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Sixty-five Holstein–Friesian calves were randomly allocated to one of eight nutritional treatments at 4 days of age. In this factorial
design study, the treatments comprised of four levels of milk replacer (MR) mixed in 6 l of water (500, 750, 1000 and 1250 g/day)
3 two crude protein (CP) concentrations (230 and 270 g CP/kg dry matter (DM)). MR was fed via automatic teat feeders and
concentrates were offered via automated dispensers during the pre-wean period. MR and calf starter concentrate intake were
recorded until weaning with live weight and body measurements recorded throughout the rearing period until heifers entered the
dairy herd at a targeted 24 months of age. There was no effect of MR protein concentration on concentrate or MR intake, and
no effect on body size or live weight at any stage of development. During the pre-weaning period, for every 100 g increase in MR
allowance, concentrate consumption was reduced by 39 g/day. While, for every 100 g increase in the amount of MR offered, live weight
at days 28 and 270 increased by 0.76 and 2.61 kg, respectively (P , 0.05). Increasing MR feed levels increased (P , 0.05) heart girth
and body condition score at recordings during the first year of life, but these effects disappeared thereafter. Increasing MR feeding level
tended to reduce both age at first observed oestrus and age at first service but no significant effect on age at first calving was observed.
Neither MR feeding level nor MR CP content affected post-calving live weight or subsequent milk production. Balance measurements
conducted using 44 male calves during the pre-weaning period showed that increasing milk allowance increased energy and nitrogen
(N) intake, diet DM digestibility, true N digestibility and the biological value of the dietary protein. Increasing the MR protein content
had no significant effect on the apparent digestibility of N or DM.

Keywords: calf nutrition, heifer rearing, milk replacer, protein

Implications

This study found no effects of either increasing milk replacer
feeding level within a fixed volume of liquid or protein
content on age at calving of dairy heifers coupled with no
milk production effects. The results from this study indicate
no long-term benefits of an increased level of nutrition during
the milk-feeding period. The findings from the current study
provide information on which to base feeding strategies in the
pre-weaning period for dairy herd replacements.

Introduction

Traditionally, in European dairying systems calves have been
offered restricted quantities of either milk replacer (MR) or
whole milk during the first 2 months of life, but more

recently more intensive feeding of young dairy calves has
been suggested as a more appropriate method of rearing
dairy herd replacements. Van Amburgh et al. (2001) and
Drackley (2005) suggested the adoption of much higher
levels of feeding in addition to higher MR protein content
(260 to 280 g crude protein (CP)/kg) in order to better meet
the protein requirements of rapidly growing muscle. The aim
of this ‘accelerated’ growth regime is to exploit the high lean
tissue growth potential of young calves and promote greater
lean growth without fattening. Diaz et al. (2001) suggested
that feeding an MR of 300 g/kg CP increased lean tissue
deposition without fattening, whereas Blome et al. (2003)
and Bartlett et al. (2006) showed that feeding increased
MR protein concentration while maintaining a constant
energy density decreased body fat content. However, it is
important to note that calves in these studies were offered a
milk-only diet with no supplementary starter concentrates
that is not reflective of commercial husbandry practices for- E-mail: steven.morrison@afbini.gov.uk
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dairy herd replacements in the United Kingdom and Ireland
(Morrison et al., 2009a). A number of studies have reported
improved animal performance when offering calves accele-
rated feeding regimes but few have found any long-term
benefits of such regimes in later life. For example, Morrison
et al. (2009b) investigated the effects of both MR CP level
(210 or 270 g/kg dry matter (DM)) and level of MR intake
(600 g or 1200 g MR/day offered at 120 g MR/l) on calf
growth and development. Despite showing increased
growth rates with increasing MR feeding level at time points
during the first year of life, MR feeding regime had no effect
of milk production during the first or second lactation.

To achieve higher MR intakes, Morrison et al. (2009b)
offered calves an increased volume of MR at a fixed mixing
rate but a number of authors have suggested that mixing rate
should increase when adopting an accelerated growth feeding
regime to ensure liquid volume does not inhibit MR intake.
Diaz et al. (2001) increased the MR mixing rate from 15% to
18% as the feeding level increased and achieved MR intakes
of .1.5 kg/day facilitating DLWG in excess of 1 kg/day. To
our knowledge, no study has examined the effect of MR
mixing rate with calves reared in a group situation fed using
computerised milk and concentrate dispensers.

Accelerated pre-wean growth based on elevated MR
feeding levels and MR protein concentrations has been
shown to influence nitrogen (N) metabolism. Previous
studies (Bartlett et al., 2006; Morrison et al., 2009b) have
reported increased blood urea concentrations with calves
offered MRs with higher CP concentrations indicative of a
reduction in N utilisation. However, Blome et al. (2003)
reported an improvement in the efficiency of N utilisation as
MR CP concentration increased, whilst Bartlett et al. (2006)
reported an increased efficiency in CP utilisation with
increasing MR feeding level. In both studies, no calf starter
concentrate was offered, and therefore, the effects of addi-
tional protein supply from MR on N metabolism in these
mixed type of calf diets also requires investigation.

In view of this background, the primary objective of this
study was to examine the effect of increasing nutrient intake,
through altering MR mixing rate and CP content of the MR,
on calf performance from birth to weaning (in terms of
weight gain and skeletal size), and to examine residual
effects on performance through to the end of the first
lactation. The second objective was to ascertain the effect of
MR feeding level and MR CP content on N and energy
metabolism of calves when offered whey-based MR in
combination with calf starter concentrate.

Material and methods

In order to achieve the objectives two studies were per-
formed. The first study examined the effect of MR feeding
level and CP content on calf growth, development and
lactational performance. The second study determined the
effect of dietary treatment on nutrient digestibility, retention
and absorption.

Calf growth and development study
Animals. A total of 65 Holstein–Friesian heifer calves, born
between 1 October and 17 March, were sourced from the
Institute’s dairy herd and transferred to the experiment fol-
lowing weighing at ,12 h old, and this weight was recorded as
birth weight. Their mean birth weight was 42.4 kg (s.d. 5 5.12)
and mean genetic merit (PIN) was £41.0 (s.d. 5 9.86). Calves
not observed suckling the mother received 2 l of colostrum via
oesophageal tube or teated feeding bottle before transfering to
the calf-rearing unit.

Treatments and experimental design
A 4 3 2 factorial design was used comprising of four levels of
MR in 6 l of water to supply 500, 750, 1000 and 1250 g/day
(Table 1) and two levels of MR CP 230 g/kg DM or 270 g/kg
DM. The calves were randomly allocated, to one of these eight
treatments at 4 days of age to give either seven or eight
replicates per treatment. Calves were introduced to their allo-
cated MR treatment on day 5 and remained on this treatment
until day 56. All procedures involving animals were carried out
under the authority of Animal (Scientific Procedures) Act 1986.

Feeding and housing
On entering the rearing accommodation (at ,12 h old), calves
were penned in groups of not more than three. From day 5,
calves were group-housed in straw-bedded pens with a
maximum of 25 calves per pen. Calves received colostrum for
the first 4 days of life (2 l fed twice daily), and a mix of
half colostrum and half MR on day 5. On day 5, calves
were introduced to one of two automatic calf milk feeders
(operating with four holding pens), calibrated so as to provide
each calf a predetermined daily amount of MR. From day 5
until weaning at day 56, MR was fed via automatic teat fee-
ders (Forster-Technik, Engen, Germany) with the full allow-
ance available immediately with a maximum meal size of
2 l. MR allowance was reduced in steps from day 49 to
weaning at day 56. The concentrations of MR (based on fresh
weight) were 7.7%, 10.4%, 14.3% and 17.2% for calves
offered the 500, 750, 1000 and 1250 g MR/day, respectively.

The MRs were whey-based, containing mainly milk-derived
protein (1.5% non-milk protein from spray-dried hydrolysed
wheat protein), which was primarily formulated using whey-
protein isolate produced by ultra filtration (Nutreco Ruminant
Research Centre, Boxmeer, The Netherlands) (Table 2). A free-
flow agent (aluminium silicate) was added to the powder to
allow feeding through the automated machines. The flowing
agent was responsible for the small increase in ash content
compared with that reported in other studies (e.g. Bartlett
et al., 2006). Drinking water and straw were available at all
times throughout the study.

Calf starter concentrate was offered ad libitum from day 5
via computerised automated concentrate feeders (Forster
Technik) located at the front of the group pens. Formulation
of the pelleted calf starter concentrate is shown in Table 1.
Both milk and concentrate feeders were calibrated weekly
throughout the study.
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After weaning until turnout to grass in May, calves were
offered grass silage ad libitum supplemented with 2 kg of
concentrates/head per day. Calves were re-housed during
October and then returned to pasture in April for their
second summer grazing period before calving.

Fertility management and lactation performance
Oestrus detection was carried out three times a day from
6 months of age up to a confirmed pregnancy diagnosis.
Heifers were artificially inseminated (AI) by a trained stock-
person. Timing of insemination was based on age (aiming to
calve heifers down at 24 months) and weight (minimum live
weight of 315 kg). Heifers (n 5 57) were presented for AI
and full first lactation milk production data were recorded for
49 of these animals. Reasons for the loss of heifers during
the lactation included mortality or culling due to injury/
illness (n 5 7) and not sustaining a lactation of .250 days
(n 5 1). Milk yield and composition were obtained monthly
using United Dairy Farmers’ milk recording system (accre-
dited by the International Committee for Animal Recording).

Measurements and sampling
Individual MR and concentrate intakes were recorded using
the automated computer programme (Kalbman supplied by

Forster Technik) on 5 days/week from day 5 until weaning at
day 56. Live weight was recorded weekly and skeletal size
(withers height and heart girth; Hoffman, 1997) fortnightly
throughout the pre-weaning phase of the study. Body con-
dition score (BCS) was also recorded fortnightly (Edmondson
et al., 1989). After weaning, live weight, skeletal size and
body condition were recorded at monthly intervals. Con-
centrate and milk powder samples were analysed for DM,
CP, gross energy, ether extract and ash within the research
institute as described by Cushnahan and Gordon (1995) with
appropriate modifications for the analysis of MR.

Statistical analysis
Statistical analysis was carried out using Genstat 6 (Lawes
Agricultural Trust, 2002). Weekly feed intakes were ana-
lysed using repeated measures analysis of variance
(ANOVA) with calves as the subjects, week as the time
effect and fitting fixed effects of the two CP concentra-
tions 3 four feeding levels of factorial treatment structure.
Live weight, body size measurements, milk production and
fertility data were analysed using ANOVA with fixed
effects for the feed level, CP and their interaction. In
addition, for the milk production data, post-calving dietary
regime and PIN value were also included in the model.

Table 2 Intake of MR and concentrate for Holstein–Friesian calves offered a range of MR treatments

MR offered (g/day) Significance1 CP level (g CP/kg DM)

500 750 1000 1250 s.e.d. Lin Quad 230 270 s.e.d. Significance

Liquid intake (l) 5.56 5.62 5.54 5.30 0.096 ** * 5.52 5.49 0.068 ns
Milk powder intake (g/day)2 463 703 922 1100 15.6 *** ** 801 793 11.0 ns
Drinking speed (l/min) 1.08 1.14 1.00 1.00 0.067 0.095 ns 1.05 1.06 0.05 ns
Concentrate intake (g/day)2 448 250 176 152 84.8 *** ns 253 260 60.0 ns

MR 5 milk replacer; CP 5 crude protein; DM 5 dry matter; ns 5 non-significant.
1Significance: *P , 0.05; **P , 0.01; ***P , 0.001.
2Intakes expressed on a fresh basis.

Table 1 Formulation of the MR, calf starter concentrate and heifer-rearing concentrate

Ingredient Calf starter concentrate Heifer-rearing concentrate MR (230 g CP/kg DM) MR (270 g CP/kg DM)

Ration formulation (g/kg)
Barley 255 455 – –
Sugarbeet pulp 200 – – –
Maize meal 200 200 – –
Soyabean meal 270 270 – –
Mineral/vitamin supplement1 25 25 – –
Molaferm 30 30 – –
Water 20 20 – –

Chemical formulation
DM (g/kg fresh) 851 861 942 941
CP (g/kg DM) 233 249 232 263
Gross energy (MJ/kg DM) 18.1 18.1 20.1 20.6
Ether extract (g/kg DM) 22 27 164 174
Ash (g/kg DM) 78 67 93 92

MR 5 milk replacer; CP 5 crude protein; DM 5 dry matter.
1The mineral and vitamin composition of the premix was copper (as cupric sulphate) 3000 mg/kg and selenium (as sodium selenite) 45 mg/kg; and the vitamins A
(450 000 IU/kg); and E (as a-tocopherol; 4000 IU/kg).
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Contrasts were calculated to test for linear and quadratic
effects of increasing MR feeding level.

Energy and N metabolism study
Forty-four autumn-born Holstein–Friesian bull calves were
randomly allocated to the treatments as described in the
previous study. From day 5 until weaning at 56 days, MR was
fed via teated buckets in two 3-l feeds/day. Calves were
housed in pairs by treatment and given access to water and
calf starter ad libitum. Live weight was recorded at weekly
intervals throughout the study. Single-point blood samples
were taken, after morning feeding, from the jugular vein
using lithium heparin coated Vacutainer sample tubes
(Becton Dickinson, Plymouth, UK) at fortnightly intervals
from day 5 to 10 weeks of age. Following centrifugation,
plasma aliquots were frozen at 2208C until assayed. Plasma
total protein, albumin and urea analyses based on kinetic UV
and photometric colour tests were carried out using Roche
Diagnostics’ (East Sussex, UK) kits on a Olympus clinical
chemistry analyser. Globulin concentration was calculated as
total protein concentration minus albumin concentration.

Calves were placed in metabolism stalls for 5 to 6 days
between 3 and 8 weeks of age divided into two periods (3 to 5
and 5 to 8 weeks of age for periods 1 and 2, respectively). Total
output of faeces and urine were recorded and samples were
taken for N, ash, gross energy and DM analysis, where
appropriate. The methods of chemical analyses are described
by Steen (1989). Faeces and urine samples from eight calves
were omitted from the N and energy analyses study due to
incomplete separation. In addition, a further 17 samples were
omitted from the energy analysis as they were lost in storage.
In total, N balances were carried out on 36 calves and energy
digestibility on 19 calves. The N and energy data were ana-
lysed using restricted maximum likelihood (REML) to fit firstly a
model with fixed effects of period, level of MR feeding, level of
MR CP content and their two-way interactions. As there were
no significant feeding level by CP interactions this was fol-
lowed by a model with no interaction terms, and then one with
no interaction terms and with the qualitative term for the
effects of the level of MR feeding replaced with quantitative
terms for its linear, quadratic and cubic effects. The live weight
data were analysed using REML to fit firstly a model with fixed
effects for level of MR feeding, level of MR CP content and
their interaction. This was followed by a model with no inter-
action term, and then one with no interaction term and with
the qualitative term for the effects of the level of MR feeding
replaced with quantitative terms for its linear, quadratic and
cubic effects. Blood sample analysis data were analysed using
REML to fit a model with fixed effect for level of MR feeding,
level of MR CP content, age and their interactions.

Results

Growth and development study
There were no significant interactions between level of MR
feeding and MR CP content, consequently only the main
treatment effects are presented.

Intake
MR intake. MR intake increased from 4.8 l/day in week 1 to
5.5 l/day in week 2. From weeks 3 to 7 MR intake in all
treatment groups remained constant. There was an MR by
week interaction (P , 0.001) with calves offered the 1250 g
of MR taking 1 week longer to achieve the fixed target
volume of milk intake (Figure 1). Intakes were similar for
both MR (230 and 270 g CP/kg DM; Table 2).

Calf concentrate intake (pre-weaning). Level of MR had a
significant effect on concentrate intake (P , 0.001). Over the
range of MR levels offered in this study, a 100 g increase in
MR allowance decreased concentrate intake by 39 g/day
(P , 0.001; s.e. 5 0.01; Table 2). There was a significant
level of MR by week interaction (P , 0.001) with calves
offered higher levels of MR taking longer to consume a given
level of concentrate (Figure 1). The CP content of the MR had
no effect on concentrate consumption by the calves (Table 2).

Growth and development characteristics
Live weight and liveweight gain. At 28 days of age, a 100 g
increase in allocation of MR increased live weight by 0.76 kg
(P , 0.05; s.e. 5 0.39). At weaning, calves offered 500,
750, 1000 and 1250 g MR/day were 70, 70, 71 and 75 kg,
respectively. Resultant daily liveweight gains (DLWG) were
significantly greater with increased MR feeding level between
days 0 and 28 (P , 0.001) and 0 and 56 (P , 0.01), but there
was no difference between days 28 and 56. CP content of the MR
had no effect on the live weight of calves at any stage (Table 3).

From weaning at day 56 until 6 months of age, liveweight
gain of calves was not affected by the pre-weaning dietary
treatment (average DLWG of 0.67 kg; Table 4). At day 270,
heifers that had been offered increased levels of MR were
greater in live weight (P , 0.05); however, by day 540 these
differences had disappeared.

Skeletal size and BCS. There was no effect of MR feed level or
MR protein concentration on withers height from days 28 to 540
(Table 5). On both days 28 and 56, calves offered increasing MR
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Figure 1 Milk replacer (MR; —) and concentrate intake (-) during the pre-
weaning phase for calves offered 500 (E), 750 (’), 1000 (m) and 1250 g
MR/day (K).
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feed level had an increased heart girth (P , 0.05), with every
100 g increase in MR allowance resulting in an increase in girth
of 0.32 cm (s.e. 5 0.15) and 0.42 cm (s.e. 5 0.21), respectively.
Although differences in heart girth with calves offered increasing
MR allowances were found at approximately 9 and 12 months
of age by day 540, there was no significant effect of MR level.
Increasing calf BCS with increasing MR feeding level was evi-
dent throughout the first year, but by day 540 these differences
had disappeared (Table 6).

Fertility. There was a linear tendency for a decreased age at
first observed oestrus (P 5 0.095) and first service (P 5 0.07)
with increasing MR feeding level although this did not result
in significant differences in age at first calving (Table 7). MR
CP content had no effect on age at first observed oestrus,
service or age at first calving.

Lactational performance. There were no treatment effects
on live weight at first calving or on milk yield or milk com-
position during the first lactation. There was also no treat-
ment effect on somatic cell counts (Table 7).

Energy and N metabolism study
Live weight and liveweight gain. Calves offered increased
quantities of MR grew faster between 0 and 28 days of age

but no difference was detected from days 28 to 56 (Table 8).
MR CP content had no effect on calf live weight or liveweight
gain during the study.

Blood parameters. MR feeding level had no effect on blood
total protein, albumin, globulin or urea concentration (P . 0.05);
however, MR CP concentration significantly increased blood
urea concentration (P , 0.001) while tending to increase both
total protein (P 5 0.05) and globulin concentrations (P 5 0.05).

Dietary intake, nutrient digestibility and utilisation. An
increase in MR allowance was accompanied by a linear
decrease in concentrate consumption (Table 9; P , 0.01)
with every 100 g increase in MR allowance reducing con-
centrate intake by 61 g (s.e. 5 0.02). In addition, a sig-
nificant positive linear (P , 0.001) and quadratic (P , 0.05)
relationship was found between increasing MR feeding level
and DM digestibility. As the MR allowance increased,
quantities of N absorbed, true N digestibility, retained N as
percentage of N intake all increased linearly (P , 0.05,
P , 0.05 and P , 0.01, respectively). MR CP concentration
had no significant effect on any N metabolism variables;
however, there was a tendency for an increase in urine N
output (P 5 0.10) with calves offered the 270 compared with
230 g CP/kg DM MR.

Table 3 Live weight of calves offered a range of MR treatments (kg)

MR offered (g/day) CP level (g CP/kg DM)

Age (days) 500 750 1000 1250 s.e.d. Significance1 230 270 s.e.d. Significance

0 43.2 43.4 41.7 41.4 1.91 ns 42.1 42.7 1.32 ns
28 50.8 52.5 54.6 56.5 2.26 * 53.0 54.0 1.60 ns
56 69.5 70.4 71.2 75.4 3.26 0.09 70.8 72.4 2.31 ns
90 99.0 96.0 98.6 103.8 4.90 ns 98.0 100.7 3.47 ns
180 155.1 147.8 157.0 159.3 7.74 ns 155.4 154.2 5.44 ns
270 215.9 213.6 231.1 231.7 9.12 * 224.3 221.8 6.45 ns
360 281.9 283.8 299.4 296.9 10.39 0.07 292.9 288.1 7.35 ns
540 427.1 421.1 437.5 433.4 12.00 ns 434.3 425.3 8.46 ns

MR 5 milk replacer; CP 5 crude protein; DM 5 dry matter; ns 5 non-significant.
1Linear significance.
*P , 0.05.

Table 4 Daily liveweight gains for calves offered a range of MR treatments (kg/day)

MR offered (g/day) CP level (g CP/kg DM)

Age (days) 500 750 1000 1250 s.e.d. Significance1 230 270 s.e.d. Significance

0 to 28 0.27 0.31 0.45 0.54 0.052 *** 0.39 0.40 0.037 ns
28 to 56 0.67 0.64 0.60 0.67 0.061 ns 0.64 0.66 0.043 ns
0 to 56 0.47 0.48 0.53 0.61 0.045 ** 0.51 0.53 0.032 ns
56 to 180 0.69 0.63 0.68 0.68 0.046 ns 0.68 0.66 0.033 ns
180 to 270 0.68 0.73 0.82 0.80 0.075 * 0.77 0.75 0.053 ns
270 to 360 0.73 0.78 0.76 0.72 0.072 ns 0.76 0.74 0.051 ns
360 to 540 0.81 0.76 0.77 0.76 0.034 ns 0.79 0.76 0.024 ns

MR 5 milk replacer; CP 5 crude protein; DM 5 dry matter; ns 5 non-significant.
1Linear significance.
*P , 0.05; **P , 0.01; ***P , 0.001.
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Increasing MR feeding level was accompanied by a linear
increase in gross energy intake (P , 0.01), with every 100 g
increase in MR allowance increasing energy intake by
1.35 MJ/day. Neither feeding level nor MR protein con-
centration had an effect on faecal or urinary energy output
but increasing MR allowance increased (P , 0.01) the
digestible energy concentration of the diet. Digestible energy
as a proportion of gross energy intake and digestible energy
concentration of the diet showed significant linear responses
with increasing MR feeding level with both variables show-
ing curvilinear tendencies.

Discussion

Dairy calves are one of the few farm animals that are sub-
jected to restricted milk intake in early life. It has been

recently proposed that increased feeding rates of MR during
the pre-wean phase can lead to improvements in heifer
performance in later life (e.g. Van Amburgh et al., 2001).
However, there is little scientific evidence for these claims of
longer-term benefits. The current studies enabled an eva-
luation of the immediate effects of selected MR treatments
on nutrient digestion and animal performance during the
pre-weaning phase and an examination of the longer-term
effects on growth and subsequent lactational performance.

Influence of increasing MR intake on calf performance
As per the design of the study, offering MR at over 200 g/l in
this study enabled calves to consume 1.1 kg of MR/day. This
level of intake, approximately twice the normal feeding level
used in commercial systems in the United Kingdom, was
greater than that reported by Morrison et al. (2009b) with

Table 5 Withers height and heart girth (cm) for calves offered a range of MR treatments

MR offered (g/day) CP level (g CP/kg DM)

Age (days) 500 750 1000 1250 s.e.d. Significance1 230 270 s.e.d. Significance

Withers height
28 79.3 81.1 80.3 80.1 0.98 ns 80.0 80.4 0.69 ns
56 84.4 85.6 85.4 86.0 1.02 ns 85.1 85.6 0.72 ns
90 89.6 89.9 89.8 89.4 1.26 ns 89.6 89.8 0.89 ns
180 102.1 102.7 102.7 103.8 1.20 ns 102.8 102.8 0.85 ns
270 111.7 110.9 112.6 112.5 1.37 ns 112.0 111.9 0.97 ns
360 118.5 118.0 119.4 117.7 1.36 ns 118.6 118.2 0.96 ns
540 131.7 132.4 132.4 131.2 0.93 ns 131.2 132.1 0.66 ns

Heart girth
28 83.0 84.4 84.8 85.5 1.17 * 84.1 84.8 0.83 ns
56 92.2 93.3 93.7 95.6 1.61 * 93.1 94.3 1.14 ns
90 102.7 102.3 103.2 103.9 1.71 ns 102.6 103.5 1.21 ns
180 119.8 118.7 121.1 121.1 1.84 ns 119.9 120.4 1.30 ns
270 134.4 135.3 138.5 137.9 2.20 * 136.3 136.7 1.55 ns
360 147.7 146.9 151.2 151.0 2.18 * 149.5 148.9 1.54 ns
540 174.4 175.0 177.5 174.9 1.82 ns 176.3 174.6 1.28 ns

MR 5 milk replacer; CP 5 crude protein; DM 5 dry matter; ns 5 non-significant.
1Linear significance.
*P , 0.05.

Table 6 Body condition score (1 to 5 scale) for calves offered a range of MR treatments

MR offered (g/day) CP level (g CP/kg DM)

Age (days) 500 750 1000 1250 s.e.d. Significance1 230 270 s.e.d. Significance

28 1.7 1.7 1.8 1.9 0.07 * 1.8 1.8 0.05 ns
56 2.1 2.0 2.1 2.3 0.08 * 2.1 2.1 0.06 ns
902 2.2 2.1 2.2 2.3 0.08 * 2.2 2.2 0.06 ns
1803 2.2 2.1 2.3 2.3 0.09 ns 2.2 2.2 0.06 ns
270 2.4 2.4 2.6 2.6 0.08 * 2.5 2.5 0.06 ns
360 2.6 2.6 2.7 2.8 0.10 * 2.7 2.7 0.07 ns
540 2.9 2.9 2.9 2.9 0.08 ns 2.9 2.9 0.06 ns

MR 5 milk replacer; CP 5 crude protein; DM 5 dry matter; ns 5 non-significant.
1Linear significance.
2Quadratic tendency P 5 0.06.
3Quadratic tendency P 5 0.08.
*P , 0.05.
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calves offered 1200 g MR/day mixed into 10 l of water. When
MR was fed at 120 g/l, calves were unable to consume 9 to
10 l of milk through the automatic feeding system until
4 weeks of age (Morrison et al., 2009b). Elevated nutrient
intakes in the first weeks of life are a key element of achieving
accelerated growth; therefore, as hypothesised, increasing the
mixing rate rather than volume was a more effective method
of increasing MR intake when feeding calves using automatic
feeding systems. Calf starter concentrate acts like a ‘buffer’
feed reducing the negative impact of reduced milk intake once
appetite for dry feed had been established. Thus, in agreement
with previous findings, as MR intake increased, concentrate
intake declined (Fallon et al., 2005) with each 100 g/day
increase in MR allowance reducing concentrate intake by 39
and 60 g/day in the current studies. Concentrates have been
shown to encourage rumen development, more so than milk or
forage (Heinrichs and Lesmeister, 2005); therefore, preparing
the calf for the ruminant diet. As calf starter concentrate is
substantially less expensive than MR rearing costs can be

reduced significantly if similar growth rates can be achieved
with less MR but increased quantities of concentrates. As a
consequence of increased concentrate intake with calves
offered the lower MR feeding levels, average daily total DM
intakes pre-weaning were similar between treatments in the
current studies.

Increased MR intake, as was reported previously (e.g.
Morrison et al., 2009b), caused an increase in calf live
weight, girth and BCS between birth and weaning but no
differences were found after heifers reached 1 year of age. In
contrast, Shamay et al. (2005) found calves that were
offered a higher plane of nutrition pre-weaning (whole milk
ad libitum v. 450 g MR/day) continued throughout the first
550 days to be greater in live weight but not body size, than
calves fed a restricted pre-weaning diet. DLWG recorded in
this study from birth to weaning (day 56) ranged from 0.5 to
0.6 kg/day and are comparable with values reported in the
literature (Fallon, 1983; Bar-Peled et al., 1997; Blome et al.,
2003; Speijers et al., 2005). High growth rates (> 1 kg/day)

Table 7 Breeding performance and milk production (305 days) of first lactation heifers offered a range of MR treatments

MR offered (g/day) CP content of MR (g/kg DM)

500 750 1000 1250 s.e.d. Significance1 230 270 s.e.d. Significance

Age at first oestrus (months)2 13.1 13.7 12.6 12.6 0.47 0.095 13.0 13.0 0.33 ns
Age at first service (months)2 14.1 14.2 13.5 13.4 0.44 0.07 13.7 13.9 0.31 ns
Age at first calving (months)2 24.1 24.4 23.3 24.3 0.64 ns 24.0 24.1 0.45 ns
Weight after calving (kg)3 515 534 520 525 21.3 ns 531 516 14.9 ns
Milk yield (kg)3 6538 5961 6273 6296 365.7 ns 6241 6293 266.1 ns
Fat yield (kg)3 264 245 258 255 14.4 ns 254 257 10.5 ns
Protein yield (kg)3 215 197 208 208 12.2 ns 208 207 8.9 ns
Fat 1 protein yield (kg)3 479 442 467 463 25.6 ns 462 464 18.7 ns
Somatic cell count (log 1000 cells/ml)3 2.03 2.21 2.12 2.07 0.17 ns 2.11 2.10 0.12 ns

MR 5 milk replacer; CP 5 crude protein; DM 5 dry matter; ns 5 non-significant.
1Linear significance.
2Based on 14, 14, 15 and 14 heifers offered 500, 750, 1000 and 1250 g milk replacer (MR)/day, respectively, with 27 and 30 heifers offered MR containing 230 and
270 g CP/kg DM, respectively.
3Based on 12, 11, 12 and 14 heifers offered 500, 750, 1000 and 1250 g MR/day, respectively, with 23 and 26 heifers offered MR containing 230 and 270 g CP/kg
DM respectively.

Table 8 Daily liveweight gain and blood plasma metabolites in male calves offered a range of MR treatments

MR offered (g/day) CP content of MR (g/kg DM)

500 750 1000 1250 s.e.d. Significance1 230 270 s.e.d. Significance

Number of calves 10 11 11 12 22 22
Liveweight gain (kg/day)

Days 0 to 28 0.20 0.28 0.36 0.47 0.085 *** 0.31 0.35 0.060 ns
Days 28 to 56 0.69 0.78 0.77 0.68 0.118 ns 0.74 0.72 0.083 ns
Days 0 to 56 0.47 0.55 0.58 0.60 0.051 * 0.56 0.54 0.036 ns

Total protein (g/l) 54.3 52.6 55.3 53.0 1.97 ns 52.5 55.1 1.39 0.054
Albumin (g/l) 26.3 25.3 26.8 26.2 0.73 ns 26.2 26.1 0.52 ns
Globulin (g/l) 27.8 27.3 28.4 26.9 2.25 ns 26.2 29.0 1.59 0.052
Urea (mmol/l) 2.93 2.78 2.70 2.69 0.16 ns 2.57 2.98 0.11 ***

MR 5 milk replacer; CP 5 crude protein; DM 5 dry matter; ns 5 non-significant.
1Linear significance.
*P , 0.05; **P , 0.01; ***P , 0.001.
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outlined by Drackley (2008) have only been recorded in a
limited number of studies such as Diaz et al. (2001) and Bork
et al. (2000) with both studies feeding to percentage body
weight resulting in MR DM intakes approaching 2.5 kg/day
(Diaz et al., 2001). Studies reporting growth rates of
approximately 0.7 to 0.9 kg/day are relatively numerous in
number but are with calves offered whole milk (Bar-Peled
et al., 1997; Jasper and Weary, 2002; Shamay et al., 2005) or
with calves that are 2 weeks old at least before com-
mencement of the study (Brown et al., 2005a; Fallon et al.,
2005; Bartlett et al., 2006). To our knowledge, this study is
the only study that has examined the effect of increasing the
level of MR only with group-housed Holstein–Friesian calves
with individual recording of MR and concentrates intake
from birth.

Influence of increasing the CP content on live weight
and body size
Drackley (2000) in a review of the literature concluded that
in order to achieve 0.6 kg/day liveweight gain a CP level of
253 g/kg DM is required, stating that the higher CP content
of MR was required to achieve higher rates of gain without
elevated levels of fat deposition. This was later reiterated by
Van Amburgh and Tikofsky (2001) in a similar review that
indicated to achieve 0.7 kg/day liveweight gain, an MR

containing 260 to 280 g CP/kg DM is required. Contrary to
this, in both the current studies, MR CP concentration had no
effect on calf growth with the average liveweight gain from
birth to weaning 0.51 and 0.53 kg/day for calves offered MR
containing 230 and 270 g CP/kg DM, respectively. These
values are lower than the values stated by Van Amburgh and
Tikofsky (2001) and Drackley (2000), and it was only calves
offered 1250 g MR/day that achieved liveweight gains
approaching the values stated by these authors. On the
basis of energy and CP requirements (National Research
Council (NRC), 2001) calves offered the 270 g CP/kg MR at
1250 g/day should have grown at , 1.0 kg/day. However,
these elevated growth rates were not reached with calves
achieving a DLWG of 0.6 kg/day during the milk-feeding
period. Numerous factors could potentially limit DLWG com-
pared to NRC estimates such as diet quality or environmental
stresses. For example, with calves being housed in groups in
this study, energy requirements for activity would have been
greater than those housed individually, which is the rearing
system from which the data were obtained to create the NRC
model. Only one study has reported calf growth rates from
birth in excess of 0.75 kg/day in group-rearing accommodation
(Bleach et al., 2005) and this was achieved by offering
ad libitum MR resulting in consumption .1.1 kg of MR DM/day.
Dietary factors such as protein quality have been shown to

Table 9 DM and N intakes, apparent digestibilities and retained N from male calves offered a range of MR treatments1

MR offered (g/day) CP content of MR (g/kg DM)

500 750 1000 1250 s.e.d. Significance2 230 270 s.e.d. Significance

Number of calves 8 9 7 12 19 17
MR intake (kg DM/day) 0.486 0.724 0.958 1.185 0.019 *** 0.847 0.829 0.013 ns
Concentrate intake (kg DM/day) 0.692 0.414 0.205 0.205 0.145 ** 0.36 0.398 0.099 ns
Total intake (kg DM/day) 1.178 1.138 1.164 1.389 0.148 0.08 1.207 1.228 0.102 ns
Apparent DM digestibility (%)3 85.3 88.9 91.5 91.7 1.02 *** 89.3 89.4 0.70 ns
Intake N (g/day) 44.08 42.95 43.79 52.38 5.56 0.07 43.49 48.11 3.8 ns
Faecal N output (g/day) 10.23 8.21 7.32 8.95 1.42 ns 8.47 8.88 0.97 ns
Urine N output (g/day) 13.83 15.44 13.62 15.16 1.94 ns 13.29 15.74 1.33 0.10
Absorbed N (g/day) 33.85 34.74 36.47 43.43 4.56 * 35.02 39.23 3.12 ns
Absorbed N % of intake N 77.2 80.5 83.3 82.9 1.91 ** 80.4 81.5 1.31 ns
True N digestibility % 84.2 86.8 88.9 88.4 1.94 * 86.8 87.4 1.33 ns
Retained N (g/day) 20.02 19.30 22.85 28.27 3.437 ** 21.73 23.49 2.350 ns
Retained N % of intake N 44.1 44.7 52.2 54.1 3.70 ** 49.4 48.2 2.53 ns
Retained N % absorbed N 57.2 55.4 62.4 65.2 4.07 * 61.1 59.0 2.78 ns
Biological value4 72.0 74.3 76.5 77.8 3.44 0.07 75.9 74.4 2.35 ns
Energy intake (MJ/day) 19.28 20.67 22.71 27.33 2.616 ** 21.81 23.19 1.845 ns
Faecal energy output (MJ/day) 2.808 2.163 1.837 2.248 0.499 ns 2.212 2.317 0.352 ns
Urinary energy output (MJ/day) 0.878 0.817 0.760 0.813 0.141 ns 0.917 0.717 0.099 0.10
DE intake (MJ/day) 16.47 18.5 20.88 25.08 2.199 ** 19.6 20.87 1.551 ns
DE intake,% of GE intake4 85.7 89.6 91.9 91.9 1.43 ** 89.7 89.9 1.01 ns
Diet DE concentration (MJ/kg DM)4 16.76 17.76 18.25 18.21 0.416 ** 17.66 17.66 0.294 ns
ME intake (MJ/day) 15.59 17.69 20.12 24.27 2.143 *** 18.68 20.15 1.512 ns

DM 5 dry matter; N 5 nitrogen; MR 5 milk replacer; CP 5 crude protein; ns 5 non-significant; DE 5 digestible energy; ME 5 metabolisable energy; GE 5 gross energy.
130 d.f. with DM/N variables and 13 d.f. with energy variables.
2Linear significance.
3Quadratic significance P , 0.05.
4Quadratic tendency P , 0.10.
Biological value calculated as outlined by National Research Council (NRC) (2001).
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affect the rate of DLWG through changes in protein digestibility
and absorption. For example, Dawson et al. (1988) reported a
significant reduction in DM, N digestibility as well as N reten-
tion, when soya protein replaced milk protein in the MR.
Although the MRs used in this study contained a proportion of
non-milk-derived protein (1.5% spray-dried hydrolysed wheat
protein), dietary evaluation, through metabolism studies, indi-
cated the diets offered were of good quality.

N and energy metabolism
Diaz et al. (2001) found calves offered greater MR feeding
levels increased the quantity of retained N leading to higher
growth rates but no effect on the efficiency of N utilisation was
recorded. Increased MR CP concentration has been shown to
increase calf growth rate and decrease the proportion of fat
within the liveweight gain (Donnelly and Hutton, 1976a and
1976b; Blome et al., 2003). This in part has been facilitated by
increased quantities of retained N and improved N utilisation
with calves offered MR of higher CP concentration (Blome
et al., 2003). These studies were based on liquid-only diets
with few studies having examined N and energy metabolism in
pre-weaned dairy calves offered MR and concentrates. In this
study, increasing MR feeding level increased DM, N and gross
energy digestibilities as well as the quantity of retained N;
however, MR protein content had no effect on N digestibility or
metabolism. In agreement with this study, Hill et al. (2008)
reported restricted MR diets that encouraged calf starter intake
were lower in overall DM and N digestibility reflective of a
greater proportion of concentrate of lower digestibility in the
diet of calves offered a lower MR feeding level.

Hill et al. (2008) reported that calves that were offered
greater quantities of MR had a numerical increase in the
efficiency of N retention. In this study, as MR feeding level
increased, there was a linear increase in the efficiency of N
retention. It is likely that the majority of this effect reflected
changes in the MR : concentrate ratio of the diet rather than
MR feeding per se.

Efficiency of N retention (0.49, s.e 5 0.013) in this study,
which was greater than that reported by Blome et al. (2003)
and Holmes and Davey (1976), was unaffected by MR CP
concentration. This was in contrast to findings reported by
Blome et al. (2003) with calves offered MR with increased CP
concentration showing increased efficiency of N retention.

Biological value (BV) is often used as a measure of the
efficiency of N deposition of digested N. The NRC (2001)
model assumes a BV of 76% for MR plus calf starter diets
based on the weighted average of MR (BV 5 80%) and
starter (BV 5 70%). In this study, calves offered the highest
MR feeding level and consuming minimal amount of con-
centrate had a diet BV of 78%. This suggests that MR protein
quality was similar to that which forms the basis of the NRC
(2001) model and therefore not the reason for calves in this
study failing to achieve growth rates predicted by the NRC
model. MR protein content had no effect of diet BV, with
calves offered both MR types having equally high values
comparable with those previously reported with skim-based
MR (Donnelly and Hutton, 1976b).

Male calves offered increased quantities of MR had
greater digestible and metabolisable energy intakes supporting
the observed increases in calf growth rate. This increase in calf
growth with increasing MR feeding level mirrored the findings
of the heifer calf growth and development study in which
increased growth rates were accompanied by increasing BCSs
that may reflect greater body fat deposition. ‘Accelerated’ calf
growth programmes are based on both elevated MR feeding
and protein levels to encourage lean growth; yet, MR CP had
no effect on growth or BCS in line with the fact that MR CP had
no effect on nutrient digestion and retention.

Long-term effects of pre-weaning nutrition
Through an elevated plane of nutrition during the pre-
weaning period Bar-Peled et al. (1997) and Raeth-Knight
et al. (2009) increased DLWG from 0.45 and 0.65 to 0.85 and
0.80 kg/day, respectively. The same authors monitored heifer
performance through into later life showing a 28 to 31-day
reduction in first-calving age with heifer calves that were
offered a higher feed level up to weaning. In this study,
despite a tendency for a lower age at first observed oestrus,
no difference in age at first calving was found with calves
offered increased levels of MR. This agrees with the findings
of a number of other studies that have compared traditional
and accelerated pre-weaning nutritional regimes (Aikman
et al., 2007; Drackley et al., 2007; Morrison et al., 2009b;
Terre et al., 2009).

It has been postulated that ‘accelerated growth’ regimes
for dairy calves could lead to increased milk production in
later life. Potential mechanisms for this increase in produc-
tion have been suggested, such as improved mammary
gland development. Daniels et al. (2009) and Brown et al.
(2005b) reported potentially positive effects of increased
nutrient intake on mammary gland development during the
first weeks of life when clear differences in DLWG were
apparent. However, Meyer et al. (2006a) having examined
heifers at up to 350 kg found no effect of increased nutrient
intake on mammary parenchyma DNA content concluding
that age at which mammary samples are taken, and not level
of nutrient intake, was the main determinant of pre-pubertal
mammary development. Subsequent follow-up studies found
minimal effects of elevated levels of nutrition on the expres-
sion of a number of genes (Meyer et al., 2007), mammary
epithelial cell proliferation or the rate of parenchyma DNA
accretion (Meyer et al. (2006b).

Shamay et al. (2005), Bar-Peled et al. (1997) and Drackley
et al. (2007) are the only studies to find a significant positive
relationship between level of pre-weaning nutrition and
subsequent milk production. Both Shamay et al. (2005) and
Bar-Peled et al. (1997) compared whole milk with restricted
MR, whereas Drackley et al. (2007) reported significant
increases in milk production with increased feeding levels of
MR. However, the majority of published studies (Davis-
Rincker et al., 2006; Aikman et al., 2007; Morrison et al.,
2009b; Raeth-Knight et al., 2009; Terre et al., 2009) and this
study have failed to show any significant effect of level of
pre-weaning nutrition on milk production.
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Conclusions

Increases in pre-weaning calf growth as a result of increased
MR allowance were facilitated by increased energy and N
intake combined with an increase in diet digestibility and N
retention. However, differences in live weight and body size
recorded at or before weaning (56 days) had disappeared by
12 to 18 months. There was no benefit of a high CP MR
(270 g CP/kg DM) over an MR containing 230 g CP/kg DM.
Increasing the MR feeding level before weaning reduced the
age at first observed oestrus but had no effect on calving
age, weight or first lactation milk production.
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