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ABSTRACT

We aimed to test the effects of ad libitum feeding 
of whole milk (WM) or milk replacer (MR) versus re-
strictive feeding of MR during the first 4 wk of life 
on growth performance and on milk yield in the first 
lactation. We studied 57 German Holstein calves (29 
females, 28 males) from birth until d 110 of life (trial 
1). The 28 females from trial 1 were further studied 
during their first lactation (trial 2). In trial 1, all calves 
were randomly allocated at birth to 1 of 3 groups: MR-
res [n = 20, 6.78 kg MR (11.5% solids)/calf per day], 
MR-ad lib (n = 17, 13.8% solids) or WM-ad lib (n = 
20). All calves received colostrum ad libitum from their 
dam until d 3 of age. From d 4 to 27, calves were fed 
according to their group regimen. From d 28 to 55, all 
calves received MR-res feeding and were then gradually 
weaned until d 69. We recorded body weight (until d 
110) and feed intake (amount, metabolizable energy, 
and frequency of liquid feed intake until weaning). We 
estimated the profitability of the different feeding regi-
mens, taking into account income from milk yield (trial 
2) and feed costs during rearing. In trial 1, the calves 
from WM-ad lib and MR-ad lib had total metaboliz-
able energy intakes 2.02- and 1.65-fold greater than the 
MR-res group during the first 4 wk of life. During this 
period, concentrate intake did not differ among groups, 
but tended to be greater in WM-ad lib than in MR-ad 
lib calves from d 28 to 69. The MR-res calves visited 
the automatic feeders more often than the ad libitum-
fed groups during differential feeding, but 70% of the 
visits were unrewarded (<10% in the ad libitum-fed 
calves). When all calves were fed at the MR-res level, 
the average proportion of unrewarded visits was 65% 
in all groups. Average daily gain and body weight were 
greater among MR-ad lib and WM-ad lib calves than 

among MR-res animals during the first 4 wk of life, but 
not from d 1 to 110. In trial 2, age at first calving, dry 
matter intake, and body weight over the first 10 mo of 
lactation were not different among groups, nor was milk 
composition. Milk yields (305 d) were numerically but 
not statistically greater in the ad libitum-fed groups 
during the first lactation (+765 kg for WM-ad lib vs. 
MR-res; +612 kg for MR-ad lib vs. MR-res). Feeding 
WM-ad lib and MR-ad lib was 1.37- and 1.21-fold more 
costly than MR-res, respectively, but amounted to 18, 
15, and 13% of the total estimated feed costs until first 
calving in WM-ad lib, MR-ad lib, and MR-res, respec-
tively. Our study confirms that ad libitum feeding is 
an attractive measure for rearing dairy calves, both for 
animal welfare and—with the caveat of a small sample 
size in trial 2 that led to insufficient power—economic 
profit from milk.
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INTRODUCTION

Calves are born without a functional rumen, and 
nutrients are provided mainly in liquid form—as whole 
milk (WM) or milk replacer (MR) during the first 
week of life (Baldwin et al., 2004; Khan et al., 2011). 
Over the past decades, feeding strategies for dairy calves 
have focused on early weaning to stimulate intake of 
solid feed and development of a functional forestomach 
system (Baldwin et al., 2004; Khan et al., 2011, 2012, 
2016). Restricting liquid feed before weaning is meant 
to drive the intake of concentrate and the production 
of VFA (in particular butyrate), which are the primary 
drivers of rumen development (Quigley et al., 1991). 
However, restricting the amount of liquid feed results in 
lower growth rates, abnormal behavior, and negative ef-
fects on rumen development (Khan et al., 2011, 2016).

The effects of increasing nutrient supply with WM 
or MR on feed intake, growth rate, and milk yield in 
the first lactation have been investigated recently (So-
beron et al., 2012; Eckert et al., 2015; Kiezebrink et 
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al., 2015). Increasing WM or MR intake decreased con-
centrate intake (Khan et al., 2007a,b; Raeth-Knight et 
al., 2009), delayed rumen development, and decreased 
BW at weaning (Suarez-Mena et al., 2011). However, 
Robelin and Chilliard (1989) and Moallem et al. (2010) 
found that increased ADG during the first 2 mo of life 
resulted in greater BW at 24 mo of age. Higher growth 
rates in early life reportedly improve gastrointestinal 
development at weaning (Eckert et al., 2015), lower 
age at first calving (Raeth-Night et al., 2009), and in-
crease first-lactation milk yield, although not always 
significantly (Margerison et al., 2013; Soberon and Van 
Amburgh, 2013).

Brown et al. (2005) documented that increasing the 
intake of energy and protein from 2 to 14 wk of age 
affected the development of the mammary gland in 
heifer calves: that is, total parenchymal mass and pa-
renchymal DNA and RNA increased, and histological 
development was stimulated. A recent report (Geiger et 
al., 2016) confirmed these results and documented that 
intensified feeding over 8 wk of life resulted in increased 
organ weights (e.g., liver, mammary gland, spleen).

The “lactocrine hypothesis” emanated from the no-
tion that milk-borne factors may affect the develop-
ment of specific tissues or physiological functions and 
exert long-term effects (Bartol et al., 2008, 2013). Such 
findings were first described in neonatal pigs (Donovan 
and Odle, 1994; Burrin et al., 1997) and subsequently 
also in calves (Blum and Hammon, 2000; Rauprich et 
al., 2000a,b; Blättler et al., 2001). Indeed, the results of 
these studies showed that neonates may undergo pro-
gramming by early nutrition that has sustained long-
term effects (e.g., on the gastrointestinal tract, liver, and 
mammary gland). Milk-borne factors are constituents 
of WM, occurring at particularly high concentrations 
in colostrum (Blum and Hammon, 2000), whereas MR 
contains few such bioactive substances. The potentially 
sustained effects of early intensive WM feeding might 
thus be due to these bioactive substances, but also to 
energy and protein intake.

We aimed to test the following hypotheses: (1) Feed-
ing WM or MR ad libitum for the first 4 wk of life and 
continuing thereafter on a restrictive regimen with MR 
until weaning at 10 wk of life will result in improved 
performance until d 110 of life, and thereafter during 
the onset and course of the first lactation; (2) calves 
fed ad libitum with WM will perform better in later 
life than calves fed MR ad libitum; and (3) the costs 
of the 4 wk ad libitum feeding will be balanced by the 
returns achieved with the lactating animals. The effects 
of the different feeding strategies on the metabolic and 
endocrine status from birth over the first lactation are 
described in a companion paper by Kesser et al. (2017).

MATERIALS AND METHODS

The animal experiments were performed in strict ac-
cordance with the German Law for the Protection of 
Animals and were approved by the relevant authority 
(Landesuntersuchungsamt Rheinland-Pfalz, Koblenz, 
Germany; G 11-20-026). Two trials, 1 with calves and 
1 with heifers recruited from the initial calf trial, were 
conducted at the Educational and Research Centre for 
Animal Husbandry, Hofgut Neumuehle, Muenchweiler 
a.d. Alsenz, Germany.

Trial 1

Animals, Housing, Feeding, and Sampling. 
German Holstein calves (29 females and 28 males) were 
studied from April 2012 to January 2013 during their 
first 110 d of life. All calves were born spontaneously 
at term and received 10 mL of iron suspension per os 
(Sinta fer-o-bac, 115 mg of Fe3+/mL and 108 mg of 
dextran/mL; Sinta GmbH, Schwarzenborn, Germany). 
Colostrum milked from their respective dams was pro-
vided ad libitum within 2 h after birth in the calving 
pen next to their dam. Calves were randomly allocated 
directly after birth to 1 of 3 different feeding groups, 
but differential feeding was not started until d 4 of 
life (i.e., after the colostrum phase). From the second 
feeding time until d 3 of age, all calves received co-
lostrum and transition milk, respectively, ad libitum 
from their dam. From d 4 to d 27 of age, calves were 
fed according to their group regimen: calves in the 
milk replacer restricted group (MR-res, n = 20, 10 
males and 10 females) received MR (11.5% solids; 42°C 
mixing temperature and 39°C drinking temperature) 
limited to 6.78 kg of liquid fed/d (i.e., 0.78 kg of MR 
powder/d); calves in the milk replacer ad libitum group 
(MR-ad lib, n = 17, 8 males and 9 females) and the 
whole milk ad libitum group (WM-ad lib, n = 20, 10 
males and 10 females) had free access 24 h/d to MR 
(13.8% solids) or WM, respectively. The acidified MR 
(pH 4.7) was provided by Trouw Nutrition Deutschland 
GmbH (Burgheim, Germany; Table 1). The WM was 
saleable bulk tank milk from Hofgut Neumuehle (aver-
age 3.9% fat and 3.3% protein) and was acidified with 
2 mL of acidifier per L of WM (Schaumacid; H. W. 
Schaumann GmbH, Pinneberg, Germany) to attain a 
pH of 4.6. The WM was supplemented with a mix of 
trace elements and vitamins (1 mL/L Milkivit Quick-
Mix, Trouw Nutrition Deutschland GmbH). Neither 
birth weight (presented in the results section) nor 
first colostrum intake (g, mean ± SEM) were different 
among the groups: (2,334 ± 211 for MR-res, 2,245 ± 
211 for MR-ad lib, and 2,349 ± 237 for WM-ad lib, P 
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= 0.94). For the first 7 d of life, all calves were kept 
in individual straw-bedded hutches (Flixbox, Mayer 
Maschinenbaugesellschaft mbH, Tittmoning, Germany) 
and fed twice daily by a teat bucket. The MR-res group 
received 3.4 kg of liquid MR at each of the morning and 
evening feedings. Both ad libitum groups were offered 
9 kg of WM or MR at each morning and evening feed-
ing, and the buckets were accessible all day to achieve 
free access. Feed intakes were quantified by subtract-
ing the leftover feed from the offered amounts. From d 
8 to d 69 of age, calves were housed in straw-bedded 
group pens (3 adjacent pens in the same barn) with 
an automatic feeding system (Vario Kombi, Förster-
Technik GmbH, Engen, Germany) in which the liquid 
feeds were provided according to group regimen. The 
calves in the different groups were mixed in the pens, 
and differential feeding was achieved with transponder 
collars, through which the calves had access to their 
group-specific diet. All calves had free access to water, 
grass hay (first cut, not chopped), and concentrate. The 
latter was also offered via the automatic feeding system 
(Vario Kombi, Förster-Technik GmbH). To allow the 

calves to get used to feed intake from the automated 
supplier, newly incoming calves were assigned to a 
“baby pen.” At approximately 3 wk of age, the calves 
were moved to the neighboring pen, in which they also 
had access to automated feeding for liquid and concen-
trate according to their group allocation. At the end of 
differential feeding, when all calves were fed according 
to the MR-res protocol, the calves were moved to the 
third pen, in which MR and concentrate were supplied 
by automated feeder until weaning. From d 25 to d 27 
of age, the calves in the MR-ad lib and the WM-ad lib 
groups were gradually adapted (reducing the daily feed 
intake by 0.86 kg on average) to the MR-res feeding 
regimen (11.5% solids, maximal daily allowance of 6.78 
kg liquid feed), on which they continued until d 55. All 
calves were then stepped down to 2 kg of liquid feed on 
d 69 (i.e., reducing daily offers by 0.34 kg liquid feed 
or 39.1g MR powder). From d 70 onwards, MR supply 
was entirely stopped and all calves had free access to a 
TMR (Table 1) for lactating dairy cows until the end 
of the trial at d 110. The calves were housed in group 
pens.

Table 1. Ingredients and nutrient composition (% of DM unless otherwise noted) of milk replacer (MR), 
concentrate, and TMR for heifers and lactating cows (trials 1 and 2)

Item MR Concentrate

TMR

Heifer Lactating1 Lactating2

Ingredient          
  Grass silage — — 85.8 20.1 23.0
  Corn silage — — — 20.3 18.2
  Pressed beet pulp silage — — — 19.4 12.8
  Wheat straw and hay — — 6.6 3.6 4.9
  Barley — — — 9.1 10.6
  Grain maize — — — 10.2 10.6
  Solvent-extracted soybean meal — — — 3.4 5.7
  Solvent-extracted rapeseed meal — — 6.7 12.1 13.2
  Vitamin and mineral mix — — 0.9 1.5 0.8
  Urea — — — 0.3 0.2
Nutrient composition
  DM 96.6 88.9 38.4 48.2 44.8
  CP 23.0 19.0 14.0 15.4 16.6
  Crude fat 17.0 4.1 ND3 ND ND
  Crude fiber 0.4 6.0 19.1 16.4 15.9
  Crude ash 7.4 7.4 ND ND ND
  ADFOM

4 (%) ND ND 31.8 31.5 19.7
  aNDFOM

4 (%) ND ND 38.3 37.9 35.5
  NEL

5 (MJ/kg DM) ND ND 5.8 6.8 7.0
  Ca (%) 1.0 1.0 ND ND ND
  P (%) 0.7 0.6 ND ND ND
  Na (%) 0.4 0.3 ND ND ND
  Lysine 1.8 ND ND ND ND
  Methionine 0.5 ND ND ND ND
1TMR fed from d 70 to 7 mo.
2TMR fed to heifers 3 wk before expected calving date and over the first lactation.
3Not determined.
4ADFOM = ADF content expressed exclusive of residual ash; aNDFOM = NDF content, assayed with a heat-
stable amylase, expressed exclusive of residual ash.
5Calculated values from analyses of all feedstuffs.
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All calves were subjected to repeated blood sampling 
from the jugular vein, from immediately after birth (d 
0) until d 108 of age (total number of blood samples: 
11). Liver biopsies were taken on d 19 and 100. In ad-
dition, glucose tolerance tests were performed in all 
calves on d 22, 52, and 108, and insulin tolerance tests 
were performed on d 24, 54, and 110 in the male calves 
only. Details of sampling, processing, storage, analysis, 
and results are described in the companion paper by 
Kesser et al. (2017).

Feed Intake. Daily MR and WM intake was docu-
mented individually from d 1 to 7, when all calves 
were kept in individual hutches. From d 8 to 70, 
MR, WM, and concentrate intake was recorded daily 
per animal via the automatic feeding system (Vario 
Kombi, Förster-Technik GmbH). The contents of ME 
in MR and WM were calculated according to Jentsch 
et al. (2000); the ME content of the concentrate was 
analyzed according to the methods of the Verband der 
Deutschen Landwirtschaftlichen Untersuchungs- und 
Forschungsanstalten (VDLUFA, 2007). Daily ME in-
takes via MR, WM, and concentrate were calculated 
by multiplying the individual daily intake by the mean 
ME content (MJ/kg of DM) of MR (16.3), WM (19.3), 
and concentrate (11.6) for each calf, and are presented 
as average intake (± SEM) per group from d 2 to 27 
and d 28 to 69. As well as the amounts consumed, the 
number of visits to the automatic feeders was recorded 
and classified as rewarded visits (feed was dispensed) 
and unrewarded visits (no feed when the daily allow-
ance had been retrieved).

BW. All calves were weighed after the first colostrum 
feeding, and birth weight was determined by subtract-
ing the amount of ingested colostrum. During trial 1, 
BW was recorded weekly from birth until d 110 using a 
mobile scale (Tru-Test Ltd., Auckland, New Zealand).

Economic Estimates. We calculated the total feed 
costs over the liquid feeding period from the average 
intake of MR, WM, or concentrate from d 4 until d 70 
per group (MR-res, MR-ad lib, WM-ad lib), and the 
costs of the WM (€0.456/kg; i.e., €0.43 market price 
plus €0.028/kg for the vitamin and mineral supplement 
used for WM), MR (€2.50/kg, respectively), and con-
centrate (€0.38/kg).

Trial 2

Animals, Housing, and Feeding. In 2014, the 
heifers from trial 1 (n = 28; MR-res: n = 10, MR-ad lib: 
n = 9, WM-ad lib: n = 9) were allocated to a second 
trial. They were kept in straw-bedded group pens and 
had ad libitum access to a TMR for lactating dairy 
cows (Table 1) from d 70 until 7 mo of age. The heifers 
were then transferred to a loose-housing system with 

high boxes and rubber mattresses and were fed a TMR 
for heifers. The composition and nutrient content of the 
diets are provided in Table 1. Heifers were artificially 
inseminated when they had reached a minimum age of 
15 mo and when spontaneous estrus was detected us-
ing activity sensors (leg-mounted Rescounter via Dairy 
Plan C 21; GEA Farm Technologies GmbH, Boenen, 
Germany) and visual observation. Three weeks before 
their expected calving date, heifers were integrated into 
the herd of lactating cows to become accustomed to 
the milking parlor (GEA Farm Technologies GmbH) 
and the weighing feed troughs (Insentec B. V., Mark-
nesse, the Netherlands). During this time, they had 
free access to a TMR for lactating dairy cows (Table 
1). The heifers were transferred to individual straw-
bedded calving pens 5 to 7 d antepartum. Immediately 
after calving, colostrum was milked from the heifer and 
fed directly to their calf next to them in the calving 
pen. The heifers were kept in group housing with straw 
bedding and ad libitum access to a TMR for lactating 
cows (Table 1) for the first 5 d postpartum. Thereafter, 
the heifers were transferred to group pens with straw-
bedded boxes along with the rest of the lactating herd, 
receiving the same TMR through the weighing troughs.

Collection of Samples and Data. During lacta-
tion, we recorded daily individual feed intake. The 
TMR was provided every morning (0730 h). All cows 
had free access to drinking water. Samples of all feed-
stuffs were collected every second week and stored at 
−20°C until analysis. Feed samples were analyzed for 
crude ash, crude protein, crude fat, and crude fiber, as 
well as ADF content exclusive of residual ash and NDF 
content, assayed with a heat-stable amylase, exclusive 
of residual ash (VDLUFA, 2007). We calculated the 
NEL and crude protein content of the diets according 
to the German Society of Nutrition Physiology (GfE, 
2001). Cows were milked twice daily at 0500 and 1530 
h. Daily milk yield was recorded electronically via the 
herd management system Dairy Plan C21 (GEA Farm 
Technologies GmbH), and milk samples were collected 
monthly over the first lactation (305 DIM) as combined 
aliquots from the evening and the next morning milk-
ing. Samples were stabilized with Bronopol (2-bromo-
2-nitropropane-1,3-diol, Sigma-Aldrich, Taufkirchen, 
Germany) and transported to the regional laboratory 
of the milk recording organization (Landeskontroll-
verband Rheinland-Pfalz-Saar e. V., Bad Kreuznach, 
Germany), where milk fat, protein, lactose, and SCC 
were analyzed via infrared analyzer (MilkoScan FT-
6000; Foss Analytical A/S, Hillerød, Denmark). Energy 
corrected milk (ECM) was calculated according to the 
equation provided by GfE (2001), which is adjusted 
to 4% fat and 3.4% protein. Energy balance was cal-
culated individually from NEL intake per day minus 



3100 KORST ET AL.

Journal of Dairy Science Vol. 100 No. 4, 2017

the daily energy requirement for maintenance (BW0.75 
× 0.293) and the daily energy output via ECM (GfE, 
2001). Blood samples were taken monthly (3, 2, and 1 
mo) antepartum and weekly (0 to 10 wk) postpartum 
from the jugular vein. Details and results of the blood 
analyses are reported in the companion paper by Kes-
ser et al. (2017).

BW, Body Condition, and Back Fat Thickness. 
Body weight was recorded every second month from d 
111 until calving with a mobile scale (Tru-Test Ltd.). 
After calving, BW was recorded twice daily after milk-
ing via an automatic scale (GEA Farm Technologies 
GmbH). Back fat thickness was assessed by ultraso-
nography (Aloka SSD 500, 48 mm, UST 5820, 5 MHz; 
Aloka GmbH, Meerbusch, Germany) as described by 
Schröder and Staufenbiel (2006). Body condition was 
scored every second week (BCS, 5 point scale; Edmon-
son et al., 1989).

Economic Estimates. We calculated the total feed 
costs from d 1 to 70 of life for all groups (MR-res, 
MR-ad lib, WM-ad lib) as described for trial 1. From d 
70 until first calving, we used daily feed costs of €1.27. 
This number corresponds to the average from practical 
farms in Rhineland-Palatinate, Germany, at that time, 
as assessed by the extension services and authorized 
by the Ministry for Environment, Agriculture, Nutri-
tion, Viticulture and Forestry in Rhineland-Palatinate 
(BZA-Rind, 2013). We calculated total feed costs from 
birth to first calving by summing the respective costs 
from d 1 to 70 and the period until calving. To calcu-
late the returns from milk, we used the average milk 
price in 2014, which was realized by Hofgut Neumuehle 
(€0.43/kg milk; Hochwald Foods GmbH, Thalfang, 
Germany), multiplied by the 305-d lactation milk yield 
per heifer. Milk returns over feed costs were calculated 
accordingly.

Statistical Analyses

We evaluated the sample size for both trials using 
BW gain and milk yield as target variables for trial 1 
and trial 2, respectively. For trial 1, we used an ADG 
of 550 g during the first 27 d of life (i.e., until the 
end of differential feeding) with 10% variation for the 
MR-res fed group (the standard feeding on the experi-
mental farm), and we assumed a 20% increase (660 g) 
for ad libitum feeding. The sample size required (α = 
0.05, power = 0.8) was n = 5 per group; trial 1 had a 
sample of 20 (10 of each sex) and so was well above the 
minimum requirement. For trial 2, which enrolled the 
female calves from trial 1, the sample size was limited: 
assuming a theoretical 15% increase in yield triggered 
by the ad libitum feeding, we would have needed n = 

14 per group for 80% power. We had n = 10 per group, 
so power came down to 65%.

We conducted all statistical analyses using SPSS 
(version 22.0; SPSS Inc., Chicago, IL). For statistical 
evaluation, trial 1 was divided in 4 phases (P): P0 = 
d 0 to 1, P1 = d 2 to 27, P2 = d 28 to 69 and P3 = d 
70 to 110. At the end of each phase, we tested the dif-
ferences in performance data among the feeding groups 
MR-res (n = 20), MR-ad lib (n = 17), and WM-ad 
lib (n = 20) by ANOVA. We checked the homogeneity 
of variance using the Levene’s test (P > 0.10) and, in 
cases of significance, we used the Kruskal-Wallis test 
for nonparametric tests. We analyzed the data for ADG 
and feed intake during the calves’ first weeks of life 
(trial 1) using linear mixed models: group, sex, phase, 
and the interaction of group × phase were included 
as fixed effects and calf as random effect. The perfor-
mance data of the heifers (trial 2) were also tested with 
linear mixed models: group, time (months postpartum) 
and the interaction group × time were included as fixed 
effects, and heifer as a random effect. For multiple com-
parisons, we applied the Bonferroni post hoc test using 
an α-correction. Results are shown as mean ± SEM. 
Significant differences were declared at P < 0.05 and 
trends at 0.05 < P < 0.1. The sample size in trial 2 
(9 to 10 animals per group) was too low to allow for 
sufficient power to correctly reject (or not) the null 
hypothesis.

RESULTS

Trial 1: Growth Performance and Feed Intake

The ADG and BW during the first 15 wk of life 
(trial 1) are shown in Figure 1 and in Table 2, respec-
tively. Birth weight was not different among treatment 
groups. ADG was greatest in the ad libitum-fed calves 
(P < 0.05) in P1 and exceeded the gains of the MR-res 
group by a factor of 1.44 (WM-ad lib) and 1.58 (MR-
ad lib), respectively. In P2, ADG tended to be greater 
(P < 0.1) in MR-res compared with MR-ad lib calves, 
whereas ADG in MR-res versus WM-ad lib calves and 
MR-ad lib versus WM-ad lib calves were not different. 
Recorded BW was highest in MR-ad lib calves (P < 
0.05) at the end of P1 and was higher in WM-ad lib 
calves than in MR-res calves (P < 0.05). At the end of 
P2 and P3, BW was not different among groups and 
ADG during P3 was not different (Figure 1 and Table 
2). Sex differences in BW and ADG were limited to P3 
(Table 2 and Figure 1); feed intake was not different 
between sexes.

Feed intakes from the different phases of trial 1 
(amounts and ME) are presented in Table 3. The in-
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take of colostrum with the first meal (MR-res 2,334 
g ± 211; WM-ad lib 2,349 g ± 237; MR-ad lib 2,245 
g ± 211) and the amount of colostrum consumed per 
day from d 0 to 1 of age (P0) was not different among 
groups (Table 3). In phase 1 (P1, d 2 to 27), MR and 
WM intake were approximately 1.4-fold greater (about 
3 kg more of liquid feed) in both ad libitum-fed groups 
than in the MR-res group (Table 3). During P1, the 
calves ate only very low and highly variable amounts 
of concentrate (0.07–0.25 kg/calf/d) that did not differ 
among groups. In phase 2 (P2, d 28 to 69), after differ-
ential feeding was completed and all animals were fed 
according to the MR-res regimen, the amount of liquid 
feed was reduced by about 60% of the previous daily 
allowance for the ad libitum-fed groups; in the MR-ad 

lib group, the amount of MR powder was reduced to 
52% on average when switching to the MR-res regimen. 
The intake of concentrate by MR-ad lib calves tended 
to be less (P < 0.1) than by WM-ad lib animals; no dif-
ferences in concentrate intake were detectable between 
MR-res and MR-ad lib or between MR-res and WM-
ad lib, respectively (Table 3). The daily energy intake 
(ME) via milk in P0 was the same for all groups. In 
contrast, the ME intake via milk in P1 was different (P 
< 0.05) among all groups, with the greatest intakes in 
the WM-ad lib group, exceeding those in MR-ad lib and 
MR-res by factors of 1.8 and 2.1, respectively. In P2, 
the ME intake via milk was not different among groups. 
The ME intake via concentrate in P1 was not different 
among groups. In the subsequent phase of equal feeding 
(P2), the ME intake from concentrate was greatest in 
the WM-ad lib group, with no difference compared to 
the MR-res group, but a trend for greater intake in the 
MR-res group than in the MR-ad lib group (P < 0.10). 
Total ME intake via milk and concentrate was greater 
(P < 0.05) in the WM-ad lib group than in the MR-ad 
lib and MR-res groups in P1, but was not different 
among groups in P2 (Table 3).

Feeding frequency patterns (i.e., the daily number of 
visits in the automatic feeders) are shown in Figure 2. 
During P1, the number of total visits was greater in the 
MR-res group, whereby the proportion of unrewarded 
visits (when the calves entered the feeder but feed was 
not dispensed) amounted to 70% of total visits. The 
average number of rewarded visits across all groups was 
6.9/d during P1. Thereafter, when all groups were on 
the MR-res diet (P2), the total visits from calves of 
both ad lib groups were more than twice as frequent 
than in P1 and reached 70% unrewarded visits (similar 
to the MR-res group during P1 and P2).

Trial 2: Performance During the First Lactation

As mentioned earlier, the number of female calves 
from trial 1 that were enrolled in trial 2 was limited, 
so this part of the study was actually underpowered. 

Figure 1. Development of ADG (means ± SEM) from birth un-
til wk 15 of life (trial 1). Different letters indicate differences among 
groups within the respective phase (lowercase letters, P < 0.001; capi-
tal letters, P < 0.1). Sex differences were limited to phase 3: P < 0.05; 
males: 1,028 g ± 36; females: 876 g ± 44. Feeding groups: MR-res = 
milk replacer restrictive, MR-ad lib = milk replacer ad libitum, WM-
ad lib = whole milk ad libitum.

Table 2. Development of BW (kg ± SEM) during the first 110 d of life (trial 1)

BW

Feeding1

MR-res (n = 20) MR-ad lib (n = 17) WM-ad lib (n = 20)

Birth weight 41.9 ± 0.8 41.8 ± 1.4 42.3 ± 1.3
BW at the end of phase 1 (d 27) 56.4a ± 1.0 65.4b ± 1.9 63.9b ± 1.8
BW at the end of phase 2 (d 70) 95.8 ± 1.9 98.4 ± 2.9 99.0 ± 2.1
BW at the end of phase 3 (d 110)2 131.6 ± 2.6 131.3 ± 4.2 133.7 ± 3.1
a,bDifferent lowercase letters indicate differences between groups (P < 0.05).
1Feeding groups (differential feeding was limited to d 4 to 27 of age): MR-res = milk replacer restrictive, MR-ad 
lib = milk replacer ad libitum, WM-ad lib = whole milk ad libitum.
2Sex differences were limited to phase 3: males, 137.6 kg ± 2.3; females, 127.0 kg ± 2.6; P = 0.004.
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Milk yield, DMI, energy balance, and back fat thick-
ness recorded during 10 mo of the first lactation are 
depicted in Figure 3. In Figure 4, BW during lactation 
is shown. None of these variables was different among 
the animal groups originating from the different feeding 
regimens during calfhood. In addition, BCS was not 
different among groups (data not shown). When con-
sidering ECM yields based on monthly milk recordings, 
the lactation curves of the heifers from the different 
groups separated only during the last 2 mo; the P-value 
for group was 0.168. When considering 305-d milk yield 
(Table 4), the WM-ad lib heifers produced numerically 
more milk (+765 kg or +9%) than heifers reared on the 
MR-res regimen. The milk yield in the first lactation of 
the MR-ad lib animals was 612 kg (+7%) above that 
of the MR-res heifers, but all comparisons were below 
the level of significance (P = 0.969). Average milk fat 
percentage, protein percentage, fat and protein yields, 
and feed efficiency (kg of ECM/kg of DMI; Table 4) did 
not differ among treatment groups. Age at first calving 
was numerically lower in WM-ad lib heifers than in the 
other groups, but the threshold of significance was not 
reached (Table 4).

Trials 1 and 2: Economic Considerations

Economic estimates based on feed costs for rearing 
until first calving and performance in the first lactation 

Table 3. Milk replacer (MR), whole milk (WM), concentrate, and energy intake (ME) in the different phases 
of trial 1 (mean ± SEM)

Intake

Feeding1

MR-res (n = 20) MR-ad lib (n = 17) WM-ad lib (n = 20)

MR or WM (g of liquid intake)
  Phase 0 (d 0–1) 4,015 ± 243 4,827 ± 348 4,736 ± 410
  Phase 1 (d 2–27) 6,385b ± 39 9,249a ± 150 9,470a ± 137
  Phase 2 (d 28–69) 5,724 ± 50 5,833 ± 53 5,723 ± 50
Concentrate (g)      
  Phase 0 — — —
  Phase 1 (d 2–27) 254 ± 21 101 ± 12 68 ± 9
  Phase 2 (d 28–69) 1,234AB ± 24 1,054B ± 25 1,258A ± 24
ME intake (MJ/d) via milk      
  Phase 0 (d 0–1) 12.5 ± 0.76 15.0 ± 1.08 14.4 ± 1.29
  Phase 1 (d 2–27) 12.3c ± 0.09 21.1b ± 0.34 25.7a ± 0.37
  Phase 2 (d 28–69) 10.7 ± 0.09 10.9 ± 0.10 10.7 ± 0.09
ME intake (MJ/d) via concentrate      
  Phase 0 — — —
  Phase 1 (d 2–27) 1.04 ± 0.11 0.32 ± 0.05 0.23 ± 0.04
  Phase 2 (d 28–69) 12.6A ± 0.25 10.8B,b ± 0.25 12.8a ± 0.25
Total ME intake (MJ/d)      
  Phase 0 — — —
  Phase 1 (d 2–27) 13.0c ± 0.14 21.5b ± 0.39 26.2a ± 0.43
  Phase 2 (d 28–69) 23.3 ± 0.21 21.7 ± 0.20 23.5 ± 0.21
a–cDifferent lowercase letters indicate differences between groups (P < 0.05).
A,BDifferent uppercase letters indicate trends (P < 0.10).
1Feeding groups: MR-res = milk replacer restrictive, MR-ad lib = milk replacer ad libitum, WM-ad lib = whole 
milk ad libitum.

Figure 2. Daily visits at the automatic feeders by dairy calves fed 
at different intensities during the first 4 wk of life (trial 1). P1 = phase 
of differential feeding from d 2 to 27 of life; P2 = phase when all calves 
were fed according to the restrictive regimen (d 28–69 of life). Feeding 
groups: MR-res = milk replacer restrictive, MR-ad lib = milk replacer 
ad libitum, WM-ad lib = whole milk ad libitum. Solid bars = mean 
number of rewarded visits when feed was obtained; hatched bars = 
mean number of unrewarded visits during which no feed was obtained 
due to the restrictions. Feeders were set to maximum allowances of 5 
L (ad libitum) and 2 L (restricted) per visit; liquid feed was dispensed 
only if calves had left at least 0.5 L (ad libitum) or 1 L (restricted) of 
their daily allowance. Phase and the interaction of group × phase were 
significant (P < 0.001).
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Figure 3. Development of (A) ECM, (B) DMI, (C) energy balance, and (D) back fat thickness (BFT) in the first 10 mo postpartum of the 
first lactation (mean ± SEM; trial 2). Feeding groups: MR-res = milk replacer restrictive, MR-ad lib = milk replacer ad libitum, WM-ad lib = 
whole milk ad libitum.
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are presented in Table 5. We considered means instead 
of individual intake, because records of individual intake 
were limited to the liquid feeding period; for the remain-
ing time, we used an average value for rearing heifers 
in our region under comparable conditions. Variations 
in the recorded variables and statistical comparisons 
have been described in the paragraphs above. On aver-
age, the WM-ad lib regimen created the greatest feed 
costs during the liquid feeding phase: €56 and €28 more 
than for MR-res and MR-ad lib feeding, respectively. 
When relating feed costs during liquid feeding to kg of 

BW gain during this time, the ranking was similar: the 
WM-ad lib feeding was 1.17- and 1.35-fold more costly 
than the MR-ad lib and MR-res feeding, respectively. 
Considering the entire period of rearing until first calv-
ing, the proportion of costs for liquid feeding phase as 
part of the total feed costs for rearing were 17.9, 15.1, 
and 12.7% for the WM-ad lib, MR-ad lib, and MR-res 
groups, respectively. Taking the returns from milk sale 
into consideration, which were (numerically) greater in 
the WM-ad lib group than in the MR-ad lib and MR-
res groups, WM-ad lib feeding yielded €310 and €71 
more returns over feed costs than the MR-res or the 
MR-ad lib regimens. When expressed per kg of milk, 
the difference would amount to €0.008 and €0.002 (i.e., 
the returns over rearing feed costs in WM-ad lib calves 
would be 2.5 and 0.6% above those of heifers reared 
with MR-res or MR-ad lib).

DISCUSSION

Performance During Calfhood

Several studies have demonstrated that heifer calves 
fed WM or MR ad libitum increased their daily nu-
trient intake and had greater growth rates during the 
nursery period (Shamay et al., 2005; Moallem et al., 
2010; Kiezebrink et al., 2015). In the current study, ad 
libitum feeding of WM or MR over the first 4 wk of life 
increased BW only during this period, without any sus-
tained difference at 15 wk of life. Similar results have 
been observed by Morrison et al. (2012) and Kiezebrink 
et al. (2015), where BW differences had disappeared by 
84 to 126 wk of age and by 16 wk of age, respectively. 
In our study, the calves were all fed MR restrictively af-
ter the first 4 weeks of life. The increased growth rates 
from the previous ad libitum MR or WM feeding could 
be maintained only if the energy intake via concentrate 
had been increased accordingly and the development 
of the gastrointestinal tract was adequate to digest the 
concentrate. It is well documented that starter intake 

Figure 4. Development of BW (mean ± SEM) in heifers over the 
first 10 mo of the first lactation (trial 2). Feeding groups: MR-res = 
milk replacer restrictive, MR-ad lib = milk replacer ad libitum, WM-
ad lib = whole milk ad libitum.

Table 4. First-lactation performance (mean ± SEM) in heifers (trial 2) reared at different feeding intensities 
over the first 4 wk of life

First-lactation performance

Feeding1

P-value: GroupMR-res (n = 10) MR-ad lib (n = 9) WM-ad lib (n = 9)

Age at first calving (d) 775 ± 18.0 773 ± 16.8 745 ± 15.2 0.969
305-d milk yield (kg) 8,452 ± 402 9,064 ± 432 9,217 ± 475 0.919
305-d fat yield (kg) 329 ± 15.2 358 ± 13.4 347 ± 15.8 0.925
305-d protein yield (kg) 279 ± 14.4 300 ± 12.8 300 ± 17.5 0.646
Fat (%) 3.85 ± 0.07 3.77 ± 0.05 3.83 ± 0.07 0.171
Protein (%) 3.32 ± 0.04 3.22 ± 0.04 3.22 ± 0.05 0.693
ECM/DMI (kg/kg) 1.50 ± 0.05 1.46 ± 0.04 1.50 ± 0.03 0.722
1Feeding groups: MR-res = milk replacer restrictive, MR-ad lib = milk replacer ad libitum, WM-ad lib = whole 
milk ad libitum.
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and fermentation of starch in the rumen are respon-
sible for rumen development (NRC, 2001), and ADG 
in calves between birth and 2 mo of age is positively 
related to starter intake (Heinrichs and Heinrichs, 2011; 
Bateman et al., 2012). Increased intake of liquid feed 
reportedly decreases concentrate intake (Khan et al., 
2007a,b; Chapman et al., 2016), but contrasting results 
have also been obtained: when feeding calves ad libitum 
over 37 d (Jasper and Weary, 2002) and 21 d (Maccari 
et al., 2015)of life, concentrate intake after weaning did 
not decrease. In Maccari et al. (2015), calves fed ad libi-
tum for 21 d had greater starter intake from wk 7 to 10 
of life compared with restrictively fed calves. We were 
expecting MR-res calves to have superior concentrate 
intake, because they were encouraged by the limited 
supply of MR to start concentrate intake and adapt 
their gastrointestinal function to solid feed earlier than 
the ad libitum-fed calves. However, we did not observe 
group differences in concentrate intake during P1, prob-
ably because the amounts were low and highly variable. 
Concentrate intake starts only at about 14 d of age 
(Khan et al., 2011). During P2, the WM-ad lib calves 
had a higher concentrate intake, but only compared to 
the MR-ad lib group; the WM-ad lib and the MR-ad 
lib groups had similar concentrate intake to the MR-res 
group. Khan et al. (2007b) reported higher concentrate 
intake after weaning in calves fed intensively fed until 
d 25 of life. In that study, calves were stepped down 
from d 25 until d 49 to achieve a smooth transition 
from milk to solid feed. In contrast, the ad libitum-
fed calves in our study were turned to the restrictive 
MR regimen within 2 d but remained on liquid feed 
until weaning, starting at d 55. The transition from a 
functional monogastric to a ruminant digestive system 
with the change from liquid to solid feed is one of the 

most dramatic gastrointestinal transformations in a 
ruminant’s life (Steele et al., 2016), and it affects the 
animal’s health (Hulbert and Moisá, 2016). The timing 
of this transition is a management decision, and intake 
of both concentrate and of forage (hay, silage, straw, 
pasture) is important for rumen development (Khan et 
al., 2016). However, taking the ME intakes from liquid 
and solid feed together in P2, the groups in our study 
were not different. We observed a trend for greater 
gains in the MR-res group than in the MR-ad lib group 
in P2, indicating that MR-res feeding and WM-ad lib 
feeding may have resulted in greater feed efficiencies. 
This trend for greater gains might also have resulted 
from comparison with the previous MR-ad lib feeding 
group; a dip in their growth curve might have occurred, 
whereas the MR-res were able to increase their growth 
rate. After weaning, when all calves had free access 
to a TMR for lactating cows (6.8 MJ NEL/kg DM), 
maintaining increased growth rates via increasing feed 
intake might have been possible, but was not observed 
during the 39 d phase following weaning. Chapman 
et al. (2016) showed that the greater ADG and BW 
in calves fed at a high level before weaning were not 
maintained, but reduced afterward. This finding might 
be attributable to constraints in the digestive capacity 
for the diet fed after weaning (Chapman et al., 2016). 
Khan et al. (2016) concluded in a recently published 
review that the provision of high-starch and low-fiber 
starter feeds may negatively affect rumen development, 
and that forage supplementation is beneficial for pro-
moting gut development and rumination behavior in 
young calves. We could not quantify the intake of hay 
offered to calves from d 4 of life and can thus not ad-
dress this aspect. It is certainly important for maintain-
ing high growth rates after weaning that the diet allows 

Table 5. Estimates of feed costs (€) for rearing heifers fed differently during the first 4 wk of life in relation 
to the milk returns during their first lactation

Item

Feeding1

MR-res 
(n = 10)

MR-ad lib 
(n = 9)

WM-ad lib 
(n = 9)

Concentrate costs (d 4–70) 21.4 17.6 20.7
Whole milk + milk replacer costs 109.5 140.7 166.1
Total feed costs from d 1 to 70 130.9 158.3 186.8
Feed costs per kg of BW gain from d 1 to 70 2.43 2.80 3.29
Total feed costs for heifers2 1,026 1,051 1,044
Milk returns from first lactation3 3,634 3,898 3,963
Milk returns over rearing feed costs 2,608 2,847 2,918
Milk returns over rearing feed costs per kg of milk 0.308 0.314 0.316
1Feeding groups: MR-res = milk replacer restrictive, MR-ad lib = milk replacer ad libitum, WM-ad lib = whole 
milk ad libitum.
2Total feed costs from birth until date of first calving = total costs from d 1 to 70 plus feed costs of €1.27/d 
from d 71 until first calving.
3305-d milk yield × milk price (0.43 €/kg of milk).
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for this in terms of amount, nutrient concentration, and 
digestibility.

Given the frequent feeder visits of the MR-res group 
during P1, and the high portion of unrewarded visits, it 
seems likely that this regimen left the animals unsatis-
fied and possibly frustrated by the unrewarded visits, 
which may in turn have been stressful. This pattern 
was continued in P2, and occurred accordingly in the 
ad libitum-fed animals when they were transferred to 
the MR-res regimen. As to whether this level of sus-
pected stress might have metabolic consequences above 
nutrient intake remains unknown. However, although 
sustained effects seem improbable considering the ADG 
and BW after the liquid feeding phases, restrictive feed-
ing implies reduced welfare (Khan et al., 2016).

Our findings that calves had equal growth rates after 
weaning were not in support of sustained programming 
of overall growth rate through feed intake or feed ef-
ficiency by feeding regimens during the first weeks of 
life. Nevertheless, alterations might have taken place at 
the level of individual organs, showing effects only in 
later life, or being too subtle to translate into growth 
performance. A greater feeding intensity (1.2 kg/d of 
MR) during the preweaning period has been demon-
strated to improve nutrient intake, growth rates, and 
gastrointestinal development at weaning (Eckert et al., 
2015). Geiger et al. (2016) showed in a recent report 
that higher growth rates over the first 8 wk of life in-
creased organ weights per kg of BW (e.g., liver and 
mammary gland).

Performance During the First Lactation

In trial 2, we followed the performance of the heifer 
calves from trial 1 until the end of their first lactation, 
although the sample size was too small to allow for 
sufficient power. In a meta-analysis of studies testing 
the effects of an enhanced supply of nutrients from 
WM or MR to dairy calves on milk yield in the first 
lactation, Soberon and Van Amburgh (2013) showed 
that the overall milk yield response was 435 ± 117 kg/
lactation (P < 0.001). The individual studies analyzed 
had not equivocally reported significant effects and 
were also mostly underpowered. However, when we 
used the equation developed from the meta-regression 
for the effect of ADG during preweaning on milk yield 
by Soberon and Van Amburgh (2013), the predicted 
increase in milk yield in our study amounted to 330 kg 
for both ad libitum-fed groups on average. The actual 
(numerical) increase we observed was an average of 688 
kg for the 2 ad libitum-fed groups, more than double 
the calculated value. However, regardless of the abso-
lute numbers, our study was in line with the general 

notion and our starting hypothesis that early intensive 
feeding with increased growth rates had beneficial ef-
fects on milk yield in later life, although our findings 
were not significant.

Based on the lack of differences among groups and 
the marginal numerical difference in 305 d milk yield 
between the MR-ad lib and WM-ad lib groups (+153 
kg or 1.12% more), the source of nutrients in early life 
seems unimportant for milk yield in later life. This 
finding is in line with earlier studies as summarized 
by Soberon and Van Amburgh (2013). Our hypothesis 
that WM-fed calves would perform better than MR-fed 
ones in later life was not substantiated, but the limita-
tions in terms of power must be kept in mind. However, 
when considering the data on concentrate intake and 
ME intake after the differential feeding, WM-fed calves 
had some advantage over MR-fed ones, at least during 
calfhood.

Economics

Total feed costs over the preweaning period were 
greater in both groups fed ad libitum, similar to results 
presented by Brown et al. (2005) and Raeth-Knight 
et al. (2009). Total costs per calf were higher in the 
WM-ad lib group, and also when related to a kg gain 
and compared to the MR-fed groups. The reason for 
the lesser total feed costs for rearing until first calving 
in the WM-ad lib group was due to the numerically 
lower age at first calving for WM-ad lib calves. The re-
turns from milk were greatest in the WM-ad lib group. 
When related to total rearing feed costs, returns over 
feed costs seemed able to compensate for the additional 
expenses during the preweaning phase. These results 
support the positive effect of higher investment dur-
ing the nursery period without any negative effect on 
economics in heifers over the first lactation.

CONCLUSIONS

Ad libitum intake of whole milk or milk replacer 
during the first 4 wk of life increased ADG and BW 
until d 28, but not thereafter. Restrictive feeding of 
MR stimulated concentrate intake to the same extent 
as ad libitum feeding of whole milk. Accelerated BW 
gain over the first 28 d of life did not impair milk yield, 
milk ingredients, DMI, energy balance, BW, body 
condition, or back fat thickness in the first lactation. 
The numerical but not statistically significant increase 
in milk yield was in line with previous findings and 
supports the notion that intensified feeding strategies 
may improve lactation performance. Further research is 
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needed to identify an optimal transition from liquid to 
solid feed, with a focus on the development of a healthy 
rumen, gut, well-adapted microbiome and all bodily 
functions, allowing for a long and productive life span.
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