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ABSTRACT

The primary objective of the study was to quantify
the effect of stocking rate (SR) and calving date (CD)
on milk production, dry matter intake (DMI), energy
balance (EB), and milk production efficiency over 4
consecutive years (2009 to 2012). Two groups of Hol-
stein-Friesian dairy cows with different mean CD were
established from within the existing research herd at
Moorepark (Teagasc, Ireland). Animals were assigned
to either an early calving (mean CD February 14) treat-
ment or a late calving (mean CD March 2) treatment.
Animals within each CD treatment were randomly al-
located to 1 of 3 whole-farm SR treatments: low (LSR;
2.51 cows/ha), medium (MSR; 2.92 cows/ha), and high
(HSR; 3.28 cows/ha), and animals remained on the
same farmlet for the duration of the study. Individual
animal DMI was estimated 3 times per year at grass
using the n-alkane technique in March (spring), May
(summer), and September (autumn), corresponding to,
on average, 45, 132, and 258 d in milk, respectively. A
total of 138 spring-calving dairy cows were used during
each year of the study. The effects of SR, CD, season,
and their interaction were studied using mixed models.
Individual animal milk production, body weight, body
condition score, and the efficiency of milk production
were significantly decreased as SR increased due to a
reduction in herbage availability. The existence of CD
X SR X season interactions for production, DMI, and
EB indicate that delaying the herd mean CD can be an
effective strategy to minimize the reduction in animal
performance, particularly in spring at higher SR. This
study further confirms the benefits of a new approach
to the evaluation of herbage allowance known as the
individual herbage allowance, which encompasses the
3 main factors restricting DMI in rotational grazing;
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namely, the average daily herbage allowance of the
group, the intake capacity of the individual animal
within the group, and the relative intake capacity of
the animal within the competing herd.

Key words: stocking rate, calving date, dry matter
intake, feed efficiency

INTRODUCTION

The imminent abolition of European Union (EU)
milk quotas in 2015 creates exciting and challenging
opportunities for Ireland’s grass-based dairy industry.
The medium- to long-term outlook for efficient, grass-
based milk production is positive because of lower costs
of production associated with grazed grass systems
(Dillon et al., 2008), and recent studies evaluating the
potential effect of EU milk quota abolition indicate
that milk production in Ireland could increase by be-
tween 30 and 50% post-quotas (Lips and Reider, 2005;
DAFM, 2010). The realization of increased overall milk
production within Irish grazing systems will necessitate
increased operational scale and improved production
efficiency on existing dairy farms. Productivity within
such systems depends on achieving a balance between
the competing objectives of high individual animal
grass DM and milk production conversion efficiency
and maximizing grass production, quality, and utiliza-
tion (Penno et al., 1996; Peyraud et al., 1996; Prendiv-
ille et al., 2011).

Individual animal intake at grazing and milk produc-
tion efficiency is governed by multiple factors including
animal genotype (Horan et al., 2005), grazing stock-
ing rate (SR) and grazing intensity (McCarthy et al.,
2013b), herd mean calving date (CD) and calving rate
(Dillon et al., 1995; Garcia and Holmes, 2005), and feed
allocation rate and quality (Dalley et al., 1999; Peyraud
et al., 1996; Stakelum and Dillon, 2007). Stocking rate
(cows/ha), defined as the number of animals per unit
area of land used during a specified defined period of
time (Allen et al., 2011), is widely acknowledged as
the main driver of productivity from grazing systems
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(Hoden et al., 1991; Macdonald et al., 2008; Baudracco
et al., 2010). A recent review of SR experiments for
which no additional supplement was fed as the SR in-
creased reported a 0.20 increase in milk production per
hectare arising from an increase in SR of 1 cow/ha (Mc-
Carthy et al., 2011). Increasing SR is usually associated
with an increase in grazing severity, and many studies
have attributed the increased productivity of higher SR
systems to an improvement in herbage utilization (Mc-
Meekan and Walsh, 1963; Hoden et al., 1991; Macdonald
et al., 2008). However, Horan et al. (2004) and Leaver
(1985) observed a significant reduction in grass DMI at
higher SR because of a reduction in daily herbage allow-
ance (DHA; kg of DM offered/cow per day; Greenhalgh
et al., 1966) where strategies were imposed to increase
milk production per hectare and improve sward quality.
In contrast, other studies have indicated that maximum
grass DMI is reached at high DHA (27 to 33 kg of DM/
cow per day above 4 cm; Leaver, 1985; Peyraud et al.,
1996), which are unattainable at higher SR where feed
supply is restricted (Macdonald et al., 2008).

In addition to SR, CD is an important determinant
of milk production and feed utilization through its ef-
fect on the alignment between feed demand and supply.
Altering the mean CD of the herd may have a role in
reducing the reliance of grass-based farm systems on
purchased feeds, particularly at higher SR. However,
few studies have attempted to quantify the effect of
mean CD in spring on DMI or elucidate any potential
interactions with SR. Dillon et al. (1995) observed that
delaying calving until March achieved a better align-
ment of dairy herd requirements and grass growth, in-
creased milk production from grazed grass, reduced the
requirement for purchased supplements, and achieved
a greater efficiency of energy utilization particularly at
higher SR.

In a post-quota scenario, where land availability is
the greatest limitation to milk production, both Mc-
Carthy et al. (2007) and Patton et al. (2012) concluded
that Irish dairy farms will need to increase overall
farm SR from the current mean SR of 1.78 cows/ha
(O’Donnell et al., 2008) and mean CD of March 17
(National Farm Survey, 2009) to realize greater levels of
milk and milk solids (MS; kg of fat 4+ protein) produc-
tion per hectare. The objective of this study, therefore,
was to evaluate the effect of SR and CD on grass DMI
and milk production efficiency of high-genetic-potential
Holstein-Friesian (HF) spring-calving dairy cattle over
4 full grazing seasons.

MATERIALS AND METHODS

This study was undertaken at the Animal and Grass-
land Research and Innovation Center, Teagasc Moore-
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park, Ireland (50°7N; 8°16W), over a 4-yr period (2009
to 2012). It formed part of a larger study designed to
examine the biological and economic effects of alterna-
tive SR and CD combinations in the context of the
removal of EU milk quotas. A more detailed description
of the animals, treatments, and experimental design
has been reported previously (McCarthy et al., 2013b).
The on-site swards used were predominantly perennial
ryegrass (Lolium perenne L.) and had been reseeded
over the previous 1 to 9 yr.

Feed System Treatments

The experiment was created in a split-plot design
with a 3 x 2 factorial arrangement of treatments. The
entire experimental area was sub-divided into 18 geo-
graphically distinct blocks, each of which comprised
3 paddocks each, to which the whole-plot factor (3
levels of SR) were assigned randomly. Each of these
paddocks (within blocks) was then further subdivided
into 2 (sub-plots) and the 2 levels of CD were assigned
randomly to these sub-plots. The 6 experimental treat-
ments consisted of 3 whole-farm SR (2.51, 2.92, and
3.28 cows/ha) and 2 mean CD (February 14 and March
2) and were designed to represent alternative spring-
calving, grass-based milk production models following
removal of the EU milk quota. Two groups of high
Economic Breeding Index (EBI) HF dairy cattle were
established from within the existing Moorepark herd
before the commencement of the 2008 breeding season
based on parity, BW, EBI, and previous lactation milk
production. The average EBI, milk, fertility, calving,
beef, maintenance, and health sub-indices of the trial
animals were €148, €59, €78, €27, —€23, €16, and —€3,
respectively. In each year of the study, one group was
bred to Al over a 13-wk period between April 10 and
July 10 to establish the early calving (EC; mean CD
February 14) treatment. The second group were bred
to Al over a 13-wk period between April 24 and July
24 to establish the late calving (LC; mean CD March
2) treatment. In the 4 yr of the trial, animals were
retained within their respective CD and SR treatments
by breeding the LC treatment within each SR 2 wk
later than the EC treatment. Cows within each CD
group were then randomly assigned precalving (based
on expected CD, parity, genetic strain, and EBI) to 1
of 3 SR treatments, low (2.51 cows/ha; LSR), medium
(2.92 cows/ha; MSR), and high (3.28 cows/ha; HSR).
The SR were 16 and 31% greater in the MSR and HSR
treatments than in the LSR treatment. The LSR treat-
ment was designed to allow each animal to express its
potential at high herbage allowances of high quality
grass and small amounts of concentrates, whereas the
aim of the MSR and HSR treatments was to investigate
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the potential to increase animal productivity per hect-
are by increasing SR and herbage utilization by grazing
to lower postgrazing residual sward heights (PGRSH).

Grazing Management

Cows were turned out to grass by day and night,
as they calved, from early February in the 4 yr of the
study. Concentrate supplementation was similar for
each SR (400 kg of DM /cow); however, less concentrate
was fed to the LC groups (425 vs. 376 kg of DM /cow for
EC compared with LC) according to the supplementa-
tion plan. The concentrate supplementation plan for all
treatments was as follows: supplementation commenced
at 4 kg/d postcalving and was reduced and removed
totally only when herbage supply exceeded animal de-
mand for all treatments (usually in mid-March). The
LC cows received concentrate for a shorter period than
the EC cows due to their later mean CD. Concentrate
and additional forage supplementation (in the form of
baled silage) were used on several occasions during the
main grazing season of each of the 4 yr when grass
supply was reduced. Concentrate supplement was only
used when a feed deficit occurred, because of reductions
in grass growth, for all SR treatments and at a similar
rate per cow (up to a maximum of 5 kg/cow per day)
in all treatments on those occasions. When feed deficits
arose, for individual SR treatments (e.g., if the feed
deficit could not be filled by concentrate alone or a
feed deficit occurred only in the higher SR treatments),
conserved forage produced within each treatment was
used to supplement the feed supply. The ingredient
composition of the concentrate feed was barley 25%,
corn gluten 26%, beet pulp 35%, soybean meal 11%,
and minerals plus vitamins 3%. Mean concentrate qual-
ity was 157 g/kg CP, 270 g/kg NDF, 80.9 g/kg crude
fiber, and 96.2 g/kg ash. Mean silage quality was 151 g/
kg CP, 553 g/kg NDF, 378 g/kg ADF, and 94 g/kg ash.

A rotational-stocking system was practiced, and
on-off grazing (Kennedy et al., 2009) was used as a
management tool to facilitate grazing during periods
of inclement weather. Grazing management was ac-
complished by weekly monitoring of farm grass cover
within each SR treatment. Calving date treatments
within each SR were grazed in sub-paddocks adjacent
to each other and were managed similarly (i.e., similar
target pregrazing yield, PGRSH, and residency time in
paddocks). The residency time within each paddock,
ranging from 1.5 to 2.5 d/sub-paddock, was determined
by targeting PGRSH of 4.5 to 5.0, 4.0 to 4.5, and 3.5 to
4.0 cm for LSR, MSR, and HSR, respectively, and each
group was moved to the next paddock once this target
was reached. The 4.0 to 4.5 cm height was picked as the
PGRSH for the MSR as this had been used at similar
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SR previously (McEvoy et al., 2009; Wims et al., 2010).
The PGRSH for the LSR and the HSR were increments
above and below 4.0 to 4.5 cm. Weekly grazing manage-
ment during the first rotation (February 1 to April 1)
was based on allocating an equal and increasing propor-
tion of each farmlet to each treatment up to the start
of rotation 2. All silage was conserved in bales (259 kg
of DM + 44.7). A sample of herbage was taken before
baling for DM determination, and bales were weighed
from each paddock to give an estimate of the amount
of feed conserved from each paddock (Macdonald et al.,
2008). No mechanical topping of the swards took place
for the duration of the experiment.

Animal Measurements

Cows were milked twice daily throughout lactation
across the 4 yr of the study. Milking took place at 0700
and 1530 h daily. Weekly milk production was derived
from individual cow milk yield (kg) recorded at each
milking (Dairymaster, Causeway, Co. Kerry, Ireland).
Milk fat, protein, and lactose concentrations were de-
termined in successive p.m. and a.m. samples of milk
each week using Milkoscan 203 (Foss Electric, Hillergd,
Denmark) and weekly SCM (Tyrrell and Reid, 1965),
fat, protein, lactose, and MS yields were calculated.
Individual animal BW was recorded weekly upon exit
from the milking parlor using an electronic scale (Tru-
Test Ltd., Auckland, New Zealand) calibrated weekly
against known weights. Animal BCS was measured
every 4 wk throughout the study on a 1 to 5 scale (1
= thin, 5 = fat) in increments of 0.25 as outlined by
Edmonson et al. (1989). Body condition was assigned
by one individual throughout the study.

Measurements of individual cow DMI were estimated
using the n-alkane technique (Mayes et al., 1986) as
modified by Dillon and Stakelum (1989). Individual
DMI were measured on 3 occasions during the graz-
ing seasons (S) of 2009, 2010, 2011, and 2012 corre-
sponding with the early spring (February; DIM = 45),
summer (May; DIM = 132), and autumn (September;
DIM = 258). Season encompasses both the effect of
the season of year and the effect of lactation stage.
Observations on DMI across animals ranged from 16
to 288 DIM. Cows were dosed twice daily after milk-
ing with paper bungs containing 500 mg of C32-alkane
(n-dotriacontane) over a 12-d period. On d 7 to 12,
fecal grab samples from each cow were collected. These
were subsequently bulked per cow to give 1 sample per
cow per intake period and sub-sampled for analysis.
Selected herbage samples were also taken to grazing
height following close observation of the grazing of the
cows. The ratio of herbage C33-alkane (tritriacontane)
to dosed C32-alkane was used to estimate DMI.
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The intake capacity of individual cows (IndIC) was
calculated using the equations of Faverdin et al. (2011)
based on animal characteristics at the time of intake
measurement. Briefly, required inputs to calculate in-
take capacity are actual milk yield, parity (primiparous
or multiparous), BW, BCS, age, stage of lactation,
stage of gestation, and potential peak milk produc-
tion. Subsequently, the herd average intake capacity
(HerdAvgIC) was calculated as the average DHA
weighed according to the ratio of AvgHerdIC to IndIC
for all animals within the group.

Measures of gross milk production efficiency were
calculated according to the net energy system (O’Mara,
2000), where 1 unite fourragere lait (UFL) of energy
is defined as the net energy content of 1 kg of standard
barley for milk production; that is, 1,700 kcal. The
measures of milk production efficiency calculated were
grams of MS per kilogram of DMI, kilograms of MS
per 100 kg of BW, and total DMI per 100 kg of BW.
In addition, net energetic efficiency (measured as the
amount of MS produced per 1 UFL of feed intake) and
net feed efficiency (which represents the MS produced
per 1 UFL available for milk production after adjusting
the energy requirements for maintenance; UFL NEI)
were also calculated, similar to Lopez-Villalobos et al.
(2008) and Prendiville et al. (2009).

Grass Measurements

Grazing data were collected on all paddocks during
each grazing rotation in all 4 yr. Pregrazing herbage
mass (>3.5 cm horizon) was determined before graz-
ing on each paddock for each of the 6 systems by
harvesting 2 strips (1.2 x 10 m) of grass with an Agria
autoscythe (Etesia UK Ltd., Warwick, UK). All mown
herbage from each strip was collected and weighed,
and a 0.1-kg (fresh weight) subsample was taken
and dried for 16 h at 90°C for DM determination.
Ten compressed sward height (CSH) measurements
were recorded before and after harvesting on each cut
strip using a folding grass plate meter with a steel
plate (Jenquip, Feilding, New Zealand). Based on the
aforementioned measurements, sward density was cal-
culated as follows (Delaby and Peyraud, 1998): Sward
density = herbage mass (kg of DM/ha)/(precutting
— postcutting CSH); kg of DM/cm. Pregrazing and
postgrazing CSH were also determined on each pad-
dock before and after grazing by taking between 30
and 50 measurements across the diagonal of the pad-
dock. The average paddock pregrazing herbage mass
above a cutting height of 3.5 ¢cm was then calculated
according to the following formula: Pregrazing herbage
mass = [pregrazing CSH (cm) — 3.5 cm] x sward den-
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sity; kg of DM/cm. Average DHA at each grazing was
also calculated using the formula: (Pregrazing herbage
mass; kg of DM/ha x daily grazing area allowance
(ha/cow). Subsequently, and similar to the methods
of Delagarde et al. (2011), a new individual animal
measure of herbage availability (individual herbage
allowance; IndDHA) was calculated based on the
proportional intake capacity of the individual animal
within a group in the same paddock with the same
average DHA. This new measure of herbage allowance
assumes that the herbage intake of a cow (or group
of cows) within a herd depends on the herbage intake
level of the other cows, as the limited area per cow
per day leads to competition for feed. The IndDHA is
calculated based on the equation IndDHA = (DHA/
HerdAvgIC) x IndIC (kg of DM/cow per day). The
relationship between IndDHA and DHA, HerdAvgIC,
and IndIC are highlighted in Figure 1.

Statistical Analysis

The effect of SR, CD, S, and year on mean daily
milk production, grass DMI, total DMI, and feed effi-
ciency during each DMI measurement period across the
4-yr study were determined using mixed models (Proc
Mixed, SAS Institute, 2006). Initial models included
the effects of SR, CD, S, parity, year, and their interac-
tions. Stocking rate, CD, S, and parity were included
as fixed effects. Nonsignificant effects (P > 0.05) were
removed from the model by backward elimination. Year
was included as a repeated effect with a first-order
autoregressive covariance structure with homogeneous
variances assumed among records within cow-year.

A subsequent analysis was undertaken to develop
prediction equations for grass DMI based on multiple
linear regression analysis incorporating grazing (DHA
and IndDHA), animal characteristic (BW, milk produc-
tion potential, parity), year, and season effects. This
analysis was carried out using the general linear model
procedure of SAS Institute (2006). If the calculated F-
statistic was P < 0.05 for an independent variable, then
that variable was retained in the model. The outcome
of the analysis was to construct 3 final models that
represented the influence of animal and herbage allow-
ance characteristics on grass DMI.

RESULTS

An overview of the multi-year overall lactation milk
production, reproductive performance, and annual
herbage production and utilization from this study
has been reported previously (McCarthy et al., 2012,
2013a,b).
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Figure 1. An illustration of the effect of individual animal intake capacity (x-axis) on individual animal grass allowance (IndDHA; y-axis)
according to different level of herd average intake capacity: 12 (), 14 (W), 16 (@), 18 (A), and 20 (OJ) kg of DM/cow per day. (a) Average daily
herbage allowance of 16 kg of DM /cow per day; (b) average daily herbage allowance of 20 kg of DM /cow per day.

Effects of SR and CD on DHA
and Sward Characteristics

The effects of SR and CD on sward characteristics
and herbage allowance across all measurement periods
are presented in Table 1. Stocking rate had a significant
(P < 0.001) effect on all variables with the exception
of pregrazing herbage mass and sward CP content. The

LSR treatment had the highest average PGRSH (4.2
cm), the greatest average DHA (17.4 kg/cow per day),
and the lowest average sward OM digestibility (OMD;
77.3%). In contrast, the HSR group achieved the low-
est average PGRSH (3.3 ¢cm) and average DHA (13.1
kg/cow per day) and the greatest sward OMD content
(79.4%), whereas the MSR group was intermediate for
all variables (3.8 cm, 15.7 kg/cow per day, and 77.9%,
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respectively). Neither CD nor the interaction of CD and
SR had any effect on sward characteristics, although the
effect of CD on average DHA approached significance
(P = 0.14) because of the comparably greater DHA of
the LC treatments (14.9 vs. 15.8 kg/cow per day). Sea-
son had a significant effect on all sward characteristics
and DHA. Pregrazing herbage mass and PGRSH were
lower in spring (3.2 cm) compared with summer and
autumn (4.0 and 3.9 cm, respectively). Average DHA
was lowest in spring (13.3 kg/cow per day) compared
with both summer and autumn (16.9 and 15.9 kg/cow
per day, respectively). Sward CP content and OMD
were greatest in spring (230 g/kg and 82.0%, respec-
tively). Although sward CP content was similar during
summer and autumn (204 and 206 g/kg, respectively),
sward OMD content continued to decline between sum-
mer and autumn (79.2 and 73.3%, respectively).

Effects of SR and CD on Milk Production,
BW, and BCS

The effects of SR and CD on milk production, BW,
and BCS during the intake measurement periods are
described in Table 2. We observed a significant effect
of SR, CD (with the exception of fat yield, BW, and
BCS), and S (with the exception of BCS) on all milk
production variables during the intake measurement
periods. No interactions were observed between CD
and SR or between CD, SR, and S for any of the milk
production variables investigated. The LSR treatment
achieved the greatest daily milk (21.6 kg/cow per day),
fat (0.89 kg/cow per day), protein (0.78 kg/cow per
day), and lactose (1.02 kg/cow per day) yields, whereas
HSR was lowest (19.3, 0.83, 0.68, and 0.90 kg/cow per
day, respectively) and MSR was intermediate (20.2,
0.86, 0.72, and 0.94 kg/cow per day, respectively). In
addition, we observed a significant effect of SR on BW
and BCS during the measurement periods. The BW
and BCS of the LSR was greatest (492 kg and 2.95
BCS, respectively; P < 0.001), and although BCS did
not differ between MSR, and HSR (2.92 and 2.90 BCS,
respectively), MSR achieved an intermediate BW (485
kg), whereas that of HSR was lowest (477 kg; P <
0.001). Although having little effect on BW and BCS,
delaying mean CD resulted in increased daily milk
(20.7 kg/cow per day), protein (0.74 kg/cow per day),
lactose (0.97 kg/cow per day), SCM (20.3 kg/cow per
day), and MS (1.60 kg/cow per day) yields compared
with the EC treatment (19.98, 0.71, 0.94, 19.7, and 1.56
kg/cow per day, respectively).

Season had a significant (P < 0.001) effect on all milk
production parameters. In spring, daily milk (24.1 kg/
cow per day), MS (1.82 kg/cow per day), SCM (23.2
kg/cow per day), fat (0.99 kg/cow per day), protein
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(0.82 kg/cow per day), and lactose (1.14 kg/cow per
day) yields were greatest, compared with autumn,
when yields were lowest (14.3, 1.25, 15.2, 0.68, 0.57,
and 0.64 kg/cow per day, respectively), and summer,
when yields were intermediate (22.7, 1.69, 21.6, 0.91,
0.78, and 1.08 kg/cow per day, respectively). Season
also had a significant effect (P < 0.001) on BW and ap-
proached significance for BCS (P = 0.14). Body weight
and BCS were greatest during autumn (510 kg and 2.94
BCS), lowest in spring (460 kg and 2.90 BCS), and
intermediate in summer (484 kg and 2.92 BCS).

Effect of SR, CD, and S on Grass and Total
DMI and Milk Production Efficiency

The effects of SR, CD, and S on grass and total DMI
are presented in Table 3. Both SR and S had a signifi-
cant effect of on all intake variables and we observed
significant interactions between CD x SR and CD x
SR x S within the measurement periods. The LSR
treatment achieved the greatest grass (14.8 kg/cow per
day), and total (15.8 kg/cow per day) DMI compared
with HSR, which had the lowest (12.6 and 13.6 kg/cow
per day, respectively), whereas MSR was intermediate
(14.3 and 15.3 kg/cow per day, respectively). The late
CD treatment tended to achieve a higher grass (14.1
kg/cow per day) and total (15.1 kg/cow per day) DMI,
compared with the early CD treatment (13.9 and 14.9
kg/cow per day). Grass and total DMI was greatest in
summer (15.0 and 15.9 kg/cow per day, respectively),
lowest in spring (13.1 and 13.8 kg/cow per day, respec-
tively), and intermediate in autumn (13.9 and 15.2 kg/
cow per day, respectively). We observed a significant
SR x CD interaction for all daily intake variables es-
timated. Compared with the late CD group, the grass
DMI of the HSR treatment in the early CD group was
reduced by 0.8 kg of DM, compared with 0.0 and 0.1 kg
of DM for the LSR and MSR treatments, respectively.
The interaction of SR x CD x S was also significant
for total DMI and approached significance for grass
DMI because of the comparably higher intakes of the
late CD higher SR treatments (MSR, and HSR) during
spring and summer.

The effects of SR, CD, and S on energy intake
and partitioning and milk production efficiency are
presented in Table 3. The LSR treatment achieved a
higher (P < 0.001) estimated total energy intake (16.5
UFL/d) and daily EB (+1.5 UFL/d) compared with
HSR (14.6 and +0.7 UFL/d), whereas MSR was inter-
mediate for energy intake (16.0 UFL/d) and achieved
the greatest estimated average EB (+1.7 UFL/d). As
for grass and total DMI, we found significant SR x
CD and SR x CD x S interactions for estimated total
daily energy intake and EB variables. Across all seasons
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Table 1. Effect of stocking rate (low, medium, or high), calving date (early or late), and season on grazing characteristics, grass allowance and quality during the intake

s
measurement periods

Early Late Significance
Item /season Low Medium High Low Medium High SEM SR CD S CD x SR
Pregrazing herbage mass (kg of DM /ha)
Average 1,619 1,604 1,517 1,647 1,588 1,603 102.7 0.50 0.50 0.001 0.68
Spring 1,114 1,057 1,022 1,128 1,197 1,158
Summer 1,580 1,544 1,506 1,535 1,488 1,559
Autumn 2,162 2,211 2,024 2,279 2,080 2,094
Postgrazing herbage height (cm)
Average 4.1 3.7 3.3 4.2 3.8 3.3 0.13 0.001 0.14 0.001 0.93
Spring 3.4 3.0 2.9 3.5 3.4 3.1
Summer 4.5 4.0 3.5 4.7 4.0 3.5
Autumn 44 4.0 3.5 4.5 4.0 3.5
Herbage allowance (kg of DM /cow per day)
Average 16.9 15.4 12.6 17.9 16.1 13.6 1.37 0.001 0.14 0.001 0.98
Spring 14.2 114 10.7 15.9 14.9 12.9
Summer 19.2 17.8 13.8 19.3 17.0 14.2
Autumn 17.1 16.8 13.3 18.4 16.3 13.6
CP (g/kg)
Average 213 212 215 212 213 215 16.5 0.59 0.95 0.001 0.98
Spring 231 233 229 228 233 228
Summer 205 206 200 205 209 200
Autumn 202 198 218 202 197 218
OM digestibility (%)
Average 77.3 e 79.4 7.3 78.1 79.4 4.14 0.001 0.65 0.001 0.86
Spring 81.8 81.3 83.0 81.9 81.3 82.9
Summer 7.9 79.2 80.8 7.8 78.8 80.9
Autumn 72.3 2.7 74.3 72.3 74.2 74.3

'Stocking rate (SR): low = 2.51 cows/ha, medium = 2.92 cows/ha, high = 3.28 cows/ha; calving date (CD): early = February 14, late = March 2; season (S): spring (March),

summer (May), autumn (September).
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Table 2. Effect of stocking rate (low, medium, or high) and calving date group (early or late) on milk production, BW, and BCS during the

. . 1
intake measurement periods

Early Late Significance

Milk production

(kg/cow per d) Low Medium High Low Medium High SEM SR  CD S CDxSR CD x SR xS
Milk 21.2 19.9 18.8 21.9 20.4 19.8  0.29 0.001 0.002 0.001 0.59 0.78
Fat 0.88 0.86 0.82 0.91 0.86 0.84 0.014 0.001 0.24 0.001 0.50 0.35
Protein 0.76 0.71 0.66 0.79 0.72 0.70 0.010 0.001 0.002 0.001 0.25 0.41
Lactose 1.01 0.92 0.88 1.03 0.96 0.93 0.015 0.001 0.003 0.001 0.62 0.59
SCM 20.8 19.7 18.7 21.4 19.9 194 029 0.001 0.02 0.001 0.60 0.33
Milk solids (fat + protein) 1.64 1.57 1.48 1.70 1.58 1.54 0.023 0.001 0.03 0.001 0.39 0.29
BW 489 481 481 495 489 473 4.45  0.003 0.52 0.001 0.01 0.99
BCS 2.95 2.89 2.91 2.95 2.94 2.88 0.021 0.06 0.67 0.14 0.13 0.61

'Stocking rate (SR): low = 2.51 cows/ha, medium = 2.92 cows/ha, high = 3.28 cows/ha; calving date (CD): early = February 14, late = March

2; season (S): spring (March), summer (May), autumn (September).

and compared with the early CD group, the total en-
ergy intake and daily EB of the HSR treatment in the
late CD group increased (by +0.7 and +0.4 UFL/d,
respectively) compared with the MSR, (+0.1 and 40.2
UFL/d, respectively) and LSR (+0.1 and +0.3 UFL/d,
respectively) treatments. Furthermore, the results indi-
cate that the differential in daily energy intake and EB
in favor of the late CD HSR treatment was greatest in
spring (1.4 and 0.8 UFL/d, respectively) and least in
autumn (0.1 and 0.1 UFL/d, respectively) compared
with the early CD HSR treatment. The HSR treatment

had the lowest total DMI/100 kg of BW (P < 0.05; 2.96
kg) and produced the least MS per 100 kg of BW (P <
0.05; 0.32 kg), compared with LSR, which was greater
(3.19 and 0.34 kg, respectively) and with MSR, which
was intermediate (3.16 and 0.34 kg, respectively). In
contrast, HSR achieved a comparably greater MS yield
per UFL of NEI (0.16 kg/UFL), compared with both
LSR and MSR (0.15 kg/UFL). We observed a signifi-
cant SR x CD interaction for both total DMI/100 kg
of BW and MS per UFL of NEI, which arose due to the
comparably greater intake and MS production of the

Table 3. Effect of stocking rate (low, medium, or high), calving date group (early or late), and season on DMI, energy balance, and milk

production efficiency'

Early Late Significance
Ttem/season Low Medium High Low Medium High SEM SR CD S CD x SR CD x SR x S
Grass DMI
Average 14.8 14.3 12.6 14.7 14.3 13.4  0.16 0.001 0.13 0.001 0.01 0.08
Spring 13.6 13.4 11.8 13.4 13.4 13.2
Summer 15.9 15.5 13.5 15.6 15.3 14.3
Autumn 14.9 14.0 12.6 15.1 14.1 12.6
Total DMI
Average 15.8 15.3 13.6 15.7 15.2 14.3 0.16 0.001 0.20 0.001  0.01 0.01
Spring 14.3 14.2 12.6 14.1 13.9 13.8
Summer 16.8 16.4 14.4 16.5 16.2 15.3
Autumn 16.2 15.4 13.9 16.4 15.5 13.9
Energy intake (UFL?/cow)
Average 16.5 16.0 14.3 16.4 15.9 15.0 0.16 0.001 0.20 0.001  0.006 0.01
Spring 150 149 131 148 146 145
Summer 17.6 17.2 15.1 17.3 17.0 16.0
Autumn 17.0 16.1 14.5 17.2 16.2 14.6
Daily energy balance (UFL/cow)
Average 1.7 1.9 0.5 1.4 1.7 0.9 0.15 0.001 0.70 0.001  0.06 0.09
Spring —1.0 —0.3 —2.1 —1.4 —0.7 —-1.3
Summer 2.2 2.1 0.7 1.5 2.0 1.0
Autumn 4.0 3.8 3.0 4.1 3.8 2.9
Total DMI (kg/100 kg of BW) 3.19 3.19 2.90 3.19 3.14 3.03 0.034 0.001 0.27 0.001  0.01 0.01
Milk solids (kg/100 kg of BW) 0.34 0.33 0.32 0.35 0.33 0.33 0.005 0.001 0.05 0.001 0.16 0.32
Milk solids (kg/UFL of NE*) 0.15 0.15 0.17 0.16 0.15 0.16 0.003 0.001 0.76 0.001  0.03 0.13

'Stocking rate (SR): low = 2.51 cows/ha, medium = 2.92 cows/ha, high = 3.28 cows/ha; calving date (CD): early = February 14, late = March

2; season (S): spring (March), summer (May), autumn (September).

*Unite fourragere lait, defined as the net energy content of 1 kg of standard barley for milk production; that is, 1,700 kcal.

*Milk solids produced per UFL of net energy intake.
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HSR treatment in the late CD group. In addition, we
found a significant SR x CD x S interaction for total
DMI/100 kg of BW, which arose due to the comparably
greater intake of the HSR treatment in the late CD
group during spring.

Season had a significant effect on energy intake,
EB, and milk production efficiency. Estimated energy
intake and daily EB was lowest in spring (14.5 and
—1.1 UFL/d, respectively), whereas energy intake was
greatest in summer and intermediate during autumn
(16.7 and 15.9 UFL/d, respectively), and daily EB was
greatest in autumn and intermediate during summer
(3.6 and 1.6 UFL/d, respectively). Total DMI per 100
kg of BW was greatest (P < 0.0001) in summer (3.29
kg/d) compared with both spring (3.02 kg/d) and au-
tumn (3.00 kg/d). Both MS/100 kg of BW and MS per
UFL of NEI were greatest in spring (P < 0.0001), when
all animals were in early lactation (0.39 and 0.20 kg of
MS, respectively), lowest in autumn (0.25 and 0.12 kg
of MS, respectively), and intermediate during summer
(0.35 and 0.15 kg of MS, respectively).

Effect of Grazing and Animal
Characteristics on Grass DMI

The regression equations for the prediction of grass
DMI are presented in Table 4. The relationship be-
tween average DHA and grass DMI within the current
data set is described by equation 1. The adjusted R* of
0.39 and low root mean square error (RMSE) of 2.35
indicate that average DHA is an important indicator of
grass DMI and the results show that a 1-kg increase in
DHA is associated with a 0.25-kg increase in grass DMI.
When this relationship was supplemented with animal
characteristics (BW, parity, milk production potential;
equation 2), the accuracy of prediction is improved (R2
= 0.52) and the RMSE is reduced to 2.08. In equation
2, average DHA continues to be an important indicator
of grass DMI (1-kg increase in DHA is associated with
a 0.28-kg increase in grass DMI); parity, potential milk
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yield, and BW are also influential characteristics. As
parity increased from 1 to 2 and from 2 to 3, grass DMI
increased by 1.24 and 1.34 kg/cow per day, respectively.
Similarly, an increase in potential milk production of
1 kg/cow per day and an increase in BW of 100 kg
was associated with 0.05- and 1.50-kg increases in grass
DMI, respectively. Finally, the relationship between
IndHA and grass DMI is described by equation 3. The
adjusted R? of 0.61 and further reduced RMSE of 1.87
indicate that IndHA, together with parity, provides an
excellent indicator of grass DMI; the results show that
a 1-kg increase in IndHA was associated with a 0.28-kg
increase in grass DMI.

DISCUSSION

Maximum profitability within grazing systems is
achieved by maximizing grass growth and grazed grass
utilization (Dillon et al., 2008). Previous studies have
indicated that this will be achieved where CD and feed
demand are synchronized to feed supply at a relatively
high SR at the start of the grass-growing season (Holmes
et al., 2002; McCarthy et al., 2013b). Experiments using
SR as the main variable are difficult to interpret because
of the important effect of experimental decision rules.
Similar to Macdonald et al. (2008), and unlike classical
SR experiments, the grazing management decision rules
used in this experiment attempted to optimize perfor-
mance within each SR treatment. Previously, Le Du
et al. (1979) suggested that measurements of residual
sward height in rotational grazing systems could be
used as a measure of grazing severity; therefore, differ-
ent target PGRSH were adopted in this study to allow
the SR effects to be imposed homogeneously during the
experiment. As a consequence, the results of this study
indicate the likely implications of increasing SR in a
closed system (i.e., supplementation was not increased
as SR increased) when associated with an increase in
grazing severity. The current experiment, combining
a range of relatively high SR and relatively early CD

Table 4. Equations derived to explain variation in grass DMI

Equation
Ttem' 2 3
Origin 10.46 1.49 9.80
Parity 1/2/3 —0.86/0.38/0.48 —1.22/0.31/0.91
Average DHA (kg of DM/cow per day) 0.25 0.28
Potential milk yield (kg/cow per day) 0.05
BW (kg) 0.015
IndHA (kg of DM/cow per day) 0.28
Root mean square error 2.35 2.08 1.87
R? 0.39 0.52 0.61

'DHA = daily herbage allowance; IndHA = individual herbage allowance.
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treatments compared with those used in commercial
practice in Ireland, was designed to evaluate the effects
of SR and CD on the likely performance of grazing
animals within Irish dairy herds following abolition
of the EU milk quota. Although Dillon et al. (1995)
previously investigated the effect of increasing SR and
altering mean CD, the unbalanced design of that study
did not permit the evaluation of potential interac-
tions between SR and CD. Although McCarthy et al.
(2013b) previously reported the lactation milk produc-
tion effects associated with the SR and CD treatments
reported here, the current analysis focuses specifically
on the DMI effects and associated milk production ef-
fects of these treatments during the DMI measurement
periods and provides a unique opportunity to validate
the approach to IndHA proposed by Institut National
de la Recherche Agronomique (INRA) in the Graz’IN
model (Delagarde et al., 2011). This study is the first
study to investigate the interaction between SR and
CD on milk production efficiency, BW, BCS, DMI, and
energy partitioning during specific intake measurement
periods and over multiple grazing seasons. The LSR
treatment represents the control SR and was chosen
as the normal SR recommended to commercial Irish
producers and used within research trials (Horan et al.,
2005), whereas MSR, and HSR represent 2 incremental
increases in SR. In addition to the effects of SR and
CD on DMI and milk production performance during
the intake measurement periods reported in this paper,
the effects of SR and CD on lactation milk production
performance per cow and per hectare, sward productiv-
ity, system level feed budgets, and reproductive perfor-
mance have been reported elsewhere (McCarthy et al.,
2012, 2013a,b), using a subset of data from this study.

Effect of SR, CD, and S on DHA, Milk Production,
BW, BCS, and Grass and Total DMI
and Milk Production Efficiency

Increasing SR is considered akin to a reduction in
DHA (Baudracco et al., 2010; McCarthy et al., 2011)
and consequently results in reduced animal intake and
milk production compared with lower SR treatments
(Leaver, 1985; Dillon, 2006). Although increased con-
centrate supplementation can be used to arrest the
decline in DMI at higher SR (Coleman et al., 2010;
Farina et al., 2011), the objective of this analysis was
to investigate the effects of increased SR when concen-
trate supplementation levels are not increased as SR
increased. The quantity of herbage allocated to MSR
and HSR within this study was reduced to 90 and 75%,
respectively, of that allocated to LSR due to the in-
creased grazing severity of MSR and HSR. Similar to
increased SR, earlier calving resulted in reduced herb-
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age availability; consequently, the differential in herb-
age allowance in favor of LSR was greater in the early
CD treatment (88 and 82% of LSR for MSR and HSR,
respectively) compared with the late CD treatment (94
and 89% of LSR for MSR and HSR, respectively). In
spring, the EC treatment had a reduced DHA com-
pared with the LC treatment, where proportionally
fewer animals were calved in each week in advance
of the breeding season. The LC treatment received a
similar daily area allocation to EC and consequently
achieved an increased herbage allowance per cow per
day in early lactation. However, EC had a lower total
daily feed allowance compared with LC treatments,
reflecting the important biological effect of a 16-d delay
in mean CD on feed availability within a predominantly
grass-based spring-calving feed system. Herbage nutri-
tive value during the current experiment was similar
to previously reported levels for Irish grazing experi-
ments (Horan et al., 2005), and the seasonal trends in
sward nutritive value were similar to that reported by
Coleman et al. (2010). Increasing SR has been associ-
ated with an improvement in herbage nutritive value
due to reduced postgrazing residual herbage mass and
increases in the leaf content of the sward (Macdonald et
al., 2008). The greater OM digestibility and CP of the
higher SR treatments were previously observed by King
and Stockdale (1980). Both Stakelum and Dillon (2007)
and O’Donovan and Delaby (2008) previously reported
increases in mid-summer sward nutritive value due to
increased grazing intensity in spring and early summer,
as lax grazing during this period results in increased
stem and senesced material during subsequent rota-
tions (Michell and Fulkerson, 1987; Lee et al., 2008).
Calving date treatment had no effect on the nutritive
value of the herbage, as CD paddocks within each SR
were managed similarly and had the same PGRSH.
Similarly, Garcia and Holmes (2005) reported no effect
of calving systems on the chemical composition of the
herbage grazed.

The greater milk, fat, protein, lactose, and MS yields
per cow and increased BW and BCS achieved during
the intake measurement periods in the LSR groups are
consistent with previous experiments at similar SR
(King and Stockdale, 1980; Horan et al., 2005; Mac-
donald et al., 2008), and are likely due to the greater
energy supply because of increased herbage availability.
We found no interaction between SR and CD for milk
production in the current study. However, a significant
interaction was evident for both BW and BCS due to
the relatively increased BW and BCS of the late CD
higher SR treatments. Dillon et al. (1995) also observed
that delaying calving until March achieved a better
alignment of dairy herd requirements, grass growth,
and increased milk production from grazed grass and
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reduced the requirement for purchased supplements,
particularly at higher SR. Similar to previous studies
(Prendiville et al., 2009), the amount of milk produced
for a given liveweight was used as an indicator of food
efficiency within the current analysis. The results of
this analysis indicate that as SR increases, total DMI
per 100 kg of BW is reduced as a similar amount of en-
ergy is partitioned to body tissue, resulting in reduced
energy availability for milk production and reduced MS
production per 100 kg of BW. Similarly, Macdonald et
al. (2001) previously observed that as individual animal
DMI is reduced at higher SR and milk production per
cow is reduced, an increasing proportion of the feed
eaten is used for maintenance and pregnancy, thus re-
ducing gross feed efficiency of milk production. The
results of this study also indicate that the net feed effi-
ciency (UFL of NEI; MS production per UFL available
for production after maintenance) increases at higher
SR and reflects the reduced utilization of energy for
BW gain of animals at higher SR reported previously
by McCarthy et al. (2012). These results are consistent
with Mackle et al. (1996) and Coleman et al. (2010),
who observed that food conversion efficiency was great-
est in early lactation when animals were in negative
EB.

The negative effect of increased SR on DHA, DMI,
and estimated EB in early lactation is more pronounced
in this analysis compared with previous studies within
Irish grazing systems (Horan et al., 2005; Kennedy et
al., 2006) and elsewhere (Leaver, 1985; Peyraud et al.,
1996) and is indicative of the increased genetic merit
of the cows, increased competition, and reduced avail-
ability of feed at higher SR, where supplementation
did not increase as SR increased. The increase in DMI
from spring to summer (up to 120 DIM), followed by
a decline into late lactation, as reported here, is con-
sistent with the DMI curves across lactation observed
by Roseler et al. (1997) and Coleman et al. (2010).
Increased SR is generally associated with an increase in
herbage utilization (Hoden et al., 1991; Macdonald et
al., 2008; McCarthy et al., 2013b) but also simultane-
ously leads to a reduction in DHA (Baudracco et al.,
2010; McCarthy et al., 2011), resulting in reduced ani-
mal intake (Dillon, 2006; Leaver, 1985) and EB (Horan
et al., 2005). The small differential in grass and total
DMI between the LSR and MSR treatments was not
surprising given that both systems received high grass
DM allowances compared with the HSR group over the
entire grazing season. Although increased SR reduced
BW and BCS and resulted in more severe negative EB
in early lactation, McCarthy et al. (2012) previously
reported no significant effect of SR on reproductive
performance based on a subset of data collected within
this farm system study, albeit with limited numbers of
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animals in each treatment. Similar to Cutullic et al.
(2011), these results indicate that, although reduced
feed allowances result in reduced BCS, the reproductive
capacity of the animal is not detrimentally affected as
milk production is also reduced.

The effect of CD in early lactation was similar to
that of SR, influencing the ratio of herbage supply to
animal requirements during the highly influential early
lactation phase. Later calving coincided with increased
grass growth and feed availability during the spring
and resulted in increased spring herbage allowances for
all SR treatments and increased DMI and EB for the
highly feed restricted MSR and HSR treatments. Calv-
ing date had no effect on any of the various measures
of milk production efficiency. The effect of S on milk
production, DMI, EB, and milk production efficiency
within this study is consistent with similar previous
studies (Horan et al., 2005; Coleman et al., 2009) and
encompasses both the effect of season of year and the
effect of lactation stage for these compact calving herds.
The presence of significant interactions between SR
and CD and between SR, CD, and S for DMI and EB
indicates that the reduction in DMI and EB at higher
SR may be reduced by delaying calving, particularly
in spring. Based on a complete lactation multi-year
evaluation of milk production effects of the current
treatments, McCarthy et al. (2013a) observed that the
interaction of SR and CD for milk production during
the first 14 wk of lactation approached significance as
the LSR treatment achieved similar milk production
in both calving groups, whereas the LC treatment in
the HSR produced more milk (+159 kg), SCM (+165
kg), and MS (+13 kg) per cow than the EC treatment.
These results indicate that adjusting mean CD may be
an effective strategy to align animal requirements and
grass supply at increased SR in early lactation.

Effect of Grazing and Animal
Characteristics on Grass DMI

Feeding of grazing ruminants is difficult to manage in
practice because of the inability of farmers to accurately
estimate nutrient intake from grazed grass (Delagarde
et al., 2011). Grass allocation has traditionally been de-
scribed in terms of average DHA, and previous studies
have indicated a close relationship between DHA and
DMI (Leaver, 1985; Peyraud et al., 1996). Peyraud et
al. (1996) observed that the relationship between DHA
and grass DMI was curvilinear, with a plateau reached
at 33 kg of DM /cow per day. The relationship between
average DHA and DMI observed in the current analysis
(equation 1) is consistent with these previous studies
and indicates that grass DMI at grazing increases by
0.25 kg per 1-kg increase in DHA. Similarly, Delagarde
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and O’Donovan (2005) observed an increase in grass
DMI of 0.20 kg of DM per kg of DM increase in herbage
allowance at similar DHA in a review of 7 published ex-
periments. More recently, strong evidence has emerged
demonstrating that individual animal characteristics
such as age, BW, stage of lactation and gestation, and
milk production potential also influence the feed intake
capacity of the individual animal at grazing (van Aren-
donk et al., 1991; McEvoy et al., 2009; Faverdin et al.,
2011; O’Neill et al., 2013); consequently, these authors
have developed improved prediction equations for the
relationship between DHA and DMI by incorporating
such animal-specific characteristics. The results of the
multiple regression analysis undertaken in this study
indicate that the inclusion of parity, individual animal
milk production potential, and BW (equation 2) is
justified and can significantly improve the accuracy of
prediction of nutrient intake from grazed grass. Similar
to both Faverdin et al. (2011) and O’Neill et al. (2013),
these results indicate that older dairy cattle of large
BW or with increased genetic potential for milk pro-
duction, by virtue of an increased grass DMI capacity,
can achieve a greater grass DMI for any given group
average DHA.

Delagarde et al. (2011) previously hypothesized that
the grass DMI of the individual animal within a herd
under rotational grazing is influenced first by the aver-
age DHA of the group, second by the intake capacity
of the individual animal within the group, and third
by the characteristics of other animals within the herd,
as the limited area per cow per day leads to competi-
tion for feed. The results of the final multiple regres-
sion undertaken in this study (equation 3) support
the hypothesis of Delagarde et al. (2011) and justify
a new measure of herbage allowance, known here as
the individual herbage allowance (IndHA). The high
R? and reduced mean square prediction error of IndHA
reported here indicate that the DMI of the individual
animal at grazing is mainly explained in the current
experiment by 3 aspects: the traditional average daily
herbage allowance of the group (DHA), the intake ca-
pacity of the individual animal, and finally the relative
intake capacity of the animal within the competing
group. The development of improved measures of herb-
age availability to more accurately predict the likely
intake of the individual animal at grazing can improve
decision support systems to improve animal perfor-
mance at grazing. The results of this analysis indicate
that such support systems must incorporate new mea-
sures of herbage availability to the individual animal
that closely reflect grass DMI based on an increased
knowledge of individual animal characteristic and the
competitive interactions among the herd, in addition to
the average supply of feed to the group.
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CONCLUSIONS

The high SR tested in this study are above those
used in commercial practice in milk production systems
in Ireland and provide an insight into the productivity
of such systems ahead of industry uptake. This study
shows that in a grass-based system, individual animal
milk production, BW, and BCS will be significantly
reduced as SR increases because of a reduction in herb-
age availability and DMI to the individual animal. The
presence of an SR x CD x S interaction for grass and
total DMI and EB indicates that the reduction in indi-
vidual animal intake and milk production performance
in spring at higher SR can be effectively reduced by
delaying the herd mean calving date. A retrospective
analysis of the main factors influencing DMI at graz-
ing emphasizes the appropriateness of a new measure
of herbage allowance, known here as the individual
herbage allowance (IndHA), which encompasses the
main factors restricting DMI of dairy cattle in rota-
tional grazing systems; namely, the average DHA of
the group, the intake capacity of the individual animal
within the group, and the relative intake capacity of the
animal within the competing herd.
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