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ABSTRACT

High interindividual variation in growth performance 
is commonly observed in veal calf production and ap-
pears to depend on milk replacer (MR) composition. 
Our first objective was to examine whether variation in 
growth performance in healthy veal calves can be pre-
dicted from early life characterization of these calves. 
Our second objective was to determine whether these 
predictions differ between calves that are fed a high- 
or low-lactose MR in later life. A total of 180 male 
Holstein-Friesian calves arrived at the facilities at 17 ± 
3.4 d of age, and blood samples were collected before 
the first feeding. Subsequently, calves were character-
ized in the following 9 wk (period 1) using targeted 
challenges related to traits within each of 5 categories: 
feeding motivation, digestion, postabsorptive metabo-
lism, behavior and stress, and immunology. In period 
2 (wk 10–26), 130 calves were equally divided over 2 
MR treatments: a control MR that contained lactose 
as the only carbohydrate source and a low-lactose MR 
in which 51% of the lactose was isocalorically replaced 
by glucose, fructose, and glycerol (2:1:2 ratio). Rela-
tions between early life characteristics and growth per-
formance in later life were assessed in 117 clinically 
healthy calves. Average daily gain (ADG) in period 2 
tended to be greater for control calves (1,292 ± 111 g/d) 
than for calves receiving the low-lactose MR (1,267 ± 
103 g/d). Observations in period 1 were clustered per 
category using principal component analysis, and the 
resulting principal components were used to predict 
performance in period 2 using multiple regression pro-
cedures. Variation in observations in period 1 predicted 
17% of variation in ADG in period 2. However, this 

was mainly related to variation in solid feed refusals. 
When ADG was adjusted to equal solid feed intake, 
only 7% of the variation in standardized ADG in period 
2, in fact reflecting feed efficiency, could be explained 
by early life measurements. This indicates that >90% 
of the variation in feed efficiency in later life could not 
be explained by early life characterization of the calves. 
It is speculated that variation in health status explains 
a substantial portion of variation in feed efficiency in 
later life. Significant relations between fasting plasma 
glucose concentrations, fecal pH, drinking speed, and 
plasma natural antibodies in early life (i.e., not exposed 
to the lactose replacer) and feed efficiency in later life 
depended on MR composition. These measurements are 
therefore potential tools for screening calves in early 
life on their ability to cope with MR varying in lactose 
content.
Key words: veal calf, feed efficiency, growth 
performance, lactose, glycerol

INTRODUCTION

High interindividual variation in growth performance 
is commonly observed in veal calf production. For in-
stance, the coefficient of variation (CV) in ADG in 
healthy calves fed equal levels of nutrient intake was 
5.9% for calves aged 13 to 26 wk (Gilbert et al., 2015b), 
12.3% for calves aged approximately 6.5 to 9.5 wk 
(Labussière et al., 2008), and 21.3% for calves aged 3 
to 6 wk (Akinyele and Harshbarger, 1983). This inter-
individual variation occurs in the absence of clinical 
disease and at similar nutrient intake and therefore re-
sults mainly from variation in feed efficiency. Variation 
in feed efficiency can originate from variation in many 
biological processes. Assessing the ability of calves to 
respond to specific stimuli related to biological sources 
of variation might explain the variation in feed effi-
ciency. We therefore designed targeted measurements 
related to feeding motivation, digestion, postabsorptive 
metabolism, behavior and stress, and immunology to 
characterize calves in early life kept under equal feeding 
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and husbandry conditions. If these early life measures 
show genetic variation and thus consistency over time 
and are related to feed efficiency, such an early life 
characterization could be predictive of later life feed 
efficiency in healthy calves. Indeed, in beef cattle di-
vergently selected for residual feed intake (a measure 
for feed efficiency), variation in feeding patterns, feed 
digestion, protein turnover, tissue metabolism, heat 
production, activity, and stress contributed to varia-
tion in feed efficiency (Herd et al., 2004; Richardson 
and Herd, 2004; Herd and Arthur, 2009). These pheno-
typic measures explained most of the genetic variation 
in residual feed intake. Such relations between animal 
characteristics and feed efficiency suggest that these 
characteristics could be used as early life measures to 
predict later life feed efficiency in veal calves.

Veal calves are fed milk replacers (MR), which com-
monly contain 40 to 50% lactose. High and fluctuating 
dairy prices are a major economic incentive to replace 
lactose from MR with alternative energy sources. How-
ever, differences in growth rates between individual 
calves increased further when lactose was replaced from 
the MR. For instance, the CV in ADG increased from 5.9 
to 8.4% when lactose was partially replaced with malt-
ose, although ADG decreased (Gilbert et al., 2015b). 
This illustrates that variation in growth performance 
depends on MR composition and that not all calves are 
equally able to cope with lactose replacers (i.e., low-
lactose MR). Digestive and metabolic processes may 
contribute to this increase in interindividual variation 
in growth performance when feeding low-lactose MR. 
For example, the CV in apparent ileal disappearance of 
DM increased from 5.0 to 6.9% when partly replacing 
lactose with maltose (Gilbert et al., 2015a), and the CV 
in urinary glucose excretion increased from 42 to 82% 
when partly replacing lactose with glucose, fructose, or 
glycerol (Gilbert et al., 2016). Predictions of feed effi-
ciency of calves from traits measured in early life might 
therefore differ between calves fed a high- or low-lactose 
MR. Our objectives were (1) to examine whether varia-
tion in growth performance of healthy veal calves can 
be predicted from early life characterization of these 
calves and (2) to determine whether these predictions 
differ between calves that are fed a high- or low-lactose 
MR in later life.

MATERIALS AND METHODS

This experiment was conducted at the research 
facilities of the VanDrie Group (Scherpenzeel, the 
Netherlands) and was submitted to and approved by 
the Animal Care and Use Committee of Wageningen 
University (Wageningen, the Netherlands).

Experimental Design

The experiment consisted of 2 periods. Period 1 start-
ed when calves arrived at the experimental facilities, 
and measurements were performed from experimental 
wk 1 to 9 on individual calves to characterize each calf. 
In period 2, the feeding trial was conducted in which a 
control, lactose-based MR was compared with an MR 
in which 51% of the lactose was replaced with glucose, 
fructose, and glycerol. Period 2 lasted from experimen-
tal wk 10 to 28, and general performance was recorded.

Animals, Housing, and Feeding

Calves were housed on wooden slatted floors through-
out the experiment. Light was provided by daylight, 
and artificial lights were on from 0600 to 1800 h. The 
stable was mechanically ventilated. The temperature 
and humidity averaged 19 ± 3.9°C and 77 ± 9.3% 
(mean ± SD), respectively.

Period 1. A total of 180 male Holstein-Friesian calves 
of Dutch origin arrived at the experimental facilities at 
17 ± 3.4 d of age and 44 ± 2.6 kg of BW (mean ± SD). 
Calves were housed individually in a 1.2-m2 pen so that 
all measurements could be performed individually.

The ingredient and nutrient composition of the ex-
perimental MR are shown in Table 1. Calves received 
MR with lactose as the only carbohydrate source. Solid 
feed comprised concentrates, rapeseed straw, and alfalfa 
and was supplied at a ratio of 70:15:15 on an estimated 
DM basis. Concentrates comprised oats, 250 g/kg; bar-
ley, 238 g/kg; corn, 201 g/kg; lupines, 155 g/kg; corn 
gluten meal, 111 g/kg; vitamin–mineral mix, 24 g/kg; 
and molasses, 20 g/kg. Analyzed CP content was 183 g/
kg. The feeding levels for MR and solid feed were based 
on a practical feeding scheme and were equal between 
calves. Milk replacer allowance increased progressively 
from 400 to 1,200 g/d, and solid feed increased from 
85 to 360 g/d. Solid feed was provided from 1 wk after 
arrival onward. The MR was mixed with warm water 
(66°C), and the concentration of reconstituted MR was 
125 g/kg. Reconstituted MR was supplied at a tem-
perature of approximately 42°C in 2 equal meals, at 
0600 and 1600 h, and calves were allowed access for 
15 min, after which refusals were quantified. Solid feed 
was provided to each calf individually directly after the 
morning MR meal. Solid feed refusals were removed 
and quantified before the morning meal. Water was 
available through water nipples continuously except for 
2 h around MR feeding.

Period 2. Age and BW at the start of period 2 were 
82 ± 3.5 d and 87 ± 4.1 kg (mean ± SD), respectively. 
Calves were housed in groups of 5 in a pen of 9 m2. 
Each calf was assigned to 1 of 2 MR treatments: a con-
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trol MR with lactose as the only carbohydrate source 
or an MR in which 51% of the lactose was replaced 
with a mixture of glucose, fructose, and glycerol in a 
2:1:2 ratio on a gross energy basis (GFG; Table 1). 
Solid feed comprised concentrates and rapeseed straw 
and was supplied at a ratio of 80:20 on an estimated 
DM basis. Milk replacer allowance increased progres-
sively from 1,250 to 3,000 g/d, and solid feed supply 
increased from 630 to 1,170 g/d. Reconstituted MR 

concentration increased from 125 to a maximum of 200 
g/kg. Solid feed was provided to each calf individually 
directly after the MR meal at 0600 and 1600 h. The 
calves were allowed to consume their solid feed portion 
for 60 min, after which solid feed refusals were removed 
and quantified. During feeding of MR and solid feed, 
calves were fixed in the headlock of the fence to en-
able individual feeding. Water was available ad libitum 
through water nipples.

Table 1. Ingredient and nutrient composition of the experimental milk replacers

Item Period 1  Period 2

Ingredient, g/kg
 Lactose or lactose replacement1   250.01

 Whey 466.1  201.9
 Delactosed whey 149.7  150.0
 Whey protein concentrate 111.3  85.2
 Soy protein concentrate 10.0  62.5
 Soluble wheat protein 64.1  38.6
 Fat    
  Lard 52.5  64.6
  Tallow 52.5  64.6
  Coconut oil 49.2  34.9
  Lecithin 5.0  5.2
  Emulsifier 5.0  5.2
 Premix 10.02  10.03

 Calcium formate 8.4  7.5
 Mono ammonium phosphate   5.7
 Lysine 10.0  6.7
 Methionine 2.1  3.1
 Threonine 2.0  1.6
 CaCO3 2.5  2.5

Nutrient, g/kg of DM unless noted   Control GFG4

 DM, g/kg 978  980 973
 Crude ash 86  63 63
 CP, N × 6.25 207  180 181
 Crude fat 193  205 187
 Lactose1,5 473  504 266
 Fe, mg/kg of DM 45.9  12.2 12.9
1In period 2, 2 milk replacers were used. In the GFG milk replacer, lactose was replaced by 100 g/kg of glucose, 
50 g/kg of fructose, and 97.8 g/kg of glycerol. The amount of glycerol was slightly adjusted to match the gross 
energy content of the combination of glucose, fructose, and glycerol with that of the replaced lactose. Gross en-
ergy content was 15.6 kJ/g for lactose, 14.0 kJ/g for glucose, 15.4 kJ/g for fructose, and 17.6 kJ/g for glycerol.
2The starter premix provided (per kg of experimental diet) CP, 0.7 g; starch, 5.0 g; crude ash, 1.5 g; calcium, 
16.6 mg; phosphorus, 7.5 mg; sodium, 0.7 mg; potassium, 7.3 mg; chloride, 13.1 mg; magnesium, 0.5 g; iron, 44 
mg; copper, 8.0 mg; zinc, 110 mg; manganese, 43 mg; selenium, 0.3 mg; iodide, 1.0 mg; vitamin A, 25,013 IU; 
vitamin D3, 4,002 IU; vitamin E, 135 mg; vitamin C, 0.3 g; vitamin K3, 2.1 mg; vitamin B1, 8.2 mg; vitamin 
B2, 10.2 mg; vitamin B3, 34.9 mg; vitamin B5, 18.0 mg; vitamin B6, 10.0 mg; vitamin B12, 0.1 mg; biotin, 0.2 
mg; choline, 0.4 g; and folic acid, 0.7 mg.
3The finisher premix provided (per kg of experimental diet) CP, 0.8 g; starch, 5.4 g; crude ash, 1.3 g; calcium, 
17.0 mg; phosphorus, 8.1 mg; sodium, 0.8 mg; potassium, 7.8 mg; chloride, 13.2 mg; magnesium, 0.5 g; iron, 
0.3 mg; copper, 4.0 mg; zinc, 100 mg; manganese, 43 mg; selenium, 0.3 mg; iodide, 1.0 mg; vitamin A, 25,000 
IU; vitamin D3, 4,000 IU; vitamin E, 90 mg; vitamin C, 0.1 g; vitamin K3, 2.1 mg; vitamin B1, 8.2 mg; vitamin 
B2, 10.2 mg; vitamin B3, 34.8 mg; vitamin B5, 18.0 mg; vitamin B6, 6.2 mg; vitamin B12, 0.1 mg; biotin, 0.2 
mg; choline, 0.4 g; and folic acid, 0.7 mg.
4In the GFG milk replacer, glycerol was liquid and added separately when milk was prepared. The milk replacer 
powder without glycerol was analyzed on nutrient content. Glycerol was assumed to contain 995 g/kg of glyc-
erol and 5 g/kg of moisture based on product specifications.
5Calculated content.
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Measurements

Health and performance of the calves were regularly 
monitored. Calves were weighed once every 4 wk. He-
moglobin (Hb) concentration in jugular blood was de-
termined in 4-wk intervals. A minimum Hb concentra-
tion of 5.5 mmol/L was targeted, and iron was injected 
intramuscularly when necessary. Rectal temperature 
was taken at 2-wk intervals to help identify clinically 
ill calves. Medical treatment was applied when required 
based on clinical signs of illness, and all treatments were 
recorded. These regular measures (rectal temperature 
and Hb) were not used as early life measurements in 
the statistical analyses except for the Hb measurement 
upon arrival of the calves.

Period 1 Measurements. The IgG concentration 
in plasma of neonatal calves is related to the quantity 
and quality of colostrum intake (Morin et al., 1997; 
Hammon and Blum, 1998). Blood samples were there-
fore collected at arrival before the first feeding as an 
indicator of the individual conditions upon arrival. A 
jugular blood sample was collected by venipuncture in 
lithium heparin tubes to determine hematocrit and the 
titers of natural antibodies (IgG and IgM). Blood was 
transferred to nonheparinized capillaries and centri-
fuged at 9,600 × g for 4 min using a microcentrifuge 
(Heraeus Pico 17; Thermo Scientific, Waltham, MA), 
and the percentage of red blood cells was calculated. 
Plasma was harvested from the remaining blood after 
centrifugation and stored at −20°C pending IgG and 
IgM titer analyses. In addition, a second blood sample 
was taken and analyzed for Hb concentration. No iron 
was administered following this first Hb check. In wk 5, 
1 fecal sample was taken directly from the rectum and 
analyzed for the presence of pathogens (rotavirus, coro-
navirus, Escherichia coli K99, and Cryptosporidium) 
using an immunoassay (BIO K 288; Bio-X Diagnostics, 
Rochefort, Belgium). In wk 2 and 6, calf shape was 
measured. Heart girth and body length were measured 
to calculate the surface area of the body, assuming a 
cylinder and calculating surface area as (2π × r2) + (π 
× d × h), where r = heart girth/2π, d = 2 × r, and h = 
body length. Surface area was divided by BW to assess 
calf shape (cm2/kg of BW). In addition, measurements 
were performed to characterize the calves. Most of these 
measurements were designed as challenges because 
these will likely cause more variation between animals, 
especially for metabolic measures under strong homeo-
static control (Blair et al., 1990). Targeted challenges 
were performed related to the following categories: 
feeding motivation, digestion, postabsorptive metabo-
lism, behavior and stress, and immunology.

Feeding Motivation. Feeding motivation for MR 
and concentrates was tested in wk 8 and 9, respectively, 

during a single ad libitum intake test, replacing the 
normal feeding that was 4.6 kg of reconstituted MR 
and 330 g of solid feed. For the test with MR, 14 kg 
of reconstituted MR was provided, and unrestricted 
access was allowed for 10 min. For the test with con-
centrates, 500-g portions were provided hourly for 3 h 
after the normal MR meal, which was 4.8 kg of recon-
stituted MR, and calves were stimulated to stand up 
at each portion of concentrates provided. In addition, 
the drinking speed of 4.6 kg of reconstituted MR was 
measured in wk 8 during a morning and afternoon MR 
meal and expressed in kilograms of reconstituted MR 
per minute.

Digestion. In beef cattle, total-tract DM digestibil-
ity contributed 10% to the variation in residual feed in-
take (Richardson and Herd, 2004). Dry matter content 
of the feces is associated with apparent total-tract DM 
digestibility in pigs (Elbers et al., 1989) and milk-fed 
calves (Gilbert et al., 2015a) and therefore could be 
used as an indicator to explain variation in feed ef-
ficiency. Therefore, 1 fecal sample was taken directly 
from the rectum in wk 5, and fecal pH (Hanna Instru-
ments, type HI 9024; Woonsocket, RI) and DM content 
were measured. Feces were scored on consistency (1–5: 
thin, normal/thin, normal, firm/normal, and firm) and 
color (1–7: white, yellow, light brown, brown, dark 
brown, gray, and black) 9 times during period 1 (once 
or twice per week in wk 1–6 and once in wk 10). Mean 
fecal consistency and color score were calculated. In 
wk 6, retention time of 4.2 kg of reconstituted MR was 
determined by adding 53 mg of CrCl3 hexahydrate/g 
of MR as an indigestible colored marker (Benvenutti 
et al., 2014) to the MR meal and scoring the first ap-
pearance of the green color in the feces by hourly scan 
sampling for 28 h.

Postabsorptive Metabolism. In beef cattle, resid-
ual feed intake and plasma insulin concentration tended 
to be genetically related (Richardson et al., 2004). In 
addition, protein turnover was identified to contribute 
to variation in feed efficiency in beef cattle (Richardson 
and Herd, 2004). Indicators of protein catabolism, such 
as urea production, could therefore be used to explain 
variation in feed efficiency. In wk 7, after overnight fast-
ing, postabsorptive metabolism was assessed during an 
MR meal challenge followed by a fasting challenge. Milk 
replacer was provided with a movable MR mixer and 
dispenser. Milk replacer supply was calculated as the 
difference between the weighed amount of MR before 
feeding and the remaining MR in the dispenser after 
feeding divided by the number of calves fed per feeding 
round (20 calves/feeding round), and MR supply was 
506 ± 13 g (mean ± SD). Each individual MR meal 
was supplemented with 41 mg of 13C urea (99 atom%; 
Sigma-Aldrich, St. Louis, MO). Jugular blood samples 
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were collected by venipuncture at −1.6 (basal), 1, 2, 6, 
15, and 24 h after MR feeding in lithium heparin tubes 
for insulin, 13C urea, and IGF-1 analysis and in sodium 
fluoride tubes for glucose, l-lactate, and nonesterified 
fatty acid (NEFA) analysis. Plasma was harvested af-
ter centrifugation and stored at −20°C pending analysis 
for glucose (all samples), insulin (−1.6, 1, 2, 6, and 15 
h), l-lactate (all samples), NEFA (all samples), and 13C 
urea enrichment (all postprandial time points for 10 
randomly selected calves and for other calves at 1, 6, 
and 15 h after feeding). It can be expected that dilution 
of plasma 13C urea is caused by endogenous urea pro-
duction by the calf after 13C urea absorption; therefore, 
the rate of 13C urea dilution can be used as an indicator 
for urea production, as shown in pigs by Oosterveld et 
al. (2005). Moore et al. (2005) found a strong genetic 
correlation between plasma IGF-1 concentration mea-
sured before and after weaning in Angus cattle, and 
plasma IGF-1 was genetically correlated with residual 
feed intake. Therefore, IGF-1 was analyzed in the −1.6 
h plasma samples. For the meal challenge, calculated 
variables included the increase in plasma glucose, l-
lactate, and insulin from basal to peak, which was 1 
or 2 h postprandial, and the decrease in plasma NEFA 
from basal to 1 h postprandial. For the fasting chal-
lenge, variables included the decrease in plasma glucose 
and the increase in plasma NEFA concentration from 
15 to 24 h after feeding and the decrease in 13C urea 
enrichment from 6 to 15 h after feeding.

Behavior and Stress. Acceptance of Angus calves 
to being restrained (Kilgour et al., 2006), reactivity to 
novelty of Holstein-Friesian heifers (van Reenen et al., 
2005), and flight speed from a weighing crate in steers 
(Petherick et al., 2002) appear consistent over time, and 
such behavioral traits of cattle can be associated with 
performance (Petherick et al., 2002; Cafe et al., 2011). 
In pigs divergently selected for residual feed intake for 6 
generations, less efficient pigs had a higher fasting- and 
activity-related heat production (Barea et al., 2010), 
of which the latter was partially related to differences 
in feeding behavior (Gilbert et al., 2009). Behavioral 
measurements were therefore also performed. In wk 7, a 
human approach test was performed during the morn-
ing and afternoon feedings as described by Lensink et 
al. (2003). In short, in phase 1 (i.e., approach phase), 1 
person approached a drinking calf and noted whether 
the calf stopped drinking. In phase 2 (i.e., touch phase), 
the withdrawal reaction of the calf to the outstretching 
arm of the approaching person was scored from 1 (no 
withdrawal) to 4 (strong withdrawal reaction) 10 min 
after phase 1. For both phases, the mean score of each 
calf was calculated.

In wk 7, physical activity of calves was measured 
using scan sampling. During 3 d, the posture (standing 
or lying) of the calf was scored 2.5 h after the morning 
feeding and 2.5 h before the afternoon feeding, result-
ing in 48 scans per calf. Activity was expressed as the 
percentage of the scans in which the calf was standing.

In wk 8, a restraint test was performed for each 
calf. After taking a basal blood sample, calves were 
restrained with a halter, which they had not been in 
contact with before, and the halter was connected to 
the feeding fence. After 12 min, a second blood sample 
was taken and the halter was removed. Blood samples 
were collected by venipuncture in lithium heparin tubes, 
and plasma was harvested after centrifugation and 
stored at −20°C pending cortisol analysis. The increase 
in cortisol concentration in reaction to restraining was 
calculated as a proxy for acute stress.

In wk 10, the calf’s behavior during routine weigh-
ing was recorded during 2 phases. First, the animal 
caretaker opened the individual pen and the movement 
behavior of the calf toward the weighing scale was 
qualitatively assessed using a 5-point score from 1 (calf 
is resistant and does not move; the animal caretaker 
has to push the calf toward the weighing scale) to 5 
(the calf runs toward the weighing scale). Second, the 
behavior of the calf during fixation on the weighing 
scale was scored from 1 (calf does not move) to 4 (calf 
is very restless and moves continuously).

Immunology. In wk 9, a LPS challenge was per-
formed. The LPS from Escherichia coli 055:B5 (L6529, 
Sigma-Aldrich) was dissolved in saline solution at a 
concentration of 1 μg/mL and injected in the jugu-
lar vein at 0.05 μg/kg of BW (Borderas et al., 2008). 
Rectal temperature and respiratory frequency were 
recorded before injection and every hour after injection 
up to 8 h.

Period 2 Measurements. Measurements related to 
performance and health were performed as described 
above. In addition, one measurement as part of the 
characterization of the calves from the category immu-
nology was included because this measurement could 
not be performed earlier for logistic reasons. Calves were 
subjected to a human serum albumin (HuSa) challenge 
in wk 11. Calves with a rectal temperature >40°C were 
excluded. The HuSa (A8763; Sigma-Aldrich) was dis-
solved in saline solution at a concentration of 1 mg/mL 
and was injected intramuscularly at 50 μg/kg of BW. 
Blood samples were collected in lithium heparin tubes 
by venipuncture before HuSa injection and at 3, 7, 14, 
and 28 d after HuSa injection. Plasma was harvested 
after centrifugation and stored at −20°C pending spe-
cific IgG and IgM titer analyses.
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Analytical Procedures

Milk replacers were sampled and analyzed for DM 
(ISO, 1999b), nitrogen (NEN, 1984), crude fat (ISO, 
1999a), and crude ash (ISO, 2002). Fecal samples were 
thawed, homogenized, and analyzed for DM according 
to ISO (1999b) standard number 6496. Concentrates 
were analyzed for nitrogen (ISO, 2005).

Plasma samples from the meal and fasting challenges 
were analyzed for glucose and l-lactate enzymatically 
using the Roche/Hitachi Modular P800 automatic 
analyzer (Roche Diagnostics, Mannheim, Germany), 
and the between- and within-run CV were ≤2%. The 
concentration of NEFA was analyzed enzymatically us-
ing a kit (NEFA FS kit, DiaSys, Holzheim, Germany), 
and absorbance was measured with a spectrophotom-
eter (Selectra ProM, EliTech Clinical Systems, Logan, 
UT). The between- and within-run CV were ≤2%. In-
sulin concentration was analyzed with ELISA (Bovine 
Insulin ELISA kit; Mercodia, Uppsala, Sweden) with 
a between-run CV of ≤5.6% and a within-run CV of 
8.2%. For the determination of 13C enrichment in urea, 
plasma samples were derivatized and analyzed using 
combustion isotope ratio mass spectrometry (Finnigan 
Delta V advantage; Finnigan MAT, Bremen, Germany) 
as described by Dai et al. (2010), with a between-run 
CV of 10.6% and a within-run CV of 3.5%. Cortisol 
and IGF-1 were analyzed by immunoassay using an 
Immulite 2000 analyzer (Siemens, Munich, Germany) 
with a between-run CV of 11.3 and 5.4%, respectively.

Plasma samples collected when calves arrived at the 
experimental facilities were analyzed for natural anti-
body titers [IgG and IgM, binding keyhole limpet he-
mocyanin (KLH)], and plasma samples from the HuSa 
challenge were analyzed for specific antibody titers 
(IgG and IgM binding HuSa) by ELISA. In short, 96-
well plates were coated with 100 μL/well of 4 μg/mL of 
KLH (H8283; Sigma-Aldrich) or HuSa (A8763; Sigma-
Aldrich), incubated overnight at 4°C, and washed with 
tap water containing 0.05% Tween20. Plasma samples 
were added to the plates in a 4-step serial dilution 
starting with dilution 1:40, and plates were incubated 
for 1.5 h at room temperature with 1:20,000 diluted 
sheep antibovine IgG heavy chain [ShαBoIgG(Fc)/
PO, A10–118P; Bethyl, Montgomery, TX] and rab-
bit anti-bovine IgM [RαBoIgM(Fc)/PO, A10–100P; 
Bethyl] for IgG and IgM, respectively. After washing, 
tetramethylbenzidine and 0.05% H2O2 were added and 
the plates were incubated for 10 min at room tempera-
ture. Reactions were stopped with 1.25 M H2SO4, and 
extinctions were measured with a multiscan instrument 
(Labsystems, Helsinki, Finland) at a wavelength of 450 
nm. The highest mean extinction of a standard posi-
tive pooled plasma sample (Emax), which was added 

to each microtiter plate, was calculated. Values of the 
dilutions that gave an extinction closest to 50% of Emax 
were used and titers were expressed as log2 values. The 
between-plate and within-plate CV were 9.3 and 2.8% 
for IgG binding KLH, 4.1 and 3.5% for IgM binding 
KLH, 10.6 and 1.2% for IgG binding HuSa, and 6.7 and 
2.7% for IgM binding HuSa, respectively.

Statistical Analyses

The objective was to relate the calves’ capacity to 
cope with physiological and behavioral challenges in 
early life to growth performance in later life. In our 
statistical approach, we first subjected the measured 
parameters (see the Measurements section) in early 
life to a principal component analysis (PCA) for each 
category (i.e., arrival, feeding motivation, digestion, 
postabsorptive metabolism, and behavior and stress) 
to reduce and scale the data. Thereafter, factor scores 
were extracted for all calves for all principal components 
(PC) retained in the PCA of each category. Finally, 
the relation between these PC, their interaction with 
MR treatment in period 2, and growth performance 
in period 2 was determined with multiple regression 
analysis.

In this experiment, we anticipated including at least 
120 clinically healthy calves in which the measurements 
were performed successfully. Therefore, we initially in-
cluded 180 calves in period 1. The LPS challenge was 
performed in 32 calves, but because of the unexpected 
shock resulting in the death of 4 calves, this challenge 
was not performed for the other calves, and the 28 
calves remaining after the LPS challenge were removed 
from the experiment. In addition, calves with extensive 
individual medical treatments in period 1 were exclud-
ed. Consequently, 130 calves were included in period 
2. The category immunology included only the HuSa 
challenge (i.e., specific IgG and IgM response) and was 
therefore not subjected to PCA.

All statistical procedures were performed with SAS 
9.3 (SAS Institute Inc., Cary, NC). The PCA was per-
formed with the principal axis method of the FACTOR 
procedure, and prior communality estimates were set 
at 1. Extracted PC were subjected to varimax rotation, 
and PC with an eigenvalue >1 were retained for further 
analysis. In the rotated factor pattern, variables with 
a loading ≥0.40 or ≤−0.40 were considered to load on 
that PC. To evaluate whether the categories in period 1 
had common underlying mechanisms, a secondary PCA 
was performed on all the retained PC per category, 
plasma IGF-1 concentration, and calf shape. Pearson 
correlation coefficients were estimated using the CORR 
procedure. Results are expressed as mean ± standard 
deviation.
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Treatment of the Raw Data Before PCA Deal-
ing with Missing Observations. To successfully 
perform PCA on the measurements per category, miss-
ing values of individual calves were replaced by the 
mean or median of the other calves. Two calves were 
considered to be missing values for the urea production 
data because 13C enrichment in plasma urea was too 
low at 6 h after feeding (i.e., below the mean 13C enrich-
ment in plasma urea of 10 randomly selected calves at 
24 h postprandial; 1.071 atom%) to estimate a slope 
for 13C urea dilution. Two calves were considered to 
be missing values for all variables related to the meal 
and fasting challenges because these calves appeared 
to have drunk their MR in the rumen. This appeared 
from the low increase in 13C enrichment in plasma 
urea (<0.005 atom%) from 1 to 6 h postprandial, a 
postprandial increase in plasma glucose <1 mmol/L, 
and the absence of a postprandial decrease in plasma 
NEFA concentration. For fecal DM and pH, 16 calves 
were considered missing values as they tested positive 
on fecal pathogens. Additional analyses revealed that 
fecal pathogens were related to fecal DM (P = 0.021) 
and pH (P = 0.023). For the feeding motivation test 
with MR and for drinking speed of MR, 11 calves were 
considered missing values because they used a floating 
drinking teat. A drinking teat was used when calves 
showed difficulties with drinking MR directly from the 
bucket at arrival at the facilities. The mode of feeding 
MR affected intake during the feeding motivation test 
(P = 0.011) as well as drinking speed (P < 0.001). 
Furthermore, measurements performed within 3 d after 
individual medical treatment were considered as miss-
ing values (4 calves). Measurements of retention time of 
MR were not included in the statistical analyses due to 
a combination of factors. In 14 calves, the green color 
was not observed in the feces. In 20 calves, more than 
20% of the MR was refused. Also, the presence of fecal 
pathogens tended to affect retention time (P = 0.09), 
which ultimately resulted in missing values for 35% of 
the calves.

Computing ADG, Adjusted for Differences in 
Solid Feed Intake in Period 2. Despite restricted 
feeding, not all calves consumed their solid feed allow-
ance, which resulted in variation in solid feed intake. 
Solid feed intake (P < 0.001) affected ADG in period 
2 (GLM procedure). Therefore, ADG in period 2 was 
adjusted for solid feed intake in period 2 by adding the 
residuals (from the model: ADG in period 2 = solid 
feed intake in period 2), to the mean ADG in period 
2. This adjusted ADG is the ADG at equal solid feed 
intake and therefore represents feed efficiency.

Building a Model to Predict ADG in Period 
2 from Traits Measured in Period 1. The effects 
of retained PC, MR treatment, and the interaction 

between retained PC and MR treatment on adjusted 
ADG in period 2 were analyzed. Variables not included 
in the PCA (i.e., the specific IgG and IgM response to 
HuSa injection, IGF-1 concentration, and calf shape) 
were also included in the models. First, the PC and 
abovementioned variables and the interaction with MR 
treatment were used in a univariate model. Principal 
components or interactions with the MR treatment 
with P < 0.2 were selected. Second, these selected PC 
and interactions were included in a multivariate model. 
Principal components or interactions with P > 0.1 were 
removed from the selection. Finally, the multivariate 
model with the greatest adjusted coefficient of deter-
mination and with all variables or interactions with P 
< 0.1 was selected. The same procedure as described 
above was used for selecting the model that explains 
most of the variation in unadjusted ADG in period 2. 
These models were performed with the MIXED pro-
cedure, including a random effect of pen. When an 
interaction effect was significant, the estimate state-
ment was used to estimate the regression coefficient β 
and the significance of β. Model residuals were checked 
visually on homogeneity of variance.

RESULTS

General

During the last 2 wk of period 2, an outbreak of 
severe diarrhea occurred. These last 2 wk were there-
fore not taken into account, and period 2 lasted 16 wk 
instead of 18 wk. One calf was euthanized at the start 
of period 2 due to severe BW loss and poor condition. 
Three calves died in period 2 (2 after bloating and 1 
after severe diarrhea). Calves with MR refusals >5% in 
period 2 (n = 9) were excluded from analyses because 
these calves were assumed to refuse their MR due to 
health problems. Therefore, 117 calves were included 
in statistical analyses. Milk replacer intake, solid feed 
intake, and ADG in period 1 averaged 53.6 ± 0.26 kg, 
11.3 ± 1.66 kg, and 701 ± 60 g, respectively.

PCA per Category of Early Life Measurements

Descriptive data of the measurements performed 
in period 1 are presented in Table 2. Loadings of all 
variables for each PC per category are presented in 
Table 3. Within each category, an attempt was made to 
interpret loading patterns of included variables on each 
PC, as described in the headings of Table 3. For the 
category arrival, 2 PC (Hb and hematocrit, and natural 
antibodies) were retained, accounting for 90% of the to-
tal variance. For the category feeding motivation, 2 PC 
(feeding motivation and drinking speed) were retained, 
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accounting for 76% of the total variance. For the cat-
egory digestion, 2 PC (fecal pH and fecal DM) were 
retained, accounting for 65% of the total variance. For 

the category postabsorptive metabolism, 5 PC (post-
prandial response, fasting glucose and NEFA, fasting 
glucose, lactate and basal insulin, and urea production) 

Table 2. Descriptive data of measurements performed in early life of calves (n = 117)

Item1 Mean SD CV

Arrival    
 Hematocrit, % 33.5 5.80 17.3
 Hemoglobin, mmol/L 6.2 1.09 17.6
 IgG titer 3.2 1.38 42.7
 IgM titer 4.3 1.53 35.1
Feeding motivation    
 Milk replacer, kg 10.4 1.16 11.2
 Concentrates, kg 0.32 0.24 74.0
 Drinking speed, kg of milk replacer/min 4.4 1.74 39.2
Digestion    
 Fecal DM content, g/kg 179 26.8 15.0
 Fecal pH 7.3 0.32 4.3
 Fecal consistency score 3.1 0.36 11.5
 Fecal color score 3.8 0.30 7.9
 Total-tract retention time, h 12.2 1.77 14.4
Postabsorptive metabolism    
 Meal challenge    
  Basal glucose, mmol/L 5.3 0.50 9.4
  ∆ Glucose (basal to peak), mmol/L 2.8 1.37 48.4
  Basal l-lactate, mmol/L 0.6 0.25 44.7
  ∆ l-lactate (basal to peak), mmol/L 0.5 0.31 60.8
  Basal insulin, μg/L 0.18 0.09 52.3
  ∆ Insulin (basal to peak), μg/L 7.3 6.48 88.9
  Basal NEFA2 concentration, mmol/L 0.17 0.08 46.5
  ∆ NEFA (basal to 1 h), mmol/L 0.07 0.07 89.7
 Fasting challenge    
  ∆ Glucose (15 to 24 h), mmol/L 1.2 0.28 23.3
  Fasting glucose (24 h), mmol/L 3.8 0.46 12.2
  ∆ NEFA (15 to 24 h), mmol/L 0.11 0.13 112.9
  Fasting NEFA (24 h), mmol/L 0.45 0.12 27.7
  ∆ 13C urea (6 to 15 h), atom % 0.027 0.009 34.2
Immunology    
 IgG specific to HuSa, maximum response, titer 5.5 1.53 27.6
 IgM specific to HuSa, maximum response, titer 1.3 0.93 69.0
Behavior and stress    
 Human approach test    
  Approach phase,3 score (0 or 1) 0.1   
  Touch phase,3 score (1 to 5) 2.9   
 Restraint test    
  Basal cortisol, nmol/L 2.3 3.19 137.7
  ∆ Cortisol, nmol/L 2.1 4.63 221.4
 Behavior during weighing    
  Toward weighing scale,4 score (1 to 5) 3.7   
  On weighing scale,4 score (1 to 4) 1.4   
 Activity, % of time standing 12.0 4.28 35.6
Other    
 IGF-1, μg/L 146.3 41.71 28.5
 Calf shape, cm2/kg of BW 137.2 5.0 3.7
1For fecal DM content and pH, n = 100. For retention time, n = 76. For the feeding motivation test with milk 
replacer and for drinking speed, n = 106. For all variables regarding postabsorptive metabolism, n = 115 except 
for ∆ 13C urea (6 to 15 h), where n = 113. For the human approach test, restraint test, and behavior during 
weighing, n = 116. For the human serum albumin (HuSa) challenge, n = 105 for IgG and n = 106 for IgM.
2NEFA = nonesterified fatty acids.
3The human approach test was performed twice and the 2 scores were averaged per phase. For the approach 
phase, the number of calves with score 0, 0.5, and 1 were 105, 9, and 3, respectively. For the touch phase, 11 
calves scored 1, 8 calves scored 1.5, 8 calves scored 2, 16 calves scored 2.5, 25 calves scored 3, 19 calves scored 
3.5, and 30 calves scored 4.
4For the behavior toward the weighing scale, the number of calves with score 1, 2, 3, 4, and 5 were 0, 2, 63, 
24, and 28, respectively. For the behavior on the weighing scale, the number of calves with score 1, 2, 3, and 4 
were 84, 23, 8, and 2, respectively.
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were retained, accounting for 76% of the total variance. 
For the category behavior and stress, 4 PC (reactivity, 
fearfulness, stress and activity, and acute stress) were 
retained, accounting for 67% of the total variance.

Relation Between Early Life Measurements  
and Growth Performance in Period 2

The ADG in period 2 tended to be greater for control 
calves (1,292 ± 111 g/d) than for GFG calves (1,267 
± 103 g/d; P = 0.085). Solid feed intake in period 2 
was unaffected by MR treatment (P = 0.89). Solid feed 
and MR intake averaged 81 ± 18.2 and 222 ± 1.3 kg, 
respectively, in period 2.

The effects of selected PC and separate variables 
from period 1 on ADG and adjusted ADG in period 
2 are presented in Table 4. The PC drinking speed (P 
= 0.003), the PC natural antibodies (P = 0.044), the 
interaction between the PC reactivity and MR treat-
ment (P = 0.052), the PC fearfulness (P = 0.032), 
IGF-1 concentration (P = 0.003), and the specific IgM 
response to HuSa (P = 0.021) affected ADG in period 
2. Variance explained by the model and by pen (R2) 
were 19.9 and 19.2%, respectively. Adjusted variance 
explained by the model (adjusted R2) was 17.3%.

Effects of the PC fasting glucose (P interaction = 
0.035), the PC fecal pH (P interaction = 0.057), the 
PC drinking speed (P = 0.063 and interaction = 0.088), 
and the PC natural antibodies (P interaction = 0.095) 
on adjusted ADG in period 2 differed between the MR 
treatments. Variance explained by the model and by 
pen (R2) was 10.8 and 30.1%, respectively. Adjusted 
variance explained by the model (adjusted R2) was 
6.5%.

Results of the secondary PCA are presented in Table 
5. Ten secondary PC (sPC) were retained, accounting 
for 74% of the total variance. For 7 out of 10 sPC, at 
least 2 PC from different categories loaded within a 
sPC.

DISCUSSION

PCA per Category of Early Life Measurements

Calves were characterized using targeted challenges 
in early life. We subjected data from these measure-
ments in early life to PCA with the dual objective of 
data reduction and scaling of variables for subsequent 
multiple regression analysis. It should be noted that 
PCA is based on associations and that resulting load-
ing patterns do not necessarily reflect causal relations. 
However, within each category, most loading patterns 
represented well-established relations and could there-
fore be labeled with a brief description. T
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Arrival. High positive loadings in PC1 for the Hb 
concentration and the hematocrit level measured at 
arrival are in agreement with the positive relation be-
tween Hb and hematocrit found in calves (Rice et al., 
1967). Principal component 2 had high positive load-
ings for natural IgG and IgM antibody titers. These PC 
together indirectly provide information on the back-
ground and the first 2 wk of life of the calves before ar-
rival. For instance, Hb and hematocrit values are lower 
for newborn calves from primiparous cows than from 
multiparous cows (Kume and Tanabe, 1993, 1996), and 
the IgG concentration in plasma of neonatal calves is 
related to colostrum intake (Hammon and Blum, 1998). 
However, serum IgG and IgM decrease in calves after 
birth, and endogenous IgG and IgM production starts 
between 8 and 16 d of age (Husband et al., 1972), indi-
cating that the IgG and IgM titers determined in our 
experiment are a combination of colostral antibodies 
and antibodies endogenously produced by the calf.

Feeding Motivation. Principal component 1 had 
high positive loadings for intake during the ad libitum 
intake tests with MR and concentrates, indicating a 
positive association in feeding motivation for both MR 
and concentrates. This is in agreement with the posi-
tive relation between MR refusals and solid feed refus-
als in later life (r = 0.37, P < 0.001). Only the variable 
drinking speed loaded on PC2, and therefore PC2 was 
mainly associated with drinking speed.

Digestion. Principal component 1 had high posi-
tive loadings for fecal pH, fecal consistency score, and 
fecal color score, and PC2 had high positive loadings 
for fecal DM content and fecal consistency score. Fecal 
DM content and pH did not load on the same PC, 
indicating that variation in fecal pH was not associated 

with variation in fecal DM content. A positive relation 
between fecal DM content and pH was found in calves 
in which intestinal fermentation was induced by the 
feeding of starch with the MR (Gilbert et al., 2015a, 
b). Variation in fecal pH and fecal DM content in the 
current study was therefore probably not related to 
intestinal fermentation.

Postabsorptive Metabolism. Principal compo-
nent 1 had high positive loadings on the postprandial 
increase of plasma glucose, insulin, and l-lactate and 
the postprandial decrease in plasma NEFA. This post-
prandial response after ingestion of the MR meal is 
in agreement with the postprandial patterns found in 
milk-fed calves (Hugi et al., 1997; Vicari et al., 2008). 
Principal component 2 suggests a negative relation be-
tween blood glucose and NEFA concentrations during 
fasting, which can be attributed to increased release 
of NEFA from adipose tissue at low insulin: glucagon 
ratios (as reviewed by Holtenius and Holtenius, 1996), 
which occurs during fasting when plasma glucose levels 
drop. Principal component 3 is associated with fast-
ing glucose concentrations, as the decrease in glucose 
concentration during fasting was highly related to the 
glucose concentration at t = 15 h (r = 0.43, P < 0.001). 
Principal component 5 was primarily associated with 
the estimation of urea production.

Behavior and Stress. The PCA of behavioral and 
cortisol responses to human approach and restraint 
tests and during weighing produced 4 PC with no cross-
loading. This finding agrees with other studies in which 
calves were subjected to behavioral tests and supports 
the idea that responsiveness of calves to challenge is 
mediated by multiple underlying temperamental traits 
(Kilgour et al., 2006; Petherick et al., 2009; Graunke 

Table 5. Loadings per secondary principal component (sPC) extracted by secondary principal component analysis1

Item sPC1 sPC2 sPC3 sPC4 sPC5 sPC6 sPC7 sPC8 sPC9 sPC10

Arrival PC1 −0.03 0.65 0.33 0.10 −0.28 −0.26 −0.10 −0.02 0.05 0.13
Arrival PC2 0.01 −0.02 0.04 0.04 −0.02 −0.05 0.87 0.05 −0.01 −0.03
Feeding motivation PC1 0.02 −0.05 0.03 0.03 −0.01 0.00 −0.04 −0.14 −0.02 0.93
Feeding motivation PC2 0.74 −0.30 0.01 −0.25 0.03 −0.07 −0.01 −0.05 −0.19 −0.03
Digestion PC1 0.40 −0.03 0.37 0.23 0.45 0.19 0.00 −0.31 0.00 −0.21
Digestion PC2 0.06 −0.06 −0.23 0.59 −0.19 −0.03 −0.34 −0.08 −0.02 −0.30
Postabsorptive metabolism PC1 0.04 0.07 0.04 −0.10 0.16 0.69 −0.24 0.00 0.28 0.03
Postabsorptive metabolism PC2 −0.15 0.10 0.81 −0.06 0.02 −0.02 0.16 0.00 0.03 0.01
Postabsorptive metabolism PC3 0.58 0.09 0.03 0.27 −0.13 −0.05 0.05 0.47 0.24 −0.11
Postabsorptive metabolism PC4 −0.04 −0.04 −0.06 0.07 0.82 −0.11 −0.01 0.13 0.05 0.02
Postabsorptive metabolism PC5 0.04 0.81 −0.15 −0.19 0.09 0.10 0.04 0.03 −0.16 −0.13
Behavior and stress PC1 0.02 −0.08 0.04 0.77 0.23 0.00 0.20 0.08 −0.05 0.17
Behavior and stress PC2 −0.05 −0.10 −0.07 0.08 −0.32 0.75 0.13 0.03 −0.15 −0.02
Behavior and stress PC3 0.07 −0.10 0.00 −0.04 0.05 0.06 0.00 −0.11 0.90 −0.02
Behavior and stress PC4 0.13 −0.36 0.61 −0.05 −0.01 −0.02 −0.37 0.20 −0.08 0.09
IGF-1 concentration 0.74 0.26 −0.18 0.18 0.01 0.07 −0.03 −0.03 0.23 0.13
Calf shape −0.02 −0.02 0.06 0.00 0.13 0.04 0.04 0.85 −0.15 −0.12
Eigenvalue 1.65 1.41 1.40 1.24 1.22 1.19 1.17 1.14 1.12 1.11
Variance explained, % 9.7 8.3 8.2 7.3 7.2 7.0 6.9 6.7 6.6 6.5
1The eigenvalue and percentage of variance explained per sPC are provided. Loadings >0.4 and <−0.4 are in bold.
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et al., 2013). The withdrawal reaction of calves to an 
outstretching arm and the movement score during con-
finement in a weighing scale are believed to reflect fear 
of humans and flightiness or nervousness, respectively; 
PC2 was therefore labeled as fearfulness. Basal cortisol 
concentration and activity level were described as stress 
and activity in PC3. These 2 separate PC are in agree-
ment with the suggested model of responsiveness in 
calves along the 2 independent axes fearfulness and ac-
tivity, which combined could represent the coping style 
of a calf (van Reenen et al., 2005). The distance that 
had to be covered by the calves during routine weighing 
differed between calves. Distance to the weighing scale 
was positively correlated with the behavior toward the 
weighing scale (r = 0.45, P < 0.001) and behavior on 
the weighing scale (r = 0.20, P = 0.021). Future studies 
including such behavioral observations should therefore 
equalize the walking distance toward the weighing scale 
between calves.

Relation Between Early Life Measurements  
and Growth Performance in Period 2

Our first objective was to explain variation in growth 
performance of healthy veal calves by variation in phys-
iological responses to specific challenges in early life. 
Early life characteristics explained 17% of the variation 
in growth performance in later life. The ADG in later 
life was positively related to early life IGF-1 concentra-
tion and specific IgM response to HuSa and negatively 
related to drinking speed, plasma natural antibodies at 
arrival, and fearfulness in early life. The positive rela-
tion between IGF-1 concentration and growth perfor-
mance in cattle has been reported before (Lund-Larsen 
et al., 1977; Kerr et al., 1991), although Kerr et al. 
(1991) concluded that the predictive value of IGF-1 for 
final BW was low. In our data, early life IGF-1 concen-
tration was not related to later life ADG adjusted for 
solid feed intake, indicating that IGF-1 is more related 
to solid feed intake than to feed efficiency. The nega-
tive relation between drinking speed and ADG in later 
life could have been partly caused by solid feed intake 
because high drinking speed and solid feed intake were 
negatively related (r = −0.16, P = 0.09). However, 
drinking speed was still negatively related to ADG after 
adjusting for solid feed intake, indicating that drinking 
speed also affected feed efficiency. Interestingly, a nega-
tive relation between residual feed intake (a measure of 
feed efficiency) and rate of eating has been reported for 
beef cattle as well (Bingham et al., 2009). The negative 
relation between fearfulness and ADG in veal calves is 
in agreement with the generally reported finding that 
beef cattle with fearful or excitable temperament traits 
exhibit lower ADG than calmer animals (Müller and 

von Keyserlingk, 2006). Temperamental characteristics 
and growth performance are often measured at the 
same time, but our data indicate that these character-
istics also have a predictive value for later life growth 
performance. The mechanism behind the association 
between behavioral responsiveness to challenge and 
ADG in cattle is not clear, but it has been suggested 
that fearfulness negatively affects metabolism or feed 
efficiency (Cooke, 2014). Interestingly, however, in the 
present study fearfulness was no longer related to ADG 
adjusted for solid feed refusals. This might indicate that 
fearfulness enhanced the occurrence of feed refusals—
which in turn attenuated ADG—rather than affected 
metabolism or feed efficiency. We applied a restricted 
feeding schedule to minimize variation in ADG related 
to variation in feed intake. However, refusals of solid 
feed occurred, resulting in variation in solid feed intake 
between calves (the CV of solid feed intake in later 
life was 22%). Therefore, the relation between growth 
performance in later life and early life measurements 
were at least in part related to solid feed and total 
energy intake.

Variation in ADG adjusted for solid feed refusals rep-
resents variation in feed efficiency. Early life character-
istics explained only 7% of variation in feed efficiency 
in later life. Mainly interactions between early life char-
acteristics and MR treatment affected feed efficiency 
significantly. Fasting plasma glucose was negatively re-
lated to feed efficiency in control calves and positively, 
although numerically, related to feed efficiency in GFG 
calves. Similarly, the relation between feed efficiency 
and fecal pH, drinking speed, and plasma natural an-
tibodies at arrival differed between control calves and 
GFG calves. Drinking speed and fasting plasma glucose 
loaded positively on sPC1 in the secondary PCA, in-
dicating that these early life characteristics could have 
a common underlying mechanism, which related nega-
tively to feed efficiency in later life in control calves. 
Regardless of the mechanisms underlying these signifi-
cant interactions, the early life characteristics (fasting 
plasma glucose, fecal pH, drinking speed, and plasma 
natural antibodies at arrival) can potentially be used 
for screening calves in early life on their ability to cope 
with MR varying in lactose content.

A substantial part of the variation in feed efficiency 
(>90%) remained unexplained. This could indicate that 
a large part of the variation cannot be predicted by 
early life characteristics or that a large part of the varia-
tion is attributable to factors not taken into account in 
this study. In our study, utmost care was taken to pre-
vent taking observations from calves during periods of 
clinical disease. However, variation in health inevitably 
occurred and may have affected some observations in 
early life or feed efficiency in later life. Individual medi-
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cal treatments in later life were registered for 23 calves. 
Days on medical treatment and adjusted ADG in later 
life were negatively related (r = −0.19, P = 0.040), 
indicating that clinical signs of illness or the medical 
treatment itself affected feed efficiency. The percent-
age of variance explained in feed efficiency increased 
from 6.5 to 11% when excluding the 23 calves that had 
received individual medical treatment, indicating that 
clinical disease contributed to interindividual variation 
in feed efficiency.

The effect of variation in health status or subclini-
cal disease within our setting of minimized clinical 
disease is further illustrated by associations between 
calves housed together in one pen. Gastrointestinal 
and respiratory disorders often start localized within 
the stables. Usually, when >10% of the calves have 
clinical signs of illness, metaphylactic treatments are 
applied to the complete batch of calves. This procedure 
is reflected in the substantially greater use of group 
antimicrobial treatment than individual antimicro-
bial treatment in veal systems (Pardon et al., 2012). 
Calves within close vicinity to an infected calf will be 
exposed to the pathogen and possibly subsequent dis-
ease, whereas clinical disease will likely be prevented in 
calves housed farther away. Therefore, calves within a 
pen affect each other more than calves between pens. 
This is also reflected in the large percentage (i.e., 30%) 
of variation in feed efficiency that was associated with 
the random pen effect in our study, although factors 
other than health status also contribute to this pen 
effect. This emphasizes the importance of health status 
in explaining variation in feed efficiency in veal calves. 
Inflammatory status could contribute to variation in 
feed efficiency. For instance, hepatic expression of genes 
associated with inflammatory processes differed in beef 
cattle divergent for residual feed intake (Alexandre et 
al., 2015; Paradis et al., 2015). Mitochondrial function 
might also explain variation in feed efficiency. A higher 
mitochondrial respiration rate was found, for instance, 
in muscle tissue of beef steers with a low residual feed 
intake compared with beef steers with a high residual 
feed intake (Kolath et al., 2006). Electron leakage and 
H2O2 production was reduced in muscle mitochondria 
of pigs genetically selected for low residual feed intake 
(Grubbs et al., 2013). Indicators of inflammation and 
mitochondrial function should be included in future 
studies to evaluate their contribution to interindividual 
variation in feed efficiency in veal calves.

Secondary PCA

A secondary PCA was performed to evaluate wheth-
er the categories in early life had common underlying 
mechanisms. Seven of 10 retained sPC had high load-

ings on PC from different categories, indicating that 
these categories have common underlying mechanisms. 
For instance, drinking speed, fasting plasma glucose, 
and IGF-1 concentration were positively associated in 
sPC1. The positive association between fasting plasma 
glucose concentrations and IGF-1 concentration in the 
basal plasma sample is in agreement with data pre-
sented by Chelikani et al. (2004), where lowered plasma 
glucose concentrations coincided with lowered plasma 
IGF-1 concentrations in response to fasting in dairy 
cattle. In addition, plasma glucose and IGF-1 concen-
trations were positively related to plasma leptin concen-
trations (Chelikani et al., 2004), an important hormone 
in regulating feed intake (reviewed by Ahima and Flier, 
2000). When plasma glucose and IGF-1 concentrations 
decrease in response to fasting, leptin concentrations 
decrease as well, which stimulates feed intake. In our 
study, glucose and IGF-1 concentrations were positively 
associated with drinking speed, indicating that leptin is 
probably not the underlying mechanism in sPC1. Re-
gardless of the underlying mechanisms, the associations 
found by secondary PCA suggest that the responses 
of calves to challenges related to feeding motivation, 
digestion, postabsorptive metabolism, and behavior 
cannot be interpreted as separately functioning systems 
but rather contribute together to the physiology of the 
animal.

CONCLUSIONS

Early life characterization of feeding motivation, di-
gestion, postabsorptive metabolism, immunology, and 
behavior and stress in veal calves explained 17% of the 
variation in growth performance in later life. When 
growth performance was adjusted to equal solid feed 
intake, only 7% of the variation in standardized ADG 
(in fact reflecting variation in feed efficiency) could be 
explained by early life measurements. This indicates 
that >90% of the variation in feed efficiency in later 
life could not be explained by early life characterization 
of calves. It is hypothesized that variation in health 
status explains substantial variation in feed efficiency 
in veal calves. Relations between fasting plasma glucose 
concentrations, fecal pH, drinking speed, and plasma 
natural antibodies in early life and feed efficiency in 
later life depended on MR composition. These measure-
ments are therefore potential tools for screening calves 
in early life on their ability to cope with MR varying in 
lactose content.
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