrations 
vary considerably within a day; as does rumen pH 
which can range from 5.1 to 7.0 over a 24 h period 
(Gibbs & Laporte, 2009). In addition, other studies 
have used in situ or in vivo techniques to determine 
the effect of rumen fermentation end products on 
rumen digestion, for example by manipulating the 
quantity and quality of diets or infusing substances 
into the rumen (Mehrez et al. 1977, Basalan et al. 
2002, Williams et al. 2005). However, there is no 
available research comparing the effects of the in 
vivo diurnal variation of rumen environment on NDF 
degradation. Therefore, the aim of this study was to 
investigate the impact of in vivo diurnal changes of 
rumen environment on in situ fibre degradation in two 
periods each of 6 h; and determine the relationship 
between fibre degradation and rumen fermentation 
end products.

MATERIALS AND METHODS

The effect of diurnal variation in the rumen 
environment on fibre degradation was assessed in 
two 6 h periods. Fibre degradation between periods 
was compared using different forage preparation 
methods: frozen minced grass (MG), fresh chopped 
grass and mature hay (H). Frozen minced grass 
and H were used as a high and low quality control 
respectively. However, only the preparation and 
results for MG incubated for 6h will be discussed 
in this paper. All used animals in this experimental 
work was sanctioned by the Lincoln University 
Animal Ethics.

Animals and Feeding
Four rumen cannulated lactating Holstein 

Friesian cows grazing at the Lincoln University 
Dairy Farm (LUDF), Canterbury, New Zealand were 
used in four runs in an in sacco digestibility trial 
(December 2010; March 2011; October 2012; and 
November 2012). All cows had been used in previous 
experiments which had confirmed diurnal variability 
of rumen state on pasture (Laporte-Uribe & Gibbs, 
2009). Between trial runs, animals grazed within the 
commercial herd (LUDF) and were separated from 
the herd one day before the trial period. The cows 
were milked twice a day and received their new 24 
h pasture allocation at 1700 h. Pre grazing pasture 
mass was similar for all runs (2900 ± 200 kgDM/
ha), and the mean post grazing mass was 2145 ± 231 
kgDM/ha and 1735 ± 306 kgDM/ha for the PM and 
AM period, respectively. 
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Incubation period
Two 6 h periods, called PM and AM, were used 

to measure the effect of rumen environment on fibre 
degradation. The expectation was that the PM period 
(from 2000 h to 0200 h) would be characterized by a 
lower rumen pH and higher concentration of rumen 
metabolites, while the AM period (from 0800 h to 
1400 h) would be characterized by a higher rumen 
pH and lower concentration of rumen metabolites.

Feed treatment
Four kg of high quality perennial ryegrass 

(cultivar ‘Bealey’) were cut six days prior to each 
experimental run at 1700 h to a residual of 1450kgDM/
ha for MG preparation. In both periods (PM and AM), 
the quality of MG samples incubated was similar 
within a run but differed for each run. Frozen minced 
grass was prepared by minor modifications of the 
method described by (Chaves et al. 2006). Frozen 
grass was chopped into 2cm lengths and minced in 
a Salton meat mincer machine using a screen plate 
with 10 mm diameter extrusion holes prior to the 
cutting plate. Quadruplicate samples were incubated 
in PM and AM periods in nylon bags (10 x 20cm; 
50 µm pore size), with 6.5, 6.9, 5.2 and 5.4 g of MG 
dry weight for run 1, 2, 3 and 4 respectively, and 
were kept frozen until the incubations. All bags were 
immersed in water prior to incubation and, except 
those for time 0 h, were placed in the rumen (ventral 
sac) at the same time suspended by a 1 kg steel chain. 
The bags were removed at designated time intervals 
(3 and 6 h after incubation in both periods). After 
removal, bags from the rumen were immediately 
rinsed in cold water and then rapidly frozen in a blast 
freezer at -20 C. Rumen fluid was collected from the 
ventral sac at each incubation time in both periods 
and rumen pH was measured by probe (Ionode IJ-44, 
Brisbane, Australia) and stored for further analyses.

Method of analysis
Subsamples of the prepared MG were freeze 

dried and ground through a 1mm screen centrifugal 
rotor mill (Retsch- ZM, Haan, Germany) and 
subsequently analysed for NDF, ADF, total N and 
ash by wet chemistry. Nylon bags were thawed, 
then were placed in a gentle agitated commands 
washing machine for 30 min, with clean cold water. 
Afterwards, bags were dried to a constant weight in 
a forced-air oven at 65°C and weighed to determine 
DM disappearance. Bag residues were bulked by 
cow and time, and ground through a 1mm screen. 
Samples were analysed for NDF and ADF by wet 
chemistry using the (Van Soest et al. 1991) method. 
Rumen fluid samples were analysed for VFA, NH

3
, 

osmolarity and mineral content.

RESULTS

Results of dry matter and fibre (NDF & ADF) 
disappearance are expressed as the absolute fibre 
degradation (initial amount minus the residual 
amount divided by the initial amount, Table1). 
Amongst cows there were no differences in DM, 
NDF and ADF disappearances in all four runs. Dry 
matter disappearance for all runs in the AM period 
was higher than in the PM period. In run 1, %DM 
loss in the AM period was 10% higher than in the PM 
period (P<0.01), in run 2 and run 3 %DM loss in the 
AM period was 14% higher than in the PM period 
(P<0.01 and P<0.05, respectively). Frozen minced 
grass NDF and ADF loss in the AM period were also 
higher than in the PM period. In run 1, NDF and 
ADF loss in the AM period were 24% (P<0.05) and 
46% (P<0.01) higher, respectively, than in the PM 
period; while in run 2 NDF and ADF loss in the AM 
period were 37% (P<0.01) and 79% (P<0.01) higher, 
respectively, than in the PM period.

Table 1: Dry matter, neutral detergent (NDF) and acid detergent fibre (ADF) disappearance of frozen minced 
grass after 6 hours incubation in nylon bags within the ventral sac of the rumen of lactating grazing dairy  cattle, 
for either the evening or morning period (PM and AM) for each run.

 %DM %NDF %ADF

 Run 1 2 3 4 1 2 3 4 1 2 3 4

PM 70.7 61.0 64.4 65.6 38.3 27.0 42.5 46.8 19.7 9.4 24.0 20.9

AM 78.9 71.1 75.3 66.2 50.6 42.6 55.3 48.7 36.4 45.5 43.7 30.0

s.e.m 0.7 0.6 1.7 1.4 1.6 1.6 6.0 2.5 1.7 3.8 7.3 4.2

LSD (5%) 3.3 2.9 7.7 6.4 7.2 7.3 27.1 11.2 7.8 16.9 32.9 18.9

P value 0.004 0.001 0.020 0.783 0.012 0.006 0.228 0.624 0.007 0.007 0.152 0.223

PM, period from 200h to 0200h; AM, period from 0800h to 1400h. Run 1 corresponded to early summer, run 
2 to autumn, run 3 to early spring and run 4 to late spring.
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Table 2: Rumen function and rumen metabolites of lactating grazing dairy cattle, for either the evening or 
morning period (PM and AM) for each run.

 Run 1 Run 2 Run 3 Run 4

 PM AM PM AM PM AM PM AM

pH 5.7a 6.0b 6.0c 6.4d 6.2e 6.5e 6.0f 6.3f

Total VFA (mmol/L) 203a 164a 182b 163b 171c 154d 158e 150e

NH3-N (mg/L) 334a 208b 420c 258d 423e 290f 262g 119h

Osmolarity 
(mOsmol/L)

356a 303b 371c 289c 335d 309d 324f 308f

Mineral (mg/L) 6371a 5887b 8206c 7939c 8457d 8380d 8415f 7764f

# Superscript (a, b, c, d, e, f, g, h) letters represent differences of at least 5% between periods within runs.

A clear variation in rumen environment between 
periods was observed within runs (Table 2). Rumen 
pH in the PM period was significantly (P<0.05) 
lower than in the AM period in run 1 and 2, while 
rumen metabolites in the PM period were higher than 
in the AM period for all runs.

NDF disappearance was positively correlated 
with rumen pH (R2= 0.278; P< 0.01), NH

3
-N (R2= 

0.264; P< 0.01) and osmolarity (R2= 0.266; P< 0.01).

DISCUSSION AND CONCLUSION

The mean NDF disappearance of MG in the PM 
period was much lower (38.6% vs. 49.3%; P <0.05) 
than in the AM period and positively correlated with 
key rumen metabolite concentrations. This study 
has demonstrated that MG NDF degradation is 
affected by the in vivo diurnal variation of the rumen 
environment seen in lactating, grazing dairy cows. 
Marked diurnal variations of rumen pH, NH

3
-N and 

osmolarity appear to significantly influence NDF 
degradation in high intake, pasture based dairy cows.
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ABSTRACT

The aim of this study was to compare milk production and feed conversion efficiency (FCE) of two 
common feeding systems on commercial dairy farms in Western Australia. Seven partial mixed ration (PMR) 
and six all-grain-in-dairy (In-Dairy) farms were monitored over 13 farm visits between March 2012 and June 
2013. Data was collected daily on feed type, amount and quality and milk production and composition. There 
was no observed overall difference in milk production between the two feeding systems. Total dry matter (DM) 
intake per cow per day was the same for the two feeding systems at 18.6 kg. PMR farms fed on average 475 
kg DM/cow/year (P= 0.03) more concentrate than In-Dairy farms (2294 vs 1819 kg). There was no difference 
in FCE between In-Dairy and PMR ((1.30 vs 1.31 kg Energy Corrected Milk/kg DM intake, respectively). In 
conclusion, over the entire monitoring period PMR farms performed no better than In-Dairy farms in terms of 
milk production or FCE, despite feeding more concentrate. 

Keywords: Feeding systems, partially mixed ration.

INTRODUCTION

In parts of Australia where dairy pastures are not 
available year-round, high amounts of concentrate (6-12 
kg DM/cow/day) are often fed during the non-grazing 
season to maintain milk production. Many farmers 
feed all concentrate in the dairy with conserved fodder 
supplied separately in the paddock. This practice can 
lead to high variation in rumen fluid pH with increased 
time with pH below 6.0 (Wales and Doyle, 2003). This 
in turn increases the risk of subclinical acidosis (Krause 
and Oetzel, 2006), depresses the rate of ruminal DM 
degradation (Mould et al. 1983) and consequently may 
reduce milk yield. Alternatively, feeding concentrate 
together with forage as a PMR would spread concentrate 
consumption over a longer period of time and ensure 
that a fibre source is available. This reduces the rate of 
VFA production and accumulation in the rumen and 
associated negative effects of low rumen pH. Indeed, 
(Bargo et al. 2002) reported greater dry matter intake 
(DMI) and milk production for PMR and TMR (no 
pasture) systems over all-grain-in-dairy systems (In-
Dairy).

In Western Australia (WA), the PMR system has 
been adopted on many dairy farms for a variety of 
reasons including: intensification, improved ability to 
feed a balanced ration and safely feed high levels of 
concentrate, greater control over rations, improved feed 
efficiency at times of higher feed costs and reduced 
feed wastage. The ultimate goal stemming from most 
of these reasons is more milk per kg DMI or increased 
feed conversion efficiency (FCE). Very little research 
has been conducted to verify these motivations and 
justify the capital outlay required to change feeding 
system. The aim of this study was to compliment 
current controlled  studies into PMR feeding practices 

conducted at Ellinbank Research Centre,  by gaining a 
better understanding of current PMR feeding practices 
on commercial farms, and quantifying milk production 
and FCE on PMR and In-Dairy farms

MATERIALS AND METHODS

Seven PMR and six In-Dairy farms were 
monitored over a 15 month period spanning March 
2012 to June 2013. Thirteen visits to each farm were 
conducted over this period. Samples of all feeds 
(including pasture) were collected and analysed for 
feed quality at every visit.  Daily records of milking 
cow numbers and supplementary concentrate and 
conserved fodder fed were recorded by the farmers 
with assistance from DAFWA staff. Dry matter 
intake for all supplementary feed was estimated for 
seven days surrounding each visit and was corrected 
for estimated feed out losses using a correction 
factor of 0.01 for dairy concentrate and farm specific 
correction factors based on direct measurement 
for paddock supplement. Pasture DMI was back-
calculated based on herd ME requirements. Daily 
milk volume and composition records were sourced 
from the processors and corrected for milk fed to 
calves or dumped. Energy corrected milk (ECM, kg) 
was calculated according to Tyrrell and Reid (1965) 
and FCE (kg ECM per kg DMI) according to Beever 
and Doyle (2007). System based differences were 
analysed using general ANOVA with farm within 
systems acting as repeated measures. Due to the large 
seasonal differences in WA dairy systems and the 
cessation of PMR feeding with the onset of grazing, 
season was also incorporated into the analysis as 
an independent variable defined as: grazing (June – 
November) and non-grazing (December – May). 
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RESULTS

Due to a larger farm size, PMR farms produced 
on average >3 million litres more milk per year than 
In-Dairy farms but per cow there was no difference 
between farming system for milk yield (L/cow; 
7,546 ± 979 vs 7,477 ± 605; P=0.88) or solids (kg 
fat+protein/cow; 500 ± 80 vs 502 ± 43; P=0.96) for 
In-Dairy and PMR systems, respectively. 

When plotted over time (Figure 1), trends in ECM 
and protein % indicated a season by system interaction 
with a slightly flatter milk and protein supply from PMR 
farms. However, this was not statistically significant 
(P>0.05). In fact, feeding system alone had no effect on 
any milk production measures (ECM, fat and protein 
% and yield). The most prominent effect on milk 
production was due to season, whereby ECM (P=0.02) 
and protein yield (P<0.001) and protein % (P=0.1) were 
higher in the grazing season and milk fat % (P<0.001) 
was higher in the non-grazing season. 

Figure 1: Seasonal changes in energy corrected 
milk production (kg/cow/day; black lines) and milk 
protein % (grey lines) for In-dairy (dashed lines) 
and PMR (solid lines) farming systems.

Table 1: Effect of feeding system and season on dry matter intake (DMI), energy corrected milk (ECM) and 
feed conversion efficiency (FCE).

System Season

In Dairy PMR P Grazing Non-grazing P

DMI kg/cow/d 18.6 18.5 0.98 18.0 19.0 0.18

ECM kg/cow/d 23.9 23.9 0.96 25.1 22.9 0.02

FCE kg ECM/kg DMI 1.30 1.31 0.89 1.39 1.22 <0.001

System x season

FCE – grazing 1.41 1.37
0.16

FCE – non-grazing 1.19 1.24

DMI (kg/cow/d) was the same between systems on an annual basis, averaging at 18.6 kg (Table 1). Cows in 
PMR systems consumed 0.49 t DM more concentrate (P=0.03) over the entire year (1.82 t vs 2.29 t DM), 
and most of this was fed out during the non-grazing season. For this reason a high proportion (0.75 ± 0.12) 
of concentrate fed annually on PMR farms was fed in the dairy. Also, distribution of concentrate between the 
dairy and PMR varied considerably between PMR farms (Figure 2). 

Figure 2: Supply of concentrate (y-axis, kg DM/c/d) in the PMR (light grey) and dairy (dark grey) on three of 
the seven monitored PMR farms.
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As with DMI and ECM, FCE was affected 
by season, but not system (Table 1). There also 
appeared to be a system x season interaction, similar 
to that illustrated for ECM in Figure 1, indicating 
a potentially higher FCE for PMR systems in the 
non-grazing season and a slightly higher FCE for In-
Dairy farms in the grazing season, but this was not 
significant (P=0.16). 

DISCUSSION AND CONCLUSION

The two WA feeding systems analysed in this 
study fall into Dairy Australia’s feeding systems 
categories 2 and 4. System 2 is defined as pasture + 
forage + moderate-high grain (>1.0 t) in the bail and 
system 4 is defined as pasture grazed for <9 months 
per year + PMR on feed pad ± grain/concentrate in 
the bail. According to Dairy Australia, achievable 
FCE targets for systems 2 and 4 are 1.2 and 1.4 kg 
ECM/kg DMI, respectively. Based on this, it appears 
that In-Dairy farms in this study are performing well 
but the PMR farms are underachieving. 

One advantage of the PMR system is that higher 
amounts of concentrate can be fed safely by feeding 
most it mixed together with forage. On average cows 
on the PMR farms were fed more concentrate in 
total, but only a small proportion of this was fed in 
the PMR. During the non-grazing season, when PMR 
was predominantly used, an average proportion of 
only 0.36 ± 0.14 (range 0.13 – 0.54) concentrate was 
supplied in the PMR, meaning that most concentrate 
is still fed out in the dairy. This indicates that the 
potential advantages of PMR feeding are not being 
realised on many commercial dairy farms. Farmers 
indicated that the main reasons for continuing to feed 
most concentrate in the dairy was greater control for 
production feeding and minimisation of concentrate 
losses. 

For the extra time and capital investment, 
repairs and maintenance and feed costs commonly 
associated with PMR systems, the lack of milk 
production increases seen in this study questions both 
its definition and value. Furthermore, the financial 
analysis conducted as part of this study failed to 

show any clear financial benefit of one system over 
the other (Mc Donnell et al. 2014) and both systems 
contained high and low performing farms, indicating 
that both systems can perform well. 

ACKNOWLEDGEMENTS

We thank DAFWA, Dairy Australia and Western 
Dairy for their financial support.

REFERENCES

Bargo F, Muller LD, Delahoy JE, Cassidy TW (2002) 
Performance of high producing dairy cows 
with three different feeding systems combining 
pasture and total mixed rations. Journal of Dairy 
Science. 85, 2948-2963.

Beever DE, Doyle PT (2007) Feed conversion 
efficiency as a key determinant of dairy herd 
performance: a review. Australian Journal of 
Experimental Agriculture. 47, 645-657.

Krause KM, Oetzel GR (2006) Understanding and 
preventing subacute ruminal acidosis in dairy 
herds: A review. Animal Feed Science and 
Technology 126, 215-236.

Mc Donnell R, Staines M, Edmunds B, Lucey J 
(2014). Does feeding concentrate in a PMR 
improve the financial performance of commercial 
dairy farms? 2014 Australasian Dairy Science 
Symposium: conference proceedings.  

Mould FL, Ørskov ER, Mann SO (1983) Associative 
effects of mixed feeds. I. Effects of type and 
level of supplementation and the influence of the 
rumen fluid pH on cellulolysis in vivo and dry 
matter digestion of various roughages. Animal 
Feed Science and Technology 10, 15-30.

Tyrrell HF, Reid JT (1965) Prediction of the energy 
value of cows milk. Journal of Dairy Science. 
48, 1215-1223.

Wales WJ, Doyle PT (2003) Effect of grain and straw 
supplementation on marginal milk production 
responses and rumen function of cows grazing 
highly digestible subterranean clover pasture. 
Australian Journal of Experimental Agriculture. 
43, 467-474.



Proceedings of the 5th Australasian Dairy Science Symposium 2014 377

Exploring rumen microbe-derived fibre-degrading activities for improving feed digestibility

C.D. MOON1, D. GAGIC1, M. CIRIC1,2, S. NOEL1,3, E.L. SUMMERS4, D. LI1, R.M.L. ATUA1, R. PERRY1,  
C. SANG1, Y.L. ZHANG1, L.R. SCHOFIELD1, S.C. LEAHY1, E. ALTERMANN1, P.H. JANSSEN1,  

V.L. ARCUS4, W.J. KELLY1, G.C. WAGHORN5, J. RAKONJAC2, G.T. ATTWOOD1

1AgResearch Limited, Grasslands Research Centre, Palmerston North, New Zealand; 2Institute of Fundamental Sciences, 
Massey University, Palmerston North, New Zealand; 3Department of Animal Science, Aarhus University, Tjele, Denmark, 

4School of Science, University of Waikato, Hamilton, New Zealand, 5DairyNZ, Newstead, Hamilton, New Zealand

ABSTRACT

Ruminal fibre degradation is mediated by a complex community of rumen microbes, and its efficiency 
is crucial for optimal dairy productivity. Enzymes produced by rumen microbes are primarily responsible for 
degrading the complex structural polysaccharides that comprise fibre in the plant cell walls of feed materials. 
Because rumen microbes have evolved with their ruminant hosts over millions of years to perform this task, 
their enzymes are hypothesised to be optimally suited for activity at the temperature, pH range, and anaerobic 
environment of the rumen. However, fibre-rich diets are not fully digested, which represents a loss in potential 
animal productivity. Thus, there is opportunity to improve fibre utilisation through treating feeds with rumen 
microbe-derived fibrolytic enzymes and associated activities that enhance fibre degradation. This research aims 
to gain a better understanding of the key rumen microbes involved in fibre degradation and the mechanisms 
they employ to degrade fibre, by applying cultivation-based and culture-independent genomics approaches 
to rumen microbial communities of New Zealand dairy cattle. Using this knowledge, we aim to identify new 
opportunities for improving fibre degradation to enhance dairy productivity.

Rumen content samples were taken over the course of a year from a Waikato dairy production herd. Over 
1,000 rumen bacterial cultures were obtained from the plant-adherent fraction of the rumen contents. Among 
these cultures, two, 59 and 103 potentially new families, genera and species of rumen bacteria were identified, 
respectively. Many of the novel strains are being genome sequenced within the Hungate 1000 rumen microbial 
reference genome programme, which is providing deeper insights into the range of mechanisms used by the 
individual strains for fibre degradation. This information has been used to guide the selection of rumen bacterial 
strains with considerable potential as fibrolytic enzyme producers in vitro, with the intent of developing 
the strains so that their enzymes may be used as feed pre-treatments for use on farm. Culture-independent 
metagenomic approaches were also used to explore the activities involved in fibre degradation from the rumen 
microbial communities. Functional screening has revealed a range of novel enzymes and a novel fibre disrupting 
activity. Enrichment for the cell-secreted proteins from the community revealed evidence of a diverse range of 
cellulosomes, which are cell-surface associated multi-enzyme complexes that efficiently degrade plant cell wall 
polysaccharides. Biochemical and structural characterisation of these proteins has been conducted.

In conclusion, cultivation and culture-independent genomic approaches have been applied to New Zealand 
bovine rumen microbial communities, and have provided considerable new insights into ruminal fibre degradation 
processes. Novel activities and bacterial species that display desirable activities on fibrous substrates in vitro are 
now being explored for their potential to improve ruminal fibre degradation, to allow the development of new 
technologies that will enhance dairy productivity.

Keywords:Digestibility; enzymes; fibre; nutrition; plant cell walls; rumen microbes; supplemental feeds.

INTRODUCTION

Inefficiencies in fibre digestion in the rumen 
limit dairy cow productivity, which is an issue of 
particular importance in New Zealand as our pasture 
and supplemental feed-based diets are fibre-rich. 
Rumen microbes are essential to digest fibrous feeds. 
To maximise ruminant productivity, it is necessary to 
better understand the role of the rumen microbiome 
and its bioactivities in fibre degradation. However, the 
rumen microbiome is highly complex, and contains 
thousands of species of microbes, with only an 
estimated 7-10% of these available in culture (Edwards 

et al. 2004). Cultures are desirable as they allow the 
organism to be studied directly, and they facilitate 
genome sequencing. To gain a more comprehensive 
understanding of the rumen microbiome, it is 
necessary to improve the representation of the 
community in culture, as well as use culture-
independent approaches. New cultivation approaches 
have been highly successful in isolating previously 
uncultured and novel bacterial genera from the sheep 
rumen (Kenters et al. 2011), and hold great promise 
for application in dairy cattle. The microbiome may 
also be accessed by analysing the collective genomes 
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of the microbial community, an approach commonly 
known as “metagenomics”. Metagenomics can reveal 
the phylogenetic structure of the entire community, 
as well as allowing access to their functions by 
sequencing metagenomic DNA directly, or cloning 
genomic DNA fragments to express bioactivities and 
capture the genes encoding them.   

Feed enzymes are widely used in the swine 
and poultry industries to improve the digestion of 
dietary components, resulting in improved animal 
performance. Such enzymes are typically derived 
from soil fungi. Fibre-degrading enzymes produced by 
rumen microbes are highly attractive for developing 
similar products for ruminants since they are likely to 
be optimally suited for activity in rumen conditions. 
Through gaining a better understanding of the key 
rumen microbes involved in fibre degradation, the 
mechanisms they employ to degrade fibre, and rate-
limiting steps in fibre degradation, we aim to identify 
new opportunities for improving ruminal fibre 
degradation to enhance dairy productivity.

 MATERIALS AND METHODS

Seasonal samples of rumen contents were 
obtained from via the rumen fistulae of five dairy 
cows in a Waikato production herd over a year. 
Fibre-adherent rumen microbes were cultivated 
from rumen contents using a dilution to extinction 
approach, in combination with a liquid medium 
that mimics the physico-chemical composition 
of the rumen (Kenters et al. 2011). Cultures were 
identified via their 16S rRNA gene sequences. The 
total rumen community composition was determined 
using pyrotag sequencing of bacterial 16S rRNA 
amplicons (Noel 2013). In vitro fibrolytic activities 
of cultures were determined by culturing bacteria on 
a range of fibrous substrates, and assaying the culture 
supernatants and cell pellets for fibre-degrading 
enzyme activities (Yoshida et al. 2011).

To functionally identify bioactivities from 
the rumen microbiome, the bovine rumen content 
samples were fractionated to obtain the feed-
adherent, feed-associated, and liquid microbiota 
(Ciric et al. 2014). Metagenomic DNA was 
extracted from each fraction and libraries were 
constructed in a large-insert fosmid vector. 
Library clones were assayed in agar plate based 
assays with substrates to detect endoglucanase, 
cellobiohydrolase, beta-glucosidase, endoxylanase, 
xylosidase, arabinofuranosidase, phenolic acid 
esterase and amylase activities. Positive clones 
were DNA sequenced and putative genes involved 
in fibre degradation were identified in silico via 
the manual curation of GAMOLA annotated 
sequences (Altermann and Klaenhammer 2003). 

Secreted proteins encoded by the microbiome 
(the metasecretome) were identified using a 
conditional phage-display system (Jankovic et al. 
2007). Secretome protein-containing phagemid 
particles were DNA pyrosequenced (Ciric et al. 
2014), and data were screened for carbohydrate 
active enzyme (CAZyme) protein domains that 
are associated with carbohydrate utilisation (Ciric 
et al. 2014). Genes encoding putative fibre-
degrading enzymes were expressed in Escherichia 
coli (Goldstone et al. 2010). Purified enzymes 
were biochemically characterised to determine the 
range of activities they possess, and to determine 
their biochemical kinetics. Enzymes were also 
structurally characterised using established 
methods (Goldstone et al. 2010).

RESULTS

Over 1,000 anaerobic rumen bacterial isolate 
cultures were obtained from the plant-adherent 
microbiota, of which 626 were unique via 16S 
rRNA gene sequencing, and these included rarely-
cultured bacterial groups (Noel 2013). Putative 
novel taxa were identified at several taxonomic 
levels: family (2), genus (59) and species (103). At 
the species-equivalent level, cultivated members 
represented 7.7% of the overall diversity, which 
represented almost a third of the plant-adherent 
bacteria by sequence abundance. The genomes of 
many of the novel bacteria within this collection 
are being sequenced through the Hungate 1000: A 
catalogue of reference genomes from the rumen 
microbiome project (Kelly et al. 2014). Genome 
analysis has enabled us to identify novel strains 
with industrial potential for fibre degradation. The 
fibrolytic activities of strains were tested in vitro 
(Table 1) and greater activities were observed than 
when previously well characterised model rumen 
fibrolytic bacterial strains were used.

Table 1: Relative in vitro fibrolytic activity of rumen 
bacterial culture enzymes

Strain Substrate Relative activitya

Bacteroides strain A cellulose 2.56

Ruminococcus strain A cellulose 1.23

Clostridiales strain A cellulose 0.83

Ruminococcus strain A xylan 1.62

Bacteroides strain A xylan 1.08

Ruminococcus strain B xylan 1.02
a Activities on cellulose (filter paper) and xylan, 
relative to those of model cellulolytic strain R. 
flavefaciens FD1, and model xylanolytic strain 
Butyrivibrio proteoclasticus B316, respectively. 
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Figure 1: Structure of novel glycoside hydrolase 
family 29 protein identified from metagenomic 
library sequence.

Over 27,000 bovine rumen metagenomic 
fosmid library clones were assayed for activities 
involved in cellulose and arabinoxylan degradation. 
Approximately 3.4% of clones were positive, with 
xylosidase and arabinofuranosidase activities 
being the most prevalent. Over 300 positive 
clones that had high or multiple activities were 
sequenced. Twenty nine candidate genes predicted 
to be responsible for the observed activities were 
expressed, and a selection was biochemically 
and structurally characterised. Among these, 
multifunctional enzymes displaying activities 
on a range of bonds found within lignocellulose 
were identified. The protein structures of novel 
glycoside hydrolase family 5 and family 29 (Figure 
1) enzymes were elucidated, where the domain 
structure of the latter was found to be novel. 

Selection for the rumen microbial 
metasecretome resulted in a 29-fold enrichment 
of sequences encoding a diverse range of putative 
fibrolytic enzymes. An unexpected finding 
was the enrichment of sequences associated 
with cellulosomes, which are cell-surface 
“nanomachines” that are specialised for the 
efficient degradation of cellulose.

DISCUSSION AND CONCLUSION

Cultivation and culture-independent 
approaches have yielded an abundance of 
new cultures, fibrolytic enzymes and genetic 
information from New Zealand rumen 
microbiomes, and have revealed new insights 
into ruminal fibre degradation processes. These 
resources are being explored for their potential to 
improve ruminal fibre degradation, and provide a 
valuable foundation for the development of new 
technologies to enhance dairy productivity from 
fibrous feeds.
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ABSTRACT

About 6 years ago dairy farmers within the European Union (EU) were given an alternative to the 
ration dietary cation-anion difference (DCAD) principle in order to reduce the risk of milk fever (parturient 
hypocalcaemia) when the Commission of the European Communities (CEC) amended its list of accepted 
Additives and Products or Substances used in Animal Feed (Part B of the Annex to Directive 94/39/EC) by 
allowing ”synthetic zeolite” (synthetic sodium aluminium silicate) with the purpose of reducing the risk of milk.  

This was the result of CEC’s review of published and unpublished research based on the Danish invention 
of using zeolite for this particular purpose. Over a period of several years the Commission formed its opinion 
with regard to the intended effect of using zeolites, and to any potentially adverse side-effects on the cow, its 
calf, milk as a food, and the environment, before it finally accepted this novel use of zeolite in January 2008.

The rationale for the underlying research was the belief that short-term binding of calcium by zeolite would 
mimic that of low calcium intake during late pregnancy, leading to the activation of the dairy cow’s natural 
defence mechanisms against hypocalcaemia, and the objective was to develop this prevention strategy for use 
on commercial dairy farms. 

There are no indications that ration DCAD needs to be considered when applying the zeolite principle 
because feeding acidifying rations, as is intended with the DCAD concept,  is not part of the principle. 

The benefits of zeolite feeding are primarily improved cow welfare by preventing clinical and subclinical 
parturient hypocalcaemia and associated production diseases. Under commercial farming conditions the 
preventive success of zeolite supplementation was more than 80 percent. 

After its introduction in the EU market, its popularity has increased steadily due to its strong preventive effect, 
and due to many EU dairy farmers’ difficulties in managing to achieve recommended DCAD with traditional 
rations. Two main zeolite containing products and a few related products are now available commercially. One is 
in the form of a concentrate pellet and one in a formulation containing 80 percent zeolite. Market information from 
the two European manufacturers shows an estimated annual turnover of more than 600 metric tonnes for 2014.

In conclusion, zeolite supplementation to prevent milk fever is now widely used in the EU.

Keywords: Milk fever prevention; parturient hypocalcaemia; synthetic zeolite

INTRODUCTION

The idea of using a calcium binder to mimic 
the preventive effects seen after feeding a low-
calcium diet to dairy cows in late pregnancy was 
first promoted by the Cattle Production Medicine 
Research Group in Copenhagen in 1998. A first 
attempt to provide proof-of-concept was presented 
two years later (Jorgensen and Thilsing-Hansen, 
2000), followed by a study on the effect on calcium 
homeostasis of zeolite drenching, compared 
with the known effect of zinc oxide drenching 
(Jorgensen et al. 2001).  Almost simultaneously 
Wilson (2001) suggested the use of vegetable oil 
as a calcium binder.

A series of published and unpublished studies 
were conducted with synthetic zeolite A over 
the next 10 years to develop the use of zeolites 
in reducing the risk of milk fever. This research 
included optimising the dose rate and duration 
of the supplementation period (Grabherr et al. 

2008), as well as ascertaining that there were no  
unwanted side effects on milk yield, health of the 
cow and calf, and its safety with regards to milk as 
a food, and the environment.

MATERIALS AND METHODS

Most of the research was conducted using 
controlled studies with dry cows during late 
pregnancy, where cows were allocated either 
to a treatment group or to an untreated control 
group. In addition, a major efficacy field study, 
performed on commercial farms, was carried 
out with a more manageable design, involving 
historical controls. Briefly, observations were 
initiated and recorded on a number of control 
cows during the first period, followed by a 
similar number of treated cows during the second 
period.  A total of 22 dairy farms participated in 
the efficiency study (Table 1).
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Table 1: Effects of zeolite supplementation on the prevention of milk fever among cows (≥ 2nd parity) in a field 
study on commercial farms (Thilsing et al. 2006).

Control 
(Untreated)

Zeolite       
 (550 g/d Zeolite)

Cases prevented 
per 100 cows

Preventive 
effect1

Milk fever cases  
(diagnosed by the farmer)

36/129 (27.9%) 9/130 (6.9%) 22.6 86%

True milk fever cases2 34/129 (26.4%) 5/130 (3.8%)

Milk fever cases in high-risk cows3 34/78 (43.6%) 5/1 (8.2%) 35.4 81%
1Cases prevented/100 treated cows compared to cases per 100 control cows. 
2Cows with normal blood calcium levels among the clinical cases were removed. 
3High-risk cows are cows of > 3rd parity.

The test product used in most of the Danish studies 
contained 80 percent zeolite 4A (synthetic sodium 
aluminium silicate) embedded in starch. Presently, the 
recommended dose is 500 g product per day per cow. 
This is equivalent to 400 g per day of synthetic zeolite. 
Supplementation should start 2 weeks before expected 
calving and should be stopped (Anonymous, 2008).

RESULTS

In 2008 the ECC adopted the use of synthetic 
sodium aluminium silicate (zeolite) for the prevention 
of milk fever in its ‘dietetic’ feed directive (Directive 
94/39/EC; the directive regarding feedingstuffs 
intended for particular nutritional purposes). The 
use of zeolite was accepted based on a number of 
experimental studies, documenting often 100 reduction 
of milk fever as well as subclinical hypocalcaemia, 
and an absence of undesirable side-effects.

The first controlled experiment with high-risk 
calving cows gave encouraging results. While three 
control cows contracted milk fever, necessitating 
intravenous calcium therapy, and six out of eight 
control cows experienced subclinical hypocalcaemia 
(serum calcium levels below 2 mmol/L in one or 
more samples taken), none of the zeolite-treated 
cows showed any signs  milk fever or experienced 
subclinical hypocalcaemia (Thilsing-Hansen and 
Jørgensen, 2001).

Subsequent studies, also under well controlled 
conditions, confirmed an efficacy level of close to 
100 percent. Results of the field study are presented 
in Table 1. 

DISCUSSION AND CONCLUSION

There has been some uncertainty regarding 
the optimum dose of zeolite as daily amounts 
higher than the recommended dose may reduce 
DM intake. At present 400g/day is recommended 
although German workers have suggested a lower 
dose of 23g zeolite A/kg DM (Grabherr et al. 

2008). Concern about the possible detrimental 
effects of binding of other minerals, such as 
magnesium, was raised by EU expert panels.  
However, to date data on more than 1000 cows 
have shown that blood Mg levels remained 
within the normal range.  In contrast, the effect 
on phosphorous is pronounced to the extent that 
supplemented cows become hypophosphataemic 
around calving followed by a sharp rise to normal 
or slightly above normal levels within a few days 
after calving. At a first sight the effect on plasma 
phosphorous level may be undesirable, however 
cows tolerate such transient hypophosphataemic 
levels well and it has been suggested that it may 
play a positive role in calcium mobilization. This 
view is supported by the finding that excessive 
phophorous supplementation on top of zeolite 
supplementation appears to neutralize the 
preventive effect of zeolite (Pallesen et al. 2008). 

Based on the documented reduction of 86 
percent, or 81 percent among high risk cows, 
under commercial conditions it is concluded 
that this relatively new way of preventing milk 
fever is highly effective, and it is probably the 
most effective way of preventing milk fever and 
subclinical hypocalcaemia under commercial 
farming conditions.

To our knowledge, reduction of the risk of 
milk fever by the use of zeolite is not yet available 
in New Zealand or Australia. Although it has 
become increasing popular among dairy producers 
in the EU, the extent to which it may be accepted 
to the Australasian Dairy Industry, remains to be 
seen. Feeding acidifying rations to the dry cow 
is fundamental to the DCAD principle. However 
such acidification is not part of the zeolite concept. 
Dairy nutritionists should have this in mind when 
considering the two alternatives of preventing 
hypocalcaemia.
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ABSTRACT

The aim was to assess the effect of offering no forage, moist alfalfa and perennial rye grass (PRG) hay on 
(2 to 49 d of age) feed and nutrient intake, growth, development and feed conversion efficiency of dairy heifers. 
There were 60 Friesian, Jersey x Friesian dairy heifers allocated to one of the three treatments (n=20 ) according 
to birth date, breed, live weight (12 h of age) and breeding value such that the treatment groups were equivalent. 
Calves were fed whole milk (4 L /hd/d, 11 % of birth weight) and a pelleted cereal based starter with access to; 
no additional forage (PS), chopped moist alfalfa (PSA) and PRG hay (PSH). There was no difference in starter 
intake (g/d) (PS: 367.6 (22.93), PSA: 417.4 (22.93), PSH: 424.6 (22.93)). Forage intake was greater in calves 
fed PSH (g DM/d) (PS: 0, PSA: 164.5 (8.47), 316.3 (8.47)). Total ME, NDF and DMI was greatest in calves 
fed PSH, followed by PSA and lowest in PS (g DMI/d) (PS: 367.6 (24.52), PSA: 581.9 (24.52), PSH: 740.9 

(24.52)). CP intake and live weight gain was greatest in calved fed forages (PSA and PSH) (PS: 0.43 (0.059), 
PSA: 0.54 (0.059), PSH: 0.56 (0.059) kg/d). Stature did not differ. FCE was greatest in calves fed PS (1.28), 
followed by PSA (0.98) and PSH (0.78). In conclusion, offering forages, moist alfalfa and pasture hay, did not 
affect starter consumption, but did increase total DMI compared with calves not offering forage with a pelleted 
starter. Greater DMI, ME and NDF intake by calves fed forages increased the growth rate, whereas greater CP 
intake from forage did not. Growth rates were greater in calves fed forages, but did not differ between calves 
fed moist alfalfa and rye grass hay. 

Key words: Heifer calves, alfalfa, ryegrass hay, growth, FCE.

INTRODUCTION

Younger calves, less than three weeks of age, 
may not digest fibre from forages properly (Sahoo et 
al. 2005) and when fed greater amounts of PRG hay, 
along with starter, have been found to have lower 
daily weight gains (Leibholz 1975, Stobo et al. 1966) 
and feed efficiency (Hill et al. 2008), which may 
be a function of the NDF content and degradation 
rate of the whole diet. Feeding ground and chopped 
of PRG hay and straw has been found to increase 
cereal starter intake and daily weight gain of calves 
(Thomas and Hinks 1982, Davis and Drackley 1998, 
Khan et al. 2011) especially in young calves of less 
than two weeks of age (Thomas and Hinks 1982, 
Phillips 2004, Khan et al. 2011), potentially due to 
the effect of feed processing on fibre degradation 
rate, independent of NDF content. As a consequence, 
using forages with lower NDF and greater protein 
concentration in the diet of younger calves may 
increase calf growth and feed conversion efficiency. 
Therefore, the aim of the research was to determine 
the effect of offering moist alfalfa, with a lower NDF 
and higher CP concentration than alfalfa hay, and 
compare this with PRG hay along with a pelleted 
cereal based starter on pre and post weaning feed and 
nutrient intake, feed conversion efficiency, growth 
and development of dairy heifers. 

MATERIALS AND METHODS

A total of 60 Friesian, Jersey x Friesian dairy 
heifers were separated from their dams within 12 hour 
of birth, weighed (40.1 (± 0.65) kg) and allocated 
randomly to one of the three treatments (20 calves/
treatment) according to birth date, breed, live weight 
(12 h of age) and breeding value (production worth) 
such that the treatment groups were equivalent for 
these factors. Calves were fed treatment diets on 
ad-libitum basis starting from two until 57 d of 
age, which was equivalent to seven days following 
weaning, during which time the calves remained 
housed in doors. The intake of calf starter diet and 
forage were recorded twice weekly from seven until 
57 days of age. Samples of all the feeds (~ to 0.5 
kg DM) that were offered and remained each day 
were collected once weekly and frozen at –20 ◦C for 
chemical analysis according to AOAC (1990). The 
live weight and stature of each individual calf was 
measured once weekly until 70 days of age. Health of 
all animals was monitored and recoded twice daily.

STATISTICAL ANALYSIS

Individual animal was included in the model 
as a random component and treatment diets, age (d) 
and the interaction between factors were included as 
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fixed components. Data for pelleted starter, PRG hay 
and alfalfa intake, total DMI, weight, weight gain 
and feed conversion efficiency were analyzed for the 
pre-weaning and post-weaning periods separately. 
The least squares means and standard errors were 
determined using the LSMEANS statement in the 
MIXED procedure. Interactions between treatment 
diets, intake and weight gain affecting feed efficiency 
were analyzed using GLM model in SAS (version 
9.3; SAS Institute, Inc., Cary, NC). The data was 
presented as least squares means along with standard 
errors and probability values. A significant difference 
between means were described when the P< 0.05.

RESULTS

DMI from forage was greater in calves offered PSH 
than PSA. The total DMI, ME and NDF intakes were 
greatest in calves fed PSH, followed by PSA, and were 
lowest in calves fed PS with no forage. Mean total CP 

intake was greater in PSH and PSA than calves fed PS 
with no forage during (Table 1). There was no difference 
in DM and nutrient intake from starter between calves 
fed PS, PSA and PSH, with the exception of NDF intake 
which was greater in calves fed forages and greater by 
calves fed PSH than PSA. The ME, CP and ADF intake 
did not differ between calved fed PS, PSA and PSH. The 
body weight was greater in calves fed PS with hay and PS 
with alfalfa, than calves fed PS with no supplementary 
forage (Table 2). The daily weight gain were greater in 
calves fed PS with hay and PS with alfalfa, than calves 
fed PS with no supplementary forage. There was no 
difference in the; hip width, hip height and last rib girth 
of calves fed PS with additional forage, PSA and PSH, 
and calves fed PS without additional forage. The feed 
conversion efficiency of calves was greatest in calves 
fed PS with no forage, followed by calves fed PS with 
alfalfa and PS with hay. 

Table 1: Feed and nutrient intake by calves fed starter (PS), alfalfa (A) and hay (H)

PS PSA PSH P value

DMI Starter, g/d 367.6 (22.93) 417.4 (22.93) 424.6 (22.93) 0.1696

Forage, g/d - 164.5b (8.47) 316.3a (8.47) <.0001

Total, g/d 367.6c (24.52) 581.9b (24.52) 740.9a (24.52) <.0001

ME Starter, MJ/d 48.5 (3.03) 55.0 (3.03) 56.1 (3.03) 0.7937

Forage, MJ/d - 14.9 (0.74) 26.9 (0.74) <.0001

Total, MJ/d 48.45c (3.14) 69.95b (3.14) 83.0 a (3.14) 0.0049

CP Starter, g/d 71.3 (4.37) 78.9 (4.37) 80.3 (4.37) 0.3051

Forage, g/d - 33.6 (1.28) 33.8 (1.28) 0.8777

Total, g/d 71.3b (4.67) 112.4a (4.67) 114.1a (4.67) <.0001

NDF Starter, g/d 73.2b (4.72) 87.2a (4.72) 88.8a (4.72) 0.0435

Forage, g/d - 68.6b (4.84) 207.8a (4.84) <.0001

Total, g/d 73.2c (6.23) 155.8b (6.23) 296.5a (6.23) <.0001

ADF Starter, g/d 30.1 (1.86) 34.2 (1.86) 33.6 (1.86) 0.7972

Forage, g/d 51.9 (2.86) 111.0 (2.86) <.0001

Total, g/d 30.1c (3.12) 86.2b (3.12) 144.6a (3.12) <.0001

a, b, c - Means in the same row followed by differing superscript letters differ significantly at P<0.05

Table 2: Mean daily weight gain (1 to 49 d of age), stature and feed conversion efficiency (FCE) of calves 
offered pelleted calf starter (PS) with no forage, moist alfalfa (L) and hay (H)

PS PSA PSH P Value

Weight gain, kg/d 0.43b (0.059) 0.54a (0.059) 0.56a (0.059) <.0001
Hip width, cm 1 21.8 (0.18) 21.9 (0.18) 21.9 (0.18) 0.8945
Hip height, cm 1 89.1 (0.54) 89.7 (0.54) 89.1 (0.54) 0.6648
Last rib girth, cm 1 110.6 (3.10) 111.8 (3.10) 113.0 (3.10) 0.4385
FCE 1.28 a (0.068) 0.98 b (0.068) 0.78 c (0.068) <.0412

1 – At weaning 49 d of age
a, b - Means in the same row followed by differing superscript letters differ significantly at P<0.05
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DISCUSSION

Calves fed forages had greater energy intakes 
and weight gain depends on the adequate availability 
and positive effect of energy intake (Margerison 
and Downey, 2005). In this study the greater DMI 
was achieved by calves fed forages (PSA and PSH). 
Calves fed starter with no forage (PS) had lower body 
weights and weight gains than calves fed PS with 
additional forage (PSA and PSH). Calves fed forages 
(PSA and PSH) had greater body weights than calves 
fed only the starter diet (PS) pre-weaning.

During pre-weaning period the feed efficiency 
was higher in calves fed only the starter diet (PS), 
followed by calves fed additional moist alfalfa 
forage (PSA) and then rye grass pasture hay (PSH). 
Although the DM and weight gain was lower in 
calves fed only the starter diet (PS), however feed 
efficiency was greater than forage supplemented 
calves (PSA and PSH) (Hill et al. 2008) reported low 
feed conversion efficiency in forage supplemented 
calves and that increasing the percentage of forage 
(hay) in the starter diet increases the DMI, average 
daily gain, which equally lowered feed conversion 
efficiency. In this study, feed efficiency was greater 
in calves fed starter diet only (PS) and DMI and 
weight gain were greater in forages supplemented 
calves (PSA and PSH). 

(Coverdale et al. 2004) reported to change 
the rumen environment, DMI and feed efficiency 
in calves fed hay along with starter. (Castells et 
al. 2012) also reported improved feed efficiency 
when pelleted starter feeds offered to calves with 
18 % NDF. However, in this study, lower feed 
efficiency was observed in supplemented fed calves 
(PSA and PSH) than starter fed calves only (PS), 
but weight gain was higher which may be due to a 
well-developed rumen. Similar to this study, (Hill 
et al. 2008) also reported that the addition of forage 
(hay) along with starter increases the DMI but 
that due to a higher intake of forage (hay) the feed 
efficiency decreases (Hill et al. 2008). (Khan et al. 
2012) reported lower FCE in forage supplemented 
calves and suggested that it might be due to an 
accumulation of fiber particles and gut-fill. 

CONCLUSIONS

Total DMI and weight gain of calves were greater 
in calves fed moist alfalfa and pasture hay along with 
a pelleted starter diet. The growth rate of calves did 
not differ between calves fed alfalfa and pasture hay, 
so the increased cost of alfalfa would not be justifiable 
unless there were other opportunities in terms of animal 
performance that would justify the additional cost. 
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ABSTRACT

The greater the body condition score (BCS) at calving, the more severe the postpartum negative energy 
balance (NEB). Metabolites reflective of the energy balance status of the cow, such as non-esterified fatty acids 
and ketone bodies, have been associated with impaired lymphocyte and neutrophil function in vitro. Therefore, 
we hypothesised that cows that calve at higher BCS may exhibit a greater degree of immune dysfunction than 
cows that calve at lower BCS. To test this hypothesis, the energy balance of healthy cows was manipulated 
during mid-lactation to generate groups with differing BCS at calving and antibody-mediated and cell-mediated 
immune responses were assessed. Calving BCS had no effect on the magnitude of antibody-mediated (P = 0.93) 
or cell-mediated (P = 0.99) responses. Our results indicate that BCS at calving and the associated degree of 
postpartum NEB does not influence the cow’s ability to mount an effective adaptive immune response in vivo 
over the range of BCS tested.

Keywords: Transition; dairy; negative energy balance; Candida albicans; HEWL; HSA; DTH; BCS

INTRODUCTION

Dairy cows exhibit transient immune 
dysfunction during the period of transition between 
pregnancy and lactation, which contributes to a 
higher incidence and severity of infectious disease 
during the first few weeks of lactation (Mallard et 
al. 1998). For example, 50% of clinical mastitis 
occurs in the two weeks after calving (McDougall 
et al. 2007). In early lactation, voluntary food 
intake is insufficient to meet the energy and 
protein requirements of milk production so dairy 
cows mobilise fat and protein from body tissues, 
which elevates serum levels of non-esterified fatty 
acids (NEFA) and ketone bodies (Suriyasathaporn 
et al. 2000, Roche et al. 2009). These metabolites 
have been associated with impaired lymphocyte 
and neutrophil function in vitro (Suriyasathaporn 
et al. 2000, Ster et al. 2012) and with increased 
incidence of metritis and mastitis (Ospina et al. 
2010). Based on these findings, it is hypothesised 
that cows that experience a greater negative energy 
balance (NEB) postpartum may have increased 
immune dysfunction.

Body condition score (BCS) at calving is 
positively correlated with postpartum NEB (Roche 
et al. 2009). Cows with a greater BCS at calving 
experience more severe NEB in early lactation and 
may exhibit a greater degree of immune dysfunction 
than low BCS cows. Reported associations between 
BCS at calving and incidence of infectious disease 
in early lactation have been inconsistent (Gearhart 
et al. 1990, Roche et al. 2009) and much of the 
research has been epidemiological and unable to 
distinguish causation or association. The objective 

of this study was to determine the effect of calving 
BCS on adaptive immune responses of cows during 
early lactation.

METHODS

Sixty pasture-fed Friesian and Friesian-Jersey 
dairy cows between body condition 3.75 and 4.25 (1-
10 BCS scale, where 1 is emaciated and 10 is obese; 
Roche et al. 2009) were allocated randomly to BCS 
treatment groups. Feeding levels were manipulated 
so that mean BCS at calving was 3.4, 4.6 and 5.4 for 
the low, medium and high BCS groups, respectively. 
For a detailed description of the experimental set up, 
see (Roche et al. 2013).

Immune responses were measured before 
allocation to BCS treatment group, coinciding 
with mid-lactation (baseline), and immediately 
postpartum (day 0 (d 0) was the day of calving). On 
both occasions, cows were immunised on d 0 and 
14, with Candida albicans and a type-2  antigens 
(HEWL or HSA), known to induce polarised cell-
mediated immune responses (CMIR) and antibody-
mediated immune responses (AMIR), respectively 
(Cartwright et al. 2012). To allow assessment of 
both primary and secondary AMIR postpartum, 
a cross-over design was used. Half the animals 
in each BCS treatment group recieved HSA at 
baseline testing and HEWL at postpartum testing 
and the other half, HEWL at baseline testing and 
HSA at postpartum testing.  Blood samples were 
collected by caudal venepuncture on d 0, 14, and 
21 and serum prepared.

As an indicator of AMIR, antigen-specific IgG 
for HEWL and HSA were measured using previously 
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described ELISA methods (Cartwright et al. 2012) 
and expressed as change from d0.

As an indicator of CMIR, delayed-type 
hypersensitivity (DTH) reactions to C.albicans were 
assessed on d 21 of baseline testing and on d 8 of 
post-partum testing using a previously described 
skin-testing protocol (Hine et al. 2011, McGowan et 
al. 2014). Responses to DTH testing were expressed 
as change (DSFT at test site/DSFT at control site) 
from 0 h.

Specific antibody and DTH responses were 
examined based on value at each time point and 
area under the curve (AUC) between time points. 
Data were log

10
-transformed and responses were 

analysed using a mixed models approach to 
repeated measures (Proc Mixed, SAS 9.3) with 
time, antigen, BCS, and their interactions as fixed 
effects. Response AUC was analysed using two-
way ANOVA for the effects of antigen, BCS, and 
their interaction, including AUC from baseline as 
a covariate. Tukey’s test was used for pairwise 
comparisons. Results are presented as least-squares 
means and standard errors (SE). Significance is 
declared if P<0.05.

RESULTS AND DISCUSSION 

The objectives of this study were to investigate 
the hypothesis that differences in NEB associated with 
differing BCS at calving influence adaptive immune 
function in early lactation cows. To our knowledge, 
this is the first in vivo investigation of postpartum 
adaptive immune responses in pasture-fed dairy cows, 
with imposed differences in calving BCS. 

Within the range of BCS investigated, body 
condition score at calving did not affect the ability 
of pasture-fed cows to mount adaptive immune 
responses in-vivo. Differing levels of postpartum 
NEB were observed as a consequence of differing 
calving BCS, and the serum NEFA concentrations 
observed in these cows (Roche et al. 2013) were 
similar to those reported in periparturient cows 
with impaired lymphocyte secretion of both IgM 
and IFN-γ in vitro (Lacetera et al. 2005). Despite 
this, the effect of BCS on circulating antigen 
specific IgG antibody production (Figure 1) and 
DTH responses (Figure 2) was not significant (P= 
0.93 and 0.99, respectively). Our results indicate 
that, for cows calving within the range of BCS 
investigated, their ability to mount an effective 
adaptive immune response in vivo was not 
influenced by BCS at calving and the associated 
degree of postpartum NEB, supporting the view 
that periparturient immune dysfunction is not a 
direct consequence of the level of postpartum 
NEB.

Figure 1: Least-squares means and SE of antigen-
specific IgG antibody response to immunisation 
with type-2 antigen on d 0 and 14, in dairy cows 
with body condition score 3.4 , 4.6  and 5.4 
at calving. 

Figure 2: Least-squares means and SE of delayed-
type hypersensitivity responses to C.albicans 
(whole cell), in dairy cows with body condition 
score 3.4 , 4.6  and 5.4  at calving. 

Elevated serum NEFA and β-hydroxybutyrate 
(BHBA) concentrations have been associated with 
impaired bovine lymphocyte function in vitro 
(Lacetera et al. 2004, Ster et al. 2012). However, 
reported associations between measures of NEB 
and immune dysfunction have been inconsistent. 
(Nonnecke et al. 1992) reported that high 
concentrations of ketones and acetate did not affect in 
vitro IgM secretion when glucose concentration was 
physiologically relevant. Similarly, dietary-induced 
NEB in later lactation had an inconsistent effect on 
immune function (Ingvartsen and Moyes 2013).

Whole-blood assays to measure neutrophil 
function during the transition period show increased 
rather than decreased capacity for phagocytosis 
postpartum, and no clear relationship with serum 
NEFA and BHBA concentrations (Sander et al. 
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2011). These researchers attributed their unexpected 
results to the presence of opsonising factors in whole 
blood that are not present in purified preparations. 
Previous investigations of lymphocyte function have 
been largely based on in vitro testing using purified 
cell preparations.  In the current study, the effects of 
BCS at calving on immune function were assessed 
in vivo, where the influence of other immune cells 
and proteins contribute to the observed response 
improving the biological relevance of the findings.
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INTRODUCTION

Typically, lactogenesis occurs as a result of the 
endocrinological status associated with pregnancy 
and parturition in the cow 1. The reproductive steroid 
hormones induce allometric mammary growth: 
oestrogen for ductal growth, and progesterone 
for lobulo-alveolar growth. Lactogenesis requires 
the factors, growth hormone (GH) and prolactin 
(PRL), as it does not occur when animals are 
hypohysectomised.  Other growth factors such as 
thyroid hormone, insulin-like growth factor one (IGF-
1),  transforming growth factor alpha (TGFalpha) and 
epidermal growth factor (EGF) play undetermined 
roles in lactogenesis and galactopoeisis.  TGF beta 
was found to be both inhibitory and stimulatory in 
cattle mammary cells in vitro depending on dose. 2 
Galactopoeisis is the maintenance of milk production 
which is a poorly understood phenomenon. A 
combination of factors including growth factors, 
lack of inhibition (feedback inhibitor of lactation 
(FIL)), and the effects of apoptosis on mammary 
secretory cells 3 contribute to the maintenance of 
lactation. Pregnancy and suckling, or milk removal, 
are the physiological drivers of lactogenesis and 
galactopoeisis2.

Although rare, ovarian granulosa thecal 
cell tumours (GTCT) are the most commonly 
reported tumour in the reproductive tract of the 
cow 4-6. Definitive diagnosis of a GTCT is via 
histopathology, with varying histological patterns 
of GTCT’s reported6. Ante-mortem signs rely on a 
combination of history, clinical signs, and hormonal 
assays to diagnose the tumour. In mares, testosterone 
and inhibin assays 7 have been utilised to enhance 
ante-mortem diagnosis. More recently anti-mullerian 
hormone (AMH) has been used as a highly sensitive 
and specific assay in both the mare8, 9 and the bovine10, 

11.
Lactogenesis in the absence of pregnancy is not 

commonly reported. It has been anecdotally reported 
in fillies, and in a ewe with GTCT 12. There are 
several reports of transient lactogenesis associated 
with GTCT in dairy cattle 13-15, and in dairy cows 
transported by boat16. Induction of lactation has 
also been reported in cattle using various hormonal 
protocols17-19. To the authors’ knowledge, this is the 

first report of lactogenesis and galatopoeisis in an 
unmated heifer that was not iatrogenically induced 
to lactate. A GTCT was diagnosed in the heifer based 
on her history, clinical signs and AMH assay results. 
The hormonal status of the putative GTCT is likely to 
have been the cause of lactation, with galactopoeisis 
occurring as result of continued harvesting of milk.

CASE REPORT

History
A 15 month old Friesian/Holstein heifer was 

presented with an enlarged udder at a routine herd 
health visit. She had not previously shown signs of 
oestrus, and had not been inseminated. 

Clinical Examination
The animal was in a body condition, and size 

expected for her age and breed; and was bright, alert 
and responsive. Remarkable aspects of the clinical 
examination were a distended udder, with milk-like 
fluid being ejected from all of the teats. There was 
no sign of mastitis. There were no vulval or perineal 
signs consistent with recent parturition, or structural 
abnormalities of the external genitalia. Per rectum 
palpation and ultrasonography of the reproductive 
tract revealed a uterus consistent with not having 
been gravid, a large right ovary approximately 6 
cm in diameter, with variable ultrasonographic 
echogenicity. The left ovary was small, less than 2cm 
diameter with no follicular or luteal activity detected.

Based on the clinical examination and history, a 
putative diagnosis of a GTCT was made. 

The owners were offered further 
(endocrinological profile, biopsy) options to confirm 
the diagnosis, which was declined at the time. As the 
heifer was lactating, it was suggested they milk her to 
determine the success of lactation. 

Initially her daily milk yield was approximately 
5-8 L. With continued twice daily milking this 
increased, and she was reported to have produced 
approximately 9,200 L up to January 2014 
(approximately 13.5 L milk/day over a 665 day 
lactation). From late 2013 she started showing 
frequent and intermittent signs of oestrus, and had 
become intractably lame probably as a result of the 
continual oestrus activity. Her milk yield decreased 
to 12 L/day, and the owner decided to cull her. 
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Endocrinological Assay
In January 2014, prior to culling, the animal 

was re-examined. She was in good body condition, 
and had signs consistent with oestrus. A per rectum 
ultrasonogram confirmed an enlarged (approximately 
8cm diameter) and irregularly echogenic right ovary. 
A blood sample taken at the time was assayed 
for Progesterone (P4): 1.8 nmol/l (0.56 ng/ml); 
Testosterone (T4): 0.35 nmol/l (0.1 ng/ml), and Anti-
Mullerian Hormone (AMH): >20ng/ml. Based on 
these results assaying for Inhibin and Oestradiol was 
deemed unnecessary.

AMH is reported to be a reliable and sensitive 
biomarker of GTCT when the level is greater than 
0.36 ng/ml 11. Histopathology is the definitive 
diagnostic means for diagnosing GTCT, but the 
ovaries were not able to be recovered after slaughter. 
A blood AMH value of >20ng/ml, in association with 
her clinical findings, supports a diagnosis of GTCT 
in this heifer.

DISCUSSION AND CONCLUSION  

Based on previous reports of heifers with 
lactogenesis and the presence of a GTCT13, 15, it is 
a reasonable assumption that this heifer’s lactation 
was a result of the clinically and endocrinologically 
diagnosed GTCT. The continued lactation, 
galactopoeisis, is likely to be as a result of the 
continued harvesting of milk from the mammary 
gland, thereby removing feedback inhibitors of 
lactation present within the intramammary milk. 

Lactogenesis is speculatively due to the 
hormonal milieu induced by the steroidogenically 
active tumour, probably due to secreted oestrogens. 
A similar reason was proposed by experts consulted 
on the likelihood of pregnant animals lactating whilst 
being transported by boat from Australia to Asia16, 
where oestrogenic compounds such as zearalenone 
were present in the feed. A similar high oestrogen 
scenario occurs during iatrogenic lactation induction 
17-19. It is interesting to speculate as to the effect 
that TGF’s, of which AMH is one, may have in 
lactogenesis in cattle with a GTCT.

 There are reports of pregnancy occurring after 
removal of GTCT’s, resulting in galactopoeisis post 
calving. 20-24 However, this is the first reported case of 
a virgin heifer, in the genus Bos, that has undergone 
galactopoeisis without being iatrogenically induced to 
lactate. 
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ABSTRACT

The number of antral follicles (antral follicle count, AFC), an indicator of the ovarian reserve, has been 
shown to be associated with fertility.  Progesterone, a hormone associated with pregnancy, has been found to 
be lower in low AFC cows than in high AFC cows. Hence, selecting dairy cattle with high AFC and increased 
fertility will contribute to a higher economic return for the dairy industry. The primary objective of this study 
was to determine the association between AFC and circulating progesterone concentrations in a field situation. 
Lactating dairy cows (n=427) from four herds of the Southern South Island were used. Transrectal ultrasonography 
was performed approximately 4 weeks after the planned start of mating to assess their reproductive status 
(i.e., at the end of November). Follicles ≥2 mm in diameter were counted and cows were classified as having 
high (≥31 follicles; n=100), medium (21-30 follicles; n=132) or low (≤20 follicles; n=195) AFC. Cows were 
assigned to four stages depending on the reproductive findings at the ultrasound scanning: 1- Proestrus/estrus 
(n=59): presence of a follicle > 12 mm with increased uterine tone (tone score of 3 in a 0-3 scale) and remnants 
of the corpus luteum (CL) <16 mm in diameter, 2 – Metoestrus (n=66): presence of a follicle <12mm, a CL <16 
mm in diameter with a moderate (score: 2) to nil uterine tone, 3 – Diestrus (n=237): presence of follicles > or 
<10 mm, a > 16 CL and absence of or minimal uterine tone (score: 1), 4 – Anoestrus (n=65): absence of a CL 
(non-cyclic cows). Blood samples from each cow were taken at the time of ultrasonography for progesterone 
assay. Pearson’s or Spearman’s correlation coefficients were calculated for the relationship between circulating 
progesterone and AFC or other parameters (total CL area, diameter and area of the largest CL). Analysis of 
variance (proc GLM of SAS) was used to determine the effects of herd, stage and AFC (as a continuous and 
categorical variable) on plasma progesterone concentrations. A low but significant positive correlation between 
AFC and plasma progesterone concentrations was found in all cows (Spearman’s CC, r=0.15; P<0.0005). 
Within cows in dioestrus, plasma progesterone concentrations were influenced by AFC (P<0.05) and pregnancy 
status at the time of ultrasonography (P<0.0001), but not by their interaction (P<0.77). We have confirmed that 
there is a correlation between AFC and dioestrous circulating progesterone in New Zealand lactating dairy 
cows. During dioestrus, cows with high AFC had higher progesterone concentrations than cows with low AFC, 
regardless of their pregnancy status.

Keywords: Progesterone, antral follicle count, oestrous cycle, dairy cows.

INTRODUCTION

The number of antral follicles, an indicator of 
the ovarian reserve, has been shown to be associated 
with fertility (Mossa et al. 2012). A heifer calf is 
born with a finite number of germ cells, which 
constitute the ovarian reserve. During gestation, 
germ cells are surrounded by other somatic cells to 
form follicles that later develop within a fluid-filled 
cavity (antrum) of the follicle (antral follicles). The 
number of antral follicles or antral follicle count 
(AFC) is representative of the ovarian reserve, 
highly variable between animals (Erickson 1966) 
and highly repeatable within individuals (Burns et 
al. 2005). Among other characteristics, cows with 
low AFC have smaller ovaries (Ireland et al. 2008), 
a lower circulating progesterone profile and reduced 
thickness of the endometrium (Jimenez-Krassel et 
al. 2009) than high AFC cows. However, corpus 
luteum (CL) size was similar in both groups of cows 
(Jimenez-Krassel et al. 2009). These observations 

lead researchers to examine the relationship between 
AFC and fertility and a positive association was 
found (Cushman et al. 2009, Mossa et al. 2012, 
Martinez et al. 2013). Furthermore, AFC heritability 
(± SE) has been estimated to be 0.31±0.14 and 
0.25±0.13 in dairy cows and heifers, respectively 
(Walsh et al. 2014). Thus, selection of cows with 
high AFC may help improve herd fertility through 
higher in-calf rates achieved earlier in the breeding 
season. Increasing pregnancy rates in dairy cattle 
will contribute to a higher economic return for the 
dairy industry. 

Initial examination of small group of 
experimental animals in highly controlled conditions 
has provided evidence of an association between 
AFC and progesterone concentrations (Jimenez-
Krassel et al. 2009). However, the relationship 
between AFC and progesterone in a field situation is 
unknown.  Progesterone assessment, in association 
with AFC, could potentially be used as an indicator 
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of fertility in dairy cattle. Our hypothesis was that 
there is a positive correlation between AFC and 
circulating progesterone in cyclic dairy cows. The 
primary objective of this study was to determine 
the association between AFC and circulating 
progesterone concentrations in a field situation. This 
was accomplished by determining progesterone 
concentrations in plasma collected at the time of 
ultrasonographic determination of AFC in New 
Zealand lactating dairy cows at varying stages of the 
reproductive cycle.

MATERIALS AND METHODS

Lactating dairy cows (n=427) from four herds 
of the Southern South Island were used. Transrectal 
ultrasonography was performed approximately 4 
weeks after the planned start of mating (i.e  at the end 
of November) to assess individual cow’s reproductive 
status . Follicles ≥2 mm in diameter were counted and 
cows were classified as having high (≥31 follicles; 
n=100), medium (21-30 follicles; n=132) or low (≤ 
20 follicles; n=195) AFC. Cows were assigned to 
four stages depending on the reproductive findings 
at ultrasound scanning: 1- Proestrus/estrus (n=59): 
presence of a follicle >12 mm with increased uterine 
tone (tone score of 3 in a 0-3 scale) and remnants 
of the corpus luteum (CL) <16 mm in diameter, 2 
– Metoestrus (n=66): presence of a follicle <12mm, 
a CL <16 mm in diameter with moderate (score: 2) 
to nil uterine tone, 3 – Diestrus (n=237): presence 
of follicles > or <10 mm, a > 16 CL and absence 
of or minimal uterine tone (score: 1), 4- Anoestrus 
(n=65): absence of a CL. Those cows in stages 1, 2 
and 3 will be referred as cyclic cows having a CL, 
while those in stage 4 were considered as non-cyclic 
cows without a CL. Blood samples collected into 
10-ml heparinized Vacutainer tubes (BD - Australia 
/ New Zealand, North Ryde, NSW, Australia) were 
maintained on ice until being centrifuged at ~1800 
x g for 20 min within 2 h of collection, and plasma 
was subsequently stored at ◦20 ◦C until assayed 
for progesterone. The concentration of progesterone 
in the plasma was determined by a modified human 
double-antibody RIA kit (Siemens 06615537 
Progesterone Coat-A-Count® RIA Kit; Siemens 
Healthcare Diagnostics Inc., Tarrytown, NY, USA). 
The intra-assay and inter-assay coefficients of 
variation averaged 6.4 and 11.5 %.  Reference plasma 
samples for high, medium and low concentrations 
were 5.2, 2.9 and 0.8 ng/mL, respectively. Pregnancy 
status was assigned retrospectively by assessment of 
calving information.

Plasma progesterone concentration were 
either analysed with non-parametric (all stages 
of reproductive cycle; Spearman’s correlation 

coefficient and Friedman’s two way test) or 
parametric (data limited to diestrous stage, Pearson’s 
correlation coefficient, ANOVA) tests. Pearson’s 
or Spearman’s correlation coefficients (CC) were 
calculated for the relationship between circulating 
progesterone and AFC or other parameters such 
as total CL area, diameter and area of the largest 
CL. Analysis of variance (proc GLM of SAS) was 
used to determine the effects of herd, stage, AFC 
and first order interactions on plasma progesterone 
concentrations or area of the largest CL in cyclic 
cows. Analyses were performed with the use of AFC 
as a continuous and categorical (High vs. Medium 
vs. Low) variable. Results are shown as least square 
means (±SE) unless stated.

RESULTS

A small but significant positive correlation 
between AFC and plasma progesterone concentrations 
was found in all cows (Spearman’s CC, r=0.15; 
P<0.0005; Figure 1). No correlation was observed 
between AFC and circulating progesterone in cows 
during stages 1 and 2 (Spearman’s CC, r= 0.04, 
P=0.77 and r=0.06, P=0.61, respectively), whereas 
a positive correlation was observed in stage-3 cows 
(Pearson’s CC, r=0.20, P=0.0025). Other parameters 
such as total CL area (r=0.46; P<0.001), diameter 
of the largest CL (r=0.56; P<0.001) and area of 
the largest CL at scanning (r=0.57; P<0.001) were 
positively correlated (Pearson’s CC) with plasma 
progesterone concentrations in all cows. 

Figure 1: Correlation between plasma progesterone 
concentrations and antral follicle counts (r=0.15, 
P<0.0005) in lactating dairy cows.

Circulating progesterone concentrations 
in all cows were not associated with herd or 
continuous AFC (P>0.2), but were associated with 
stage (P<0.0001) and stage-by-AFC-interaction 
(P=0.06). There were no associations between 
AFC in plasma progesterone concentrations during 
proestrus/oestrus, metoestrus, or anoestrus (P>0.6). 
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However, plasma progesterone concentration 
during dioestrus was influenced by continuous 
AFC (P<0.05) and pregnancy status at the time 
of ultrasonography (P<0.0001), but not by their 
interaction (P<0.77). Dioestrous concentrations 
of progesterone were greater (P=0.04) in high 
AFC cows (7.6±0.3ng/ml; n=63) than in low AFC 
cows (6.5±0.3ng/ml; n=98), with medium AFC 
cows being intermediate (6.9±0.3ng/ml; n=76). 
Pregnant cows (7.7±0.3ng/ml; n=102) had greater 
(P<0.0001) progesterone concentrations than non-
pregnant counterparts (6.3±0.2 ng/ml; n=135). 
Mean (±SEM) days of pregnancy at the time of 
ovarian scanning and blood collection were not 
different (P=0.24) among cows with different 
AFC, being 18.8±1.4, 17.5±1.4 and 21.0±1.28 
days for pregnant cows classified as low, medium 
or high AFC, respectively.

Although the area of the largest CL in cyclic 
cows (final model) was affected by stage of the 
cycle (P<0.0001), and herd (P<0.003), it was 
not associated with AFC (P=0.39). In addition, 
neither categorical AFC (P=0.76) nor pregnancy 
status at the time of ovarian scanning (P=0.3) 
were associated with the area of the largest CL in 
dioestrous cows.

DISCUSSION AND CONCLUSION

We have shown that plasma progesterone 
concentrations of lactating dairy cows in New 
Zealand had a moderate to low correlation with 
AFC, which confirms findings by other authors 
(Jimenez-Krassel et al. 2009). We also observed 
that lactating dairy cows with high AFC have 
higher progesterone concentrations than those in 
cows with low AFC, regardless of their pregnancy 
status. As previously reported (Jimenez-Krassel 
et al. 2009), no relation between AFC and luteal 
size was found. Circulating progesterone was 
positively correlated with the number of ovarian 
follicles in lactating dairy cows.
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Rumen degradation characteristics of kale and fodder beet crops
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ABSTRACT 

Forage crops such as kale and fodder beet form a large proportion of the diet of dairy cows during winter 
in the South Island.  However, very little information exists on the rumen degradation characteristics of these 
crops.  Nine non-lactating, pregnant Holstein Friesian x Jersey dairy cows fitted with permanent rumen cannulae 
were divided into three groups and offered a base diet of either early sown (EK) or late sown (LK) kale or fodder 
beet (FB).  Nylon bags containing whole crop samples of each diet were incubated for 0, 3, 6, 9, 12 and 48 
hours and residues were analysed for organic matter (OM) and crude protein (CP) to determine their ruminal 
degradation.  Fodder beet and LK had higher soluble OM fraction than EK but potential degradability of OM 
was highest for FB (96% vs 85% for kale crops).  Protein degradation was almost complete (93% of CP) and 
similar for all crops, but a slower rate of degradation of FB (0.08 vs 0.13/hr) and the low CP of the herbage (11 
vs 14% CP) resulted in lower effective degradable protein in FB (66 vs 103 g/kg DM).  Not accounting for the 
contribution that conserved supplements make to rumen function, the balance between rumen degraded N and 
OM was estimated to be 30, 28 and 15 g N/kg OM for EK, LK and FB, respectively.  The low ratio between 
rumen degradable N and OM for FB is likely to impact on microbial protein synthesis and may reduce supply 
of metabolisable protein for absorption.   

INTRODUCTION

In the South Island of New Zealand, forage 
crops, such as kale (Brassica oleracea), and fodder 
beet (Beta vulgaris) comprise the majority of the 
diet of dairy cows during the dry cow feeding period 
during winter.  These crops are used because they are 
high yielding and typically have high metabolisable 
energy (ME) content of over 12 MJ/kg dry matter 
(DM), even at advanced stages of maturity (Judson 
and Edwards 2008, Westwood et al. 2012). Recently, 
the benefits of these crops to reduce nitrogen (N) 
intake have been recognised due to their low herbage 
N content.  Previous studies have demonstrated that 
crop type (Jenkinson et al. 2014) and supplement 
use (Miller et al. 2012) can markedly lower herbage 
N intake and potentially urinary N excretion.  The 
rate and extent of degradation of organic matter 
(OM) and crude protein (CP) in the rumen has 
implications on animal production and nitrogen use 
efficiency.  Adequate balance of N to OM available 
in the rumen has the potential to improve microbial 
protein synthesis and increase metabolisable protein 
supply to the ruminant.  Increasingly farmers are 
adopting low N feeding systems, to the point where 
diets offered during the winter may have less than 
12% CP.  There is little information on the rumen 
degradability characteristics of crops commonly used 
in New Zealand wintering systems yet assumptions 
must be made to determine how to supplement these 
diets to meet animal requirements.  The aim of the 
study was to provide information on the rate and 
extent of rumen degradation of N and OM in kale 
and fodder beet crops.  

MATERIALS AND METHODS

The experiment was conducted at Ashley Dene 
(-43.65 º North, 172.33 º East) with the approval of the 
Lincoln University Animal Ethics committee (#523). 
Details of the experimental design and management 
of crops are described in (Jenkinson et al. 2014) and 
(Edwards et al. 2014).  Briefly, the study consisted of 
three winter crop systems including two kale crops, one 
sown early on 18 October 2012 (EK) yielding 12.5 t DM/
ha and one sown late on 10 December (LK) yielding 
10.1 t DM/ha, and a fodder beet (FB) crop sown on 29 
October 2012 yielding 19.2 t DM/ha.  Crops were fed 
to large mobs of 50 cows between June and July 2013 
and each mob included three rumen cannulated cows 
which were transitioned onto crops as part of the large 
mob. Cows were supplemented with either 3 kg barley 
straw (EK), 5 kg DM oat silage (LK) or 6 kg ryegrass 
silage (FB). Rumen degradation characteristics of EK, 
LK and FB were determined using cows on the same 
treatment.  Degradation measurements commenced at 
0930 hr between 26 and 28 June 2013 using incubation 
intervals of 3, 6, 9, 12, 24, and 48 h, including wash 
samples at 0 h.  Entire plants from each crop were 
chopped into 10 mm pieces and a 10 g DM equivalent 
was weighed into nylon bags (10 x 15 cm with 50µ pore 
size).   Duplicate – and triplicate for the 48 h interval 
- bags were attached to 1 m length galvanised chain 
using plastic cable ties. Chains and bags were stored 
at -16 C until the following morning.  Following each 
incubation, bags were plunged into ice water and rumen 
debris removed followed by washing in a commercial 
washing machine and drying at 65°C for 48 hours.  Total 
DM was recorded for each bag and subsamples were 
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analysed for OM (ashed at 500 °C) and N (Elementar 
Vario MAX) concentration.  

Rumen fractional disappearance rate and effective 
rumen degradable (ERD) for N, and OM were calculated 
using a nonlinear model (Ørskov and McDonald, 1979). 
In a one-way ANOVA (GenStat 15.1) crops were fixed 
terms and cows were replicates for the degradation 
parameters estimated from the non-linear fits. 

RESULTS

Stem or bulb accounted for over 65% of the total 
plant mass and this was reflected in the relative proportion 
of leaf and stem or bulb incubated in nylon bags (Table 
1).  Stem and bulb had a lower OM and CP content 
compared with leaf.  The CP content of the whole crop 
was 14% for both EK and LK and 11% for FB.

Although sowing date did not alter CP content 
of kale crops, the CP soluble fraction in LK tended 

to be greater than in EK (Table 2).  There were large 
differences in the OM soluble fraction between the three 
crops with FB losing close to 40% OM during washing 
of non-incubated bags.  The remaining OM was 
almost completely degraded in the rumen after 48 hrs, 
whereas 15% of the OM of both kale crops remained 
undegraded over the same period.  Rate of degradation 
of insoluble, potentially degradable fractions were 
similar for all three crops at 0.09/hr. However, rate of 
CP degradation was slower for FB than kale crops, 
resulting in lower estimates of effective degradability 
of CP for FB at fractional outflow rates (FOR) or either 
0.02 or 0.05/h.  Rate of degradation of CP was faster 
for kale than FB which increased the estimated rumen 
degradability of FB relative to kale crops at assumed 
rumen digesta outflow rates of 0.02 or 0.05/h.  Effective 
rumen degradable protein (ERDP) was 62% of total CP 
for FB compared with 71 and 75% of CP in EK and LK.

Table 1:  Leaf and stem proportions (% of DM), dry matter content and organic matter and crude protein 
contents of early (EK), late (LK) sown kale and fodder beet (FB) plants used for in sacco incubation

EK LK FB

Leaf Stem Leaf Stem Leaf Bulb

Proportion of yield (%DM) 0.23 0.77 0.34 0.66 0.16 0.84

Dry matter (g/kg FW) 99 120 98 159 66 114

Organic matter (g/kg DM) 872 924 884 926 814 947

Crude protein (g/kg DM) 216 123 209 101 247 80

Table 2: Degradation characteristics of organic matter and crude protein of whole crop kale sown early (EK) or 
late (LK) and fodder beet.

EK LK FB SED F Pr

Soluble fraction (g/kg)

Organic matter 194 276 372 30.8 0.003

Crude protein 121 304 235 65.3 0.078

Potentially degradable (g/kg)

Organic matter 846 850 957 16.3 <.001

Crude protein 932 945 925 14.8 0.419

Rate of degradation (%/hr)

Organic matter 0.086 0.087 0.091 0.016 0.95

Crude protein 0.134 0.121 0.075 0.016 0.022

Effective degradability at FOR1 of 0.02/h (g/kg)

Organic matter 723 742 845 12.6 <0.001

Crude protein 827 853 757 22.0 0.012

Effective degradability at FOR1 of 0.05/h (g/kg)

Organic matter 607 640 742 18.6 <0.001

Crude protein 712 756 626 22.1 0.003

Effective rumen degradable protein (g/kg DM)* 103 104 66 2.7 <0.001

Undegradable protein (g/kg DM) 42 34 40 2.7 0.059

1FOR: Fractional outflow rate. 
*At estimated FOR of 0.05/h
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DISCUSSION

Rumen degradability of organic matter and 
crude protein in both fodder beet and kale was rapid 
and extensive.  Potential OM degradability of kale 
as measured in sacco in this study was similar to in 
vivo digestibility values of 88% reported by (Barry et 
al. 1984) feeding kale to wethers. Further, (Kaur et 
al. 2011) reported in sacco OM degradability greater 
than 85% for rape, another leafy brassica crop. The 
lack of an effect of sowing date (crop maturity) on 
soluble and potentially degradable fractions of kale 
supports the findings of (Kaur et al. 2011).  In their 
study with rape, there was little effect of maturity 
on the extent of degradation of leaf, in spite of a 
reduction in the soluble fraction.  This could be due 
to an increase in the insoluble but degradable fraction 
which (Kaur et al. 2011) showed had a positive 
relationship with maturity for leaf and petiole.  

There is currently very little information 
available on the rumen degradation of fodder beet 
and the results presented here are the first to compare 
degradability of kale with fodder beet.  In the 
current study, potential degradability of fodder beet 
exceeded 95%, which is slightly higher than in vivo 
OM digestibility of 90% reported by (Clark et al. 
1987).  The low fibre and high soluble sugar content 
of fodder beet are likely to contribute to differences 
between crops.    However, in spite of more complete 
degradation of OM of fodder beet, the rate of 
degradation was similar to that of kale crops.  

The potential degradability of CP exceeded 
90% for all crops, which is similar to observations 
of over 90% N degradation in rape (Kaur et al. 
2011).  The rate of CP degradation was unexpectedly 
low, particularly for fodder beet.  (Kaur et al. 2011) 
reported rapid rates of CP degradation 0.21/hr for 
rape leaf, though in the current study the low values 
observed may reflect the low CP values of the 
forage (11 to 14% CP) and the associated difficulties 
with microbial colonisation of incubated residue.  
Alternatively there is some evidence that diets high 
in sucrose, such as those fed to the cows used in the 
in sacco experiment, inhibit proteolysis and reduce 
the rate of CP degradation (Eriksson et al. 2004).  

In the current study, ERDP was estimated using 
an assumed FOR of 0.05/h.  The basis for this was 
to provide an estimate of whether the nutrient balance 
of OM and N was sufficient for optimising microbial 
protein synthesis.  Fractional outflow rates from 
previous studies using similar diets reported values 
between 0.02 and 0.05/h (Barry et al. 1984, Eriksson 
et al. 2004).  Given the high intakes and water content 
of these diets FOR of 0.05/h seemed reasonable.  
Based on the effective degradabilities presented here, 

the rumen degraded N (RDN) to rumen degraded OM 
(RDOM) for EK, LK and FB crops were 29.8, 28.5 
and 15.4 g RDN/kg RDOM respectively.  The NRC 
(2001) estimated that optimal microbial synthesis 
requires a ratio of approximately 26 g RDN/kg 
RDOM.  While the in sacco method cannot account 
for N recycled back into the rumen, (Gunter et al. 
1995) noted that this method was useful means for 
predicting apparent ruminal N digestion.  These 
results indicate that fodder beet as sole diet is unlikely 
to satisfy optimal microbial protein synthesis. This 
highlights the importance of supplementing fodder 
beet diets with forages of moderate N content to meet 
metabolisable protein requirements and maintain high 
digestibilities of forages.  
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ABSTRACT

This study investigated the impact of 4 pasture states, 3 grain-based concentrate (GBC) allocations and 
3 pasture fractions on the in vitro dry matter (DM) digestibility (IVDMD) of ryegrass (Lolium multiflorum) 
pasture. Thirty six dairy cows in mid-lactation that grazed ryegrass were divided into 3 groups having 12 cows 
in each group. Cows in each group were offered 2.7 (low), 5.4 (medium) or 8.1 (high) kg DM GBC/cow/day, 
provided in two equal allocations in the milking bail. Each group of 12 cows in each GBC was further divided 
into 4 groups as they accessed 4 pasture states. These were fresh-fresh (FF), fresh-depleted (FD), depleted-
fresh (DF) and depleted-depleted (DD) ryegrass accessed by the cows in AM-PM, respectively. Rumen fluid 
was collected from 3 cows per treatment after the morning GBC feeding and milking on days 1 and 7 of the 
experimental period using a stomach tube. Rumen fluid from each cow were pooled by treatment (3 rumen 
fluid samples combined) before the commencement of two incubations on day 1 and 7. Pasture samples were 
harvested 5 cm above ground level on day 1 of the experimental period from three different locations within a 
paddock of the day 2 pasture allocation and cut vertically from the bottom to top into 5 to 10 (BF), 10 to 15 (MF) 
and >15 (TF) cm fractions with a scissor. The IVDMD of these pasture fractions was determined by in vitro 
batch culture incubations in rumen fluid collected from treatments above. Rumen fluid from cows that accessed 
fresh pasture in their last allocation (FF and DF) before GBC feeding did not improve IVDMD with medium 
compared to low GBC, but IVDMD increased when incubated in rumen fluid of cows offered with high GBC. 
However, IVDMD was increased in rumen fluid from cows that accessed depleted pasture in their last allocation 
(DD and FD) before GBC feeding and offered with medium-high GBC

Keywords: Grain; ryegrass; pasture digestibility; pasture state.

INTRODUCTION

Pasture-based automatic milking system 
(AMS) farms rely upon the voluntary movement 
of cows for milk harvesting and feed consumption. 
Cows in pasture-based AMS typically move 
from depleted to fresh allocations of pasture in 
groups, or individually, at differing times. The 
first cows moving to an allocation of fresh pasture 
access rapidly fermentable, high quality pasture 
in contrast to those cows accessing the same 
allocation towards the end of the access period 
(Scott et al. 2014). At the same time, grain-based 
concentrate (GBC) is allocated independent of the 
pasture state that cows access (Clark et al. 2013). 
Inclusion of a high level of GBC in the diet with 
high or low nutritive value forage, or variable 
states of forage, may create large variations in 
rumen fluid pH, which may induce subacute 
ruminal acidosis (Bramley 2004), and may affect 
digestibility, feed conversion efficiency and 
negatively impact animal health. The objective of 
this study was to determine the impact of pasture 
state and GBC allocation on the in vitro dry matter 
(DM) digestibility (IVDMD) of ryegrass (Lolium 
multiflorum) pasture. 

MATERIALS AND METHODS 

Thirty six mixed-age Holstein cows in mid-
lactation grazed in four pasture state treatments 
such as fresh-fresh (FF), fresh-depleted (FD), 
depleted-fresh (DF) and depleted-depleted (DD) 
(AM-PM) ryegrass, and were offered 2.7 (low), 5.4 
(medium) and 8.1 (high) kg DM/cow/d GBC in two 
equal allocations per day at milking time (Table 1). 
Ryegrass pasture samples were harvested 5 cm above 
ground level on day 1 of the experimental period 
from three locations of a paddock (termed as block) 
of the day 2 pasture allocation and cut vertically 
from the bottom to the top into 5 to 10 (BF), 10 to 
15 (MF) and >15 (TF) cm fractions using a scissor. 
These fractions were then dried at 60 0C for 48 h, 
weighed and ground (1 mm) to determine IVDMD 
(Wang et al. 1999). Rumen fluid samples for each 
cow were collected after the morning GBC feeding 
and milking, and pooled by treatment (i.e. rumen 
fluid from 3 cows/treatment was combined) before 
the commencement of two incubations on day 1 and 
7 (n = 2 periods). Rumen fluid samples were collected 
using a stomach pump, strained immediately through 
four layers of cheese cloth, collected in a 50 ml vial 
and kept in a water bath (39°C). Collection of rumen 
fluid required 2-3 min/cow and the whole process 
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of collection required ~2 h from the time of GBC 
feeding. Immediately after collection, rumen fluid 
in the water bath was transferred to the laboratory 
for in vitro incubation. The IVDMD was calculated 
from the difference of the dry weight of sample 
and residues after 48 h of incubation. The pH of 
fermented rumen liquor was recorded using a pH 
meter (WP-90, TPS, Springwood, QLD, Australia) 
after 48 h of incubation.

Data were analysed using the restricted 
maximum likelihood procedure and means were 
separated by lsd analysis. Pasture state group (n=4), 
GBC allocation (n=3) and pasture fractions (n=3) 
were fixed effects, and replications (n=3; pasture 
from 3 locations in a paddock) and periods (n=2; 
day 1 and day 7) were nested as random effects in 
order to analyse IVDMD and pH of end products of 
digestion data.

Table 1: Experimental design with treatment groups, 
pasture state group (F1=Fresh, D2=depleted), grain-
based concentrate (GBC) allocation sub-group (kg 
DM/cow/d) and pasture allocation schedule.

Pasture state

Treatments GBC n AM PM

1 2.7 3 F F

2 5.4 3 F F

3 8.1 3 F F

4 2.7 3 D D

5 5.4 3 D D

6 8.1 3 D D

7 2.7 3 F D

8 2.7 3 D F

9 5.4 3 F D

10 5.4 3 D F

11 8.1 3 F D

12 8.1 3 D F

1ad-lib allocation of 60kgDM/cow/d to ground level 
per cow, 240kgDM/cow/d to ground level per cow

RESULTS

There was an interaction (P=0.01) between 
pasture state × concentrate levels × pasture fractions 
on the IVDMD of ryegrass (Figure 1). Results indicate 
that the optimal amount of GBC to offer cows based 
on ryegrass IVDMD is dependent on the pasture 
state previously accessed by dairy cows. Cows that 
accessed fresh pasture prior to GBC allocation had 
greater pasture IVDMD when high (8.1 kg DM/cow/
day) compared to low or medium GBC was offered. 
However, cows which accessed depleted pasture in 

their most recent allocation required medium GBC 
(5.4 kg DM/cow/day) to increase pasture IVDMD 
(Figure 1). There was also an interaction (P=0.046) 
between pasture state × GBC allocations on pH of end 
products of digestion in vitro (data not shown). The 
pH pertaining to cows that accessed FD and DD was 
similar (~6.3) but greater than those that accessed FF 
and DF states (~6.1), which dropped below 6.0 with 
high GBC allocation (data not shown).

Figure 1: The in-vitro dry matter digestibility 
(IVDMD, %) of different fractions of ryegrass 
accessed by cows in AM-PM as fresh-fresh (FF), 
depleted-depleted (DD), fresh-depleted (FD), and 
depleted-fresh (DF) treatments when offered 2.7, 
5.4 or 8.1 kg DM grain-based concentrate/cow/day 
(bar indicates ± s.e.m).

DISCUSSION

Increase in the pasture IVDMD, in general, with 
increasing GBC was in agreement with the results 
of (Fulkerson et al. 2006). The interactions between 
pasture states × pasture fractions × GBC on IVDMD of 
ryegrass in our study have shown three general trends. 
First, IVDMD of pasture fractions of ryegrass were 
maximised in treatments with high GBC when cows 
accessed only fresh pasture prior to GBC allocation, 
but IVDMD was independent of cows access to fresh 
or depleted pasture after GBC feeding (i.e. FF and 
DF, or in other words more dependent on the state of 
the last pasture access of cows). This suggests that 
IVDMD of depleted pasture can be increased using 
rumen fluid of cows that accessed depleted pasture 
after high GBC feeding, provided cows accessed 
fresh pasture before GBC feeding. However, when a 
limited amount of GBC has to be offered, it should 
be limited to low (2.7 kg DM/cow/day) rather than 
medium GBC allocation in order to obtain the same 
effect. The maximisation of IVDMD in these pasture 
states (FF, DF) with high GBC occurred despite a 
drop in pH of end products of digestion in vitro to <6 
in our study. (Mould et al. 1983) reported that fibre 
digestion was restricted when rumen pH falls below 6. 
This drop in pH may have occurred due to increased 
VFA production, particularly propionate and thus 
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activity of the major fibrolytic bacteria may also have 
been compromised (Mould et al. 1983). However, a 
recent study (Palmonari et al. 2010) with molecular 
technique reported that cows with very low pH can 
maintain normal populations of cellulolytic bacteria.

Second, IVDMD of pasture fractions increased in 
treatments with increasing GBC from low to medium 
allocations in cows accessing depleted pasture before 
GBC feeding and was not affected whether these cows 
were accessing either depleted or fresh after GBC 
feeding (i.e. FD and DD pasture states or, depended on 
last pasture state). However, IVDMD did not improve 
when allocation increased from medium to with high 
GBC, with the exception of TF, which increased IVDMD 
with increasing GBC in both (FD and DD) pasture states. 
This suggests that when rumen fluid collected from cows 
accessed depleted pasture in their most recent grazing 
before GBC feeding, only rumen fluid from cows with 
medium GBC allocation (5.4 kg DM/kg day) could 
optimise IVDMD of pasture. Also, rumen fluid from 
cows accessing depleted compared to fresh pasture after 
GBC feeding improved IVDMD of pasture. In contrast, 
rumen fluid from cows accessing fresh pasture could not 
improve IVDMD compared to depleted pasture in this 
situation. The similarity in IVDMD in cows allocated 
medium and high GBC and accessed to FD and DD 
pasture state was likely to be associated with their 
similarity in pH in vitro in the current study. 

Third, IVDMD of TF was distinctly greater than 
BF and MF and increased with increasing GBC in cows 
that accessed inconsistent (FD and DF) compared to 
consistent pasture states. This suggests that the first 
cows that access TF after high GBC allocation may 
have increased pasture digestibility despite having 
accessed depleted pasture prior to GBC feeding.

CONCLUSION

Our results indicate that the optimal amount 
of GBC to offer cows based on ryegrass IVDMD is 
dependent on the most recent pasture state accessed by 
the cows prior to GBC being offered. Rumen fluid from 
cows that accessed fresh pasture at their most recent 
grazing before GBC feeding resulted in greater IVDMD 
when high GBC was offered, while rumen fluid from 
cows that accessed depleted pasture at their most recent 
grazing before GBC feeding, required medium-high 
GBC to increase IVDMD of ryegrass. Further work 
is required to determine the causes of the difference in 
IVDMD between treatments to enable feed conversion 
efficiency to be increased on pasture-based AMS farms.
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ABSTRACT

This study determined the impact of varying proportions of grain-based concentrate (GBC) allocation 
and ryegrass pasture sward on herbage and DM intake and milk production. Ninety cows were allocated to 
two consistent (fresh-fresh and depleted-depleted) and two inconsistent (fresh-depleted and depleted-fresh) 
treatments of ryegrass pasture with three different amounts of GBC (2.7, 5.4 and 8.1 kg DM/cow.day). Milk 
production was recorded for a seven-day period after an adaptation period of five days. Three cows were 
randomly selected from each treatment group within the experimental herd and dosed with synthetic alkanes to 
determine herbage intake and total DM intake (n=36). Greater (P<0.001) milk yields were measured in cows 
grazing fresh ryegrass and with higher GBC allocation independently as there was no interaction between 
pasture treatments and GBC allocations. Similar results were obtained for herbage and total DM intake. These 
findings suggest that GBC can be offered independent of the pasture sward in automatic milking systems, and 
milk yield response was higher when fresh strip of pasture was offered in the afternoon. 

Keywords: Intake, grain-based concentrate, milk, pasture sward, ryegrass.

INTRODUCTION

Low DM intake is a major limitation to milk 
production in pasture-based systems. Several studies 
have shown that nutrients from pasture alone are 
insufficient to maximise production potential of 
dairy cows (Kolver and Muller 1998, Bargo et al. 
2003). Therefore, supplementary feeds have been 
offered to overcome these limitations. Numerous 
studies have reported increase in total DM intake and 
milk production with concentrate supplementation. 

Pasture is typically offered to dairy cows in 
three allocations in pasture-based automatic milking 
systems (AMS) However, due to voluntary cow 
movement and distribution of milkings, some dairy 
cows access fresh pasture and other cows access 
depleted (stale) pasture. The first cows moving to 
an allocation of fresh pasture are offered ad-libitum, 
high quality pasture as opposed to cows arriving to 
the same allocation during the middle or end of the 
day accessing poorer quality, high neutral detergent 
fibre (NDF) depleted pasture. Further, in AMS 
systems, GBC have been allocated independently 
of the pasture sward. To date, the ability to increase 
feed conversion efficiency and AMS herd milk 
production by targeted GBC supplementation to 
cows grazing differing pasture sward is unknown.  
The hypothesis was that dairy cows offered 
inconsistent allocations of pasture (fresh-depleted 
and depleted-fresh) will have a poor milk response 
to additional GBC when offered at high levels than 
consistent allocations (fresh-fresh and depleted-

depleted) of pasture. Therefore, the objective of 
the current experiment was to determine the impact 
of ryegrass pasture sward and GBC allocation 
on herbage and total dry matter intake and milk 
production in dairy cows.

MATERIALS AND METHODS

This study was conducted at the University of 
Sydney’s Corstorphine dairy research farm, Camden, 
NSW, Australia. 

A group of 90 Holstein-Friesian cows (62 
± months, 675± kg liveweight, 211± DIM and 
producing 26± kg milk/day) were randomly assigned 
to treatments that consisted of a combination 
of four different pasture treatments and three 
different amounts of GBC (Table 1). Ryegrass 
(Lolium multiflorum) pasture sward comprised 
two consistent (namely fresh-fresh, and depleted-
depleted) or two inconsistent (namely fresh-
depleted, and depleted-fresh) offered after morning 
(AM) and afternoon (PM) milking respectively. 
Fresh pasture referred to an average allowance 
of 80 kg DM/cow.day to ground level, whereas 
depleted pasture represented an average allowance 
of 59 kg DM/cow.day to ground level (depleted 
refers to pasture  already grazed by fresh group of 
cows a day prior to entrance of experimental cows 
to strips).  The GBC was offered half in the morning 
(AM) and half in the afternoon (PM) milking. The 
study comprised a 5-d adaptation period followed 
by 7-d of data collection.
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Table 1: The number of cows (n), pasture 
sward (F1=Fresh, D2=depleted) and grain-based 
concentrate (GBC) (kg DM/cow.day) offered for 
each treatment.

Pasture sward

Treatment n GBC AM PM

1 7 2.7 F F

2 7 5.4 F F

3 7 8.1 F F

4 7 2.7 D D

5 7 5.4 D D

6 7 8.1 D D

7 8 2.7 F D

8 8 5.4 F D

9 8 8.1 F D

10 8 2.7 D F

11 8 5.4 D F

12 8 8.1 D F

1 Allocation of 80 kg DM/cow.day to ground level per 
cow, 259 kg DM/cow.day to ground level per cow

Three cows within each of the 12 treatments 
(total of 36 cows in the herd) were randomly selected 
and dosed with synthetic alkanes to estimate pasture 
intake. Rectal grab samples were collected twice daily 
after milking for 7 consecutive days and analysed for 
alkane content as described by (Mayes et al. 1986). 
Herbage dry matter intake was calculated according 
to Dove and Mayes (1991).  

Data were analysed using linear mixed modelling 
in GenStat 14th Edition (VSN International, UK). 
The statistical model included the interaction 
between pasture sward and concentrate, using pre-
experimental milk yield as a covariate. Cow and day 
were included as a random effect. Significance was 
determined if P < 0.05.   

RESULTS 

Pasture sward affected (P<0.001) milk 
production (Table 2), although there was no 
interaction between pasture sward and level of 
supplementation concentrate amount. Within the 
consistent pasture allocation, cows produced 2.0 
L more milk production when accessing fresh-
fresh compared with depleted-depleted pasture, 
while there was greater milk production in cows 
accessing depleted-fresh compared with fresh-
depleted within the inconsistent pasture allocation. 
Milk production also increased (P<0.001) by 2.4 L 
when GBC increased from 2.7 kg GBC to 8.1 kg 
DM/d (Table 3). 

Table 2: Milk yield (L/cow/d) and intake (kg DM/d) 
by cows offered different pasture sward

Pasture sward 
(AM/PM)

Milk 
yield

Herbage 
Intake

DM 
Intake

Fresh-Fresh 27.6a 14.4a 19.8a

Depleted-Depleted 25.8bc 9.9b 15.3b

Fresh-Depleted 25.4c 10.1b 15.5b

Depleted-Fresh 26.8ab 13.5a 18.9a

Superscript denotes means within columns are 
significantly different (P<0.05)

Cows ate 4.5 kg more herbage dry matter 
(P<0.001) when offered fresh-fresh pasture compared 
with depleted-depleted pasture in the consistent 
allocation, while herbage dry matter intake was 3.4 
kg greater in cows accessing depleted-fresh pasture 
compared with fresh-depleted pasture (Table 2). 
Cows reduced herbage dry matter intake by 2.8 kg 
(P=0.03) when GBC increased from 2.7 to 8.1 kg 
DM/d (Table 3). Similar to milk production, there 
was no significant interaction between pasture sward 
and level of GBC supplementation observed on daily 
herbage intake. 

Table 3: Milk yield (L/cow/d) and intake (kg DM/d) 
by cows offered different grain-based concentrate 
(GBC) allocations

GBC (kg DM/d) Milk 
yield

Herbage 
Intake

DM 
intake

2.7 25.0a 13.4a 16.1a

5.4 26.8b 12.0ab 17.3 ab

8.1 27.4b 10.6b 18.7b

#GBC was offered half in the morning (AM) and 
half in the afternoon (PM) milking; Superscript 
denotes means within columns are significantly 
different (P<0.05)

DISCUSSION AND CONCLUSIONS

The primary objective of this study was to 
determine the impact of varying levels of GBC 
supplementation and ryegrass pasture sward on 
DMI and milk production by grazing dairy cows. 
Overall, we found that milk production was greater 
in cows accessing fresh-fresh pasture sward, and 
cows receiving increasing levels of GBC. Similarly 
there was greater total DM intake with fresh-
fresh pasture, and greater GBC allocation. When 
inconsistent pasture sward were allocated, offering 
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fresh pasture in PM increased herbage intake which 
led to increased total DM intake. As a result milk 
production also increased when fresh pasture was 
offered in PM. In contrast, offering depleted pasture 
in PM reduced herbage intake, thus total DM intake, 
which ultimately reduced milk yield. 

The key findings of this study were that if 
inconsistent pasture sward were offered, cows should 
access depleted pasture in the morning followed by 
fresh pasture in the afternoon in order to maximise 
pasture intake without affecting milk yield. Offering 
fresh pasture strip in the afternoon improved milk 
responses both in consistent and inconsistent groups 
as afternoon pasture might have higher water soluble 
carbohydrate content and/or longer grazing activity 
(Gregorini et al. 2012). Further, GBC can be offered 
independent of the pasture sward in automatic 
milking systems due to lack of interaction between 
pasture sward and GBC amount offered.  
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ABSTRACT

High-fibre by-products have the potential to partially replace maize in the concentrate for dairy cows.  Palm 
kernel expeller (PKE) is a low-cost, high-fibre by-product from the palm-oil industry. The aim of the study was 
to determine the effect of partially replacing maize with PKE in dairy concentrates for Jersey cows grazing 
kikuyu pasture on milk production and milk composition. The study was conducted from January to April 
2014 at the Outeniqua Research Farm situated near George in the Western Cape, South Africa. Seventy two 
multiparous high producing Jersey cows (n=18 per treatment) were blocked according to milk yield (20.1±1.93 
kg/cow/d), days in milk (111±41 d) and lactation number (3.4±1.34) and randomly allocated within blocks to 
four treatments (PKE0, PKE10, PKE20 and PKE30). The PKE inclusion in the PKE0, PKE10, PKE20 and 
PKE30 concentrate treatments was 0, 10, 20 and 30%, respectively, replacing part of the maize and soybean 
oilcake in the concentrate. Concentrates were balanced to be iso-nitrogenous.  All cows grazed kikuyu pasture 
as one group and concentrate was fed at 6 kg as is/cow/d in the dairy parlour during milking (3 kg/milking). 
Pasture was allocated at 11.1 kg DM/cow/d above a height of 30 mm. Cows had ad libitum access to PKE for 
7 d on pasture prior to the start of the study. The study consisted of a 14 d adaptation period followed by 60 d 
measurement period. Milk yield was recorded daily and milk composition was determined fortnightly. Milk 
yield and milk fat content differed between treatments (P<0.05) and were 15.6, 15.4, 15.3 and 14.3 kg/cow/d 
and  4.63, 4.93, 5.06 and 5.29% for the PKE0, PKE10, PKE20 and PKE30 treatments, respectively. The PKE 
inclusion level in concentrates did not affect (P<0.05) fat corrected milk (FCM), milk protein and milk lactose 
content of cows. It is concluded that PKE increased milk fat content at the 20 and 30% inclusion level and 
sustained FCM at the 10, 20 and 30% inclusion level of concentrate fed at 6 kg/cow/d to cows grazing kikuyu 
pasture during summer.

Keywords: By-product, alternative feedstuff, high-fibre, milk production, milk composition, grazed pasture.

INTRODUCTION

Maize is often the main ingredient in concentrates 
fed to cows on pasture. However, high-fibre by-
products have the potential to partially replace maize 
and create a more optimal rumen environment in 
cows grazing high quality pasture (Bargo et al. 2003). 
The availability and cost of by-products as well as 
the impact on milk production, milk composition and 
feed cost will determine to what extent by-products 
can replace maize in the concentrate. Palm kernel 
expeller (PKE) is a low-cost, high-fibre by-product 
from the palm-oil industry. The aim of the study was 
to determine the effect of partially replacing maize 
with PKE in dairy concentrates for Jersey cows 
grazing kikuyu pasture during summer, on milk 
production and milk composition.

MATERIALS AND METHODS

The study was conducted from January to April 
2014 at the Outeniqua Research Farm situated near 

George in the Western Cape Province, South Africa. 
Seventy two multiparous Jersey cows (n=18 per 
treatment) were blocked according to milk yield 
(20.1±1.93 kg/cow/d), days in milk (111±41 d) 
and lactation number (3.4±1.34) and randomly 
allocated within blocks to four treatments (PKE0, 
PKE10, PKE20 and PKE30). The PKE inclusion in 
the PKE0, PKE10, PKE20 and PKE30 concentrate 
treatments was 0, 10, 20 and 30%, respectively, 
replacing part of the maize and soybean oilcake 
in the concentrate. The ingredient composition of 
concentrates is given in Table 1. The concentrates 
were balanced to be iso-nitrogenous. Molasweet 
(Nutec Explicit Nutrition, Block G, Hilton Quarry 
Office Park, 400 Old Howick Road, Hilton, KZN, 
South Africa), a powdered feed flavour, was added 
at 160 g/t to all concentrates. The PKE included in 
this study had a DM, CP, NDF and  EE content of 
90.4%, 19.0%, 78.4% and 9.29%.
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Table 1: The ingredient and nutrient composition of concentrates with different levels of palm kernel expeller 
(PKE) fed at 6 kg/d to Jersey cows grazing kikuyu pasture during summer.

Ingredient 
(%, as fed)

Treatment concentrate1

PKE0 PKE10 PKE20 PKE30

Maize 80.6 73.2 65.7 58.3

PKE 0 10 20 30

Soybean oilcake 11.5 9.0 6.6 4.1

Molasses 5 5 5 5

Feedlime 1.5 1.4 1.4 1.3

Salt 0.6 0.6 0.6 0.6

MgO 0.3 0.3 0.2 0.2

Premix2 0.5 0.5 0.5 0.5

Nutrient (% of DM)

CP 12.1 12.0 12.0 12.0

ME (MJ/kg)3 12.5 12.3 12.1 11.9

NDF 8.9 14.9 20.8 26.8

Starch 62.4 53.9 45.4 36.9

EE 3.85 4.28 4.70 5.13

Ca 0.67 0.67 0.66 0.66

P 0.37 0.39 0.41 0.43

Mg 0.31 0.31 0.31 0.32

1PKE0 – concentrate containing 0% PKE; PKE10 – concentrate containing 10% PKE; PKE20 – concentrate 
containing 20% PKE; PKE30 – concentrate containing 30% PKE; PKE – palm kernel expeller 
2Premix (Coprex Dairy Premix; per unit of premix) – 6 million IU vitamin A; 1 million IU vitamin D3; 8000 
IU vitamin E; 100 g Zn; 50 g Mn; 20 g Cu; 1.7 g I; 1 g Co; 300 mg Se 
3ME (MJ/kg) = 0.84 x Gross energy x In Vitro Organic matter digestibility (ARC, 1984)

All cows strip-grazed kikuyu pasture as one 
group. The botanical composition of the study paddock 
consisted of 70% kikuyu, 10% other grasses, 5% 
legumes and 15% weeds. Pasture was top-dressed 
with 42 kg of N/ha after each grazing using limestone 
ammonium nitrate (28% N). Pasture yield pre- and 
post-grazing was estimated by measuring pasture 
height with a rising plate meter (RPM; 100 readings/
strip) using a regression (Y = 87.63H - 195.11; Y = 
pasture yield; H = RPM height; R2 = 0.86). Pasture 
was allocated at 11.1±1.3 kg DM/cow/d above 30 mm. 
Concentrates were fed at 6 kg (as fed)/cow/d in the 
dairy parlour during milking (3 kg (as fed)/milking). 
Cows had ad libitum access to PKE for 7 d on pasture 
prior to the start of the study. The study consisted of a 
14 d adaptation period followed by 60 d data collection 
period. Milk yield was recorded daily using a 20-point 
Dairy Master swing over milking machine with weigh-
all electronic milk meters. Milk composition was 
determined fortnightly and analysed according to (Van 
Wyngaard 2013). Body weight (BW; Tru-Test EziWeigh 
v. 1.0 scale, 0.5 kg accuracy, Auckland, New Zealand) 

and body condition score (BCS; scale 1-5, Wildman et 
al. 1982) were determined over two consecutive days at 
the start and the end of the data collection period. Milk 
production, milk composition, BW and BCS data were 
subjected to an analysis of variance (ANOVA). Tukey’s 
test was used to confirm the results of the ANOVA 
and compare the treatment means at a 5% significance 
level. The null hypothesis was: Ho: µ1 = µ2 = µ3 = µa. 
The null hypothesis was rejected where P<0.05. Least 
squares means were used to calculate a pooled standard 
error of treatment means. Shapiro–Wilk tests were used 
to test for normality (Shapiro and Wilk 1965).

RESULTS

Pasture height on the RPM and pasture yield 
above 30 mm was 27.2±5.52 and 2185±483 kg 
DM/ha and 10.1±1.42 and 692±124 kg DM/ha pre- 
and post-grazing, respectively. Pasture was well 
managed during the study and pasture availability 
was not limiting as indicated by the RPM reading 
post-grazing being higher than 10. The milk yield, 
milk composition, BW and BCS is represented 



Proceedings of the 5th Australasian Dairy Science Symposium 2014 407

in Table 2. The milk yield of cows on the PKE30 
treatment was lower (P<0.05) than the control 
(PKE0), however 4% FCM did not differ between 
treatments (P=0.37). This was attributable to the 
increase in milk fat content for cows on the PKE20 
and PKE30 treatments (P>0.05). Milk protein and 
lactose content did not differ between treatments 
(P>0.05). Body weight did not differ between 
treatments (P>0.05) but cows on the PKE10 and 
PKE20 treatment lost more body condition than 
cows on the PKE0 treatment (P<0.05). The slight 
negative BW and BCS change were expected 
due to decrease in pasture quality throughout the 
growing season.  

DISCUSSION 

The chemical composition of PKE in this study 
was within the ranges set by Alimon (2004). The 
ME content of the concentrates decreased as the 
level of PKE increased. This was expected as the 
ME content of PKE (10.5 MJ ME/kg DM; Alimon, 
2004) is lower than that of maize grain (ca. 14.2 
MJ/kg DM; McDonald et al. 2002). The increase in 
milk fat concentration of 9.3% and 14.3% for cows 

on the PKE20 and PKE30 treatments respectively 
may be due to the highly saturated fatty acid 
composition of PKE (Dias, 2010) and was higher 
than the 5% increase in milk fat concentration 
with saturated fat supplementation reported by 
(Schroeder et al. 2004). The difference in SCC 
observed does not hold any biological significance 
as the SCC values of all treatment cows were below 
300 and 500 x 103 cells/ml of milk, which indicates 
subclinical mastitis (De Villiers et al. 2000) and 
milk price penalties in South Africa, respectively.  

CONCLUSION

Partial replacement of maize with palm kernel 
expeller sustained fat corrected milk production and 
increased milk fat content of cows grazing kikuyu 
pasture during summer.
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Table 2: Milk yield, milk composition, body weight  and body condition score of Jersey cows fed 6 kg (as 
fed) concentrate per day, which contained either 0, 10, 20 or 30% palm kernel expeller, grazing kikuyu  during 
summer.

Parameter2
Treatment1

SEM P-value
PKE0 PKE10 PKE20 PKE30

Milk yield (kg/cow/d) 15.6a 15.4ab 15.3ab 14.3b 0.4 <0.05

4% FCM (kg/cow/d) 17.0 17.4 17.7 17.0 0.4 0.37

Milk composition

   Milk fat (%) 4.63c 4.93abc 5.06ab 5.29a 0.12 <0.01

   Milk protein (%) 3.58 3.77 3.75 3.76 0.06 0.10

   Milk lactose (%) 4.50 4.57 4.50 4.52 0.03 0.45

   MUN (mg/dL) 12.0c 12.2bc 12.7abc 13.2a 0.2 <0.01

   SCC (x103 cell/mL) 134b 184ab 211a 188ab 20 0.06

Body weight (kg)

   Before 418 416 399 410 7.29 0.25

   After 415 416 395 407 7.56 0.12

   Change -1.1 +0.6 -3.4 -3.1 3.84 0.85

BCS (scale 1 – 5)

   Before 2.19 2.25 2.22 2.19 0.04 0.69

   After 2.28a 2.09b 2.02b 2.12b 0.04 <0.01

   Change +0.09a -0.16b -0.20b -0.07ab 0.04 <0.01

a-cMeans within a row followed by different superscript letters differ significantly (P < 0.05) 
1PKE0 – concentrate containing 0% PKE; PKE10 – concentrate containing 10% PKE; PKE20 – concentrate 
containing 20% PKE; PKE30 – concentrate containing 30% PKE; PKE – palm kernel expeller  
2FCM – fat corrected milk; MUN – milk urea nitrogen; SCC – somatic cell count; BCS – Body condition score
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ABSTRACT

Mastitis in dairy cows compromises animal welfare and leads to significant economic losses. Udder 
conformation, teat canal length and teat pigmentation may be associated with resistance to mastitis, and may provide 
a means to identify resistant cows. Associations between teat traits and prevalence of intramammary infection (IMI), 
and incidence of clinical mastitis (CM) was investigated in 805 Friesian-Jersey crossbred heifers. Bacteriological 
analysis was conducted on aseptically collected milk samples from each quarter at the first milking after calving, 
peak-lactation, mid-late-lactation, and before dry-off, and from glands diagnosed with CM. Teat characteristics were 
determined at peak-lactation and included: teat shape, teat-end shape, teat pigmentation, teat length, height of teat end 
above ground and teat angle (deviation from vertical). Greater odds of infection were observed between specific teat 
traits and prevalence of IMI at calving, and occurrence of new IMI through lactation. The odds of an IMI at calving 
were greater in cows with shorter teats rather than longer teats; and in cows with teats that were closer to the ground. 
The odds of cows developing new IMI during lactation were greater in those with concave or plate-shaped teat ends 
than flat teat ends and those with white teats. The odds of developing of one or more CM cases during lactation 
were greater in cows with white teats and tended to be greater in those with teats closer to the ground. Teat length 
associations were not consistent. Certain teat traits are associated with mastitis resistance and could provide simple 
methods for identifying resistant cows. 

Keywords: Mastitis resistance; teat traits; intramammary infection; clinical mastitis.

INTRODUCTION

Mastitis in dairy cows compromises animal 
welfare and leads to significant economic losses. Some 
cows appear to have an inherent resistance to mastitis 
which could be associated with udder conformation, 
teat canal length and teat pigmentation. For example, 
low-hanging udders have higher somatic cell counts 
(SCC) and more mastitis, while non-pendulous udders, 
which are higher off the ground, are resistant to mastitis 
(Seykora and McDaniel, 1985). The probability of 
infection by Streptococcus agalactiae is greater in cows 
with shorter teat canals (Lacy-Hulbert and Hillerton, 
1995), while S. uberis infections tend to be associated 
with the degree of teat pigmentation (Lopez-Benavides 
et al. 2004). Measurement and description of physical 
characteristics of the teats and gland may provide a 
means of determining a cow’s potential resistance or 
susceptibility to mastitis. 

This study investigated if phenotypic characteristics 
differed between heifers that were infected at calving, 
or during lactation, and those that remained infection 
free. The association of physical characteristics with 
clinical mastitis (CM) was also investigated.

MATERIALS AND METHODS

A Holstein-Friesian x Jersey crossbred pedigree, 
based on an F2 pedigree design with a half-sibling 
family structure, and previously described (Spelman et 
al. 2001, Berry et al. 2009) was used for this study. Eight-
hundred and five F2 heifers were monitored. Cohort 1 
(n = 354) entered their first lactation in the spring of 

2002, and cohort 2 (n = 451) in the spring of 2003. The 
animals were managed on a single farm under typical 
New Zealand dairy farming practices. Ethics approval 
for the study was granted by the Ruakura Animal Ethics 
Committee, Hamilton, New Zealand. 

Single foremilk samples were collected 
aseptically from all glands of each cow for 
bacteriological analysis four times during her first 
lactation.  These occurred at the first milking after 
calving (M1), at peak lactation (R1) when cows were 
on average (± SD) 62.7 ± 24.7 days in milk (DIM), 
at mid-late lactation (R2; 178.4 ± 19.9) and at drying 
off (DO; 263.6 ± 28.4). Identification of bacteria 
in milk was performed using standard procedures 
as recommended by the NMC (National Mastitis 
Council) for the diagnosis of bovine mastitis (Hogan 
et al. 1999). A quarter was defined as infected if there 
was isolation of a single bacterial species ≥ 500 cfu/
mL from milk samples collected at M1, R1, R2 and 
DO, or ≥ 100 cfu/mL for milk samples collected 
from a cow diagnosed with CM. Diagnosis of glands 
with CM was made by the milking staff, based on 
visible changes to the milk (e.g. clots or flecks) with 
or without changes in udder tissues (e.g. heat or 
swelling of the gland). All clinical cases of mastitis 
were treated, as per usual farm practice, with a full 
course of intramammary antibiotics (e.g. Orbenin 
LA, Zoetis, Auckland, New Zealand). 

Teat characteristics were determined by trained 
assessors at the peak-lactation milk sample collection 
in the first lactation. Teat shape was scored as 
funnel, parallel, asymmetric or balloon, based on the 
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descriptions of Seykora and McDaniel, (1985), while 
teat-end shape was scored as concave, flat, plate or 
round, based on the descriptions of Chrystal et al. 
2001, FIGURE ). Each teat was visually scored for teat 
pigmentation (black, brown, white/black, white/brown, 
white colouration). Teat lengths (<38 mm, 38-42 mm, 
43-46mm >46 mm) and height of the teat tip from the 
ground (<51 cm, 51.5-53 cm, 53.5-55 cm, >55 cm 
(Bakken, 1981) were measured. Teat angle (deviation 
from vertical) was determined (-20 degrees or more = 
forward; to +20 degrees or more = backwards).

The effects of teat characteristics (after 
correcting for sire and cohort) on prevalence of IMI 
and CM were analysed using generalized linear 
mixed models (Proc GLIMMIX, SAS 9.3). Odds 
ratios (and their confidence intervals) were calculated 
by exponential transformation of the treatment 

difference estimates on the logit scale. Results are 
presented as frequencies, percentages and odds ratios 
with their 95% confidence interval. Several of the 
teat traits were correlated with each other.

 

Figure 1: Representation of the teat shapes (funnel, 
parallel, asymmetric, balloon), teat end shapes 
(concave, flat, plate, round) and angle measurement 
groups.

Table 1:  Associations between characteristics of teats and prevalence of intramammary (IMI) infections at 
calving, occurrence of new IMI during lactation, and with the occurrence of clinical mastitis (CM) during 
lactation. Ref indicates the characteristic to which others within the category are compared. 

   IMI at Calving New IMI in lactation CM in lactation

Characteristic Category
N 
qtrs

% 
IMI

Odds ratio  
(95% CI)

% new 
IMI

Odds ratio  
(95% CI)

% 
CM

Odds ratio  
(95% CI)

Teat shape Balloon 286 26.2 1.24 (0.90-1.72) 11.5 Ref 3.8 0.68 (0.34-1.38)

Asymmetric 457 26.7 1.32 (1.01-1.72) 14.9 1.32 (0.83 - 2.11) 4.4 0.84 (0.48-1.48)

Funnel 1742 16.5 Ref 14.0 1.03 (0.67 - 1.57) 3.3 Ref

Parallel 734 21.1 0.96 (0.76-1.22) 16.3 1.16 (0.75 – 1.80) 4.4 0.83 (0.50-1.36)

Teat end shape Concave 99 20.2 0.74 (0.43-1.26) 22.2 2.51 (1.48 – 4.27) 4.0 0.58 (0.20-1.71)

Flat 1271 20.8 0.97 (0.80-1.18) 13.1 Ref 4.4 1.04 (0.69-1.56)

Plate 76 23.7 1.64 (0.91-2.94) 27.6 1.99 (1.14 - 3.48) 5.3 3.03 (0.98-9.41)

Round 1773 19.0 Ref 14.4 1.03 (0.83 - 1.29) 3.2 Ref

Teat angle -20o 545 16.1 Ref 16.5 1.20 (0.91 - 1.58) 3.9 1.42 (0.83-2.44)

0 o    2327 20.9 1.04 (0.79-1.37) 13.7 Ref 3.7 Ref

+20 o  347 18.7 0.99 (0.68-1.44) 16.4 1.19 (0.87 - 1.64) 4.0 1.41 (0.77-2.59)

Pigmentation Black 1479 18.1 1.04 (0.81-1.34) 14.5 1.16 (0.87 - 1.55) 2.1 Ref

Brown 634 17.5 Ref 11.8 Ref 4.1 1.92 (1.11-3.30)

White/Black 652 23.3 0.99 (0.62-1.58) 14.9 1.38 (0.85 - 2.25) 4.8 3.77 (1.83-7.75)

White/Brown 212 21.2 0.93 (0.53-1.64) 15.1 1.31 (0.72 - 2.39) 3.8 3.04 (1.12-8.20)

White 242 26.0 1.23 (0.63-2.37) 19.0 2.91 (1.36 - 6.23) 9.9 9.76 (2.98-31.93)

Teat length (mm) <38 886 25.5 1.96 (1.48-2.59) 15.2 0.89 (0.65 - 1.21) 5.4 3.08 (1.65-5.74)

38 to 42 934 21.2 1.74 (1.33-2.29) 14.1 0.95 (0.71 - 1.27) 3.1 1.62 (0.86-3.04)

43 to 46 616 17.0 1.34 (0.99-1.81) 15.3 1.11 (0.81 - 1.51) 4.2 2.27 (1.19-4.30)

>46 783 14.0 Ref 13.3 Ref 2.2 Ref

Height of teat end <51 866 24.1 1.16 (0.87-1.54) 15.5 1.22 (0.88 - 1.69) 5.1 1.34 (0.72-2.49)

above ground (cm) 51 to 53 941 21.5 1.14 (0.85-1.51) 15.6 1.24 (0.90 - 1.70) 3.7 1.22 (0.65-2.29)

53 to 55 764 17.0 0.94 (0.87-1.54) 14.3 1.16 (0.84 - 1.61) 3.0 0.98 (0.51-1.88)

 >55 648 15.1 Ref 11.6 Ref 2.8 Ref
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RESULTS

A significant effect of teat length on prevalence 
of IMI at calving was observed (TABLE 1). The 
odds of developing an IMI at calving were 1.7 times 
greater in cows with shorter teats (<43 mm 1.7-1.9 
times than > 46 mm; P < 0.001). 

The odds of developing IMIs during lactation 
were twice as large in cows with concave or plate 
shaped teat ends compared to those with flat teat ends 
(P < 0.02; TABLE 1). There was a marginal effect 
of teat length (P = 0.08) on IMI during lactation, 
and with teat pigmentation, with cows with white 
teats being more susceptible than those with brown 
pigmented teats (OR = 2.9, P = 0.006). 

CM incidence was also associated with teat 
pigmentation; cows with white teats had nearly 10 
times the odds of having one or more CM cases than 
those with black teats, while the odds were 2-3 times 
for those with brown or mixed colour teats compared 
to cows with black teats (P < 0.03; TABLE 1). 
While teat length was significantly associated with 
occurrence of CM cases (P = 0.002), the associations 
were not consistent for all teat length categories 
(TABLE 1). However, CM cases tended to be more 
apparent in those cows with teats 38mm or shorter 
(OR=3.1, P < 0.001). 

DISCUSSION AND CONCLUSION

Phenotypic characteristics of teats and udders 
of dairy cows are associated with prevalence of 
intramammary infection (IMI) and incidence of 
clinical mastitis (CM). Cows with teats closer to 
the ground were more likely to have an infection at 
calving, and tended to have more CM cases than cows 
with teats further from the ground, in agreement with 
Seykora and McDaniel, (1985). The association of 
teat length with IMI prevalence at calving observed 
here agrees with Lacy-Hulbert and Hillerton, (1995), 
who found that cows with shorter teat canals had 
a higher probability of becoming infected with S. 
agalactiae. The lack of association between teat 
length and IMI’s during the rest of the lactation, and 
the inconsistent associations with CM cases, was 
unexpected. 

The lack of an association between teat end 
shape and IMI at calving was consistent with 
(Chrystal et al. 2001), and (Lopez-Benavides et al. 
2004).  However, the higher prevalence of IMI during 
lactation in concave and plate shaped teat ends is in 
contrast to the results of those studies.  Differences in 
trial design, number of cows used, types of pathogens 
observed and measures of infection (i.e. somatic 
cell score in Chrystal et al. 2001, versus bacterial 
infection) could account for these differences.  

We report a highly significant association of 
teat pigmentation with mastitis incidence, with white 
teats showing the greatest numbers of IMI during 
lactation and CM cases. This contrasts with the 
results of Seykora and McDaniel, (1985) who did 
not find any association between teat pigmentation 
and SCS. However, they did suggest that lightly 
pigmented teats were more susceptible to harsh 
climatic environments. Additionally, although 
(Lopez-Benavides et al. 2004) found that quarters 
with 21-40% pigmentation tended to be associated 
with a higher incidence of S. uberis infection than 
quarters in the other pigmentation groups, they noted 
that only 7% of the quarters in their study fell in 
this pigmentation group, and recommended further 
research into this potential association.

Although the association between phenotypic 
characteristics of the teats and udder of dairy cows 
and the prevalence of IMI and incidence of CM was 
apparent in our study, it is not possible to determine 
if this was due to cause and effect. However, the clear 
associations suggest that it may be possible to use 
these as an easy method for identifying cows that 
are more susceptible to infection.   Alternatively, 
some of these findings could be incorporated into the 
breeding selection criteria.
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ABSTRACT

Parturition has been reported to have a negative effect on the immune system. The effect on neutrophil 
function is of particular interest due to the vital role neutrophils play in the innate immune response to infection 
during the three weeks immediately following calving. To determine how parturition affects neutrophil 
function, we collected neutrophils from five time points during the transition period: one week pre-calving, 
day of parturition, and post-calving at weeks 1, 2 and 4. Gene expression analysis was completed on 96 genes, 
including those involved in neutrophil adhesion. Genes involved in adhesion, including L-selectin (SELL) and 
the integrins, ITGAL, ITGAM, ITGAX, and ITGB2, and extracellular matrix adhesion (LGALS8 and TLN2) all 
demonstrated differential expression (P < 0.05) over the transition period. This indicates that neutrophil adhesion 
changes with time and provides insight into changes in immune function that may increase susceptibility to 
disease during this time. 

Keywords: Parturition, neutrophil function, dairy cow.

INTRODUCTION

Periparturient metabolic changes have a 
profound impact on the immune system at the 
time of calving resulting in dysfuction of innate 
immune cells, in particular, neutrophils (Burton et 
al. 2001, Madsen et al. 2002). Immune dysfunction 
may be responsible for the estimated 30 to 50% of 
dairy cows that experience health disorders in the 
period immediately post-calving (LeBlanc, 2010). 
Therefore, it is of particular interest to quantify 
changes in immune function during this time to 
better understand causes of disease. 

The dairy cow is particularly susceptible 
to invading pathogens at parturition due to the 
exposure of the reproductive tract and mammary 
gland to the environment, which may lead 
to persistent infection in individuals that are 
unable to mount an adequate immune response 
(Bondurant, 2014). Detection and phagocytosis 
of invading pathogens is mediated by neutrophils, 
These ‘soldiers’ of the innate immune system are 
often the first recruited to the site of inflammation 
and are essential in the resolution of an infection 
(Kolaczkowska and Kubes, 2013). To enter the 
infection site, neutrophils must attach to the 
endothelium. Attachment is mediated by adhesion 
proteins that enable neutrophils to roll over the 

endothelium, attach with the endothelium, and 
subsequently migrate into target tissues where 
they can phagocytose bacterial pathogens (Madsen 
et al. 2002, Paape et al. 2003).

We, hypothesised that the expression of genes 
involved in neutrophil attachment, specifically 
those involved in neutrophil trafficking into tissue, 
are altered during the transition from pregnancy 
to lactation. To test this hypothesis, neutrophils 
were collected throughout the periparturient period 
and the expression of genes involved in neutrophil 
attachment were assessed.

MATERIALS AND METHODS

Experimental design and treatments
Blood was sampled from the coccygeal (“tail”) 

blood vessels from 45  Holstein-Friesian and 
Holstein-Friesian x Jersey cross dairy cows at Scott 
farm (DairyNZ, Hamilton, New Zealand) during the 
periparturient period using six to eight acid citrate 
dextrose evacuated blood tubes (Vacutainer; BD 
Bioscience, Plymouth, UK). The time points for 
blood sampling were one week (wk) pre-calving 
(-1wk); calculated using the estimated day of calving, 
day of calving (d0), and post-calving at one, two, and 
four wk (1wk, 2wk, and 4wk).
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Neutrophil extraction
Blood tubes were inverted and placed 

immediately on ice for subsequent neutrophil 
extraction which was based on protocols described 
elsewhere (Moyes et al. 2010, Osorio et al. 2013). 
Briefly, blood in the acid citrate dextrose tubes, 
was mixed by inversion and pooled into a 50 mL 
tube, centrifuged for 30 min at 1,500 x g at 4°C and 
immediately placed on ice. The plasma, buffy coat 
and up to a third of the red blood cells were removed 
using a Pasteur pipette. Red blood cells were lysed 
with ice cold deionised water (milliQ, Millipore, 
New Zealand) and white blood cells were pelleted by 
centrifugation. Remnant red blood cells were lysed 
by additional water washes and the white blood cell 
pellet was washed by a series of phosphate buffered 
saline (pH 7.4, Life Technologies, New Zealand) 
washes. 

A subpopulation (n=36) of isolated cells was 
used to determine cell viability and neutrophil 
population by flow cytometry analysis using the 
BD FACS Aria II cell sorter (BD Biosciences, 
USA). Viability was measured using LIVE/
DEAD® Fixable Blue Dead Cell Stain Kit (Life 
Technologies, New Zealand) and neutrophil 
populations were determined with the bovine 
granulocyte specific primary monoclonal antibody 
CH138A (Kingfisher Biotech Inc., MN) and PE-
conjugated secondary antibody (Southern Biotech, 
AL). Of total granulocytes isolated with this 
procedure, an average of 93% (SEM ± 1.14) were 
neutrophils and 96% (SEM ± 0.63) were live cells.

The final neutrophil pellet was re-suspended 
in 1 mL TRIzol® reagent (Life Technologies, New 
Zealand) and transferred to a 2 mL microtube 
(Eppendorf, Germany), homogenised with a 
PRO200 homogeniser (Pro Scientific, CT, USA) 
and stored at -80°C for subsequent RNA extraction. 
RNA was extracted using TRIzol® reagent per 
manufacturer’s instructions and stored at -80°C 
until cDNA synthesis.

cDNA synthesis and primer design
Total RNA (2 µg) was reverse transcribed 

using a Superscript III Supermix kit (Invitrogen 
Corporation; CA, USA) with random pentadecamer 
primers (Integrated DNA Technologies (IDT), 
Singapore). Assay design for 96 gene targets for use 
in quantitative reverse-transcriptase polymerase 
chain reaction (RT-qPCR) was achieved using 
publicly available bovine gene sequences from the 

National Center for Biotechnology Information 
(NCBI; http://www.ncbi.nlm.nih.gov) gene 
database. Assays were designed using Roche 
Universal Probe Library (UPL) design software to 
span an intron-exon boundary where possible and 
tested on a LightCycler 480 instrument (Roche, 
Germany).

Gene expression 
Expression of genes involved in neutrophil 

function was determined using the BioMark HD™ 
real-time PCR system (Ramachiotti Centre, NSW, 
Australia). Microfluidics 96.96 dynamic array 
chips combined with Roche UPL chemistry were 
used to generate expression results for 96 gene 
targets (seven of which are presented here) for all 
samples (n = 225). From 18 endogenous control 
genes measured, two were chosen as the most 
stable using GeNorm (Vandesompele et al. 2002) 
and Normfinder (Andersen et al. 2004) software. 
These were RPL19 and YWHAZ with a combined 
GeNorm stability of <0.6 M-value and Normfinder 
stability of 0.072.

Statistical analysis
Gene expression results were log

10
 transformed 

if required to achieve homogeneity of variance. 
They were subjected to repeated measures ANOVA 
using mixed models approach (Proc Mixed, SAS 
9.3) with treatment, week and their interaction 
included as fixed effects and the cow as a random 
effect (unstructured covariance pattern). When a 
significant effect was detected (P < 0.05), Tukey’s 
t-test was used for pairwise comparisons. Results 
are presented as raw means (and standard error in 
parentheses) of relative expression of targets to the 
mean of endogenous controls.

RESULTS

Gene expression results are presented in 
Table 1. Expression of the SELL gene was down-
regulated from the day of calving up until 4 wk 
post-calving. Relative levels of LGALS8 and 
TLN2 transcripts were significantly low before 
and during calving, but increased after calving. 
Expression of the integrins, ITGAL and ITGAM, 
remained stable throughout the immediate calving 
period, but had increased by wk 4 post-calving. 
Conversely, the abundance of transcripts for the 
ITGAX and ITGB2 intergins was greater on the day 
of calving, compared with most other time points.
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Table 1: Relative gene expression of adhesion genes over the periparturient period. Data is presented as mean 
∆Ct values relative to endogenous control genes RPL19 and YWHAZ with standard error of the means (SEM) 
presented below in parentheses. Different superscripts, within a row, denote significant difference between 
weeks. Time points are relative to day of calving (day 0). Significance was calculated using a repeated measures 
ANOVA followed by Tukey’s t-test for pairwise comparisons. 

Gene* -1 wk Day 0 1 wk 2 wk 4wk P-value

SELL 3.2 bc (0.1) 3.3
 
c (0.1) 2.8 a (0.1) 2.9 a (0.1) 3.0

 
a (0.1) 0.001

ITGAL 2.4 a (0.1) 2.4 a (0.1) 2.5
 
a (0.1) 2.6 ab (0.1) 2.8 b (0.1) 0.001

ITGAM 2.5
 
a (0.1) 2.5

 
a (0.1) 2.5

 
a (0.1) 2.6

 
a (0.1) 2.8

 
b (0.1) <0.001

ITGAX 2.5
 
a (0.1) 3.1

 
b (0.1) 2.7

 
a (0.1) 2.5

 
a (0.1) 2.6

 
a (0.1) <0.001

ITGB2 1.9
 
a (0.1) 2.2

 
b (0.1) 2.0

 
b (0.1) 2.0

 
a (0.1) 2.0

 
ab (0.1) <0.001

LGALS8 3.1 b (0.1) 2.7 a (0.1) 3.4
 
bc (0.1) 3.3

 
bc (0.1) 3.5

 
c (0.1) <0.001

TLN2 15
 
b (0.2) 13.7

 
a (0.4) 15.8

 
c (0.2) 15.7

 
bc (0.3) 15.8

 
bc (0.3) <0.001

*SELL = L-selectin; ITGAL = integrin, alpha L; ITGAM = integrin, alpha M; ITGAX = integrin, alpha X; 
ITGB2 = integrin, beta 2; LGALS8 = galectin-8; TLN2 = talin 2.

DISCUSSION

 It is well established that neutrophil function 
is disrupted during the periparturient period of dairy 
cattle; phagocytic capacity, attachment, migration, 
and superoxide production are dysregulated during 
this period (Kehrli et al. 1989, Lee and Kehrli 1998, 
Madsen et al. 2002) ingestion of bacteria, superoxide 
anion production, native (nonenhanced. However, 
the cause of this dysfunction is not completely 
understood. The results presented confirm for the first 
time, that the expression of genes associated with the 
adhesion of neutrophils changes around parturition 
in grazing dairy cows.

The changes in SELL expression could indicate 
an altered efficiency of neutrophil rolling and initial 
attachment to the endothelium in the periparturient 
period. Rolling, the initial interaction of neutrophils 
with the endothelium, is mediated by SELL, 
which is required in constant supply for neutrophil 
trafficking into tissue (Weber et al. 2001). The 
increased expression on the day of calving followed 
by down-regulation post-calving is consistent with 
a change in neutrophil function at parturition. The 
results indicate that there might be a reduction in the 
ability of neutrophil’s to reach the site of infection 
post-calving that could result in increased disease 
susceptibility. 

 Differential expression of the integrin 
genes could be an indication of differing adhesion 
complex formation, which could indicate an increase 
in the proportion of immature neutrophil numbers 
relative to mature neutrophils on the day of calving. 
During periods of intense physiological stress for 
example, parturition, a higher number of immature 
neutrophils may appear in circulation (Van Merris 
et al. 2002). Different adhesion proteins on the 
surface of neutrophils could indicate populations at 

differing stages of maturation, for example, mature 
neutrophils express the Mac-1 complex primarily 
over the ITGAX/ITGB2 complex (Anderson and 
Springer, 1987; Ingalls and Golenbock, 1995). 
Furthermore, in a pro-inflammatory state, as with 
parturition, the regulation of these integrin complexes 
is altered, changing the specificity of attachment 
to endothelium (Loike et al. 1991). An increase in 
immature neutrophils, relative to the population of 
mature neutrophils at parturition may dampen the 
response to inflammatory stimuli, thereby increasing 
susceptibility to infection however cell morphology 
is required to confirm relative populations.

 Down-regulation of genes involved in 
extracellular matrix adhesion (LGLAS8 and TLN2) 
could reflect a change in neutrophil migration and 
phagocytic capacity on the day of calving. Galectin-8 
and talin 2 have independent but synergistic functions 
in cell-extracellular matrix adhesion, which plays an 
important role in the migration of neutrophils into 
target tissue (Praekelt et al. 2012). Furthermore, not 
only do these proteins mediate physical attachment, 
but also permit signal transduction to control cell size, 
motility, and shape (Serrels and Frame, 2012). Also, 
galectin-8 has been described as a ‘danger receptor’ 
with the ability to activate intracellular bacterial 
killing (Thurston et al. 2012). This indicates that 
down-regulation of these genes may not only reduce 
the capacity of neutrophils to migrate into target 
tissue, but may also reduce the ability of neutrophils 
to kill pathogens, which is consistent with dampened 
neutrophil function on the day of calving and 
probable increase in susceptibility to infection.

To conclude, expression of genes involved 
in neutrophil adhesion to the endothelium and 
trafficking into tissue at the site of inflammation, 
changes through the periparturient period in grazing 
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dairy cattle. This could provide a partial explanation 
as to why some cows have increased susceptibility 
to infection post-calving; individuals that are more 
affected by these functional changes post-calving 
or those that recover more slowly or do not recover 
from this dysfunction may be at risk of post-partum 
infection.
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