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ABSTRACT

From 1917 to 2017, dairy grazing systems have
evolved from uncontrolled grazing of unimproved pas-
tures by dual-purpose dairy-beef breeds to an intensive
system with a high output per unit of land from a
fit-for-purpose cow. The end of World War I signaled
significant government investments in agricultural
research institutes around the world, which coincided
with technological breakthroughs in milk harvesting
and a recognition that important traits in both plants
and animals could be improved upon relatively rapidly
through genetic selection. Uptake of milk recording and
herd testing increased rapidly through the 1920s, as
did the recognition that pastures that were rested in
between grazing events yielded more in a year than
those continuously grazed. This, and the invention and
refinement of the electric fence, led to the develop-
ment of “controlled” rotational grazing. This, in itself,
facilitated greater stocking rates and a 5 to 10% in-
crease in milk output per hectare but, perhaps more
importantly, it allowed a more efficient use of nitrogen
fertilizer, further increasing milk output/land area by
20%. Farmer inventions led to the development of the
herringbone and rotary milking parlors, which, along
with the “unshortable” electric fence and technological
breakthroughs in sperm dilution rates, allowed further
dairy farm expansion. Simple but effective technologi-
cal breakthroughs in reproduction ensured that cows
were identified in estrus early (a key factor in main-
taining the seasonality of milk production) and enabled
researchers to quantify the anestrus problem in graz-
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ing herds. Genetic improvement of pasture species has
lagged its bovine counterpart, but recent developments
in multi-trait indices as well as investment in genetic
technologies should significantly increase potential milk
production per hectare. Decades of research on the use
of feeds other than pasture (i.e., supplementary feeds)
have provided consistent milk production responses
when the reduction in pasture intake associated with
the provision of supplementary feed (i.e., substitution
rate) is accounted for. A unique feature of grazing sys-
tems research over the last 70 yr has been the use of
multi-year farm systems experimentation. These stud-
ies have allowed the evaluation of strategic changes to a
component of the system on all the interacting features
of the system. This technique has allowed excellent
component research to be “systemized” and is an es-
sential part of the development of the intensive grazing
production system that exists today. Future challenges
include the provision of skilled labor or specifically de-
signed automation to optimize farm management and
both environmental sustainability and animal welfare
concerns, particularly relating to the concentration of
nitrogen in each urine patch and the associated risk of
nitrate leaching, as well as concerns regarding exposure
of animals to harsh climatic conditions. These com-
bined challenges could affect farmers’ “social license” to
farm in the future.

Key words: rotational grazing,
supplementary feeds, future issues

set-stocking,

PILLARS OF THE MODERN GRAZING SYSTEM

Increased interest in grazing because of ease of es-
tablishment and a lower requirement for capital infra-
structure, low operating expenses per kilogram of milk,
and potential access to high-value markets because of
perceived animal welfare benefits has led to a range of
grazing systems being developed globally. However, the
archetypal modern grazing system is that synonymous
with New Zealand, Australia, and western Europe (e.g.,
France, Ireland, and the UK), all of which have a rich
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history of agricultural science that has contributed to
the development and refinement of a very efficient sys-
tem over the last century.

Dairy grazing systems are designed to grow large
yields of digestible forage, generally grass-legume mix-
tures, and harvest a high proportion of the “pasture”
grown directly by the cow. The requirement for machin-
ery and housing and associated expenses are minimized
(Roche et al., 2017b). This is primarily achieved by (1)
ensuring optimal soil fertility and appropriate use of
nitrogenous fertilizers; (2) matching the feed demand
of the herd with the annual pasture supply profile (i.e.,
seasonal milk production) through strategic decisions
around calving date and stocking rate; and (3) design-
ing the farm infrastructure of paddocks and cow tracks
or lanes to facilitate easy access to pasture (Roche et al.,
2017b). Even with all these, success is still dependent
on adequately drained soil types resistant to treading
damage. In many countries, significant government
investment in large-scale drainage schemes and irriga-
tion channels has increased the possibilities for grazing
systems in otherwise unsuitable areas.

Ideally, more than 90% of the herd (including replace-
ment heifers) calve within a 50- to 60-d period, with the
end of calving coinciding with the time that pasture
growth equals herd demand (Dillon et al., 1995; Roche
et al., 2017b). Virtually all modern intensive grazing
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systems use rotational grazing practices, wherein the
cows “rotate” around a sequence of paddocks (i.e., an
enclosed grazing area) linked by farm tracks, allowing
each paddock to recover from the stress of grazing and
take advantage of the exponential phase of growth, at
least for temperate grass species (Figure 1). This sys-
tem also has the labor advantages of collecting cows
for milking from a small confined area (e.g., 1 ha) com-
pared with a system where cows have free access to the
entire farm or large areas of it (the alternative grazing
method of “set-stocking”). Feeds imported from off-
farm (i.e., supplementary feeds) are incorporated into
grazing systems to provide nutrients during periods
when pasture growth rates are less than feed demand.
Pasture surplus to requirements in spring and summer
can be conserved as silage or hay and offered to cows
during periods of low pasture growth, particularly to
nonlactating cows during winter. For this system to
function optimally, the cow must be highly fertile and
have good grazing behavior characteristics.

This system evolved over the last 100 yr through
independent and collaborative research undertaken by
many researchers in many countries (Appendix Table
Al). Key principles contribute to the biological and
economic success of this grazing systems and these were
described by C. P. McMeekan in his landmark treatise,
Grass to Milk (McMeekan, 1960):

KEY:

q‘r_.ﬁMiIking parlor .i/n.’ Winter housing

m |—:’ Farm dwelling mmmmm Farm tracks == Tanker track

Figure 1. A typical layout of a modern grazing dairy farm. Reproduced with permission from Roche et al. (2017Db).
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e grow as much pasture as economically practicable;
carry enough stock to use all the grass grown;

e adjust the variable supply of fodder to the needs
of the herd;

e use animals that will process the grass efficiently;
and

e minimize herd wastage by control of disease.

The research that led to the development and the
continual refinement of these principles over the last
100 years is the subject of this review.

WHERE IT ALL BEGAN: GRAZING DAIRY
SYSTEMS IN 1917

The majority of dairy systems in 1917 involved some
level of grazing, but there had been little gain in the
efficiency of this component of the system in the previ-
ous 200 yr (Blaxter and Robertson, 1995). Most farms
tended to have a few fields, but, unlike the modern ro-
tational grazing system, these were typically “night and
day” fields, to reduce the amount of walking done by
the cows and by the farmer in the morning rather than
for any biological advantage. In fact, such a practice of-
ten led to the transfer of nutrients from the “day” field
to the “night” field. In many countries, the majority of
cows were still milked by hand, limiting the number of
cows on any farm to the number of people available for
milking. Calving was year-round to ensure a continuous
milk supply to the creamery or milk factory. Grazing
practices were rudimentary and a key aim was to con-
serve hay during late spring and summer to use as feed
in winter when pasture growth was slow or zero.

Over the last 100 yr, grazing research programs have
addressed key aspects of pasture-based systems of milk
production, including grazing management, stocking
rate, dairy cow genetics, dairy cow reproduction, milk-
ing and milk quality, dairy cow health and welfare, as
well as bio-economic modeling. A unique feature of the
research undertaken in grazing systems has been the use
of multi-lactation “farm systems” experiments, wherein
small farms (i.e., farmlets of 20-50 cows) are estab-
lished for 3 or more years and changes to a particular
component of the system evaluated (e.g., stocking rate;
Macdonald et al., 2008a; McCarthy et al., 2016). This
research methodology has provided valuable insight
into the interactions between components of a farm and
enabled an understanding of the farm system implica-
tions from changing a single component of a grazing
system.

A further principle, particularly evident in grazing
systems today, which was eloquently relayed by C.
P. McMeekan, was that “research was useless unless
it was applied” (Scott, 1997). This tradition of con-
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nectedness to the farmer has continued in much of the
grazing research undertaken, with a strong focus on
applied research questions and trial design, the testing
of component-level changes in multi-year farm systems
experiments, demonstration and farmer-partner farms,
and the dissemination of experimental results directly
by scientists.

INFRASTRUCTURE DEVELOPMENTS

Although grazing is a relatively simple and technol-
ogy-free system of farming, key developments in the
evolution of the grazing system were borne out over the
past 100 yr and were instrumental in its success. These
developments facilitated intensive management strate-
gies (Macdonald and Penno, 1998) and, importantly,
the expansion of grazing dairy farms to maintain vi-
ability at scale. The 3 most important technological
breakthroughs did not occur in the laboratory or in
some engineering factory, but were the product of ne-
cessity and farmer ingenuity.

The most obvious example is in the development of
the electric fence, which in effect allowed the corralling
of dairy cows on small areas and facilitated the rest-
ing of grazed pastures. This technological development
paved the way for rotational grazing. The manufacture
and sale of electric fence “chargers” began in the United
States in the early 1930s and an estimated 70,000 were
in operation by 1938 (Jones, 1988). In 1936, Bill Gal-
lagher, a New Zealand farmer, read about the develop-
ment of these energizers and made one to control the
dairy cows on his farm. Two years later, he sold the
farm and started manufacturing the energizers com-
mercially; in 2017, Gallagher is, arguably, the most
globally recognized name in electric fence manufacture
and sales.

However, the fences were prone to “shorting” (los-
ing power) and could not be used over long distances,
therein limiting their usefulness to small farms. If farms
were to increase in size, a new type of fence had to
be developed. In the 1950s, Doug Phillips at Ruakura
(Waikato, New Zealand) developed the “unshortable”
fence, so named because it could be used without any
insulated supports (Jones, 1988). The Waikato ener-
gizer, as Phillips’ invention came to be known, allowed
large areas of pasture to be fenced for rotational graz-
ing but at approximately 10% of the cost of conven-
tional fencing. Large areas could be fenced, allowing
large numbers of cows to be managed on one farm; in
Phillips’ own words, “it was a revolution in grassland
farming.”

Two other farmer inventions also pioneered the way
for increasing scale in grazing systems. At the begin-
ning of the 20th century, most cows in most countries
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were still hand milked, and the number of cows in the
herd was dependent on the number of people available
for milking. Feeding, although laborious in winter when
cows were stanchioned, was “self-service” during the
grazing season. Therefore, most grazing farms needed
less labor per cow than an equivalent housed system for
most of the year. Nevertheless, the milking routine was
time consuming. Although prototype milking machines
had been developed, they were, for the most part, unaf-
fordable and relatively inefficient.

Many improvements to the reliability of the vacuum
pump and pulsators during the early part of the 20th
century and an increased requirement for milk clean-
liness and concerns around the spread of zoonoses
improved the efficiency and uptake of the technology.
For example, it is estimated that more than half of
New Zealand’s cows were milked by machine by 1920
(McCloy, 2014). Even with perfect technology, however,
the design of the milking sheds or parlors slowed the
milking routine. The “walk-in” shed, wherein cows were
led into the bail by the milker, tethered, milked, re-
leased, and reversed out of the bail, and kept separate
from herd mates waiting to be milked, led to a slow
and labor-intensive procedure. The walk-in shed was
replaced by the “walk-through” milking parlor, where
the process was the same except that cows did not have
to reverse out of the stall after milking and could exit
through a gate at the front of the stall and return to the
pasture. This simple change in parlor design reportedly
allowed a single milker to machine milk up to 42 cows
in an hour.

Despite the large improvement, the walk-through
milking parlor did not allow for a significant increase
in farm size. The economic turmoil associated with the
Great Depression in the 1930s and World War II in
the 1940s limited investment and innovation. A ser-
endipitous discovery in the early 1950s, however, was
to revolutionize milk harvesting. Ron Sharp, a dairy
farmer from near Hamilton (Waikato, New Zealand)
noticed the new 60°-angle car parking system that was
introduced to the city after the war. He went home
and investigated the application of a similar design in
his milking parlor. Groups of cows would file through
the alley and “park” themselves at approximately
60° angles to each other. The milker would stand in
a sunken pit behind the cows and attach the milking
cluster. Once milking was finished, the cows would exit
from the other end of the shed and another batch would
come in to take their place (McCloy, 2014). The her-
ringbone milking parlor was born. Sharp’s design was
so successful that, within 15 yr, 70% of milking parlors
in New Zealand used a similar design, and milking ef-
ficiency increased from 42 to 70 cows/milker per hour.
This was the first parlor design to take the “spancel”
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off the farmer and allow them to manage a much larger
herd. (A rope “spancel” is used to restrain a cow with a
propensity to kick during milking, by tying a back leg
to the railing.)

In a similar vein of ingenuity, another New Zea-
land farmer, Merv Hicks, decided that cows were not
comfortable parked up against each other in the her-
ringbone design; he believed that they needed to be
separated during milking. He designed a milking parlor
in which each cow had its own balil, like the slow and la-
borious walk-in milking parlor design, but that rotated
the cows in a circle during milking, like a carousel in a
children’s playground. At the completion of one full ro-
tation, cows would reverse off the turning platform. In
such a simple but ingenious way, the rotary or carousel
dairy was invented.

All of these inventions have been upgraded with im-
provements in engineering and design and the ability to
add complementary technologies, such as automatic cow
identification and in-parlor individual cow or flat-rate
feeding systems. In essence, however, the unshortable
electric fence and the herringbone and rotary designs
remain the same today as when envisioned by their
inventors. Farmers also focused on selecting cows for
temperament and milking speed; although both were
also, arguably, a large focus of culling when cows were
hand-milked, with scale came the requirement for speed
and an intolerance for cows that disrupted the routine
and increased the risk to milker health and safety.

Summary

If grazing dairy farms were to be financially and so-
cially sustainable, there was a need for scale and for
machines to undertake the most laborious tasks, not
to mention the need to control feed management. It is
said that necessity is the mother of invention, and the
inventions that facilitated expansion in grazing systems
came, primarily, from farmer ingenuity and the keen
observation skills of applied scientists who improved
upon their ideas. Furthermore, however, the speed of
uptake of these technologies was evidence of the ma-
turity of the industry and the recognition that dairy
farms could be expanded to 100 cows and beyond.

PASTURE AND GRAZING RESEARCH

The first principle of a successful grazing system
relayed by McMeekan (1960) was to “grow as much
pasture as economically practicable.” During the
100-year period considered in this review, significant
research efforts have focused on defining optimum soil
concentrations of required minerals and identifying the
factors influencing pasture growth, quality, and utiliza-
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tion. The International Grassland Congress was estab-
lished in 1927 as an outlet for scientists to discuss and
debate the results of field experiments. The congress
has met 23 times since then and on every continent ex-
cept Africa. The congress covers a myriad of disciplines
underpinning grazing systems. Plant genetics and soil
constraints have been a feature of the congress since
1927, representing 30 to 40% of the papers presented at
each event, but plant physiology became more impor-
tant in the 1960s, 1970s, and 1980s, the nutritive value
of forages increased in prominence from the 1960s on-
ward, and grazing systems became a significant part of
the congress from the mid-1950s onward (Humphreys,
2005). The considerable research efforts undertaken in
this time and discussed at length in these conference
proceedings have been distilled into practical strategic
and tactical grazing management practices that are
taken for granted in modern grazing dairy production
systems.

Soils and Fertilizers

Taxonomic characterization of soils was undertaken
globally through the first half of the 20th century
(Blaxter and Robertson, 1995), and this allowed more
targeted research toward optimizing soil fertility. In
1917, it was recognized that soil fertility was the key
limiting factor in the successful establishment and
production of ryegrass and clover pastures (Cockayne,
1912a,b). Elting and Lamaster (1934) reported that
lime and phosphorus were “the only profitable fertilizer
treatment for pasture.” The application of lime alone
increased pasture yields by 34%, whereas application of
phosphorus increased DM yield by 41%; applying both
increased per hectare DM yields by 79% compared with
untreated controls. Nevertheless, customized soil nutri-
ent recommendations were still a half-century away.

Activities in soil science and fertilizer increased in
universities, colleges of agriculture, and in research
stations and government agencies devoted to the sub-
ject from the 1930s. In 1933, the Soil Erosion Service
(precursor to the Natural Resources Conservation Ser-
vice) was established in the United States, as a direct
response to the soil erosion phenomenon that became
known as the “Dust Bowl” and following the establish-
ment of soil erosion experiment stations in 1929. Their
very detailed surveys of soil classification and land-use
capability remain valuable today in identifying appro-
priate land use and fertilizer recommendations. Around
the same time, the national Soil Survey Departments
were established in the United Kingdom (Blaxter and
Robertson, 1995).

During the 1920s and 1930s, fertilizer application
rates were derived from “local experimentation” and
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demonstration. Farmyard manure remained an impor-
tant source of nutrients for grassland pastures, with
responses from hundreds of experiments across Britain
and Ireland reported by the early 1940s (Boyd and Les-
sells, 1954): pasture production increased by 58 kg of
DM /ha per 1 t of farmyard manure. By the 1940s, a
comprehensive series of fertilizer mixtures were being
produced, and extra nitrogen, phosphorus, and potas-
sium (N, P, K) were allocated in addition to farmyard
manure (Blaxter and Robertson, 1995). By the early
1950s, 22% of grassland area was receiving farmyard
manure, whereas 32, 35, and 21% were receiving N-,
P-, and K-containing fertilizers, respectively (Boyd and
Lessells, 1954). In truth, however, the application rates
were low: 34 kg of N, 80 kg of P,O;, and 44 kg of
K50 per ha per year, and the majority was applied to
meadows for hay and silage crops and not specifically
for grazing.

By the 1960s, soil maps were developed for the dif-
ferent pasture-growing regions of the world. With soils
classified for the different grassland regions, optimum
soil P, K, and S concentrations and soil pH for different
soil types were defined with more precision (Roberts
and Thomson, 1988; Daly et al., 2001; O’Connor et al.,
2001; Dougherty and Gourley, 2014). Nitrogen fertilizer
experimentation for grassland farming began, in ear-
nest, in the 1950s and 1960s, with myriad experiments
investigating the interaction between nitrogenous fertil-
izers and grass and legume species, soil temperature,
and moisture availability on pasture DM yield and
quality (Whitehead, 1995) and on cow health and milk
production (de Groot, 1963). The increased under-
standing of the soil’s needs was accompanied by great
advancements in the ability to manufacture fertilizers
and a large increase in the use of chemical fertilizers;
for example, in the 50 yr from 1930, the use of N, P,
and K increased 20-, 2.5-, and 6-fold, respectively, in
the United Kingdom (Blaxter and Robertson, 1995),
although, admittedly, much of this increased use was
for growing crops and not for pasture production.

In conclusion, from a dearth of knowledge on soil
taxonomy and chemical composition in 1917, we have
established a worldwide classification system of soils
and an understanding of the slope and inflection points
of pasture growth in response to increasing soil mineral
concentrations. As a result, we have sensible recom-
mendations in almost all pasture-based industries on
economic use of fertilizers on different soil types.

Pasture Breeding and Establishment

After World War I, much land that had been cul-
tivated for cereals during the war was returned to
grassland pastures (Lazenby, 1981), and post-war
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governments were keen to support research in food
production (Blaxter and Robertson, 1995). Following
the establishment of the Welsh Plant Breeding Station
at Aberystwyth in 1917 under the direction of George
Stapledon, plant breeding for grazeable forages became
the focus (Lazenby, 1981). The importance of leaf and
leaf-to-stem ratio on plant digestibility was quickly rec-
ognized (Stapledon, 1924) and became a focus of plant
breeding, as did breeding for usage (e.g., upright for
haymaking, more prostrate for grazing; Lazenby, 1981;
Raymond, 1981). The New Zealand Plant Research
Station was set up in 1928, and Bruce Levy began a
trial to identify superior strains of ryegrass and white
clover for New Zealand conditions. Levy was a cham-
pion of intensive grassland management, advocating
heavy use of superphosphate and higher stocking rates
and recommending pasture improvement by sowing the
best grass and clover species.

In the 1920s, the placement of grass seed in furrows
alongside fertilizer was tested, mimicking the establish-
ment of cereal crops. Although the practice improved
pasture establishment in sandy soils and with low-den-
sity pasture species compared with the more commonly
applied surface broadcast of seeds, it was not an effec-
tive way of establishing high-density pastures, a trait
identified as being important for grazing (Stapledon,
1927a.b,c). In 1953, the sod-seeder was developed and
patented at the University of Sydney, Australia, which
allowed more accurate seeding of pastures in a range of
soil types.

A grass seed certification scheme was introduced into
New Zealand in 1929 to ensure the purity and germi-
nation of pasture seeds (Hunt and Easton, 1989) and
to aid in plant breeding efforts. In 1961, plant variety
rights legislation was introduced in Europe, following
a meeting of plant breeders in Paris, which increased
the rate of introduction of new pasture varieties and
cultivars (Raymond, 1981); similar legislation was sub-
sequently introduced in the United States (1970), New
Zealand (1973), and Australia (1987). As a result of
this initiative, merit testing of varieties and cultivars
began in earnest in the 1960s, and qualitative and
quantitative data were collected to produce a descrip-
tion of a pasture variety or cultivar’s relative position
against its peers.

In 1965, an influential British farmer claimed that
stocking rate and nitrogen fertilizer were more influen-
tial than seed mixtures or the age of pastures (Paterson,
1965), highlighting a perceived lack of progress, at least
at the farm level, in pasture genetics. This perception
was not fully accurate. Research plot growth trial re-
sults indicate that annual DM yield increased by 0.52%
per year under conservation and 0.35% under simulated
grazing, with similar gain levels within maturity groups
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or ploidies (McDonagh et al., 2016). Furthermore,
Woodward et al. (2001), in a novel experiment that
compared the effect of 1960s and 1980s ryegrass and
clover cultivars on milk production in a multi-year
farm systems study, reported significant gains in clover
breeding, although newer ryegrass cultivar varieties
did not perform as expected. The apparent contradic-
tion between the studies may reflect the timing of the
increased pasture DM production, which has largely
occurred in spring, when pasture cannot be consumed
directly by the cow and converted to milk.

In response to these results, and recognizing that
other pasture-level traits are important to profitability,
considerable efforts have been made to establish multi-
trait genetic improvement indices for grasses during the
last decade. In both Ireland (2011; Pasture Profit Index)
and New Zealand (2016; Forage Value Index), indices
have been developed and national phenotype databases
have been established to ensure that seasonal DM
production, nutritional profile, and persistency traits
are adequately represented and appropriately weighted
from an economic perspective. These initiatives are a
major step forward in addressing the historical lack of
genetic gain in pasture species and cultivars.

Pasture—Endophyte Relationships

Microscopic fungal endophytes live symbiotically
within grass hosts where they confer protection againts
insect herbivores through the production of alkaloid
compounds. Unfortunately, these same compounds can
have negative effects on animal health and productivity
if eaten in sufficient quantities by dairy cattle.

References to endophyte toxicoses date back to Bibli-
cal times (approximately AD50; Bacon, 1995), although
their influence must have predated written history. The
first ryegrass endophyte was discovered in Australia in
1920 (McLennan, 1920), but it was 1940 before it was
reported in New Zealand ryegrass plants (Neill, 1940).
Similarly, the true extent of endophyte toxicosis was
defined in tall fescue in the 1940s in the United States.
In the decade following its release in 1943, millions of
hectares of Kentucky-31 tall fescue were established
in the southeastern United States (Mueller, 1986). Tt
soon gained a reputation for causing livestock health
problems and reduced animal performance (Pratt and
Haynes, 1950; Blaser et al., 1956) and was regarded
by dairy farmers as an unpalatable grass that was not
suitable for milking cows (Mueller, 1986). This affected
the growth of dairy grazing systems within much of
the eastern United States, because no other cool-season
perennial grass was widely adapted and persistent
(Hoveland, 2009).
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So bad were the toxicoses in some grass species—en-
dophyte symbioses that Cunningham (1948) claimed
that tall fescue was poisonous to cattle, although he
retracted this claim when he discovered no adverse
effects from feeding grass seeds inoculated with endo-
phyte to birds and rodents (Cunningham, 1958). In
the 1980s, it was categorically proven that the alkaloid
compounds produced by endophytes cause “ryegrass
staggers” during spring in dairy cattle (note: this is
different from hypomagnesemic grass staggers) and
heat stress during summer. In the United States, high
endophyte Kentucky-31 was reported to reduce milk
production and increase rectal temperature (Strahan et
al., 1987), and Baxter et al. (1986) reported a greater
milk yield in orchardgrass pastures than in fescue pas-
tures infected with endophyte. In ryegrass, the alkaloid
lolitrem B was isolated as the causal factor for ryegrass
staggers (Gallagher et al., 1981; Harvey, 1983), whereas
ergovaline was isolated as the compound contributing
to vasoconstriction and heat stress during summer.
Endophyte-free pastures, however, were not an option,
as endophytes were reported to provide protection from
pasture pests, such as the Argentine stem weevil, and
to enhance seedling establishment (Popay and Rowan,
1994).

Although severe when occurring, the effects of endo-
phyte were short-lived and it was unclear what actual
effect the alkaloids had on animal production. Clark et
al. (1999) reported inconsistent effects of endophyte on
milk production in a series of short-term experiments—
a 4% reduction in milk and milk fat yield from cows
grazing high-endophyte perennial ryegrass pastures
was reported during one spring but these effects were
not repeated in the subsequent spring and the effect
was reversed in autumn, with the cows that grazed
high-endophyte pasture producing higher milk yields.
Nevertheless, the debilitating effects of the endophyte
alkaloids on animals could be severe at times and there
was increased pressure to find a solution. Techniques
were developed to identify desirable endophytes that
conferred protection against insect attack but lacked
the debilitating effects on animals. These “novel” en-
dophytes, as they became known, were inoculated onto
endophyte-free seed. Bluett et al. (2003) evaluated one
of the first of these novel endophytes (AR1) and re-
ported a 9% increase in average milk production over 3
lactations compared with the wild-type endophyte, en-
couraging scientists to develop other varieties. Multiple
varieties of novel endophytes have been delivered since
the 1990s that provide significant protection against
insect attack, while possessing less of the secondary
compounds that cause ryegrass staggers and vasocon-
striction-related heat stress (Milne, 2007).
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Grazing Management—The Path Toward
Rotational Grazing

In 1927, Stapledon reported that increasing the pe-
riod of rest of a pasture between defoliations results in
increased DM production (Stapledon, 1927¢) and these
findings were subsequently confirmed by others (Wood-
man and Norman, 1932). At the same time, however,
Woodman and colleagues (Woodman et al., 1928, 1929,
1931; Woodman and Norman, 1932) reported that
more frequent defoliations resulted in higher quality
feed. Nevertheless, they concluded that pasture DM
production was positively associated with digestible
OM production, suggesting that a suitable rest period
might exist that accommodates the increased DM pro-
duction and maintains feed quality.

Detailed plant physiology experiments further sup-
ported the advantage of resting pastures for a period
after grazing. In a comprehensive review of the role of
stored energy reserves in plants and their mobilization
following grazing, Weinmann (1948) established a need
for a rest period between defoliations to allow plants to
replenish carbohydrate stores used in regrowth. Sub-
sequent experiments in the 1950s confirmed a greater
pasture DM yield per hectare with an increase in rest
period length between defoliation events (Raymond,
1981). These studies led to the idiom that “grass grows
grass,” which meant that the increase in pasture growth
with increasing rotation length was not linear but ex-
ponential. Brougham (1955) confirmed this when he
concluded that, following grazing, grass grows in a
sigmoidal (S-shaped) pattern, beginning slowly and
increasing exponentially to a ceiling yield, above which
tissue death equals growth and there is no further
increase in green digestible material. This sigmoidal
curve was subsequently made famous by Voisin in his
textbook Grass Productivity (Voisin, 1959). Later stud-
ies confirmed that DM yield was depressed under fast
grazing rotations and this effect was more marked in
summer (Campbell, 1969). In comparison, slower rota-
tions increased DM yield, particularly during autumn
and winter, when pasture growth rate was slow.

These experiments led to the hypothesis that ani-
mal production should be higher from intermittently
grazed swards (i.e., controlled or rotational grazing)
than continuously grazed swards (i.e., uncontrolled
or set-stocking). Subdivision of larger farm areas into
smaller paddocks (i.e., a grazing area) and utilization
of rotational grazing were reported as widespread in
New Zealand a decade earlier (Holford, 1937). The
advancement of rotational grazing was facilitated
by the development of an electric fence in the early
1930s and subsequent improvements to facilitate longer
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fences and more consistent voltage (Jones, 1988). In
1952, the “New Zealand grazing system” was outlined
by McMeekan (1952) as one that employs “controlled
rotational grazing,” based on alternately grazing and
resting the pasture to

e increase total yield;
e maintain pasture in a leafy state; and
e aid utilization by grazing stock.

Despite this clear acceptance of rotational grazing by
farmers, researchers in many countries debated whether
this investment in technology and resting of pastures
would increase productivity.

The first experiments in support of rotational grazing
were reported by McMeekan (1947). Calves managed in
a rotational grazing system were 27 kg heavier enter-
ing their first winter (approximately 9 mo of age) than
calves raised under set-stocking and, as a result, had
a substantially reduced mortality rate. By the time of
their first calving, there was a 63-kg difference in BW
in favor of the rotationally grazed heifers.

McMeekan (1947) also reported that rotational graz-
ing resulted in a 26% per year advantage in milk fat
yield in lactating dairy cows compared with set-stock-
ing. This early support for rotational grazing was chal-
lenged, however, by subsequent research at Ruakura,
wherein near identical milk production was reported
from cows in either rotational or set-stocking manage-
ment systems. It was hypothesized that the conflicting
experimental results related to an interaction between
grazing management strategy and stocking rate (Mc-
Meekan, 1960) and, in 1957, McMeekan reported a
13% increase in milk fat production per hectare under
rotational grazing at higher stocking rates (McMeekan,
1957). Mott (1960) also concluded that the apparent
difference between experiments related to an interac-
tion between stocking rate and grazing management
technique. He reported that milk production per
hectare continued to increase with stocking rate, well
beyond the point at which milk production per cow de-
clined. In fact, maximizing milk production per hectare
was associated with a 12% reduction in per cow DMI.
The promotion of rotational grazing’s superiority over
continuous stocking in enabling an increase in stocking
rate and milk production per hectare was confirmed in
a multi-year experiment in the United States (Bryant
et al., 1961a). They reported that rotational grazing
increased the stock-carrying capacity by between 20
and 30% and increased milk production per hectare,
although the effect was dependent on the grazed pas-
ture species.

The debate, in essence, was settled by the publication
of a joint New Zealand-Irish collaboration. McMeekan
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and Walshe (1963) confirmed the interaction between
grazing system and stocking rate in a 4-yr experiment;
rotational grazing increased milk fat production per
hectare by 7, 6, 22, and 29% (in years 1 to 4, respec-
tively) at the high stocking rate. Interestingly, though,
their work also implied an interaction between grazing
strategy and time, with the low-stocked rotational graz-
ing system producing 10 to 12% more milk fat/hectare
than the set-stocked system in years 3 and 4 of the
experiment; it was as though the benefits of rotational
grazing at low stocking rates were not achieved for
several years. The work also highlighted the necessity
of multi-year experiments when evaluating significant
system-level changes.

Determining the Appropriate Time to Graze

In conjunction with the acceptance of rotational
grazing, between the 1960s and the 1980s, scientists in
many countries made significant efforts to define crite-
ria by which farmers could decide the appropriate time
to graze and when cows should be removed following
grazing. A variety of sward height and mass measure-
ments were evaluated (L’Huillier and Thomson, 1988;
O’Donovan et al., 2002):

compressed sward height, using a disc or plate;
undisturbed sward surface height, using a ruler;
extended tiller height, again using a ruler but ex-
tending the full leaf before measuring height;

e the capacitance probe to estimate mass; and
visual estimations.

Compressed pasture height measurements and associ-
ated regression equations to estimate pasture mass have
been the most commonly used methodology, although
O’Donovan et al. (2002) reported that visual estima-
tion was the most accurate method of pasture mass
determination, provided the observer was trained us-
ing calibration cuts. Nevertheless, all of these methods
simply ranked pastures on height or estimated mass;
none considered the appropriate time for grazing from
a plant morphology or physiology perspective.

Since the 1970s, there has been an increased effort
to understand the management of pasture that opti-
mizes pasture DM production, utilization, and animal
requirements. This research built on the recognition
that plant stores were important in the regrowth of
swards after grazing, but recognized that the length of
the rest period for pastures must also be managed to
maintain nutritive quality. Tainton (1973) reported that
ryegrass-white clover pastures should not be grazed be-
yond the development of a full canopy (termed canopy
closure), as growth rates decline rapidly at this point,
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Figure 2. Regrowth of a ryegrass tiller following defoliation (source: Donaghy, 1998).

the rate of leaf senescence increases, and tiller density
declines. Having defined that ryegrass maintains only 3
live leaves (i.e., it is a 3-leaf plant; Figure 2; Donaghy,
1998), Davies (1977) proposed that a ceiling yield is
reached after emergence of the third new leaf. This pro-
vided a morphological basis for grazing management;
the optimum point for grazing is between the adequate
replenishment of plant stores and canopy closure. How-
ever, there was very little uptake of this management
strategy for a further 15 yr. Fulkerson et al. (1993) first
applied “leaf regrowth stage” as a grazing management
strategy and, after a decade of research, recommended
that, at least for perennial ryegrass, the “2-leaf stage”
of regrowth sets a lower limit to grazing, because it
facilitates the replenishment of the plant’s carbohy-
drate stores, whereas senescence of the oldest leaf (i.e.,
>3-leaf stage of regrowth) sets the upper limit. These
recommendations have been widely accepted as the way
to maximize the yield of digestible pasture per hectare
(Fulkerson and Donaghy, 2001).

Postgrazing Residual

The other principle identified by McMeekan (1960)
as being important to the success of a grazing system
that relates to grazing management was “to use all
the grass grown,” which in management terms refers
to optimizing the postgrazing residual. This is a fine
balance between harvesting the pasture grown but not
undermining future growth potential by grazing too
severely (i.e., over-grazing) and not underfeeding the
cow to the detriment of milk production. Brougham
(1957) reported that defoliation events that removed
all of the leaf resulted in slow regrowth and Lee et
al. (2008a) confirmed that consistent low postgrazing
residuals (~2 c¢m) reduce annual DM production. Tt is

unlikely, therefore, that McMeekan meant his advice
literally. He more than likely meant that the astute
grassland manager should use as much of the grass at
each grazing as is consistent with maximizing long-
term total pasture consumed. To this end, Lee et al.
(2008a) identified that there was little effect of post-
defoliation residual heights between 40 and 80 mm on
subsequent pasture DM production, but indicators of
nutritive value (i.e., CP, ADF, ADF as a % of NDF,
DM digestibility, and ME) changed through time and
reflected a general decline in feed quality with increas-
ing postgrazing residual.

Because pasture DM production is regarded as
largely insensitive to postgrazing residual within the
normal ranges in a dairy production system, the focus
of grazing residual research and discussion has largely
revolved around effects on animal production. Individ-
ual cow DMI (Cohen et al., 2000) and milk yield (Wales
et al., 1999) are influenced primarily by the amount of
pasture offered per cow on a daily basis; the higher the
allowance, the greater the pasture DMI and milk yield,
but the size of the increase declines with increasing
allowance.

Because the increase in DMI with increasing allow-
ance is less than unity, however, postgrazing residual
height and mass also increase with allowance. Stakelum
and Dillon (1991) highlighted that high postgrazing
residuals in spring resulted in a subsequent reduction
in OM digestibility and the proportion of green leaf in
the sward. Because of the reduction in pasture quality,
subsequent DMI and milk production declined, despite
cows being offered the same green leaf allowance. In
subsequent work, they reported that milk yield was 1
to 3 kg/d less from cows grazing pastures that had
previously had high residuals, unless pastures were
mown and grazing pressure was reduced (Stakelum and
Dillon, 1991).
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These results are consistent with US research that
investigated the difference in milk production when
cows were allowed to graze either the top or the bottom
of the sward reported by Bryant et al. (1961a); cows
grazing the top of the sward produced 30% more milk
per day than those grazing the bottom of the sward,
highlighting the difference in nutritive value between
the leaf and the stem. It was, therefore, imperative to
avoid stem elongation through excessive postgrazing
residuals. Stakelum and Dillon (1991) concluded that
low residuals were very important in spring but less
important from summer on. Lee et al. (2008b) reported
that consistent postgrazing residuals were the key.
They reported that milk yield and presumably DMI
were not affected by postgrazing residuals between 41
and 59 mm during a single rotation in spring, as long as
the target residual was the same as that achieved previ-
ously. These results are consistent with Norton (2014),
who reported no effect of grazing residuals between 35
and 50 mm on either milk production or the marginal
milk production response to supplementary feeds. Nev-
ertheless, these previous studies focused on animal pro-
duction, with scant regard for per hectare production.
Ganche et al. (2013a,b), in contrast, concluded that
consistent postgrazing residuals of 35 mm maximized
pasture DM yield and milk production per hectare. In
summary, there is general agreement that postgrazing
residual is important for subsequent pasture quality
and milk production/cow. The optimum postgrazing
residual is, however, poorly defined; nevertheless, it is
likely between 35 and 50 mm (Ganche et al., 2013a,b;
Norton, 2014).

The research investigating optimum postgrazing
residual height and mass forms yet another argument
in favor of rotational grazing over set-stocking. In set-
stocking, it is not possible to establish a consistently
low average postgrazing residual (i.e., high utilization),
because some areas of the pasture become overgrazed or
grazed excessively frequently (Lee et al., 2010), whereas
other areas are not adequately utilized. The move to
rotational grazing allowed, for the first time, the abil-
ity to have low average postgrazing residuals without
overgrazing certain areas, because the area offered/
animal was controlled (i.e., choice was removed) and
the animals were moved after a short duration (e.g., a
day), ensuring that the grazed pasture had time to fully
recover between grazing episodes.

Practical Outcomes of Grazing Research

The grazing research undertaken over the last 100 yr
has had a significant influence in defining the modern
system and in achieving 2 of the principles outlined by
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McMeekan (1960): “grow as much pasture as is practi-
cable” and “use all of the pasture grown.”

The need for a rest period resulted in the acceptance
of rotational grazing as being superior to set-stocking;
this has facilitated various productivity improvements:

e greater pasture DM production per hectare,
through exploiting the sigmoidal nature of pasture
growth and the replenishment of pasture plant
carbohydrate stores;

e greater ability to manage higher stocking rates by
avoiding the “feast and famine” that would oc-
cur if pasture could not be rested between grazing
events, particularly when pasture growth rates are
low;

e more targeted and efficient use of N fertilizer
because applications can closely follow grazing
events.

The research into “ceiling yield” allowed the exten-
sion of research-derived recommendations for rotation
length and grazing management decisions from any
country to all temperate grazing areas.

Furthermore, it led to the refinement of the “autumn
rotation planner” (Macdonald and Roche, 2016). In
the 1960s, very long rotations were recommended in
autumn (>120 d) to ensure sufficient feed was avail-
able in the winter. This did not increase the availability
of digestible feed, as senescence and new growth were
equivalent, but it led to a reduction in the quality of
the pasture being offered to early lactation cows and
reduced the spring pasture growth rate. It was subse-
quently recognized that rotation lengths longer than
the duration required to produce 3 leaves resulted in
no further accumulation of digestible OM and, in fact,
could reduce plant viability and DM production the
following spring. This, eventually, led to the recom-
mendation that pasture could be accumulated in situ
for grazing during the winter (i.e., the autumn rota-
tion planner), but that the length of the inter-grazing
interval should not be longer than the time taken to
produce 4 leaves (the extension to 4 leaves was because
senescence and the reduction in pasture nutritive value
were slowed in winter by low minimum temperatures).
As a result, autumn rotations were reduced to between
60 and 100 d, depending on location, and feed quality
for early lactation cows was greatly improved.

This research and the resultant understanding of
pasture growth profiles led to the development of what
is arguably the simplest but most effective decision
support resource available for grazing farmers: the
spring rotation planner (SRP; Macdonald and Roche,
2016). As pasture growth is significantly less than the
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herd’s DM demand during the winter in the majority
of places where grazing is practiced, the SRP “rations”
the pasture accumulated during the autumn so that
winter pasture growth is maximized and cows are well
fed through winter and early spring (i.e., from calving
to the day that pasture DM growth is equal to the
herd’s DM demand: referred to by farmers as “balance
day” or “magic day”). By using this decision support
resource, the pasture remains in the exponential phase
of growth for as long as possible without significant
loss of OM digestibility and DM production is maxi-
mized. The SRP (Figure 3) provides the farmer with
the rotation length required through winter and early
spring and the amount of land area that can be al-
located on any given day during winter and spring. In
an important study outlining the system-level benefits
of the SRP (Bryant and L’Huillier, 1986), pasture DM
production was 1,775 kg of DM /ha greater during the
first 6 mo of the grazing season when a farm adhered
to the SRP during winter than if they had grazed on
a faster rotation; this was approximately equivalent to
an 18% increase in DM yield during that period and an
11% increase in the annual DM yield.

Summary

In 100 yr, research into soil improvement, pasture
breeding, and grazing management have moved graz-
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ing systems from cows being offered low yielding, low
digestibility, unimproved pastures with limited grazing
infrastructure to highly specialized systems in which
cows calve seasonally (i.e., in spring) and graze produc-
tive pastures. Instead of free access to large areas of
the farm at all times (set-stocking), cows rotate around
the farm regularly (i.e., rotational grazing). To allow
this, the farm is divided into a network of paddocks,
facilitated by the development and refinement of the
electric fence, that are interconnected by a series of
farm tracks or lanes (see Figure 1). Grazing manage-
ment has moved from allocating a certain amount of
pasture area each day to a better understanding of the
needs of the pasture plant and the interaction between
the animal and the plant. As a result, systems have
evolved to produce 780 kg of 4% FCM and 58 kg of
milk fat and protein from every tonne (DM) of pasture
grown (approximately equivalent of 1,000 kg of 4%
FCM and 74 kg of fat and protein/t of DM pasture
utilized), with virtually no mechanization other than
the milking parlor and the electricity required for the
electric fence (Macdonald et al., 2008a).

COW FERTILITY

The success of seasonal grazing systems is dependent
on each cow recalving every 365 d, in theory, and the
herd calving within a short timeframe (i.e., ~60 d,
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Figure 3. An example of the spring rotation planner for a seasonal-calving, grazing herd. Rotation length (dotted line) declines and the area
available to be grazed per day (solid line) increases as the farm progresses through winter and into spring and pasture growth rates increase.
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Figure 4. Seasonality of calving, breeding, and drying off (i.e., cease lactation) for cows to ensure the supply and demand curves for pasture

are synchronized.

including replacement heifers; Holmes, 1995; Roche et
al., 2017b). This logically requires the herd to become
pregnant in an equally short timeframe (~70-80 d, with
the difference being the allowance for later calving, cull
cows being replaced by heifers). Although this “sea-
sonal peculiarity” in intensive grazing systems is gener-
ally accepted, little thought is given to the reproductive
technologies that have facilitated the evolution of the
large-scale, intensive grazing system. For example, the
consequence of a seasonal mating pattern is that a sig-
nificant amount of semen from the top sires is required
during this intensive mating period to satisfy demand.

To ensure success, the planned start of mating must
begin approximately 80 d after the planned start of
calving (Figure 4). Cows, therefore, have to return to
estrus quickly after calving, be identified by the farmer
as being in estrus, and be highly fertile when insemi-
nated, either artificially (AI) or naturally (with a bull).
Until the 1930s—when average herd sizes were small
and the requirement for bulls was minimal—this was
easily manageable. However, the advancement in elec-
tric fence technology, milking parlor technologies, and
improved pasture management facilitated the shift to
large grazing herds. To remain seasonal, however, large
herds would have required large numbers of bulls on
each farm, with the logistical and safety issues that this
would bring. High fertility semen delivered by Al was
the answer to this problem, but there were many logis-
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tical hurdles to clear before this technology could be
delivered. Overcoming the difficulties of seasonal breed-
ing on expanding grazing dairy farms was the quandary
that faced researchers as they entered the 1940s.

Optimizing Semen Supply

Liquid Semen Versus Deep Frozen Semen.
Grazing systems needed an Al service suited to the un-
usual requirements of highly seasonal demand (James,
1941). Although deep frozen semen technology was be-
ing developed elsewhere, it was not suitable for grazing
systems because of the high capital costs associated
with medium-term storage for a short period of de-
mand. The early use of Al in research scenarios was very
successful (James, 1941), with conception rates (CR)
similar to those in achieved natural mating. Low semen
dilution rates, short semen shelf life, limited availability
of sires of positive genetic merit, and the concentrated
peak demand for the insemination service, however,
meant that this initial success was not translated into
acceptable field results (James, 1946).

The decision was made to develop a room tempera-
ture semen extender to reduce the number of sperm
cells required per insemination and increase the number
of insemination straws from each bull ejaculate. The
semen extender was based, initially, on the addition
of egg yolk to the Cornell University Extender (CUE;
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Foote, 1970). The initial service used chilled semen
with a dose rate of 25 x 10° sperm per insemination
deposited in the posterior body of the uterus (instead
of deep cervical insemination as practiced elsewhere;
Moller et al., 1972). This dose rate had been reduced to
5 x 10° sperm by 1963 through trialing modifications
to the CUE, such as adding glycine, glycerol (Shannon,
1964), and caproic acid (Shannon, 1962), as well as
saturating the diluent with nitrogen (Shannon, 1965a),
and varying the egg yolk concentrations (Shannon and
Cursons, 1983). These modifications were necessary to
inactivate a toxic heat-labile protein in seminal plasma
(Shannon, 1965b) and to neutralize the toxic effect
of the hydrogen peroxide produced by an amino acid
oxidase released by dead sperm (Shannon and Curson,
1972). The result was a room temperature diluent
called Caprogen.

The success of the Caprogen diluent was subsequently
demonstrated by achieving high CR relative to the deep
frozen semen used in similar systems. Conception rate,
measured as the percentage of pregnancies confirmed
after insemination, is a key performance indicator of
fertility and is usually estimated from the nonreturn
rate (NR). The 49-d NR in most of the studies associ-
ated with the development of Caprogen have exceeded
60%. This 49-d NR was reported to overestimate final
CR by only 2.9 percentage units (66.9 vs. 64.0%) in 959
cows across 2 field studies involving seasonally calv-
ing herds, where each pregnancy was tested to confirm
conception (Macmillan et al., 1977b). A subsequent
study that included progesterone monitoring reported
a CR to Al of 65% when tail-painting was used as an
aid to improve efficiency of estrus detection (Xu et al.,
1998). A novel variation involving the use of Caprogen
was the development of rediluted deep frozen semen,
in which semen was glycerolated before being frozen at
a concentration of around 800 x 10° sperm (Shannon
and Vishwanath, 1995). It could then be rediluted with
Caprogen when thawed before use at a dose of 20 x
10° sperm/insemination. When rediluted deep frozen
semen at this dose rate was compared with normal
“liquid” semen in Caprogen at 2.5 x 10° from the same
11 sires, the 49-d NR were 68.1 and 67.6%, respectively
(Shannon and Vishwanath, 1995). In contrast, preg-
nancy tested cows in seasonally calving herds in Vic-
toria and Tasmania (Australia) that used deep frozen
semen and included some herds with DIY inseminating
had conception rates of only 49% (Morton, 2010) and
40% (Morton et al., 2016).

Sperm Dose Rates. The variations to the CUE di-
luent mentioned earlier and further developments of the
Caprogen diluent between 1958 and 1988 facilitated a
96% reduction in the sperm required per successful in-
semination (i.e., from 25 x 10° to 1 x 10°). This meant
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that fewer sires were needed to meet the ever-increasing
demand for inseminations from an expanding dairy in-
dustry and facilitated the expansion in herd size on
individual farms. Two additional factors contributed to
meeting this demand in New Zealand:

e most herd owners were prepared to accept a
nominated bull service, often referred to as “bull-
of-the-day,” rather than selecting semen from
specific sires to inseminate specific cows within a
herd; and

e the peak in demand for inseminating was accom-
modated by individuals within the rural com-
munity being prepared to accept employment for
as little as 6 wk as inseminators, and frequently
inseminated over 100 cows in a single day.

This was preferable to individual herd owners prac-
ticing “DIY” inseminating, as was occurring in many
other dairy industries. The combination of these factors
has contributed to the evolution of an Al service par-
ticularly suited to the pasture-based seasonal dairying
system.

Sexed Semen. Conventional semen contains ap-
proximately equal numbers of sperm bearing X and
Y chromosomes; hence, the likelihood of a female or
male calf is approximately equal (Roche et al., 2006¢).
Sexed semen refers to semen that has gone through
the process of sorting the X and Y chromosome sperm,
and most commercially available sexed semen used in
the dairy industry contains ~90% X-bearing sperm.
Initially, sexed semen products had markedly inferior
fertility compared with conventional semen (Butler et
al., 2014), but the gap has closed in recent years with
iterative improvements in the sorting technology.

The role for sexed semen in seasonally calving herds
has focused on its potential to accelerate herd expan-
sion or to facilitate surplus heifer production for sale,
allow shorter periods of dairy semen usage and increase
the beef output from the dairy herd, and increase rates
of genetic progress (Hutchinson et al., 2013). The best
fertility results were obtained when sexed semen was
used with well-grown heifers or cows with longer in-
tervals from calving to insemination and better BCS
(Butler et al., 2014). Extensive studies in New Zealand
herds indicate that doses as low as 1 x 10° sperm per
insemination with sexed sperm or normally processed
sperm stored in a Caprogen diluent could be used with
lactating cows, with the calving rates being only 3 to
4 percentage units lower with sexed sperm (Xu, 2014).

Modeling studies relevant to seasonal-calving, pas-
ture-based systems indicated that the economic returns
from the intensive use of sexed semen to accelerate
genetic progress were not always positive (Hutchinson

Journal of Dairy Science Vol. 100 No. 12, 2017



10202

et al., 2013; Murphy et al., 2015, 2016). This was partly
because this pattern of use of sexed semen reduced a
herd’s ability to maintain a seasonally concentrated
calving pattern, through a lower CR in lactating cows
(Hutchinson et al., 2013). A follow-up modeling study
indicated that targeted usage of sexed semen (i.e., for
highest fertility cows only) plus one of either conven-
tional dairy semen, beef semen, or short-gestation-
length semen for any cows that returned to estrus was
more profitable than use of conventional semen only
(Murphy et al., 2015, 2016). Further improvements
with diluents used in processing sexed semen to reduce
between-sire variation (as happened with the develop-
ment of room temperature diluents, such as Caprogen)
may allow sexed semen to be used without compro-
mising reproductive performance in seasonally calving
herds in the future.

Insemination Management on Farm

Submission Rates and Estrus Detection. Sub-
mission rate (SR) is a key performance indicator used in
seasonally calving herds to monitor the rate of progress
of the insemination program, particularly during the
first 3 wk. It was derived initially by recovering calv-
ing and insemination data from 97 herds that used Al
exclusively for at least 7 wk in the 1971 season to show
that herds with a high 4-wk SR (>90%) had the high-
est herd in-calf rates at 4 and 7 wk, even though they
had lower average CR (Macmillan and Watson, 1973).
This was because more cows in the high-SR herds had
short return intervals through errors in detection pre-
ceding first insemination (Macmillan et al., 1977b) and
genuine short cycles (Macmillan and Watson, 1971).
The use of a 3-wk SR has now become a standard key
performance indicator in breeding management pro-
grams in seasonal-calving, pasture-based herds.

With increasing herd size came a reduction in rates
of estrus detection and in the occurrence of genuine
short cycles (Macmillan and Watson, 1973). The solu-
tion proved to be the simple and inexpensive technique
called “tail-painting” or “chalking” (Macmillan and
Curnow, 1977). The technique was adopted widely in
grazing systems all over the world and the efficiency
and accuracy were subsequently reported as 98.4 and
97.6%, respectively (Xu et al., 1998).

One consequence of high detection efficiency, how-
ever, was that it revealed the extent and severity of
anestrus during the postpartum period in many sea-
sonal-calving herds (Fielden and Macmillan, 1973). For
example, 85% of 1,028 primiparous cows that had not
been inseminated during the first 4 wk of the seasonal-
breeding period and had calved at least 6 wk before
the planned start of breeding were diagnosed as hav-
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ing small “inactive” ovaries (Fielden et al., 1976). The
incidence was associated with differences in age, breed,
interval from calving date to the first day of AI, and
herd size (Macmillan et al., 1975; Macmillan, 2002).
The influence of low BCS has also been recognized in
subsequent studies (see Roche et al., 2009a). Most stud-
ies conducted since 1990 have diagnosed anestrous cows
during the month preceding the onset of the seasonal-
breeding period, or within the 10 d after the start of the
seasonal-breeding period; using these timing criteria, 20
to 30% of cows within several multi-herd studies were
classified as anestrous (Rhodes et al., 2003; Shephard,
2005), and up to 44% in a recent study in Victorian
herds (Plozza et al., 2016). The classification in the
early studies of inactive ovaries was subsequently re-
ported to be incorrect. Ovarian follicle waves emerged
every 8 to 10 d from about 10 d postpartum, but the
follicle failed to ovulate (McDougall et al., 1995; Nation
et al., 1999).

Estrus Synchronization and Development of
the CIDR. Although simple single-injection programs
that utilize prostaglandin Fy, (PGF,,) were developed
for use in the milking herd (Macmillan et al., 1977a;
Macmillan, 2002), these programs had to be used in
conjunction with high standards of estrus detection be-
cause of the post-injection variation in the interval to
estrus (Macmillan and Henderson, 1984). Furthermore,
because the PGF,, injections were ineffective with
anestrous cows (Macmillan et al., 1977a), they failed
to address a major problem in seasonal-calving herds.
Although the effectiveness of whole-herd synchroniza-
tion programs has been demonstrated under grazing
conditions, they have not been widely adopted. This
is, at least in part, because the resulting concentra-
tion in calvings can overwhelm limited labor and feed
resources.

The greatest changes in the application of synchroni-
zation in seasonally calving herds followed the develop-
ment of the controlled internal drug-releasing (CIDR)
insert for the vaginal administration of progesterone for
periods of 5 to 14 d in dairy cows and heifers that were
anestrous (Macmillan and Peterson, 1993). The insert
has been used in combinations with injected PGFy,,
GnRH, and estradiol benzoate. Its use has become the
standard treatment for anestrous cows in seasonally
bred dairy herds.

Reproductive Management of the Herd—
Getting Cows in Calf

Recent industry investment in intensive monitoring
programs has produced standardized sets of manage-
ment recommendations in combination with publica-
tions for use by herd owners, advisers, and veterinar-
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ians. The first of 2 Australian studies (Morton, 2010)
derived records for a single season from 124 seasonally
calving herds containing over 31,000 cows. The second
study was a longitudinal study with records derived
from 74 herds during the period from 2000 to 2009,
covering 481 mating periods and reproductive data for
over 100,000 cows (Morton et al., 2016). The results in
both studies measured the effects of a wide range of fac-
tors that influenced 2 primary performance indicators
(6-wk in-calf rate and 21-wk not-in-calf rate) at the
herd and cow levels, as well as 2 secondary performance
indicators (3-wk submission rate and confirmed CR to
first insemination; Morton, 2010). The 2 primary indi-
cators were identified as being the critical outcomes for
a breeding program in a seasonal-calving herd, whereas
the secondary indicators were the key drivers to achieve
any goals set for the primary indicators. A similar study
based on records from over 100,000 cows was conducted
in New Zealand (Xu and Burton, 2003) except that the
21-wk period was reduced to 12-wk not-in-calf rate to
reflect the more intensive breeding policy in a strict
seasonal-calving system. None of the studies included
calving interval, which is a key indicator of reproduc-
tive performance in herds where cows calve throughout
most of the year but is of limited relevance to seasonal-
calving systems because it cannot be allowed to vary
beyond 365 d.

Summary

Although the complexities of seasonal breeding are
often acknowledged, the need for a service that could
provide sufficient volumes of semen from high-genetic-
merit bulls for Al is often understated. The pivotal work
of Pat Shannon and his team in developing diluents
that allowed a 96% reduction in the quantity of sperm
per insemination and the extended viability of “fresh”
semen facilitated the increased scale of grazing farms
while maintaining the seasonality of calving in-line with
pasture supply. The simple technology of tail-painting
facilitated accurate estrus detection in large herds and
high submission rates of cows for Al. Synchronization
program developments, other than the use of CIDRs to
kick-start estrus in anestrous cows, have largely been
ignored, most likely because of the pressure they put
on a limited labor force at calving and the limited feed
resources that are available in grazing systems at the
onset of a seasonal calving period (i.e., winter). The
development of the CIDR, however, facilitated the
breeding of cows that have a delayed return to estrus
after calving and increased the likelihood of pregnancy
within the defined breeding period. Significant industry
investment has resulted in a successful extension effort
that helps farmers identify the metrics of reproductive
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failure (and success) on their farm and provides poten-
tial solutions to overcome the managerial failings.

COW BREEDING FOR GRAZING SYSTEMS

An old Irish adage states, “an ounce of breeding is
worth a pound of feeding,” implying that animal qual-
ity and performance is born, not made. This is consis-
tent with McMeekan’s principle for running a successful
grazing system: “use animals that will process the grass
efficiently” (McMeekan, 1960). Although milk record-
ing services became available in many countries at the
beginning of the 20th century, most “dairy cattle” pos-
sessed dual-purpose characteristics in 1917 to supply
both replacement female calves for milk production
and bull calves with good beef characteristics. This was
identified as “the one factor wherein the charge that
farmers are careless in business was justified” (Anony-
mous, 1924); for example, just before the report cited,
50% of champion milk producers in New Zealand had
been purchased for a fraction of their value because
the previous owner had no knowledge of the yields of
individuals within his herd (Anonymous, 1924).

In the early 20th century, farmers were encour-
aged to “milk record” to identify the “top-notch” and
“boarder” cows (the term “boarder” was used for a cow
that boarded but provided very little value in their
herd; Anonymous, 1924). Following World War I, the
numbers of farmers using herd recording services and
the number of cows recorded globally greatly increased:
for example, in the UK, in 1917, 478 farmers recorded
13,838 cows; by 1938, this had increased about 10-fold
to 4,302 farmers recording 161,077 cows (Atkins, 2016).
In comparison, in New Zealand, 5% of cows were be-
ing milk recorded in 1917, increasing to approximately
25% in 1950 and to a peak of almost 90% of all cows
in the country, or 3 million cows, in 2005. Milk record-
ing was a producer-driven initiative in the early years
and became an official, national scheme in 1936 in New
Zealand and in 1943 in the UK (Atkins, 2016). Milk
recording in Ireland began in the 1940s but was un-
dertaken only on herdbook-registered cows. Cows were
milked using bucket plants and the milk of each cow
was weighed. The first “milk recording jars” appeared
in Ireland in the 1950s, facilitating the determination of
yields from the graduated scale on the jars; mechanical
milk meters were introduced in the 1960s and electronic
“do-it-yourself” milk meters (Berry et al., 2006) in the
early 2000s. With the increased ease of milk recording/
herd testing, the proportion of the Irish herds being
milk recorded increased from approximately 10% of the
national herd in 1991 to 51% in 2016.

By 1917, herdbook societies had been in operation
for approximately 100 yr (Brotherstone and Goddard,
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2005), but their focus on improving dairy character-
istics was limited because of the concurrent breeding
for beef-related traits. The Shorthorn breed had risen
to prominence because of its milk yield and “butch-
ering potential.” In fact, herds of Shorthorn cattle
were identified in every area of England “where milk
production was an important part of the agricultural
economy,” whereas the Ayrshire remained the dairy
breed of choice in Scotland (Atkins, 2016). Similarly,
in New Zealand, the Shorthorn was the most popular
dairy breed in 1920 (~50% of cows), followed by the
Jersey breed (~30% of cows). Although relatively rare
on dairy farms (<10% of cows), Holstein cows were
popular among urban “cow-keepers” in the early part of
the 20th century (Atkins, 2016). Through the concerted
efforts of the Friesian and Jersey herdbook societies,
these breeds rapidly overtook the Shorthorn breed in
popularity. In the UK, the British-Friesian increased
to 20% of cows in 1947 and 76% in 1970, whereas the
Shorthorn fell from 85% in 1908 to 3% in 1970; this
breed change was mirrored in Ireland. In New Zealand,
because of the focus on dairy product export, the Jersey
breed replaced the Shorthorn; between 1921 and 1949,
the Jersey increased from 30% to 86% of the national
herd and the Shorthorn decreased from 50% to < 5%.

The development of the BLUP methodology for
genetic evaluations (Henderson, 1950) heralded a new
era of genetic evaluation, providing a framework that
easily ranked animals on traits of importance. Grazing
systems until the late 1900s operated similar breeding
objectives to most other countries, focusing on yield of
milk or yield of milk constituents. In New Zealand, a
national breeding objective that included just fat yield
was introduced in 1953 and genetic evaluations of sires
were published annually. Genetic progress was accel-
erated with the widespread adoption of Al technolo-
gies from 1950. Breeding strategies for increased milk
yield in intensive feeding and housed systems in North
America and Europe and a reasonably lucrative dairy
beef market for Friesian bulls resulted in greater use of
Holstein-Friesian semen, initially imported from North
America and later from Europe during the 1970s and
1980s (Harris and Kolver, 2001). Furthermore, the rela-
tive price of whole and skim milk powder over butter
and cheese, which were declining in popularity due to
simplistic and, ultimately, inaccurate health messages,
led to an increased economic weighting on milk pro-
tein over fat and a further shift from Jerseys to the
Holstein-Friesian breed through the 1990s.

The rate of adoption in grazing systems of germplasm
identified from nongrazing systems was exceptionally
high toward the end of the 20th century. For example,
Harris and Kolver (2001) reported that the percentage
of North American/Dutch Holstein-Friesian genetics in

Journal of Dairy Science Vol. 100 No. 12, 2017

ROCHE ETAL.

sires used for AI in New Zealand increased from 22%
in 1980 to >70% in 1999. As a result, from 1980 to
1999, the average percentage of North American/Dutch
Holstein-Friesian in the New Zealand dairy cow popula-
tion increased from 2 to 38%, and the percentage of
Holstein-Friesian cows with some North American/
Dutch Holstein-Friesian increased from 7 to 96%. By
the mid-1990s, the breed structure of the New Zealand
national herd was 57% Holstein-Friesian, 16% Jersey,
18% Holstein-Friesian x Jersey crossbred, 2% Ayrshire,
and 7% other dairy breeds and their crosses. This was
a large change from a national herd of 30% purebred
Jersey, 11% Holstein-Friesian, and 50% Shorthorn in
1921. A similar holsteinization phenomenon occurred
in Ireland; a retrospective analysis reported that the
proportion of North American Holstein-Friesian genet-
ics increased from 8% in 1990 to 63% in 2001 (Evans
et al., 2006).

In the 1990s, selection indices were further developed
to incorporate more traits of economic importance. For
example, the national breeding objective in Ireland at
the time (i.e., Relative Breeding Index) was expanded
to include milk component traits as well as volume,
whereas that in New Zealand (i.e., Breeding Worth)
was expanded to include positive weightings for protein
as well as fat, a negative weighting on cow body weight,
and an economic measure of the lifetime value of a cow
relative to a set annual DMI (as a proxy for feed con-
version efficiency; Harris, 1995). At the same time, New
Zealand moved from a within-breed evaluation index
to a single genetic evaluation across all breeds. These
changes heralded the first signs of the multi-breed and
multi-trait genetic evaluation systems and indices that
were to follow.

The evolution of the “specialist grazing cow” began
in earnest during the 2000s. In the 1990s, producers
reported concerns that the modern Holstein-Friesian
cow had inferior fertility compared with her predeces-
sor. Much of those protestations were ignored because
it was largely thought that breeding for or against
fertility traits was not possible due to its low herita-
bility. Numerous experiments were undertaken in New
Zealand (Kolver et al., 2002; Roche et al., 2006b; Mac-
donald et al., 2008b), Australia (Fulkerson et al., 2008,
2001), and Ireland (Buckley et al., 2000; Kennedy et
al., 2002; Horan et al., 2005a) to determine whether
different genetic strains performed differently under
different feeding systems (i.e., genotype x environment
interaction). Although there was evidence that feed-
ing regimen influenced the marginal milk production
response to nonpasture feed and the ability of the dairy
cow to exhibit her genetic potential compared with her
peers (Kennedy et al., 2002; Fulkerson et al., 2008),
the greatest differences between the strains were in the
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extent of negative energy balance in early lactation
(Buckley et al., 2000; Roche et al., 2006b) and in their
pregnancy rates in a seasonal calving system (Horan
et al., 2005¢; Macdonald et al., 2008b), irrespective of
feeding regimen. In brief, 6-wk in-calf rate in North
American-derived Holstein-Friesian cows was 15 per-
centage points lower than that of New Zealand-derived
Holstein-Friesian cows (Horan et al., 2005¢; Macdonald
et al., 2008b) and they were less likely to survive to
successive lactations (Harris and Kolver, 2001). Sub-
sequent research concluded that the lower pregnancy
rates in the North American-derived Holstein-Friesian
was a result of early embryo loss 2 wk after conception
and that at least some of this difference may be epige-
netically regulated (Walker et al., 2012, 2013).

As evidence accumulated in seasonal-calving grazing
systems of the inferior reproductive performance and
survival of Holstein-Friesian strains selected in non-
seasonal breeding systems, breeding objectives evolved
rapidly. In 2001, the Economic Breeding Index (EBI)
was introduced in Ireland and included calving interval
and survival, in addition to the milk yield traits already
included in the Relative Breeding Index. Similarly, fer-
tility was included in the New Zealand national breed-
ing goal in 2002. By 2017, the EBI included 18 traits
encompassed within 7 sub-indices: (1) milk production,
(2) fertility and survival, (3) calving performance, (4)
maintenance, (5) beef performance, (6) health, and (7)
management. The evolution of the EBI since 2001 is
illustrated in Figure 5, and the impact of this breeding
objective on genetic trends for milk solids production
and fertility is in Figure 6.

Recognition of the success of this multi-trait ap-
proach in designing the ideal cow for seasonal calving
and grazing systems has led to the development of
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the US Grazing Merit Index (GMS$; Gay et al., 2014)
and the UK Seasonal Calving Index in 2014, with
both indices putting increased emphasis on functional
traits associated with grazing and the need to achieve
pregnancy within 80 d of calving. The seminal paper
on genome wide-enabled selection by Meuwissen et al.
(2001), coupled with the commercial availability of low-
cost, high-density genotype panels, revolutionized dairy
cow breeding programs in the early part of the 21st
century, including in countries like Ireland and New
Zealand, the impact of which is described in Spelman

et al. (2013).

Summary

The predominant breed in grazing systems shifted
from Shorthorn and Jersey to Holstein-Friesian between
1917 and 2017, but there has been a shift away from
breed preference in the 21st century because of across-
breed genetic evaluation systems and a single breed-
agnostic breeding objective. The multi-trait breeding
goals for seasonal calving and grazing animals have
been very successful in pursuing the optimum cow for
grazing systems and, with developments in phenotyp-
ing tools and strategies, as well as advances in “-omics”
technologies, we expect that grazing cows will be more
fertile, longer lived, resilient to changes in feed avail-
ability and quality, and produce large yields of fat and
protein relative to BW and annual DMI.

NUTRITION RESEARCH IN GRAZING SYSTEMS

At the World Dairy Congress in 1928, Robert Bout-
flour from Harper-Adams College (Shropshire, UK)
identified 4 factors that, in his opinion, were the most

Relative emphasis, %
3

5 o
\{ \)
P

S © > Q
\) \) \)
€ »

mMilk BFertility HECalving

o N
N \

@ Beef

) ™
\ N
» 4P

O Health

o
N
D

N 5
D D N
» P P o>

I Maintenance @ Management

Figure 5. The evolution of the Economic Breeding Index, a multi-trait breeding objective in Ireland that includes traits other than produc-

tion that are important to profitability. RBI = Relative Breeding Index.

Journal of Dairy Science Vol. 100 No. 12, 2017



10206

15

ROCHE ETAL.

PTA for calving interval (d)

PTA for fat + protein yield (kg)

%% O D G

0., ~0, <0, ~0, ~0, ~0, 0, <0
% % 0 0% &

Year of birth

Figure 6. The effect of introducing the Economic Breed Index in 2001 on genetic trends for milk fat and protein production (M) and calv-
ing interval, as a measure of fertility (A). Despite the reduced weighting on milk production and an increased weighting on fertility, the genetic

trends for increased milk production did not diminish.

limiting for milk production: (1) “lack of control of in-
digestible fiber”; (2) “lack of control of the total amount
fed”; (3) “the neglect of the preparation of the cow
for her lactation period”; and (4) “the over-stocking
of the udder.” The first 3 referred to dairy cow nutri-
tion. At the time, cows grazed unimproved pastures
and were supplemented with “undecorticated cotton
cakes and inferior fodders” (Boutflour, 1928). Boutflour
recommended that cows should be “steamed up” before
calving, offered only a limited amount of crude fiber,
and the forage-to-concentrate ratio should be reduced
gradually through early lactation, always ensuring that
the cow is “fed for one gallon more milk than she is
giving” (i.e., individually fed relative to her milk yield).
The requirements of close-up transition dairy cows, the
need to maximize DMI, the requirement for individual-
ized feeding of supplementary feeds, advantages of con-
centrate feeds over pasture, and potential advantages
for individualized feeding of grazing dairy cows have
been the subject of nutrition research for the last 100

yI.

Transition Cow Nutrition

Pasture-grazed transition dairy cows have very little
dietary adjustment to undertake and, for the most part,
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the diet is well balanced, with the exception of some
minerals. Protein quantity and quality is adequate and
there is little need to adapt cows to their postcalving
diet, as the transition from pasture and silage to pas-
ture is benign. The focus of transition cow nutrition,
therefore, has been on energy nutrition and the preven-
tion of metabolic diseases.

Energy Nutrition. Boutflour (1928) introduced the
term “steaming up” cows before calving, wherein he
attacked the prevailing wisdom that the way to avoid
milk fever was to underfeed cows in the weeks preced-
ing calving. He recommended that the cow’s DMI be
stepped up during the 6 wk before calving and “in the
last fortnight before calving a sufficient quantity be given
to thoroughly prime the cow.” The effect of precalving
feeding level was evaluated in grazing cows in the 1940s
(Lees et al., 1948) and 1960s (Hutton and Parker, 1973)
over multiple seasons; both reported benefits to greater
DMI before calving compared with feed-restricted
cows. However, in both of these experimental programs,
the difference in precalving DMI was extreme and for
extended periods. For example, the feeding treatments
imposed during the nonlactating period by Lees et al.
(1948) resulted in a 57-kg difference in BW between
treatments. Considering the expected difference in BCS
associated with such extremes in feeding, it is hardly
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surprising that the high plane of nutrition resulted
in 12 to 29 kg more milk fat/cow and that they were
easier to get in calf. It is noteworthy, however, that the
incidences of milk fever and grass staggers (i.e., hypo-
magnesemia) were also greater in this group. Hutton
and Parker (1973) similarly compared extreme feeding
treatments before calving; their treatments resulted in
a difference of 0.7 kg of BW gain/d during the final 4
wk before calving. The high plane of nutrition resulted
in a 15 to 21% increase in milk fat yield during the first
8 wk of lactation. Despite the extremes in feeding level
and the lack of information on cow BCS, these stud-
ies served to support the recommendation of Boutflour
(1928) that cows needed to be steamed up before calv-
ing. In situations where cows were fed only conserved
silage during the winter months, the same problem can
arise, because silage quality is often inadequate to meet
the cow’s precalving requirements for energy and some-
times, protein; as a result, increased feed allowance and
even concentrate supplementation of precalving cows is
sometimes recommended (Keady et al., 2001).

Such a recommendation can be problematic in a sea-
sonal-calving grazing system, because pasture growth is
less than herd demand and, as a result, pasture avail-
ability is scarce, and cows are often a distance from
equipment used for feeding. In trying to define the opti-
mum precalving feeding level for grazing cows, Roche et
al. (2005) reported an interesting finding: there was no
difference in milk production between herds of cows of-
fered 75, 100, or 125% of daily ME requirements during
the month before calving, and a 50% restriction only
marginally reduced milk production (4 kg of fat and
protein). Furthermore, BW and blood metabolic profiles
indicated that the severity of the postpartum negative
energy balance increased with precalving feeding level
and that the risk of hypocalcemia increased. Further
research confirmed these findings (Roche, 2007). Roche
et al. (2015) hypothesized that the discrepancy between
the historical and recent studies may relate to calving
BCS, because formalized systems to define calving BCS
were not available until the 1970s and 1980s (Lowman
et al., 1976; Mulvany, 1977; Wildman et al., 1982; Rob-
ins et al., 2002; Macdonald and Roche, 2004). Roche et
al. (2009a) had previously defined the optimum calving
BCS for production, health, and reproduction. Consis-
tent with the hypothesis, Roche et al. (2015) reported
an interaction between precalving BCS and precalv-
ing feeding level such that optimally conditioned cows
benefitted from a 10 to 20% restriction in ME intake
during the month before calving, but thinner cows
did not. Further research (Roche et al., 2017a) by this
group also noted that restricting cows to less than 65%
of ME requirements resulted in an exacerbation of the
peripartum chronic inflammation and reduced milk
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production. Therefore, the difference between historical
recommendations and those reported recently would
appear to relate to the degree of precalving restriction
and the BCS state of the cows undergoing the feeding
level treatments. Nevertheless, in all cases, increased
precalving DMI was associated with a greater risk of
milk fever at calving.

Preventing Metabolic Diseases. Although graz-
ing cows can be hyperketonemic, this is primarily of
ruminal origin if the cows are not over-conditioned
(Roche et al., 2013). The primary metabolic disease
affecting grazing cows is hypocalcemia and its clinical
manifestation, milk fever. Milk fever was a very serious
issue in pasture-based systems until the 1970s (Roche
and Berry, 2006), at which point the introduction of
precalving magnesium supplementation greatly reduced
the risk. However, although prevalence is low in pasture-
based systems, up to 30% of cows on some farms can
still be affected. Therefore, solutions are always being
sought by farmers with problems. Altering the DCAD
before calving has been a very successful strategy for
preventing milk fever in TMR systems (Goff and Horst,
1997), wherein the base DCAD is low (~20 mEq/100
g of DM) and the diet can be tightly controlled. When
evaluated in pasture-fed cows (Roche et al., 2003a,b,
2007a), the acid-base biochemistry and the increase in
urinary calcium output were similar to those reported
in TMR-fed cows. However, to achieve these biochemi-
cal changes, DCAD had to be <0 mEq/100 g of DM
(Roche et al., 2003b), and this was a practical problem.
In grazing systems, the base DCAD can be 2 to 3 times
that reported in TMR systems (Roche et al., 2000) and
there is no way to determine the DCAD selected by the
cow in the paddock. Therefore, if DCAD were to be
used in grazing systems, DMI of pasture would have to
be minimized and the cows fed a mixture of low-DCAD
feed ingredients and anionic salts. The increased capital
requirements for feeding, not to mention the need for
non-pasture-based feeds, would unduly complicate the
feeding regimen and feeding infrastructure of grazing
dairy systems. Although biochemically effective, the
DCAD concept has been, essentially, branded impracti-
cal for the prevention of milk fever in grazing systems.

Classical milk fever occurs within 24 h of calving
(Roche and Berry, 2006) when the drain of blood cal-
cium for colostrogenesis is not replenished sufficiently.
The incidence of milk fever-related recumbent cows
was estimated at >10% in pasture-based systems until
the late 1970s (Roche and Berry, 2006), but, by 2001,
the incidence had declined to ~1% in a survey of com-
mercial farms (McDougall, 2001). Even with prepar-
tum magnesium supplementation, however, milk fever
incidence on individual farms could still affect ~30%
of cows. In general, the problem was solved with the
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additional supplementation of finely ground limestone
(i.e., calcium carbonate) to cows at each of the first 4
milkings after calving (Roche et al., 2003a). Pragmatic
ways to supplement grazing cows were developed by
farmers; pasture was “dusted” with magnesium oxide
pre- and postpartum and with calcium carbonate in the
fresh cow paddock (i.e., the first 4 d after calving). This
combination has proved to be a very effective control
strategy for milk fever.

Despite these effective control strategies for classical
milk fever, a non-classical milk fever became apparent
in the 2000s and was associated with over-conditioning
and, in many cases, low blood P. Most of the tem-
perate grazing systems are located >35°N or >35°S,
which means that very little vitamin D is produced
naturally. This means that very low phosphorus diets
result in a rapid decline in blood P, which can result
in a complicated form of milk fever. Its incidence is
generally in systems grazing root crops that are low
in P, and it is often associated with over-conditioning
and excessive energy intake before calving. Precalving
supplementation with dicalcium phosphate and an
energy-restricted diet in the weeks preceding calving
has addressed the majority of non-classical milk fever,
although oral vitamin D supplementation is necessary
in certain situations (Goff, 2006).

In summary, the incidence of periparturient health
disorders in grazing systems is low (McDougall, 2001)
and, over the last 50 yr in particular, an awareness of
the primary factors involved has led to almost irreduc-
ible levels at a national level. Most control strategies
involve magnesium supplementation from several weeks
before calving (Roche et al., 2002; Roche and Berry,
2006) and calcium supplementation immediately after
calving (Roche et al., 2003a), although a minor pre-
calving energy restriction as well as phosphorus and
vitamin D supplementation can aid prevention in stub-
born cases. For the most part, sufficient manipulation
of DCAD for milk fever control is impractical.

Lactating Cow Nutrition

Over the 100 yr considered in this review, research
in the nutrition of grazing dairy cows has focused on
maximizing milk production per cow by identifying
the factor most limiting production. In recent decades,
however, the system-level implications of providing
supplementary feeds on the milk production of the herd
and the cost of this marginal milk produced have been
a considerable focus of investigation.

Although Boutflour (1928) recommended a reduc-
tion in forage-to-concentrate ratio through early lacta-
tion to ensure that the total bulk of the ration did
not limit intake, he was referring to poorly digestible
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fiber sources, such as “undecorticated cotton cakes and
inferior fodder sources.” It was acknowledged early
in the period considered that, in terms of nutrition,
pasture could support a reasonable level of milk pro-
duction. Woodward (1936) noted that the quantity of
digestible protein and P consumed by the cows was
consistently in excess of requirements for the projected
milk production and that Ca intake was twice P intake.
He concluded that immature pasture was a relatively
well-balanced feed, provided DMI was sufficient for
the milk produced: “if a cow will eat enough immature
grass to provide the required digestible nutrients and
if this grass has a normal content of minerals, her ra-
tion is not likely to be deficient in any of the essential
food constituents.” He concluded that the reason for
the mid-season decline in milk production was a lack
of feed, not a reduction in the quality of the feed on
offer. These figures were in agreement with Melville
and Sears (1941), who developed a novel approach to
measuring digestibility in grazing animals.

The fact that grazing cows have to “work” more to
acquire their feed than housed cows and that this limits
their DMI has been well established. In pivotal work to
understand the amount of pasture a cow could graze
and the likely milk production expected from their pas-
ture DMI, Woodward (1936) reported that cows pro-
ducing <1 1b (0.45 kg) of milk fat could “maintain their
production and BW in the spring as well without grain
feeding as with grain feeding,” suggesting that there
was a threshold level of milk production above which
grazing cows would produce more milk if supplemented
with concentrate feeds. Furthermore, he deduced from
feeding experiments that cows could consume enough
cut pasture to maintain a milk production of 37 1b/d
(17 kg/d), but DMI was often substantially less than
this maximum when cows had to graze. Although not
expressed specifically, the results imply an interaction
between pasture mass, sward structure, and pasture
DMI. When pasture was optimally presented, cows
could graze 34 1b (15 kg) of DM/d of 69% DM digest-
ibility pasture during mid lactation.

Within a grazing system, however, pasture is not al-
ways optimally presented. For example, Cooper (1941)
highlighted that peak milk production occurred later in
grazing cows than it should, from a physiological stand-
point; instead, it coincided with the peak in pasture
growth. Therefore, milk production was less because
of inadequate availability and feed quality of pasture
during early lactation. He also noted that the post-
peak decline was not a constant, because of greater
variability in both pasture supply and quality during
late spring and summer. These limitations of the pas-
ture-based system are identified as a reason to provide
cows with non-pasture feeds (i.e., supplementary feeds)
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to improve milk production/cow; however, McMeekan
(1947) advised that this marginal milk is unlikely to be
economic for the dairy farmer.

By the 1940s, evidence had amassed that pasture
could sustain reasonable amounts of milk production
per cow but that concentrate feeding would increase
milk production beyond that achievable on an all-
pasture diet. Nevertheless, the perception that pasture
was not a well-balanced feed persisted. McMeekan
(1947) stated, “from the qualitative angle, it is often
assumed and frequently stated that pasture is not ca-
pable of supplying the needs of a high producing dairy
cow and ideally needs to be supplemented with suitable
concentrates.” Lancaster (1947) reported on 85 digest-
ibility trials on improved and unimproved temperate
pastures and tropical pastures in different regions in
New Zealand; OM digestibility in the improved pas-
tures in spring was 78 to 82%. When tropical grasses
became dominant, summer OM digestibility declined
to 65%, but autumn OM digestibility returned to 80%.
Unimproved pastures had OM digestibilities between
73 and 80%. McMeekan (1947) used examples of herds
averaging 180 to 230 kg of milk fat/cow per lactation
and lifetime production records of almost 2,300 kg
of fat/cow on unsupplemented pasture as proof that
well-managed rotationally grazed pastures were a high
quality feed. In the succeeding decades, better grazing
management strategies resulted in the presentation of
more vegetative and digestible swards.

Many experiments confirmed the high feed quality of
these vegetative pastures (see Roche, 2017) and high-
lighted that any improvement in milk production from
supplementing grazing dairy cows with supplementary
feeds could be explained by the increased intake of ME
and not a change in any other nutritional factor (Car-
ruthers et al., 1997; Roche et al., 2010; Higgs et al.,
2013). In fact, in an extreme example, Kolver and Muller
(1998) transferred housed cows consuming TMR onto
pastures dominated by perennial ryegrass-white clover;
milk production declined almost 20%. However, 90% of
the difference in milk production could be explained by
DMI, energy expenditure in grazing, and the greater
NE;, in milk from grazed cows because of higher milk
component percentages; this was without factoring any
difference between the ME content of the pasture and
the TMR. Collectively, the experimental results provide
no argument for substituting another feed for grazed
pasture (Roche, 2017). Nevertheless, despite compelling
evidence to the contrary, many advisors still believe
that there are nutritional advantages to providing cows
with sources of NSC, in particular, and even sources of
undegradable dietary protein when milk production is
not limited by a deficiency of MP or a particular amino
acid (Roche, 2017).
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Responses to Supplementary Feeds

In the early 1940s, average milk production/cow was
equivalent in New Zealand, the United Kingdom, and
the United States (Cunningham, 1942). But after World
War 11, a divergence in production philosophy between
systems predominantly based on grazed pasture and
those increasingly using cut forages and concentrate
feeds became evident. The latter became focused on
ensuring the cow was maximally fed, whereas there was
a recognition in grazing research that to optimize the
utilization of pasture, there may be a “possible cost
to the animal” (Melville and Sears, 1941; Mott, 1960).
Hamilton (1942) credited the ability of grazing systems
to rely almost exclusively on pasture to the develop-
ment of refrigeration, which has allowed seasonal pro-
duction of milk; he acknowledged, “the season curve of
dairy production follows very closely the curve of pas-
ture production.” However, like Cooper (1941), he also
acknowledged that milk production was compromised
by a lack of available feed during summer and autumn.

The recognition that milk production was compro-
mised by a lack of pasture availability at key times of
the year resulted in considerable research efforts into
investigating milk production responses to supplemen-
tary feeds in grazing systems. Hamilton (1942) referred
to the adage that “half the breeding goes down the
throat” and noted that high production/cow can only
be achieved “when nutrition is kept on a uniform high
plane throughout the year.” He claimed that the 36%
improvement in milk fat production between 1916 and
1940 (79 to 108 kg of milk fat) was a result of the shift
to the Jersey breed, superior pasture management, and
the increased conservation of hay and silage (the area
conserved as silage or hay had increased 400% between
1920 and 1940), acknowledging that farmers were fo-
cused on the provision of feed for periods when pasture
growth was less than herd demand. In fact, he reported
that there was a close relationship between the area
saved for hay and silage and production per cow the
following season. He also estimated that the amount
of hay and silage conserved could be easily doubled.
In summary, Hamilton (1942) identified that although
vegetative temperate pastures were a well-balanced
feed, there were periods of the year where reduced sup-
ply compromised milk production, and supplementary
feeds could help overcome the deficits and increase milk
production/cow.

In addition to the lack of pasture availability, in many
situations, it was also expected that the physical bulk
of forages and the limited capacity of the ruminant
gastrointestinal tract were dominant factors limiting
pasture DMI (Boutflour, 1928; Ellis, 1978) and that the
provision of a source of highly digestible concentrated
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fiber (e.g., sugar beet pulp) or NSC (e.g., corn grain)
would increase energy intake by the amount of energy
contained in the concentrate. In theory, therefore, 1 kg
(DM) of concentrate should result in approximately 2
kg of milk because of the energy contained. In practice,
however, the mean response to concentrate supplemen-
tation is much less. The discrepancy between theoreti-
cal and actual marginal milk production responses is
due to (1) a reduction in pasture intake (i.e., substitu-
tion) when supplementary feeds are consumed (Leaver,
1985; Stockdale, 2000; Bargo et al., 2003); and (2) a
proportion of the consumed energy being partitioned to
BCS (Roche et al., 2009a).

Evaluation of concentrate supplementation in graz-
ing systems is reported as far back as the early 1940s
(Riddet and Campbell, 1943). Several reviews outline
a change in milk production responses to concentrates
over time (Journet and Demarquilly, 1979; Gleeson,
1984; Leaver, 1985; Stockdale, 2000; Bargo et al., 2003).
Leaver (1985) reported that marginal milk produc-
tion responses to concentrates in the 1950s and 1960s
were 0.4 kg of milk/kg of concentrates. This response
is consistent with the response reported by Journet
and Demarquilly (1979), and Gleeson (1984) reported
similar responses to molasses offered during autumn
(0.3 kg of milk/kg of molasses) but no additional milk
production to either molasses or barley when cows had
an adequate pasture allowance in spring. Stakelum
et al. (1988) reported average responses of 0.5 kg of
milk/kg of concentrates from a series of experiments
undertaken in the early 1980s. However, this response
varied from 0.13 to 0.98 and was almost always higher
in autumn than in spring. The effect of season on the
marginal milk production response to concentrates is
well documented (Stockdale, 2000). Reviews by Stock-
dale (2000) and Bargo et al. (2003) indicate that the
response to concentrates increased to 1 kg of milk/kg
of DM concentrates (i.e., 0.9 kg of milk/kg of concen-
trates) during the intervening years, and Horan et al.
(2005b) and Roche et al. (2013) reported that total
responses were 1.1 to 1.2 kg of milk/kg of concentrate
DM (or 1 kg of milk/kg of concentrate). The results
indicate that responses to supplements have increased
over a half-century of intensive investigation. This is
because genetic selection priorities for milk production
haves reduced the substitution rate and increased the
partitioning of energy directly to milk at the expense
of BCS.

The phenomenon whereby cows refuse some pas-
ture following the consumption of an alternative feed
is referred to as “substitution” and it has been well
researched since the 1970s (Stockdale, 2000). However,
evidence linking nutrient intake with feeding behavior
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was identified much earlier. Atkeson et al. (1942) iden-
tified that grazing time declined with increasing pas-
ture digestibility; satiation was acquired more quickly
when the energy density of the feed was greater and
the cow ceased to expend energy grazing. Confirming
these findings, a series of excellent experiments in ro-
dents in the 1940s and 1950s identified regions of the
brain responsible for intake regulation (see Roche et al.,
2008) and that these regulatory regions were sensitive
to nutrient intake. Roche et al. (2007b) provided evi-
dence for such a neuroendocrine basis for substitution
in grazing dairy cows when they reported that the con-
centration of ghrelin, a circulating hormone that signals
the hunger status of the animal to the brain, declined
after cows consumed concentrates in the milking parlor.

Macdonald et al. (2008b) reported a greater response
to supplementary feed in New Zealand Friesian cows
from a 1990s genetic strain than a 1970s genetic strain
and an even greater response from North American
Holstein-Friesian type cows selected exclusively for
milk production. These cows were heavier and base
ghrelin concentrations had increased, confirming that
genetic selection had increased cow BW and levels of
hunger, and increased the DMI point at which cows
would succumb to satiety signals (Roche et al., 2006d).
Consistent with these findings, Linnane et al. (2004)
reported less of a reduction in the time spent grazing
in Dutch Holstein-Friesian cows selected exclusively for
milk production compared with New Zealand Friesian
cows selected in a multi-trait index that also considered
functional traits.

Another reason for the increase in the marginal
milk production response to supplementary feeds was
a reduction in the amount of consumed energy being
partitioned to BCS gain. With heavy emphasis on
genetic selection for milk production, less consumed
energy is partitioned to BCS and is used instead for
milk production (Roche et al., 2006b; McCarthy et al.,
2007; Macdonald et al., 2008b). The physiological basis
for this was reported by Lucy et al. (2009), when they
reported that genetic selection altered the coupling of
the somatotropic axis. Collectively, the results reported
since the 1960s imply that the immediate milk produc-
tion response to supplementary feeds has increased, but
the deferred response has probably diminished. In sum-
mary, the marginal milk production response to provid-
ing grazing cows with concentrate feeds has doubled,
from about 0.5 to 1.1 kg of milk/kg of concentrate DM
between the 1960s and 2017. Interestingly, Macdonald
et al. (2017) noted that this response was not affected
by feed type, with the response directly related to the
amount of ME in the supplementary feed (i.e., 7.5 g of
fat and protein per MJ of ME).
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Using Pasture as the Forage Source
in a Mixed Ration

In systems with greater variability in pasture supply
due to unpredictable rainfall or high summer tempera-
tures (e.g., Australia, United States), a focus of recent
research has been on the incorporation of pasture as
the forage source to a mixed ration or high concentrate
levels “slug-fed” in the milking parlor (Auldist et al.,
2013). From a nutrition perspective, cow requirements
can be modeled through semi-mechanistic models such
as the Cornell Net Carbohydrate and Protein System
(Fox et al., 1995). But at a system level, the need to
calve or breed seasonally is less important because
pasture constitutes such a low proportion of the cow’s
diet that stocking rates are much higher than would be
considered in systems where pasture is the predominant
nutrient source. However, the utilization of pasture
grown remains paramount to the financial success of
these systems and so the agronomic practices that max-
imize pasture growth and utilization already discussed
are equally applicable. Nevertheless, the effects of such
high stocking rates in conjunction with the importation
of N and P in feed require consideration, particularly
in sensitive river catchments and where the population
of cows is dense.

Offering Supplementary Feeds on the Basis
of Milk Yield

With the greater focus on per cow milk yield after
World War II and technology breakthroughs that fa-
cilitated individualized feeding of cows, there was a
great interest in customizing the pattern of concentrate
allocation to grazing dairy cows (Leaver, 1988) as rec-
ommended by Boutflour (1928). The general belief was
that higher-yielding cows would benefit more from sup-
plementary feed than lower-yielding cows and so cows
received incremental increases in concentrate allocation
with increasing milk yield. Unfortunately, however,
the experimental results over the last 50 yr indicate
that there is no advantage in the individualized feed-
ing of cows (i.e., feed to yield) compared with feeding
every cow in the herd the same amount of supplement
(flat rate feeding; Hills et al., 2015). The lack of ef-
fect is believed to be a result of substitution; although
high-yielding cows have lower substitution rates than
low-yielding cows (Linnane et al., 2004), this tendency
results in a greater availability of high quality pasture
for the high-yielding cows when all cows receive the
same amount of supplement. Herd DMI is not, there-
fore, increased by individualized feeding and so there
is no advantage in milk production relative to flat-rate
feeding (Hills et al., 2015).
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SYSTEMS RESEARCH

A unique feature of the science undertaken in grazing
systems during the last 60 yr in particular has been
the use of farmlet comparisons, wherein a particular
strategic component of the system has been varied
and the system implications of the change investigated
(e.g., stocking rate’s effect on production, profit, and
environmental footprint; Macdonald et al., 2008a, 2011;
Roche et al., 2016).

Although, in the strict scientific sense, these experi-
ments are rarely replicated (i.e., the experimental unit
is the cow), they are generally undertaken over many
production seasons and, as such, are replicated in time
and can be analyzed for consistency of response with
time. McMeekan, in his landmark publication Grass
to Milk (McMeekan, 1960), insisted that, in his ex-
perience, “it is more valuable to repeat any grassland
experiment involving livestock over several years than
to have several replications running in the one year.”
These types of experiments have played a major part in
the evolution of the intensive grazing system.

Although agronomical and grazing management
research has been undertaken in many universities
and research stations worldwide, 2 research stations
in particular have become synonymous with farm
systems experimentation and the development of the
modern grazing systems: Ruakura, in New Zealand,
and Moorepark, in Ireland. The Ruakura Experimen-
tal Station was established in 1901, but its focus was
primarily teaching and instruction until 1939, when a
severe outbreak of facial eczema compelled the govern-
ment to provide £17,000 for equipment and facilities
to study the disease (Scott, 1997). [Facial eczema is a
disease caused by a toxin (sporidesmin) produced by
the spores of the fungus Pithomyces chartarum that can
grow on pasture during warm and humid conditions,
particularly during summer.|] In 1943, McMeekan be-
came superintendent and, from then, Ruakura became
a name immediately recognized with grazing systems
research. A similar government-sponsored research ini-
tiative was established in Ireland in the 1950s. Ireland
was an economy very much dependent on agriculture
but until the 1950s it was reeling from the effects of
colonialization (12th to 20th century), World War I,
civil war (early 1920s), the Great Depression (late
1920s-early 1930s) and an “economic war” with Eng-
land (mid-1930s), and the restrictions associated with
World War II. An Féras Taluntais (later Teagasc) was
established in 1959 and the Moorepark research sta-
tion was dedicated to research in dairy production and
milk harvesting research. Through the second half of
the twentieth century, both Ruakura and Moorepark
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became international focal points for the development
of pasture-based systems of milk production.

Many strategic components of the farm system have
been evaluated, including grazing technique (i.e., ro-
tational grazing vs. set-stocking), stocking rate, cow
breed and genetic strain within breed, the system
implications of nitrogen fertilizer, and supplementary
feeding, and the interactions between many of these
variables.

Rotational Grazing

Systems research began in earnest with a 12-yr ex-
periment to evaluate the benefits of “controlled” grazing
(i.e., what we now know as rotational grazing) versus
“uncontrolled” grazing (i.e., set-stocked) at Ruakura in
1945. This subject was to be the focus of farm systems
experimentation in New Zealand and, subsequently,
Ireland for nearly 20 yr (McMeekan and Walshe, 1963).
Furthermore, variations of it have been investigated
in component research in many other countries (Bry-
ant et al., 1961a,b). Initially, what McMeekan (1960)
described as the “relatively primitive technique” of set-
stocking was compared with “the system characterized
by orderly disorder” (controlled rotational grazing) but
at the same stocking rate (i.e., number of cows/ha).
After 12 yr, McMeekan was forced to concede little if
any difference in pasture or animal production between
the grazing methods, which was not consistent with the
adoption rate of the technique in increasingly intensi-
fied grazing systems.

At the Tth International Grassland Congress, which
was held at Massey University in New Zealand, his ex-
periment and conclusions were heavily criticized “from
all quarters of the world” (McMeekan, 1960). Critics
insisted that rotational grazing, which had its basis
in the grazing and resting of pasture, must result in
the production of more feed and that he had restricted
the potential effect by failing to impose an adequate
stocking rate that would allow rotational grazing to
express its superiority (McMeekan, 1960). Although he
argued that no one before that conference had argued a
need to increase stocking rate to take advantage of the
technique, in collaboration with Michael Joe Walshe
from Moorepark, Ireland, he established what was to
become the defining farm systems experiment on graz-
ing techniques (McMeekan and Walshe, 1963). Over
4 “complete production seasons,” rotational grazing
was compared with set-stocking at 2 stocking rates in
self-contained farmlets. Although stocking rate had the
greatest effect on pasture utilization and milk fat pro-
duction per hectare, rotational grazing out-performed
set-stocking. The effect was greater at the high stocking
rate and the effect increased with each successive year
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of the experiment. They concluded that the optimum
stocking rate was 5 to 10% higher for rotational grazing
than for set-stocking.

In successive decades, rotational grazing continued to
evolve, with component studies that helped research-
ers better understand the factors influencing timing of
grazing, length of the rest period, and optimized post-
grazing residual for both the sward and the animal.
The foundation for the technique, however, was laid in
an intensive 20-yr period of investigation between 1942
and 1962. However, the final nail in the “set-stocking
system coffin” was yet to come.

Cow Genetics x Management Interaction

The use of high stocking rates was deemed by many
as not being applicable to the industry of the 1960s
because it was believed that dairy cows used in the ex-
periments “could hardly be considered representative of
the average dairy cow in the industry” (Carter, 1964).
Research cows had been bred by Al to superior sires
for more than 15 yr. It was suggested that if animals of
average productive ability had been used they “would
have been dry by Christmas” under the severe treat-
ments imposed (K. A. Macdonald, personal commu-
nication). To address this concern, one of the original
genotype X environment experiments was established
at Ruakura in the early 1960s. The objectives of the
experiment were 3-fold (Carter, 1964):

e to continue the comparisons of rotational grazing
versus set-stocking under 2 stocking rates;

e to obtain a measure of the actual superiority
achieved through AI; and

e to determine whether the results already obtained
with the “superior” cows would also apply to the
average dairy cow.

The general design of the experiment (Figure 7) was
similar to the previous phase [i.e., comparing rotational
grazing and set-stocking at either 2.35 (low stocking
rate, LSR) or 2.95 (high stocking rate, HSR) cows/
hal, with the added fixed effect of cow genetic merit
(i.e., a 2 x 2 x 2 factorial arrangement). Half of the
cows in the experiment were sourced from commercial
dairy herds that used milk recording, but had not used
AT (i.e., low-genetic-merit cows; LGM). These cows
were compared with cows from the research station
(i.e., high-genetic-merit cows; HGM). The transfer
of an equal number of replacement cows from the ex-
perimental station to the contributing farms permitted
additional comparisons of HGM and LGM cows in a
range of environments.



100-YEAR REVIEW: TEMPERATE GRAZING SYSTEMS

Rotational grazing
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Set-stocking

Figure 7. Design of the genotype X environment comparison experiment undertaken at Ruakura (New Zealand) over multiple years during
the early 1960s. The experiment investigated the interaction between 2 stocking rates (high and low, HSR and LSR), 2 cow genetic merits (high,
which was sourced from a research herd undertaking Al for more than 15 yr, and low, which were sourced from commercial dairy farms that did
not use Al; HGM and LGM) under 2 grazing strategies (i.e., rotational grazing and set-stocking).

The first 3 yr of results were presented by Carter
(1964). Considering the complexity of the treatment
arrangement, the results were groundbreaking. In all
potential comparisons, the HGM cows reflected their
genetic superiority; on average, they out-produced
LGM cows by 24.7 kg of milk fat/cow per year. Inter-
estingly, this effect did not vary with stocking rate, in-
dicating a lack of genotype x feeding level interaction,
and that feeding levels/cow did not need to be modified
to achieve the advantage of genetic selection. Because
of the multiplier effect of stocking rate, the advantage
of HGM over LGM increased from between 52 to 71 kg
of milk fat/ha per year, with a 0.6 cow/ha increase in
stocking rate investigated.

Confirming the previous study (McMeekan and
Walshe, 1963), the negative effect of stocking rate on
milk fat yield/cow was less and the positive effect on
milk fat yield/hectare was greater in the rotational
grazing system than in the set-stocked treatment. The
increase in milk fat yield /hectare from increasing stock-
ing rate from 3.35 to 3.95 cows/ha was 54 kg of milk
fat/ha greater in the rotational grazing system than in
the set-stocking system. Furthermore, the advantage of
rotational grazing in milk fat production/cow and per
hectare was 30% greater in the HGM cows than in their
LGM counterparts.

This experiment was to end the debate on whether
rotational grazing was superior to set-stocking among
all but a few grazing enthusiasts. The advantage of ro-
tational grazing increased under higher stocking rates
and with cow genetic improvement, both system-level
factors being avidly encouraged and, subsequently ad-
opted. In grazing research, no systems-level modifica-
tion has come close to equaling the effects of adopt-
ing rotational grazing and increasing stocking rate in
increasing the production and utilization of pasture/
hectare and conversion of that feed to milk.

Stocking Rate

Stocking rate is defined as the number of cows/hect-
are or as BW /hectare to account for the lower main-
tenance demands and production capacity of smaller
cows compared with larger cows. It is often regarded
as the most important strategic decision for a grazing
dairy farm, because it influences the amount of pasture
consumed and milk produced per hectare (McMeekan,
1960; Macdonald et al., 2008a; McCarthy et al., 2010).
In fact, McMeekan (1960) was convinced that “no more
powerful force for good and for evil existed than control
of the stocking rate in grassland farming.” By this, he
was acknowledging the existence of an optimum stock-
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ing rate, that maximized pasture utilization and milk
production/hectare for the long term; too high a stock-
ing rate would result in the “destruction” of pastures,
as was often the case with native pastures “in most
countries of the world” (McMeekan, 1960).

Nevertheless, McMeekan was a staunch advocate for
stocking at “heavy rates” to ensure that animal and pas-
ture productivity were maximized. Subsequent research
by many, including C. P. McMeekan, A. R. Bryant,
D. Browne, A. Campbell, D. McCarthy, P. McFeeley,
C. W. Holmes, D. A. Clark, K. A. Macdonald, W. J.
Fulkerson, J. W. Penno, L. Delaby, and P. G. Dillon,
led to the development of decision rules that facilitated
the dual aims of high stocking rates to optimize pasture
utilization and minimizing risk to the cow associated
with climatic variability and associated pasture growth
(Macdonald and Penno, 1998).

Experiments to evaluate the effect of stocking rate
began in Ruakura in the early 1940s and, by 1960, 6
major experiments had been undertaken (McMeekan,
1960). Increasing stocking rate resulted in an 8% lower
milk fat yield/cow, for an increase of 0.26 cows/ha, but
milk fat production/hectare increased by 17%, on aver-
age. It led McMeekan to conclude, “in using stocking
rate as a weapon to increase per acre efficiency, we
must accept a lower output/animal,” a fact indepen-
dently verified by Mott (1960). Subsequent research
confirmed this apparent conflict between per-hectare
and per-cow production and acknowledged that at
an optimal stocking rate, dairy cows should be able
to consume 90% of the pasture they would consume
in an unrestricted grazing situation (Macdonald et al.,
2008a; McCarthy et al., 2010). It is not clear whether
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McMeekan did not consider the economic return of the
dairy farm in recommending higher stocking rates or
whether he thought the increase in variable costs was
less than the increased revenue. Nevertheless, a decline
production per cow with increasing stocking rate was
eventually going to undermine profitability—but at
what stocking rate? The answer was to come some 50
yr later (Macdonald et al., 2011).

The need to optimize stocking rate and have a sys-
tem transferable from the research station to the farm,
led to the development of, arguably, the most complete
stocking rate experiment ever undertaken (Macdonald
et al., 2008a). During the late 1990s, they compared
5 different stocking rates in individual farmlets that
were virtually self-contained (i.e., 2.2 to 4.4 cows/ha
on a farm averaging pasture production of 18 t of DM/
ha). Considering that the type of feed is not important
at a system level (Macdonald et al., 2017), the experi-
ment allowed the development of an index to predict
the optimum stocking rate for any farm as long as the
amount of feed available/hectare (i.e., pasture and sup-
plementary feeds) and the size of the cow (as a proxy
for genetic merit) were known. The index was called
the comparative stocking rate (CSR; kg of BW/t of
feed DM available), and subsequent economic modeling
(Macdonald et al., 2011) identified the optimum stock-
ing rate at 77 kg of BW/t of feed DM available (i.e.,
without accounting for any physical wastage of feed).
A subsequent reassessment of these results led to the
conclusion that the optimum CSR is closer to 85 kg of
BW/t of DM (Table 1) and should be higher (~90 kg
of BW/t of feed DM) when supplements are used at
higher stocking rates (Macdonald et al., 2017).

Table 1. Estimated optimum stocking rate (cows/ha), accounting for size of the cow (i.e., proxy for genetic merit), the amount of pasture DM
produced/ha (i.e., primary feed supply), and the amount of supplementary feed imported from off-farm'

400-kg cow

500-kg cow

Pasture grown/ha, t of DM/yr

Pasture grown/ha, t of DM/yr

Supplementary feed,

t of DM/cow 12 14 16 18 20 12 14 16 18 20
0.00 2.6 3.0 3.4 3.8 4.3 2.0 2.4 2.7 3.1 3.4
(2.7) (3.2) (3.6) (4.1) (4.5) (2.2) (2.5) (2.9) (3.2) (3.6)
0.25 2.7 3.1 3.6 4.0 4.5 2.1 2.5 2.8 3.2 3.5
(2.9) (3.3) (3.8) (4.3) (4.8) (2.3) (2.6) (3.0) (3.4) (3.8)
0.50 2.8 3.3 3.8 43 A7 2.2 2.6 3.0 3.3 3.7
(3.1) (3.6) (4.1) (4.6) (5.1) (2.4) (2.8) (3.2) (3.6) (4.0)
1.00 3.2 3.7 4.3 4.8 5.4 2.5 2.9 3.3 3.7 4.1
(3.5) (4.1) (4.7) (5.3) (5.8) (2.7) (3.1) (3.5) (4.0) (4.4)
1.50 3.7 4.3 4.9 5.5 6.1 2.7 3.2 3.6 4.1 4.5
(4.1) (4.7) (5.4) (6.1) (6.8) (3.0) (3.5) (4.0) (4.4) (4.9)
2.00 43 5.0 5.8 6.5 7.2 3.1 3.6 41 46 5.1
(4.9) (5.7) (6.5) (7.3) (8.2) (3.3) (3.9) (4.5) (5.0) (5.6)

!Optimum stocking rates are based on a comparative stocking rate (CSR) of 85 kg of BW/t of DM of total feed available (Macdonald et al.,
2008a, 2011). In a recent publication, Macdonald et al. (2017) concluded that the optimum CSR increased to >90 kg of BW/t of DM of total
feed available when supplementary feeds are fed; stocking rate at CSR = 90 is presented in parentheses.
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During the last 20 yr, the effect of changes to farm
management on a grazing dairy farm’s environmental
footprint has become increasingly important, particu-
larly the role of the farm system in the management
of fresh water through the leaching of NO; from urine
patches. Arguably, the feature most discussed in rela-
tion to NOj leaching is farm stocking rate. A failure to
understand the interacting dynamics of the system has
led to the inaccurate conclusion that nitrate leaching
per hectare increases with more cows on each hectare
because more cows are urinating. However, this is not
necessarily true. A greater stocking rate but with the
same amount of N being imported results in a greater
N export in milk, less surplus N/cow per day, a greater
spread of urinary N, a reduction in the number of cows
milking during the most sensitive months for nitrate
leaching, and a reduction in the size of the positive N
balance/cow (Roche et al., 2016). All of these are likely
to affect NO; leaching/ per hectare.

In support of this, Huebsch et al. (2013) reported a
reduction in the amount of NO; leached into a vulner-
able limestone aquifer over an 11-yr period, despite a
10% increase in stocking rate; this longitudinal study
highlighted the complexity of how management factors
interact to influence NOj leaching. In a more controlled
fashion, McCarthy et al. (2015) reported that stocking
rate had no significant effect on soil solution concentra-
tions of NOs, nitrite, ammonia, or total N. An evalu-
ation of their treatments using an N-balance model
indicated that the increased grass utilization and milk
production per hectare at higher stocking rates resulted
in a reduction in N surplus and increased N-use ef-
ficiency. In comparison, Roche et al. (2016) reported a
linear decline in NO; leached /hectare with increasing
stocking rate. They hypothesized that this was most
likely because lactation length was reduced with in-
creasing stocking rate, thereby reducing the N surplus
in each urine patch during the most sensitive time
of the year for NOj leaching. This would reduce the
amount of NO3; moving below the root zone. However,
they also acknowledged the greater export of N in milk
through increased pasture utilization and, like McCar-
thy et al. (2015), suggested that this could influence the
N budget away from environmental losses.

In some cases, NO; leaching increases with stocking
rate in grazing systems. However, this is generally a
function of feed importation and an increase in dietary
N supply/hectare in association with the increased
stocking rate (Ledgard et al., 2006) and not because
of the stocking rate per se. With feed importation, the
amount of imported N increases and at least some of
this will be excreted in urine. More importantly, how-
ever, the timing of this feed use, and N excretion, often
coincides with the period of greatest risk for surplus
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NO; escaping below the root zone of pasture (Roche
et al., 2016). Full system analyses must be undertaken
to understand the place for and cost of supplementary
feeds in grazing dairy systems and their implications on
the farm’s environmental footprint.

Breed and Genetic Strain Comparisons

In addition to the comparison of HGM and LGM
cows under rotational grazing systems and different
stocking rates, several experiments have been under-
taken evaluating dairy breeds and genotypes within
breed from different countries (i.e., germplasm that
developed under different production systems).

Jersey—Friesian Comparisons. Ahlhorn and Bry-
ant (1992) reported that although Jersey cows produce
less fat and protein yields/cow than Holstein-Friesian
cows, when stocking rate was adjusted to reflect the
BW differences (i.e., the same CSR but more Jersey
cows/hectare), the Jersey cow produced as much milk,
milk fat, and milk protein per hectare at 80 kg of
BW/t of feed DM, and significantly more milk, fat,
and protein per hectare at a 100 kg of BW/t of feed
DM CSR. As the shift in genetics was increasingly
toward Holstein-Friesian, the transitional animal (i.e.,
the Jersey-Holstein-Friesian crossbred) was reported to
be 16% heavier and, although they produced 16% more
milk than the purebred Jersey comparison, they only
produced 5% more fat and 9% more protein (Campbell,
1977). Nevertheless, as has been previously discussed,
there was an insatiable drive to use Holstein-Friesian
sires to increase milk production/cow.

In recent years, with the increased fertility problems
with North American-derived Holstein-Friesian strains,
there has been renewed interest in the Jersey cow’s
role in grazing systems (White et al., 2002; Prendiv-
ille et al., 2009; Beecher et al., 2014) and in particular
Holstein-Friesian x Jersey crossbred animals (Buckley
et al., 2014). Prendiville et al. (2009) reported that
Jersey cows required 7 to 8% less total feed for every
kilogram of fat and protein produced in a pasture-based
system compared with Holstein-Friesian cows. These
results are consistent with the reported differences in
the mass of the gastrointestinal tract (i.e., 24% lighter
in Jersey cows; Beecher et al., 2014), a 2 to 3% greater
digestibility of DM and NDF by Jersey cows (Beecher
et al., 2014), and greater use of consumed ME for
productive purposes by the Jersey cow (L’Huillier et
al., 1988) compared with Holstein-Friesian cows. The
improvement in the efficiency of ME use, however, was
only apparent in a grazing environment with restricted
DMI, where Jersey cows produced 20% more milk/kg
of DMI (L’Huillier et al., 1988); under ad libitum feed-
ing, this ME conversion advantage disappeared. In ad-
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dition, White et al. (2002) and Washburn et al. (2002)
reported less mastitis and superior reproduction perfor-
mance in Jersey cows in the United States compared
with Holstein-Friesian cows, but an effect of breed on
mastitis or SCS was not reported by Prendiville et al.
(2010). Nevertheless, based on their superior feed con-
version efficiency, particularly under limited feed avail-
ability, the Jersey breed may have an advantage over
the Holstein-Friesian in low-input grazing systems. As
Arnold Bryant is reputed to have said while summariz-
ing the results of his experiment in the early 1990s,
“if you're short of labor, milk Friesians; but, if you're
short of land, milk Jersey.” (A. M. Bryant, personal
communication).

Crossbreeding Crossbreeding of pure Holstein-Frie-
sian cows with bulls from breeds with superior fertility
was a farmer-driven initiative in the 1990s to improve
reproductive outcomes more quickly than selecting
within a single breed. The results, where quantified,
have been impressive (Buckley et al., 2014). Research
conducted in Ireland during the early 2000s concluded
that there was an 8-percentage-point increase in
pregnancy to first service and an 11-percentage-point
increase in pregnancy after 6-wk breeding in the Nor-
wegian Red x Holstein-Friesian compared with pure
Holstein-Friesian. A further study confirmed these
results, with pregnancy to first service increasing by
21 percentage points and percentage of cows pregnant
after 6-wk breeding increasing by 19 percentage points
in Holstein-Friesian X Jersey crossbreds compared
with purebred Holstein-Friesian cows. Similarly, in the
United States, an analysis of commercial data indicated
greater first-service conception rates for Scandinavian
Red x Holstein-Friesian (46 percentage units) and
Montbéliarde x Holstein-Friesian (410 percentage
units) compared with purebred Holstein-Friesian cows
(23%). In New Zealand, crossbred dairy cattle (primar-
ily Jersey x Holstein-Friesian) are achieving similar
rates of genetic gain for farm profit as the purebred
populations, but have created additional gain derived
from economic heterosis (Buckley et al., 2014). Cross-
breeding was yet another technology spearheaded by
farmers, with the benefit quantified and subsequently
extended by science.

Evaluating Alternative Germplasm— Genotype
X Diet Interactions. Until the 1990s, the accepted
paradigm, globally, was that the performance of dairy
cow genetics was not influenced by environment. This
might be the most heavily researched topic in grazing
farm systems during the last 30 yr.

A 3-year study in Ireland, completed in 1977, com-
pared 19 successfully imported Canadian Holstein-Frie-
sian heifers against 25 commercial Irish Friesian heifers
and 25 pedigree-registered Irish Friesian heifers; the
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study revealed that the Canadian animals yielded 23 to
28% more than the Irish counterparts (Cunningham and
O’Ferrall, 1977). In 1984, the Canadian-New Zealand
genotype-by-environment study (CANZ) began (Peter-
son, 1988). The study involved using 20 Canadian and
20 New Zealand Holstein-Friesian bulls as Al sires for
cows in 20 New Zealand and 10 Canadian herds in a 2
x 2 factorial arrangement. Holmes (1995) reported that
there was no interaction between the origin of the sires
and the daughters’ environment, but that there was a
significant interaction between individual sires within
strain and daughters’ environment, such that the cor-
relations between the sire proofs in the 2 countries were
approximately half of the expected values.

These results were inconsistent with the previously
reported lack of effect of stocking rate on the realization
of genetic potential for milk production (Carter, 1964)
but in agreement with subsequent Australian research
that identified a scaling effect of genetic merit with
feeding level (Fulkerson et al., 2008). Fulkerson et al.
(2008) reported that grazing cows only expressed the
milk production difference predicted from their breeding
values when offered >0.8 t of DM/cow of concentrates
and the actual milk production difference when cows
were offered ~0.3 t of DM concentrates was only 55% of
the difference predicted by their genetic breeding value.
Bryant et al. (2007) also predicted this scaling effect
using a mechanistic model of the mammary gland; in
their simulations, the benefits of increases in genetic
merit were greater at high feeding levels and this was
a result of a greater total number of mammary alveoli
produced from conception until the end of lactation.

Holstein-Friesian germplasm from farm systems
that do not involve grazing or seasonal calving were
increasingly used through the 1980s and 1990s because
of their superior milk production ability, as previ-
ously discussed. To evaluate the effects of such radical
changes on the cow and the grazing system, several
multi-year farm systems experiments were undertaken
around the world (Buckley et al., 2000; Kennedy et al.,
2002; Kolver et al., 2002; Horan et al., 2005a,b,c; Roche
et al., 2006a; Macdonald et al., 2007, 2008b). Without
exception, these studies reported reduced reproductive
performance in the genetic strain originating from non-
grazing systems. On average, the 6-wk in-calf rate, a
key metric of reproductive performance in grazing sys-
tems, was 15 percentage points less in the genetic strain
that had evolved in nonseasonal systems. Furthermore,
there was little advantage in feed conversion efficiency
to these genetics in grazing systems. Although there
were apparent production advantages in systems using
large amounts of supplement, due to low levels of sub-
stitution (Linnane et al., 2004) and greater immediate
marginal milk production responses to imported feeds
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(Kennedy et al., 2002; Horan et al., 2005b; Macdonald
et al., 2008b), the greater negative energy balance in
early lactation and the failure of the cow to partition
toward BCS replenishment during lactation (Roche et
al., 2006a; McCarthy et al., 2007) resulted in a very
similar full lactation feed conversion efficiency. These
experiments quantified the effects of the genotype x
diet interaction in grazing systems and accelerated the
change to multi-trait indices that focus considerable
weighting on important functional traits for grazing
dairy cows.

Within a Single Germplasm—FExploiting Nat-
ural Variation. Although the Canadian-New Zealand
genotype X environment trial did not identify a germ-
plasm source x farm system interaction, an interaction
between sires within strain and their daughters’ envi-
ronment was detected. This result would support the
ability to select within germplasm for desirable traits.
In the 1990s, Colin Holmes and his team at Massey
University undertook an interesting study comparing
cows differing only in BW. They selected 2 lines of
Holstein-Friesian cows that were 60 to 80 kg different
in their BW and compared them in a rotational grazing
system. Over multiple lactations, the high BW strain
offered no consistent advantages in production or effi-
ciency and, in fact, had inferior reproduction (Laporde
et al., 1998; Lopez-Villalobos et al., 2001; Tolosa et al.,
2001). These results supported the negative weighting
placed on BW in genetic selection for grazing cows.

Taking advantage of ability to select within germ-
plasm for desirable traits and the substantial genetic
variation for fertility traits that existed in the early
2000s in Ireland, a study was initiated at Moorepark
to identify fertility phenotypes under genetic control.
Cows with similar genetic merit for milk produc-
tion traits but either very good (Fert+) or very poor
(Fert—) genetic merit for fertility traits were identified
and assembled as a single herd of animals. With a simi-
lar environment (e.g., nutritional management, health
protocols, winter housing), the divergence in fertility
phenotypes recorded in these 2 groups of animals was
very impressive. Despite calving at similar BCS and
having approximately similar milk production, Fert+
cows had earlier resumption of cyclicity, more rapid
recovery of uterine health after parturition, greater
BCS during lactation, more favorable blood indica-
tors of bioenergetic status, stronger estrous expression,
and a larger ovulatory follicle (and greater circulating
estradiol concentrations) that subsequently resulted in
a larger corpus luteum (and greater circulating pro-
gesterone concentrations; Cummins et al., 2012; Moore
et al., 2014). These phenotypes collectively affected
reproductive performance during the breeding period,
with the Fert— cows failing to achieve fertility targets
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and survive in seasonal calving systems. The collective
results from this investigation highlighted the impor-
tance of selecting for functional traits important to the
profitability of grazing systems, such as fertility, and,
for the first time, identified the fertility phenotypes
under genetic control in lactating dairy cows.

Supplementary Feeding

Many multi-year farm system-level experiments
have evaluated the total biological, economic, and
environmental responses to intensifying the dairy sys-
tem through the importation of supplementary feeds
(Jonsson et al., 1999; Roche et al., 2000; Kennedy et
al., 2002; Horan et al., 2005b; Jensen et al., 2005a,b;
Fulkerson et al., 2008; Macdonald et al., 2008b, 2017).
As previously discussed, marginal milk production
responses to supplementary feeds are greatest when se-
vere feed restrictions relative to demand result in large
reductions in the milk yield of a control group (Penno,
2001). Therefore, at a system level, the way to increase
the milk production response to supplements might be
by increasing stocking rate or through a high stock-
ing rate in the control treatment (Horan et al., 2005b;
Macdonald et al., 2017).

In research experiments, in a scenario of low feed
availability, response to additional feed is approximately
0.1 kg of milk or 7.5 g of fat and protein for 1 MJ of ME
consumed, irrespective of feed type (Macdonald et al.,
2017). However, estimates of the marginal production
response to supplementary feeds can be much less on
commercial farms; Ramsbottom et al. (2015) reported
that marginal milk production responses to purchased
feeds were approximately two-thirds of those achieved
in research experiments. This failure to capture the
full benefit of the supplementary feed has implications
for the profitability of feed use, with Ramsbottom et
al. (2015) reporting a linear drop in profitability with
increased use of supplementary feed above 300 kg/cow.
From their data set, it would appear that stocking rate
was not adequately increased to provide a reasonable
pre-supplement feed deficit and pasture utilization de-
creased.

However, even in situations where stocking rate was
dramatically increased and the response to supple-
mentary feeds was as high as expected (Macdonald
et al., 2017), the increase in total costs can outweigh
the milk production benefit, because most expenses
increase with feed use (DairyCo, 2013; Ramsbottom
et al., 2015). In grazing systems, for supplementary
feeding to be profitable, milk-to-feed price ratio [i.e.,
milk price ($/kg of milk) relative to feed price ($/kg
of DM feed)] must be greater than 1.5 when grazing
residuals are 35 mm (assuming a feed containing 11
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MJ of ME). Roche and White (2012) hypothesized that
farmers could use postgrazing residuals to estimate the
relative feed deficit described by Penno (2001). If their
hypothesis is true, the milk-to-feed price ratio needs to
be approximately 1.1, 1.5, and 4.5 when postgrazing
residuals are ~20, 35, or 50 mm, respectively, to ensure
a sufficient milk production response to the supplement
to cover feed and nonfeed cost increases.

Once-Daily Milking

While much of the dairy world extended milking
frequency to 3 or even more times per day (Bar-Peled
et al., 1995; Erdman and Varner, 1995), the role of less
frequent milking was investigated in grazing systems
(Holmes et al., 1992; Clark et al., 2006). Because a high
level of labor productivity (i.e., cows/labor unit) is a
key objective in grazing systems because labor is one
of the top 2 expense items (Ramsbottom et al., 2015)
and because milk yield/cow is limited by DMI (Kolver
and Muller, 1998), several researchers have questioned
the need to milk cows twice daily and whether milking
cows once each day or every 18 h would suffice in graz-
ing systems with moderate yielding cows (Stelwagen et
al., 2013).

Holmes et al. (1992) concluded that milking cows
only once daily reduced milk production/cow but the
size of the reduction was cow-dependent. These results
indicated a potential opportunity to genetically select
cows for suitability for once-daily milking. Clark et al.
(2006) undertook a multi-year comparison, wherein
they compared Jersey and Holstein-Friesian cattle
milked either twice daily or once daily. They also re-
ported a lower milk production/cow from cows milked
once daily: Holstein-Friesian cows and Jersey cows
produced 31 and 22% less milk and 29 and 19% less
milk fat and protein, respectively. The experimental
design, however, included an increase in stocking rate
associated with the once-daily milking treatments (i.e.,
stocking rate in the herds milked once daily was 17
percentage points greater than the herds milked twice
daily), and it is not possible, therefore, to separate
the effect of a higher stocking rate on milk production
per cow from the once-daily milking frequency effect.
Nevertheless, milk production/hectare was also less,
despite the increased stocking rate; Holstein-Friesian
and Jersey cows produced 18 and 9% less milk/ha, on
average, over the 4-yr period.

The collective results indicate that breeds or cow
strains within breed with low milk volume but high
component concentrations are negatively affected to a
lesser degree by reduced milking frequency than are
high-volume breeds. This conclusion is consistent with
what we know about the feedback inhibition of milk se-
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cretion (Stelwagen et al., 2013); however, in agreement
with Holmes et al. (1992), it indicates that there may
be potential to select for cows suitable for once-daily
milking in situations where milk component yield is a
greater priority than milk volume.

WHERE TO FROM HERE? THE NEXT 100 YEARS

In the last 100 yr, we have witnessed almost unbe-
lievable increases in milk production per hectare. Plant
breeding and grazing techniques, customized soil nutri-
tion, and the application of N fertilizer increased the
amount of pasture harvested by a cow specifically bred
to produce almost her own body weight in milk fat and
protein from grazed pasture and successfully rebreeding
within 83 d of calving. Farmers and applied scientists
working in concert provided the infrastructure that fa-
cilitated a farm scale that, in terms of hectares farmed
and cows per labor unit, could not have been foreseen
when the first issue of the Journal of Dairy Science
was published. However, the landscape has changed
and the next 100 yr will be very different. Research in
grazing dairy systems must be more than just “tinker-
ing” at the fringes of the system with small incremental
gains in productivity. It will have 3 focal points during
the next century: (1) solutions to environmental and
animal welfare concerns; (2) provision of technologies
that increase the number of cows milked/labor unit and
reduce the skill requirements of a farm worker through
the use of both structured and unstructured data that
can assist in decision making; and (3) improvements in
the productivity of each of the components of the farm
system in an integrated manner.

Social License to Farm

As with all dairy systems in developed countries,
arguably the greatest challenge facing farming and
agricultural science in the next century is the provision
of solutions for, and evidence against, consumer con-
cerns regarding the animal welfare record of ruminant
livestock farming and our environmental footprint. As
the nutritional status of people in developed countries
has increased and stabilized (i.e., year-to-year volatility
in the supply of foods is nonexistent in the developed
world), consumers have become increasingly concerned
about the methods used to produce food. This has both
advantages and disadvantages for grazing systems, as
consumers in many countries believe that the welfare
of cows allowed to graze is superior to those without
access to grazing and, increasingly, full grazing is being
viewed as superior to part grazing when climatic condi-
tions allow (Arnott et al., 2017). Nevertheless, grazing
systems involve inconsistent pasture supply and nutri-
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tive value profiles (Roche et al., 2009b) and, increas-
ingly, consumers anthropomorphize their observations
of animal farming. This can have negative consequences
for grazing systems. The effect of periods of low DMI
is a crucial question to determine the animal welfare
requirements for supplementary feeding in grazing sys-
tems, as is the requirement for shade and shelter in
inclement weather conditions and in different environ-
ments.

The social license to operate is decided locally and by
only a small part of the consumer population in export-
oriented dairy industries. This population tends to be
more concerned about the environmental footprint of
grazing dairies and, in particular, the effect of grazing
systems on water quality and climate change. Well-
managed grazing systems affect water quality primarily
through the high concentration of N in urine deposited
on a small area (i.e., the cow’s urine patch). When pas-
ture growth slows in autumn, the ability of the plant
to withdraw this N from the soil pool is less and some
moves below the root zone. When precipitation exceeds
evapotranspiration in winter, this N can be lost to
ground water in drainage (Roche et al., 2016). Depend-
ing on the current state of water in a region or country,
this is either an immediately urgent area of research
need or one that will become urgent with increasing
dairy intensity in sensitive catchments.

Component solutions will include the breeding or
feeding of cows for less N output in urine, breeding
pastures with lower N content (% of DM), or using
alternative forage species that have lower N content
or possess diuretic qualities that result in an increased
urine volume or a lower N content in urine. Systems-
level solutions will include the investigation of interact-
ing components for complementarity or antagonism.
However, solutions must consider the achievements to
date; the proverbial baby must not be tossed with the
dirty bathwater. Pasture-based dairy farming is suc-
cessful because of its simplicity in daily decision mak-
ing and its low infrastructure and variable costs. Any
change to the base forage cannot unduly complicate
the management of the grazing system; changes to
animals cannot undermine productivity and resilience;
and system-level changes cannot substantially increase
operating expenses nor increase the need for capital
infrastructure. If any of these are to change greatly,
the system will not be economically viable in a world
with ever-declining food prices. With these boundaries
considered, these challenges are no less than those faced
by the men and women of 1917.

From a climate change perspective, grazing dairy
farms will be affected in 2 ways. First, the emissions of
CH, from ruminants is a large part of the greenhouse
gas (GHG) inventory in New Zealand, Ireland, and
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Australia, but less of an issue in more industrialized
countries. This means that international agreements to
reduce GHG will affect dairy systems. Animal breeding
is a potential avenue for CH, reduction (Pinares-Patino
et al., 2013) but this is a long-term solution and will de-
pend on the value/cost of carbon taxes and alternative
strategies for reducing the farms’ GHG footprint (e.g.,
purchasing carbon credits elsewhere). Currently, the
only way to reduce CH, emissions in grazing cows is to
reduce the amount of feed being consumed. Although
CH, inhibitors are being explored (Hristov et al., 2015),
currently they need to be included with the feed and
may not be effective in grazing systems. Further re-
search will be required in this space and, potentially,
in conjunction with biotechnologists, the breeding of
pasture species with a CH, inhibitor contained within
the cells of the plant. There is also the possibility of
developing vaccines that stimulate the cow to produce
antibodies against rumen methanogens (Clark, 2009).
With the precautionary principle firmly in place in
global governance, reducing dairy farming’s contribu-
tion to GHGs will be a significant research effort in the
future.

The second way in which climate change may affect
dairy systems is through changes to atmospheric CO,,
which enhances pasture growth, and through projected
increased temperatures or altered patterns of rainfall.
Considering the absolute immediacy of the dependence
(i.e., daily to weekly) of grazing systems on the climate
for the provision of the cow’s feed supply, research will
be needed to ensure the availability of resilient plants,
animals, and systems suitable to a changing or more
volatile climate.

Automation and the Replacement
of Decision Making

Over the last century, grazing systems were renowned
for the lack of employed technology, almost as if it were
a badge of honor—producing milk as nature intended
without the aid of depreciating assets. Milking parlors,
simple aids to detect estrus, hormone intervention for
anestrus, and simple tools for measuring pasture height
were the only technologies that added significant value
to the management of the system. This was despite farm
size increasing by more than 1,000% in New Zealand,
for example, over those 100 yr. However, with scale
and with increasing recognition of social responsibility
issues, each decision becomes more important and yet
there is less time to consider the decision being made.

With scale, fewer farming families, and smaller
families, animal husbandry skills are not as expertly
or easily acquired as they were in the last century.
Therefore, what were simple tasks, such as the early

Journal of Dairy Science Vol. 100 No. 12, 2017



10220

detection of disease or the accurate identification of
cows in estrus, have become less exact. At the same
time, the consumer’s requirement for animal welfare
management has increased and requires that farmers
manage herds of cows as individuals, which will require
better animal husbandry skills than historically passed
down from generation to generation. This means that
farmers will need near- to real-time information on each
cow at his or her fingertips. Cow activity, rumen func-
tion, core temperature, changes in BW or BCS, and
milk production are all easily measured with available
technology. These will soon be combined with abilities
to detect hormones, metabolites, and even nanopar-
ticles in milk, all of which have the ability to contribute
to the picture the farmer receives about each cow. For
example, Crookenden et al. (2016) reported that the
protein cargo contained in circulating exosomes in early
lactation provides a picture of the metabolic health sta-
tus of transition dairy cows. Exosomes are intercellular,
nanoparticle messengers that can cross the blood-milk
barrier. If used in conjunction with other measurable
factors in milk, it will be possible to automatically draft
cows for further inspection by the farmer. However,
for this to occur, we need to understand the inference
that changes in these biomarkers convey and, more
importantly, what can be done to prevent or treat the
likely animal health problem. The technology is already
being developed for human medicine; however, dairy
physiologists will have to work closely with researchers
in the biomedical sciences to develop algorithms using
machine learning technology that utilize the increasing
amount of structured and unstructured data being col-
lated about each animal. These data will enable greater
phenotyping of animals and more accurate and rapid
genetic selection for cow resistance to disease and re-
silience.

For pastures, technologies that automatically and
accurately measure pasture DM yield and quality will
enable improved genetic selection for economically
important traits, such as non-peak DM production,
digestibility, persistence, and, potentially, lower CP
content, from an environmental mitigation perspec-
tive. Technologies will be developed to accurately, and
without human interference, assign an area of pasture
commensurate with the daily DMI needs of the cow
and the immediate and projected pasture growth rate.
Such virtual fencing technology is being considered by
several research groups, but at the time of writing is
still some way off. In particular, the technologies that
will accurately measure pasture available and likely
pasture growth to calculate the allowance will need
considerable research efforts. But the unstructured data
are already being collected on every “smart” device on
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the planet. This type of technology could automate one
of the most time-consuming but important tasks in
optimally managing a grazing dairy farm; that is, the
assessment of farm pasture cover and the assignment of
daily grazing area.

Productivity Improvements

The immense productivity improvements during the
past 100 yr have been driven by well-designed compo-
nent research studies to establish principles and farm
systems research that investigated how these primary
system components interact. Much of biological sys-
tems research has been overtaken by computer simu-
lations (i.e., modeling), which offer the considerable
advantage of being able to estimate effects over long
periods quickly and inexpensively. However, sometimes
they do not accurately represent what is observed in
field experimentation or on farm, and they rarely ac-
count for the human capability interface. In the future,
farm systems research will be an interaction between
field experimentation and computer simulation model-
ing, with the field observations used to parameterize
the models and provide confidence of accuracy, whereas
the model will facilitate the prediction of effects under
many environments and circumstances. One of the
most important developments must be the development
of a human capability model that will estimate poor to
expert decision making and allow this information to be
integrated into the biological modeling to provide the
range of likely outcomes and to prioritize the actions
that need to be undertaken well.

The current grazing model for production of milk will
continue to make steady incremental gains in cow and
feed genetics, and the rate of gain may even increase
with greater knowledge of the effects of production and
nonproduction traits on farm profitability. A greater
ability to easily measure important phenotypes and
develop associations with molecular signatures through
an ever-increasing array of “-omics” technologies that
decline in unit cost annually will accelerate genetic
gain, even without the use of trans- and cisgenic bio-
technologies, whose use to date has been curtailed by
non-scientific regulations in most grazing regions. The
focus in cow breeding will continue to be in quantify-
ing functional traits that are linked to cow survival
and health (e.g., fertility, mastitis, metabolic diseases),
both because of their importance to profitability and
because premature mortality is increasingly viewed as
an animal welfare issue in animal production systems,
even though losses are estimated to be 50% less in
grazing systems than in housed systems (Compton et
al., 2017). This will not diminish our ability to make
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progress in milk production, as is evidenced in Figure
6, because voluntary removal of animals will make up a
greater proportion of the total number of cows replaced
and the “boarder” cow will be removed earlier than
they are currently when involuntary animal removal is
such a large proportion of total cows replaced.

In comparison, focus in pasture breeding will continue
to shift toward more complex traits than just annual
DM yield. Seasonality of pasture production—with high
yields in spring, inadequate growth in summer in areas
prone to moisture stress, and in winter due to low tem-
peratures and solar irradiation—is a critical limitation
to the current production system. Pasture production
away from peak growth, as well as an increased focus on
persistence of selected cultivar varieties, improvements
in nutritive value, and any traits that could contribute
to a reduction in NO4-N leaching (e.g., increased winter
growth) or methane production will increasingly be the
focus of pasture breeding in the next century.

CONCLUSIONS

Through the actions of many, grazing systems have
evolved from primitive, poorly performing systems that
used unimproved pastures and dual-purpose cows in
an extensive manner to an intensive system of graz-
ing management with highly digestible pastures and
fit-for-purpose cows, and all primarily without a large
increase in capital infrastructure. The Journal of Dairy
Science has played a pivotal role in communicating the
advancements of science throughout this period and, in
particular, during the last 20 yr. Necessity is truly the
“mother of invention” and the history of the modern
grazing system is testimony to this. The development
of the electric fence, the herringbone and rotary milk-
ing parlors, and the diluents that allowed provision of
low volumes of fresh semen for Al were all specific to
the need for a seasonal-calving system. Multi-year farm
systems experiments were unique to grazing research
because the components of the systems were more
inherently intertwined than in housed systems with
a predictable feed supply. These experiments helped
cement some of the underlying principles of grazing
management and stock husbandry. The future is bright,
but a shift in research resources is needed to allay con-
sumer concerns around animal welfare and farming’s
environmental footprint. This will be associated with
increased use of structured and unstructured data sets
being automatically collected and technologies that will
individualize the care and management of the dairy
cow and accelerate incremental, but permanent, gains
in animal genetics for functionally important traits.
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APPENDIX

Table A1l. Timeline of grazing research and pertinent discoveries between 1917 and 2017

Date Milestone Reference

1917 Where it all begins: Atkins, 2016; Anonymous,
- Herd sizes are <30 cows 1924; Blaxter and
- Hay is the predominant conservation method for grass Robertson, 1995; McCloy,
- Set-stocking (night and day paddocks) 2014
- Dual-purpose breeds (beef and dairy)
- Primary dairy breed is Shorthorn

1919 Welsh plant breeding station is established at Aberystwyth with Sir Raymond, 1981; Lazenby,
George Stapledon as director. Work focuses on breeding forages for 1981
different purposes (e.g., grazing, hay-making).

1920s Inherently low P and pH status of soils is addressed via a major drive Blaxter and Robertson,
to improve soil fertility through the addition of superphosphate and 1995
lime to increase pasture and animal productivity.

1920s A significant uptake of milk recording occurs to enable selection of Anonymous, 1924; Atkins,
cows for higher milk yields. 2016

1924 Stapledon highlighted the importance of leaf proportion for feed Stapledon, 1924
value; as intervals between grazings increase, the proportion of green
leaf blade is reduced.

1927 First International Grassland Congress is held in Leipzig, Germany. McMeekan, 1953

1928 World Dairy Congress, Boutflour proposed that the 4 factors limiting Boutflour, 1928
production were (1) lack of control of indigestible fiber; (2) lack of
control of DMI; (3) neglect of the transition cow; and (4) infrequent
milking.

1928-1932 Frequent defoliation is reported to result in higher concentrations of | Woodman et al., 1928,
nutrients. 1929, 1931;Woodman and

Norman, 1932

Early 1930s The first electric fences are developed in the United States for Jones, 1988
livestock control.

Mid 1930s Bill Gallagher modifies US electric fence chargers to control his horse | Jones, 1988
and dairy cows.

1936 Grass growth is reported to cease when soil temperatures <5°C,and Lazenby, 1981
nitrification slows between 5 and 8°C. Pasture growth is increased at
lower temperatures by applying N fertilizer.

1937 The subdivision of larger areas into smaller paddocks and utilization Holford, 1937
of rotational grazing is widespread as a means to manage growth in
New Zealand.
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Date Milestone Reference

Late 1930s “Young Farmers” clubs are established in New Zealand as a way to Holford, 1937
share learning and experiences.

1939 Ruakura Experimental Station converted from teaching to applied Scott, 1997
experimentation.

1930-1940s Shift from Shorthorn cattle to Friesian in UK and Ireland and to Jersey | Atkins, 2016
in New Zealand.

1941 J.F.James reported similar conception rates with Al and natural James, 1941
mating in research.

1943 C.P.McMeekan becomes superintendent (and later director) of Scott, 1997
Ruakura Experimental Station (Waikato region, New Zealand).

1944 “Macra na Feirme” established in Ireland as young farmers clubs. http://www.macra.ie/
1945 In New Zealand, McMeekan began advocating for rotational McMeekan, 1960
grazing in a long-term experiment (12 yr) that compared rotational

(controlled) and set-stocking (uncontrolled).

1946 Extremely seasonal nature of breeding season is viewed as an James, 1946
“insurmountable barrier”to commercial Al.

1948 A comprehensive review of plant carbohydrate metabolism Weinmann, 1948
establishes the need for a rest period between grazing events and
support for rotational grazing grows.

1949 A debate at International Grasslands Congress identifies a greater
benefit of N fertilizers in Europe than New Zealand because of a
shorter growing season for legumes in Europe.

1950 Annual pasture DM yields increase with inter-grazing interval (i.e., McMeekan, 1947,1957,
rotation), which leads to the hypothesis that animal production is 1960
greater under rotational grazing compared with set-stocking.

1950 Research facilities to investigate digestibility of pasture are Raymond, 1981
established at Hurley, United Kingdom.

1950 Tetraploid ryegrasses are bred in New Zealand. Hunt and Easton, 1989

1951 Nitrogen fertilizer does not accelerate leaf appearance but strongly Whitehead, 1995
influences leaf size and tillering.

1952 Ron Sharp, a New Zealand dairy farmer, develops the herringbone McCloy, 2014
milking parlor design.

1955 R.W.Brougham is the first to report that regrowth of pasture following | Brougham, 1955
defoliation conforms to a sigmoidal or S-shaped curve.

Continued
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Timeline of grazing research and pertinent discoveries between 1917 and 2017

Date Milestone Reference

1956 R.W.Brougham suggests that control of management of rotational Brougham, 1957
grazing could be achieved using sward height before and after
grazing.

1956 McMeekan reports no advantage to strip grazing (offering only McMeekan, 1957, 1960
enough pasture for a single feed between milkings) or grazing the
whole paddock.

1957 McMeekan reports an interaction between stocking rate and method | McMeekan and Walshe,
of grazing (set-stocked vs. rotational). 1963; Carter, 1964

1959 Voisin publishes his book, Grass Productivity, encapsulating his Voisin, 1959
thoughts on rotational grazing.

1959 “An Foéras Taluntais” (later Teagasc) is established in Ireland and
the Moorepark Research Station is dedicated to dairy production
research.

1960 McMeekan publishes landmark treatise, Grass to Milk. McMeekan, 1960

1960 First grassland experiments begin at Moorepark (Ireland) comparing P.G.Dillon (personal
rotational grazing with set-stocking. communication)

1960 Autumn-saved pasture as a method of conserving pasture in situ in McMeekan, 1960
late autumn comes into vogue.

1960s Merit testing of pasture plant varieties is conducted. Raymond, 1981

1960 Ryegrass tillers are shown to carry an average of 3 live leaves at all Davies, 1977; Fulkerson and
spacings and nitrogen levels. Donaghy, 2001

1963 The interaction between grazing method and stocking rate is McMeekan and Walshe,
confirmed. At low stocking rates, no difference is found between 1963
rotational grazing and continuous grazing. At high stocking rates,
rotational grazing allows a 10% increase in stocking rate.

1963 The “unshortable” electric fence for livestock control is developed by Jones, 1988
D. Phillips; it increases the range of fencing and decreases the cost by
~90%.

1960s Cow breeds in use continue to change.By 1970, 76% of cows in the UK | Atkins, 2016
are Friesian and 3% Shorthorn.

Late 1960s White clover is reported to have consistently higher digestibility than | Raymond, 1981
ryegrass.

1969 Campbell reports an increase in pasture DM yield with rotation Campbell, 1969
length.
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Date Milestone Reference
1969 Hutton and Parker confirm the need to fully feed transition cows. Hutton and Parker, 1973
Early 1970s The substitution of supplements for pasture is quantified in Leaver, 1985;Bargo et al.,
many countries; grazing time declines by 15 to 22 min/kg of DM 2003; Stockdale, 2000
supplement eaten.
1973 Itis established that grazing should not be delayed beyond the Davies, 1977
development of a full canopy (i.e., ceiling yield).
1973 Submission rate during the first 4 wk of seasonal breeding is Macmillan and Watson,
identified as key management success variable. 1973
1977 Ceiling pasture yield is reached after 3 leaf appearance intervals. Davies, 1977; Fulkerson and
Donaghy, 2001
1977 Tail-painting for estrus detection is first introduced. Macmillan and Curnow,
1977
1970s Sperm dose rate is reduced from 25 million to 1 million. Shannon and Vishwanath,
1995
Late 1970s Magnesium supplementation reduces milk fever in grazing cows. Roche and Berry, 2006
1979 The spring gate is developed for electric fences, removing the last Jones, 1988
impediment to their use on farm.
1981 Cow DMl is close to maximum with 8- to 10-cm postgrazing residuals.
1981 Endophyte is reported to cause ryegrass staggers in sheep; Lolitrem B | Harvey, 1983
is isolated as causal factor.
1982 Seminal work by Bryant and L'Huillier determines how much feed Bryant and L'Huillier, 1986
should be on the farm in spring and how best to achieve this.This
work leads to the development of the autumn and spring rotation
planners.
1982 Endophyte is reported to protect ryegrass from insect attack. Popay and Rowan, 1994
1980s onward Novel endophytes are developed that offer insect protection but have | Bluett et al., 2003; Milne,
fewer or no negative effects on dairy cattle. 2007
1985 Initiation of experiment comparing Canadian and New Zealand dairy | Peterson, 1988
sires that investigated genetics X environment interaction.
Late 1980s A series of experiments by Stakelum and Dillon in Ireland quantifies Stakelum and Dillon, 1991
the longer-term effect of grazing management on pasture quality.
1990 Jersey versus Friesian breed comparison experiment is undertaken. Ahlhorn and Bryant, 1992

Continued
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Table A1 (Continued).

ROCHE ETAL.

Timeline of grazing research and pertinent discoveries between 1917 and 2017

Date Milestone Reference

Early 1990s Farmers begin reporting poor reproduction results with modern cows. | Harris and Kolver, 2001
General feeling that breeding for or against fertility traits was not
possible due to its low heritability.

1991 Controlled internal drug releasing (CIDR) insert for vaginal Macmillan and Peterson,
administration of progesterone is developed. 1993

1994 Irish and Australian experiments begin to compare North American Buckley et al., 2000;
and Dutch genotypes of Holstein-Friesian with local genotypes. Fulkerson et al., 2001;
Comparisons continue in different formats for 15 yr in Ireland and Kennedy et al. 2002; Horan
New Zealand. etal., 20053,b,c

1995 The importance of calving date in maximizing milk production from Dillon et al., 1995
pasture is defined.

1996 A set of management decision rules to optimize milk production Macdonald and Penno,
in seasonal calving dairy systems is developed in New Zealand by 1998
Macdonald and Penno.

1997 Kolver and Muller report that primary limiting nutritional factor in Kolver and Muller, 1998
grazing dairy cows is intake of metabolizable energy.

1997 onward The origin of metabolizable energy does not affect milk production Carruthers et al., 1997;
in moderate yielding cows. Carbohydrate course (i.e., sugar, starch,or | Roche et al.,2010; Higgs et
fiber) is unimportant. al.,, 2013

2000 Temporal changes in pasture DCAD through the year and its effect on | Roche et al., 2000
cow urine pH defined.

2000 Comparative stocking rate is defined to allow optimum stocking rate | Macdonald et al., 2008a
to be calculated in different places.

2000 Higher stocking rates do not increase nitrate leaching. Roche et al.,, 2016; Huebsch

etal. 2013

Late 1990s-2000s | Novel endophytes are developed that have insect protection but very | Milne, 2007
little effect on dairy cow health and heat stress.

2003 DCAD is not a practical solution to milk fever in grazing cows because | Roche et al.2003a,b
base DCAD is too high.

2006 Effect of feed intensification on nitrate leaching is defined.Increasing | Ledgard et al., 2006
the amount of feed imported from off-farm to increase stocking rate
increases nitrate leaching.

2000s Genotype X diet interaction is identified. Holstein-Friesians of Horan et al., 2005¢;
North American and Dutch origin have lower 6-wk in calf rate than Macdonald et al., 2008b
New Zealand Friesian cows, but have a lower substitution rate of
supplement for pasture and a greater immediate milk production
response.
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Date

Milestone

Reference

2001

Grazing studies conclude that DM and milk production/hectare are
maximized when pastures are grazed between the emergence of the
second and third leaf on ryegrass plants and postgrazing residuals
are between 3.5 and 4.0 cm. Subsequent studies defined these key
criteria for orchard grass, tall fescue, and prairie grass.

Donaghy, 1998; Fulkerson
and Donaghy, 2001

2000s

Breeding indices that accounted for important functional traits as well
as production are developed in Ireland and New Zealand. Followed by
United Kingdom and United States in 2010s.

Gay et al., 2014;
Spelman et al.,, 2013

2005

Transition cow experiments indicate a very small effect of precalving
DMI on milk production. Subsequent work concludes that cows
should have a BCS of 5.0 at calving (10-point scale) and consume 80
to 90% of requirements during the month before calving.

Roche et al., 2009a,2013,
2015

2011

Pasture Profit Index is developed in Ireland to provide a breeding
index for perennial ryegrass and to allow cultivar comparisons.

2015

Analyses of economic databases identify an increase in fixed costs
when grazing systems are intensified with imported feed; on average,
total costs increase by ~150% of the feed cost. Furthermore, marginal
responses to imported feeds on farm are ~40% less than those
reported in research trials.

Ramsbottom et al., 2015

2016

Forage Value Index is subsequently developed in New Zealand.
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