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ABSTRACT

The recent trend in the dairy industry toward ad
libitum feeding of young calves merits reconsideration
of calf milk replacer (CMR) formulations. Additionally, feed intake regulation in young calves provided
with ad libitum milk and solid feeds is insufficiently
understood. This study was designed to determine the
effect of exchanging lactose for fat in CMR on voluntary feed intake and growth performance. Lactose was
exchanged for fat on a weight/weight basis, resulting
in different energy contents per kilogram of CMR.
Thirty-two male calves (1.7 ± 0.12 d of age, 47.6 ±
0.83 kg of body weight) were assigned to 1 of 16 blocks
based on arrival date. Within each block, calves were
randomly assigned to 1 of 2 treatments. The experimental period was divided into 4 periods. In period 1,
until 14 ± 1.7 d of age, calves were individually housed,
restricted-fed their assigned CMR treatments at 2.5 to
3 L twice daily, and provided with unlimited access to
water, chopped straw, and starter. In period 2, calves
were group-housed with 8 calves per pen and received
ad libitum access to their assigned CMR treatments,
starter feed, chopped wheat straw, and water. During
period 3, from 43 until 63 d of age, calves were weaned
by restricting CMR allowance in 2 steps, maintaining
access to all other feeds. All calves were completely
weaned at d 64 of age and were monitored until 77 d of
age (period 4). Measurements included the intake of all
dietary components, body weight gain, and a selection
of blood traits. Increasing fat content at the expense of
lactose decreased CMR intake by 10%, whereas total
calculated metabolizable energy intake and growth
remained equal between treatments. Total solid feed
(starter and straw) consumption was not affected by
CMR composition. These data indicate that calves fed
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ad libitum regulate their CMR intake based on energy
content. High-fat CMR increased plasma phosphate,
nonesterified fatty acids, triglycerides, and bilirubin,
whereas plasma glucose remained unchanged. Despite
the limited animal numbers in the present experiment,
there was a significant decrease in the total number of
health events (mainly respiratory) requiring therapeutic intervention and in the total number of therapeutic
interventions in calves fed high-fat CMR. Calves appeared to consume CMR based on energy content, with
a difference in ad libitum intake proportional to the
difference in energy content of the CMR, maintaining
equal body weight gain and solid feed intake.
Key words: milk replacer, calf, lactose, fat, growth
INTRODUCTION

In recent years, driven by the promise of improved
performance in later life (Bar-Peled et al., 1997; Bach,
2011, 2012; Soberon and Van Amburgh, 2013), high
planes or even unrestricted levels of milk or calf milk
replacer (CMR) supply have been a global trend in
dairy calf nutrition. Some information is available on
the effect of CP content for high planes of nutrition
on later life performance (Raeth-Knight et al., 2009;
Morrison et al., 2012). However, in practice, traditional
low feeding levels of CMR are increased without any
adjustment in composition. Increasing all nutrients
(e.g., fat, lactose, minerals, and protein) to the same
extent is practical but likely far from optimal to meet
nutrient requirements for the new, increased growth
rates. A balanced nutrient supply is desired to optimize
resource use but also to minimize any risk of exceeding
nutrient tolerance at digestive or postabsorptive levels.
For example, oversupply of lactose can lead to problems
with glucose homeostasis and digestion (Hof, 1980).
With a high feeding plane, especially if supplied in 2
meals per day, calves are likely to face these problems,
particularly in the first weeks of life.
One could argue that whole milk provides a biological
reference for unrestricted CMR supply in early life. The
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advantages of improved performance in later life are
indeed observed when shifting from traditional to high
feeding levels of whole milk (Bar-Peled et al., 1997;
Moallem et al., 2010; Korst et al., 2017). Compared with
whole milk, conventional CMR formulations provide
high levels of lactose (42–50% vs. 33–38% of DM) and
low levels of fat (16–22% vs. 30–40% of DM). The high
lactose content in CMR is based partly on historical
availability of milk by-products from cheese and butter production, which, combined with the traditional
aim for high growth and low feed costs, discouraged fat
inclusion in CMR formulation. This results in a lower
dietary energy density and a lower energy:protein ratio of CMR compared with whole milk. Consequently,
calves provided with whole milk generally retain more
fat than calves provided with CMR (Bascom et al.,
2007).
A generally accepted belief in calf rearing is that
calves should grow lean to become productive dairy
cows (Hill et al., 2008). However, the long-term effects of differences in body composition in early life
as modified by nutrition have not yet been studied.
It has been shown that de novo lipogenesis is limited
in veal calves, with lactose being almost completely
oxidized (van den Borne et al., 2007). Higher inclusion
of fat in CMR increases fat deposition (Donnelly, 1983;
Tikofsky et al., 2001; Bascom et al., 2007), as well as
high nutrient supply (Diaz et al., 2001). Energy source
in CMR also affects energy density, glucose supply,
and osmotic value. A lower osmotic value, caused by
exchanging lactose for fat, may ease the digestion of
high volumes of milk, positively affecting gastrointestinal health (Wilms et al., 2019). Increasing energy
density by a weight/weight exchange of lactose for fat
increases the dietary energy:protein ratio, potentially
affecting performance.
Research has shown that increasing overall nutrient
supply early in life increases fat deposition in calves,
yet this is still linked with improvements of later life
performance in calves fed whole milk (Bar-Peled et
al., 1997; Moallem et al., 2010; Korst et al., 2017). We
therefore challenge the general belief of detrimental
developmental effects of fat deposition in calves. With
adipose tissue being recognized as a highly active metabolic and endocrine organ (Frayn et al., 2003), there
could be a benefit in terms of energy homeostasis and
the development of immune competence (Nonnecke et
al., 2003). In addition, bovine calves evolved consuming
milk with a higher energy:protein ratio and higher fat
(e.g., 30–40% of DM in whole milk) for up to 6 to 9 mo
(Weary et al., 2008). Therefore, we evaluated the effect
of dietary energy source (lactose vs. fat) in CMR on
voluntary intake, growth performance, blood profiles,
and selected health traits in rearing calves.
Journal of Dairy Science Vol. 103 No. 5, 2020

MATERIALS AND METHODS

Procedures complied with the Dutch Law on Experimental Animals and Directive 2010/63/EC (European
Commission, 2010) and were accordingly approved by
the Animal Care and Use Committee of Utrecht University.
Animals, Housing, and Feeding

A total of 32 male calves were gathered from neighboring dairy farms at between 0 and 3 d of age. At the
dairy farm of origin, calves were handled according to
a standardized protocol, including offering 6 L of colostrum for the first 24 h and thereafter offering meals of
2.5 L of a CMR containing 150 g of CMR/L [Sprayfo
Excellent, formulated to 22.5% CP and 18.0% fat (fresh
basis), Trouw Nutrition, Deventer, the Netherlands]
twice daily. After arrival at the Calf Research Facility
of Trouw Nutrition (Sint Anthonis, the Netherlands),
calves were assigned to 1 of 16 blocks based on arrival
date. Within each block, calves were randomly assigned
to 1 of 2 treatments that differed in CMR formulation.
The experiment included 4 periods defining nutritional management from arrival to postweaning feeding.
In period 1, until 14 ± 1.7 d of age, calves were housed
in individual pens (1.22 × 2.13 m) on a bedding of flax
straw. During this period, calves were fed their assigned
CMR formulation, restricted to 2.5 L twice daily until 7
d of age and 3.0 L twice daily between 7 and 14 d of age,
and had unlimited access to water, straw (5-cm chop
length), and a starter (5-mm pellet; For Farmers, Helmond, the Netherlands; Table 1), provided in buckets.
For period 2, calves were group-housed with 4 blocks
per pen (8 calves). Group pens measured 5.0 × 5.9 m
with a flax straw–bedded resting area (5.0 × 2.8 m) and
rubber slatted floors in front of the feeders. In group
pens, calves received their respective CMR treatment
with ad libitum access via automated milk dispensers
(C1000, Förster-Technik, Engen, Germany), starter via
automated feeders (DeLaval, Tumba, Sweden), chopped
wheat straw via automated feeders (CRFI, Biocontrol,
Rakkestad, Norway), and water via automated bowls
(Förster-Technik). The 2 experimental milk replacers
were available in each of the 4 pens and supplied to the
calves individually according to treatment by means
of electronic recognition. Milk replacers (Table 1) were
supplied ad libitum at 150 g/L, with the minimal time
interval between 2 meals set at 1 h, meal size set at a
minimum of 0.5 L and a maximum of 2.0 L, and the
maximum drinking speed set at 0.3 L/min. Drinking
speed was set following the ad libitum study of Webb et
al. (2014), in which drinking speed was based on calves’
need to suck and set to minimize nonnutritive suck-
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Table 1. Analyzed and estimated nutrient composition (g/kg of DM unless otherwise noted) of both calf milk
replacers (CMR), starter feed concentrate, and straw used in the study
Item
DM (g/kg of product)
CP
Crude fat
Crude fiber
Lactose
Crude ash
Starch
ME1 (Mcal/kg of DM)
CP:ME ratio

High-fat CMR

High-lactose CMR

Concentrates

Straw

972
236
311
—
343
82
—
5.17
45.6

968
228
205
—
469
77
—
4.69
48.6

875
203
34
90
—
72
258
2.98
72.0

916
<40
11
429
—
79
—
—
—

1
Calculated ME for calf milk replacer (Mcal/kg) = [0.057 × CP (%) + 0.092 × crude fat (%) + 0.0395 ×
lactose (%)] × 0.93 (NRC, 2001). For starter feed, ME value was calculated based on NRC (2001) ME table
values for the raw materials and applying the equation for calf starters.

ing (Haley et al., 1998), which was reported to affect
satiety signals (de Passillé and Rushen, 1997). During
period 3, from 49 until 63 d of age, calves were weaned
in 2 steps. From 49 to 55 d of age, the maximum daily
consumption was set at 8 L with a minimum time interval of 3 h between visits to the feeder. From 56 to 63
d of age, the maximum daily consumption was set at 4
L with a minimum time interval of 5 h between visits
to the feeder. Period 4 started when all calves were
weaned at 63 d of age and monitored until 77 d of age.
Within each block, calves were randomly assigned
to either a high-lactose (HL) CMR or a high-fat (HF)
CMR. Fat and lactose were exchanged on a weight/
weight basis based on spray-dried fat kernels, with the
fat being one-third coconut oil and two-thirds palm oil.
The rest of the CMR formulation parameters remained
unchanged (Table 1). Calculated ME (cME) content of
the CMR was calculated as (NRC, 2001)
cME (Mcal/kg) = [0.057 × CP (%) + 0.092
× crude fat (%) + 0.0395 × lactose (%)] × 0.93.
Because of the weight/weight exchange of lactose for
fat, the CP:cME ratio of the CMR was different (45.6
and 48.6 g of CP/Mcal for HF and HL, respectively).
The HL treatment aimed to represent present CMR
general practice. The HF treatment was designed to
be close to the fat content found in whole milk. The
cME content of starter feed was calculated based on
NRC (2001) ME table values for the raw materials
and applying the equation for calf starters. Minimum
barn temperature was 15°C, and heaters were activated
when necessary. Calves were exposed to daylight and
artificial light from 0600 to 2200 h and to a night light.
Measurements and Chemical Analysis

The CMR were sampled right after production in the
factory. Concentrates and straw were sampled at arrival
Journal of Dairy Science Vol. 103 No. 5, 2020

on the farm. All feeds were analyzed for moisture content (EC 152/2009; European Commission, 2009), CP
content (Dumas method: Etheridge et al., 1998), crude
fat content using hydrochloric acid pretreatment and
petroleum extraction (EC 152/2009; European Commission, 2009), and crude ash content (EC 152/2009;
European Commission, 2009). Concentrate was also
analyzed for starch content as described by Rijnen et
al. (2001), and calf milk replacer was also analyzed for
lactose content (EEG 71/250/EEG; European Commission, 1971).
Health was checked by caretakers daily, and in case
of any sign of disease that could be recognized, a veterinarian protocol was followed (see Supplemental File S1;
https://doi.org/10.3168/jds.2019-17382). If the symptoms were not recognized, a veterinarian was consulted.
Body weight was measured at the day of arrival and
thereafter weekly. Intake of CMR, water, concentrates,
and straw was recorded manually for each individual
calf during period 1 and thereafter via automated feeding systems.
Blood samples were taken from the jugular vein at
the end of periods 1, 2, and 4 (at 14, 48, and 77 d
of age) at 1000 h. Samples were directly shipped for
analysis at the routine veterinary laboratory of GD Animal Health (Deventer, the Netherlands). All analyses
(except for triglycerides) performed at the laboratory
were accredited by the Dutch Accreditation Council
(Utrecht, the Netherlands). Blood cell traits were analyzed using a hematology analyzer. Erythrocytes, mean
corpuscular volume, thrombocytes, and leucocytes were
determined using impedance spectroscopy; monocytes
were determined using flow cytometry; and hemoglobin
was determined using photometry. Hematocrit, mean
corpuscular hemoglobin, and mean corpuscular hemoglobin concentration were calculated from the abovementioned traits. All other traits were analyzed using
a routine chemistry analyzer. The hemolysis index of
samples was analyzed by UV spectrometry. Plasma glu-
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cose was determined with an enzymatic method based
on hexokinase. Colorimetric methods were used to
analyze serum calcium, phosphorus, and bilirubin (dimethyl sulfoxide method), plasma total protein (Biuret
method), and albumin (bromocresol green method).
Plasma chloride, sodium, and potassium concentrations
were analyzed with an ion-specific electrode. Plasma
urea, nonesterified fatty acids (NEFA), triglycerides,
and creatinine were analyzed using enzymatic methods. Alkaline phosphatase, aspartate aminotransferase,
gamma-glutamyl transferase, and creatine phosphokinase were analyzed using enzymatic methods according
to the International Federation of Clinical Chemistry
and Laboratory Medicine (IFCC) reference procedures
for the measurement of catalytic activity concentrations
of enzymes at 37°C. Plasma lactate dehydrogenase and
alanine aminotransferase were analyzed enzymatically
using modified IFCC methods at 37°C. Plasma glutamate dehydrogenase was analyzed using an enzymatic
method (Deutsche Gesellschaft für Klinische Chemie
method). Albumin and globulin fractions were analyzed
globulin
using capillary electrophoresis. The albumin:
ratio was subsequently calculated from these measurements.
Statistical Analysis

For all statistics, SAS (version 9.4, SAS Institute
Inc., Cary, NC) was used. Treatment averages were
presented as predicted means and their standard error
of the mean. For all traits except blood traits, differences were considered significant at P ≤ 0.05. For blood
traits, multiple comparisons were made at different
time points, but also for multiple (32) traits measured
in blood, there was an increased risk for type I errors
(Benjamini and Hochberg, 1995). To reduce this risk
for blood traits, we decided to consider differences only
at P < 0.01. When model residuals were not normally
distributed, data were transformed (log, quadratic,
inverse, and sine) to obtain homogeneity of variance.
In that case, data were presented as nontransformed
means with their standard error of the mean.
For each period (1 to 4), intakes and gain were averaged over period and analyzed with PROC MIXED,
with CMR treatment as a fixed effect, initial BW as a
covariable, and block as a random variable. Feed conversion was analyzed for both total DMI and DM from
milk intake, with the same model and without initial
BW as a covariable due to a lack of significance of this
factor. Calf was considered the experimental unit.
For graphical display, BW and feed intakes were
analyzed longitudinally using PROC MIXED, with
treatment, time, and treatment × time interaction as
a fixed effects, initial BW as a covariable, with and
Journal of Dairy Science Vol. 103 No. 5, 2020

without block as a random effect, and with observations taken on the same group of calves in time (wk 1
to 11) included as repeated observations. Conceptually,
the covariance structure of a trial with 4 periods with
different nutritional management, where especially in
wk 1 and 2 calves have increased occurrence of diarrhea
compared with the following weeks, would be unstructured. If the model with an unstructured covariance
matrix converged, the model with or without block
was selected based on the lowest Akaike information
criterion. If no unstructured model converged, then the
model (with or without block) that did converge with
the lowest Akaike information criterion was chosen.
Covariance matrices that were tested were autoregressive (1), Toeplitz, antedependence, and compound
symmetry with or without a heterogeneous variance.
Differences between treatments per time point were
determined using the LSMEANS SLICE statement.
Blood data were analyzed using PROC MIXED, with
treatment, time, and treatment × time interaction as
fixed effects, block as a random effect, and time (3
time points) as a repeated effect with autoregressive
(1) covariance matrix. Differences between treatments
per time point were determined using the LSMEANS
SLICE statement. Count data were analyzed using
PROC GLIMMIX, where a negative binomial distribution and a logit link were included and the effect of
block was not included.
RESULTS
Intake and Growth Performance

Body weight was not affected by dietary treatment
over the whole period except at wk 4, where HF cows
had a lower BW (Figure 1). Similarly, ADG (Table 2)
remained unaffected by treatment, with a tendency (P
= 0.06) for a higher ADG in period 4 in animals that
had previously been fed HF. Total voluntary consumption of HL CMR was greater (P < 0.05) than that of
HF CMR (Table 2), mostly due to a higher HL intake
in period 2 (Table 2; Figure 2). Overall starter intake
between treatments (Table 2; Figure 3) and straw intake between treatments (Table 2) were not different,
although straw intake was marginally (27 g/d) but significantly (P < 0.05) greater for HL in period 3. During
period 1, cME intake for HF was greater (P < 0.05)
than for HL, which was consistent with the increased
cME content in the HF CMR. However, as a result of
the higher CMR intake in period 2, cME intake was
not significantly different during period 2. There was
no difference in cME intake in periods 3 and 4 as well
as for the total experiment. When analyzed per week,
cME intake differed at 4 and 5 wk of age (Figure 4).
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Figure 1. Development of BW of calves (n = 32) fed a high-fat (dashed) or a high-lactose (solid) calf milk replacer (CMR) across periods 1
to 4. Asterisks indicate differences (P < 0.05) between the 2 treatments (unstructured covariance matrix, with random block effect). Period 1:
CMR restricted; period 2: CMR ad libitum; period 3: weaning; period 4: postweaning. IBW = initial BW. Error bars indicate SEM.

Feed conversion ratio based on total DMI was not
different between treatments, although it was numerically lower for HF. When calculated based on DMI
from CMR only, total feed conversion ratio and feed
conversion ratio for period 2 were lower (P < 0.05) for
HF than for HL. This was caused by the lower DMI for
HF, with a similar growth rate.
Health Observations

Plasma IgG at arrival averaged 1,673 ± 150.0 mg/dL
and was not different between treatments (P > 0.05).
Use of medication was generally high compared with
the facility reference, especially for lung infections. In
retrospect, the ventilation was considered not optimal
and sometimes ineffective, with substantial time periods
of high relative humidity (>80%). A total of 52 health
events required therapeutic intervention. Of these health
events, 69.2% were lung-related conditions, 9.6% were
joint infections, 9.6% were ear infections, 7.7% were
cases of severe diarrhea, 1.9% were navel infections, and
1.9% were undefined cases of fever. Numerically, there
were 11 and 25 treatments for lung-related issues in HF
cows and HL cows, respectively, and each treatment
had 2 treated diarrhea cases.
Journal of Dairy Science Vol. 103 No. 5, 2020

The average number of days of therapeutic intervention was 3.9 d per calf. Calves fed the HF CMR had
a significantly lower number of days of therapeutic
intervention, number of therapeutic interventions, and
number of disease events that needed therapeutic intervention compared with HL cows (Table 3). In the
experimental period, HL cows showed a 2.5-fold higher
incidence of days of therapeutic intervention, and the
number of therapeutic interventions and disease events
was more than doubled compared with HF cows.
Blood Traits

The effect of CMR formulation on selected blood
traits was evaluated at the end of periods 1, 2, and 4
(14, 42, and 77 d of age; Tables 4, 5, and 6). Plasma
phosphate, NEFA, and triglycerides were increased (P
< 0.01) in calves fed HF across all ages. Bilirubin concentration in HF cows was higher (P < 0.01) in periods
1 and 2, whereas the treatment × time interaction (P
< 0.01) indicated that this effect was no longer present
in period 4. Plasma levels of aspartate aminotransferase
and glutamate dehydrogenase were lower (P < 0.01) in
calves provided HF in period 4; however, there was no
overall treatment effect nor an interaction (P > 0.01).
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Table 2. Least squares means for performance, intakes, and feed conversion ratio for periods 1 through 4 as
well as the total trial for calves fed either a high-fat (HF) or a high-lactose (HL) calf milk replacer
Period1
Item

1

ADG (kg/d)
HF
HL
SEM
HF vs. HL (P-value)
Initial BW (P-value)
Intake (kg of DM/d)
Milk replacer
  HF
  HL
  SEM
   HF vs. HL (P-value)
   Initial BW (P-value)
Starter feed
  HF
  HL
  SEM
   HF vs. HL (P-value)
   Initial BW (P-value)
Straw
  HF
  HL
  SEM
   HF vs. HL (P-value)
   Initial BW (P-value)
Calculated ME (Mcal/d)
  HF
  HL
  SEM
   HF vs. HL (P-value)
   Initial BW (P-value)
Feed conversion (kg/kg)
Total DMI based
  HF
  HL
  SEM
   HF vs. HL (P-value)
   Initial BW (P-value)
Milk replacer DMI based
  HF
  HL
  SEM
   HF vs. HL (P-value)
   Initial BW (P-value)

2

3

4
1.337
1.149
0.077
0.060
0.220

Total
trial

0.278
0.312
0.039
0.507
0.554

1.069
1.127
0.051
0.430
0.017

0.609
0.597
0.063
0.855
0.076

0.809
0.797
0.011
0.422
0.003

1.148
1.300
0.040
0.012
0.009

0.683
0.664
0.044
0.534
0.228

0.010
0.017
0.007
0.475
0.814

0.074
0.056
0.009
0.051
0.544

0.466
0.538
0.077
0.387
0.367

1.905
1.980
0.144
0.665
0.185

0.463
0.482
0.041
0.673
0.212

NA
NA
NA
NA
NA

0.014
0.012
0.002
0.536
0.049

0.067
0.094
0.008
0.008
0.007

0.179
0.175
0.013
0.812
0.019

0.052
0.054
0.004
0.535
0.005

4.21
3.78
0.06
<0.0001
0.008

6.15
6.24
0.19
0.752
0.008

4.92
4.69
0.23
0.36
0.386

5.72
5.90
0.42
0.714
0.228

5.51
5.46
0.16
0.771
0.005

4.49
5.7
1.74
0.634
NT 3

1.16
1.22
0.03
0.154
NT

2.97
2.38
0.71
0.560
NT

1.48
2.01
0.26
0.111
NT

1.43
1.51
0.04
0.144
NT

4.46
5.64
1.74
0.641
NT

1.09
1.17
0.03
0.014
NT

1.85
1.41
0.47
0.510
NT

NA
NA
NA
NA
NT

0.90
0.98
0.03
0.045
NT

NA2
NA
NA
NA
NA

0.896
0.888
0.032
0.848
0.003
0.800
0.861
0.020
0.045
0.003

1

Periods reflect different strategies for calf milk replacer (CMR) supply. Period 1: CMR restricted; period 2:
CMR ad libitum; period 3: weaning; period 4: postweaning.
2
Not available.
3
Not tested.

Finally, hemolysis was greater (P < 0.01) in period 2 in
calves fed HF CMR.
DISCUSSION
Energy Source and Intake Response

The rates of BW gain observed in the current study
were at the higher end of the range observed in previ-
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ous studies where calves were exposed to high planes or
ad libitum provision of milk or CMR (Moallem et al.,
2010; MacPherson et al., 2016; de Paula et al., 2017;
Korst et al., 2017). In period 2, intake of the HL CMR
was 13% greater. From a macronutrient perspective,
this is supported by earlier findings of Moallem et al.
(2010), who observed a 9.2% higher intake of CMR
that had 13% fat and 23.7% protein compared with
whole milk that had 29.4% fat and 25.9% protein. In
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Figure 2. Weekly voluntary milk intake of calves (n = 32) fed a high-fat (dashed) or a high-lactose (solid) calf milk replacer (CMR) across
periods 1 to 4. Asterisks indicate differences (P < 0.05) between the 2 treatments (Toeplitz covariance matrix, without a block effect). Period 1:
CMR restricted; period 2: CMR ad libitum; period 3: weaning; period 4: postweaning. IBW = initial BW. Error bars indicate SEM.

that study, calves were allowed to freely consume whole
milk or CMR during 2 occasions of 30 min per day.
For both studies, this could be interpreted as a reflection of energy intake regulation. Because energy intake
was identical and CMR intakes were different between
treatments in the current study, it seems that energy
supply was regulating CMR intake. In adult ruminants, distension of the reticulorumen is considered to
be the major regulator of satiety and a determinant of
voluntary feed intake (Allen, 1996), but this should not
be a relevant factor in the young calves of this study.
Generally, the absorption of metabolic fuels drives satiety. Cholecystokinin secreted from the gastrointestinal
tract is a short-term regulator of intake via its receptors. Leptin is apparent in the long term, and secretion
of gastric leptin is caused by an increased cholecystokinin secretion stimulated by feeding (Bado et al., 1998).
Interestingly, the expression of cholecystokinin and
leptin receptors throughout the gastrointestinal tract
of calves increases with age and the transition from
milk to solid feed (Yonekura et al., 2002). In calves,
rumen distension limitations are circumvented as milk
bypasses the rumen with the esophageal groove reflex.
Although it is known that weaned calves show large
variation in feed preferences (Atwood et al., 2001),
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there is a lack of information on diet-related factors
involved in feed intake regulation in young calves fed
milk and solid diet components because they have traditionally been feed restricted. Given the global trend
toward ad libitum nutrient supply in early life, this
field is becoming more relevant. Feed intake regulation in calves may be driven by the availability of specific nutrients and may depend on the choice of ration
components available. In a study where calves had ad
libitum, free-choice access to milk replacer, water, hay,
barley straw, concentrate, and corn silage, it was shown
that dietary bulkiness, energy intake from CMR, or
starter intake could not explain voluntary intake but
that calves were consuming diets with a similar energy:
protein ratio (Berends et al., 2016). The absence of a
difference in starter intake between treatments in the
current study was in line with earlier findings (Jaster
et al., 1992; Hill et al., 2008; Esselburn et al., 2013)
and suggests that solid feed intake in the presence of ad
libitum milk or ad libitum CMR was regulated by rate
of rumen development (Meale et al., 2017), distension,
or natural preference. We speculate that metabolic
satiety and physical satiety are regulated differently,
although for mature cows indications for this can be
found in Allen (2014). The observed intake of starter
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Figure 3. Weekly starter intake of calves (n = 32) fed a high-fat (dashed) or a high-lactose (solid) calf milk replacer (CMR) across periods
1 to 4. Asterisks indicate significant differences (P < 0.05) between the 2 treatments (unstructured covariance matrix, without block effect).
Period 1: CMR restricted; period 2: CMR ad libitum; period 3: weaning; period 4: postweaning. IBW = initial BW. Error bars indicate SEM.

was substantially lower than when milk or CMR intake is restricted, and current values are well in line
with other studies where milk was provided ad libitum
(Khan et al., 2011, 2016).
In the current study design, the difference in energy
content in dietary treatments was associated with a
difference in protein:energy ratio as a consequence of
the weight/weight exchange of energy sources. Protein
intake was numerically lower (data not shown) for
calves provided with an HF CMR compared with calves
provided with an HL CMR, and a lower plasma urea
was observed for HF at the end of periods 2 and 4. Unlike other species, both protein and energy are always
limiting growth in calves (Gerrits, 2019). At a similar
energy intake this reduced protein intake did not result
in a lower ADG, yet animals might have responded to
higher protein levels; in Bartlett et al. (2006), higher
CP levels were required for animals on high feed intake.
We have not studied the effect of CMR energy source
on digestion or on body composition. From earlier studies, it could be expected that higher inclusion of fat in
CMR would have increased fat deposition (Donnelly,
1983; Tikofsky et al., 2001; Bascom et al., 2007; Hill
et al., 2008), thus potentially retaining more energy at
similar weight gain.
Journal of Dairy Science Vol. 103 No. 5, 2020

Health Observations

In the current experiment, we exchanged lactose for
fat. We did not monitor fecal consistency in this experiment; however, Amado et al. (2019) indicated a better
fecal consistency with HF versus HL CMR. Additionally, Wilms et al. (2019) has shown that higher CMR
osmolality may lead to higher gut permeability. With
exchanging lactose for fat, CMR osmolality is reduced
and would reduce gut permeability (Wilms et al., 2019).
To the contrary, however, Amado et al. (2019) showed
a higher gut permeability with HF CMR. The current
experiment indicated a reduced occurrence of healthrelated events with HF CMR, although these events
were mainly respiratory and not digestive. There have
been other indications that a higher nutrient supply in
calves fed a high plane of nutrition influences immunity
and health, also related to respiratory health and even
still present after weaning (Nonnecke et al., 2003; Ballou, 2012; Ballou et al., 2015).
Blood Traits

Components in blood with a significant overall treatment difference (P < 0.01) were phosphate, NEFA,
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Figure 4. Estimated ME intake from starter and calf milk replacer (CMR) in calves (n = 32) fed a high-fat (dashed) or a high-lactose (solid)
CMR across periods 1 to 4. Asterisks indicate significant differences (P < 0.05) between the 2 treatments (unstructured covariance matrix,
without block effect). Period 1: CMR restricted; period 2: CMR ad libitum; period 3: weaning; period 4: postweaning. IBW = initial BW. Error
bars indicate SEM.

triacylglycerides, total bilirubin, and hemolysis. In the
current trial, HF had higher phosphate levels than
HL. Animals that have low phosphate at birth (<2.26
mmol/L) have been shown to have greater risk for
diarrhea, with scouring calves having lower phosphate
status than healthy calves up to 20 d of age (Jagoš
et al., 1981, citing Cabello et al., 1977). Amado et al.
(2019) found higher fecal consistency (i.e., less thin) in
the first week after birth when feeding high fat.
Increased triglyceride and NEFA content in blood for
the HF diet seemed to be a direct result of the higher
inclusion of fat. The higher blood NEFA levels likely
contribute to the lower intake in HF through NEFA
oxidation in the liver (Allen, 2014). Surprisingly, for

triglycerides, this effect was numerically persistent until
84 d of age, which was 14 d after animals had been
totally weaned.
The HF animals had higher bilirubin and hemolysis
values than HL animals. Bilirubin is a product of the
breakdown of hemoglobin and is excreted in the gut.
Increased bilirubin content in blood could be an indicator of hemolysis (which was also higher for high fat) or
different liver metabolism and has been associated with
health conditions (Klinkon and Jezek, 2012). However,
the current values fell well within, and the differences
in bilirubin between treatments were minor relative to,
the reference values for healthy female calves as published by Lumsden et al. (1980). Therefore, although

Table 3. Effect of calf milk replacer composition [high fat (HF) vs. high lactose (HL)] on health interventions
from birth until 77 d of age in dairy calves (n = 32)
Item

HF

HL

SE

HF vs. HL
P-value

Days with therapeutic intervention
No. of therapeutic interventions1
No. of disease events that needed therapeutic intervention2

2.13
2.00
1.00

5.63
4.56
2.25

1.104
0.699
0.319

0.018
0.010
0.011

1

Number of therapeutic interventions given to a calf during the study.
Number of disease events that needed medical treatment according a predetermined health protocol (see
Supplemental File S1; https://doi.org/10.3168/jds.2019-17382).
2
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10.1
6.9
0.366
36.1
0.715
19.7
839
11.1
0.48

9.3
6.3
0.331
35.8
0.704
19.7
804
10.0
0.54

10.1
6.9
0.359
35.6
0.712
20.1
744
9.1
0.42

HF
10.3
6.8
0.354
34.6
0.688
19.9
806
9.7
0.26

HL

End of period 4

0.25
0.18
0.0107
0.60
0.014
0.09
46.1
0.76
0.100

SE
0.10
0.07
0.07
0.47
0.45
0.73
0.45
0.62
0.91

TR2
<0.0001
0.001
0.27
<0.0001
<0.0001
0.001
0.24
<0.0001
0.02

Period

P-value

0.08
0.12
0.12
0.68
0.47
0.31
0.12
0.29
0.36

TR × period

2.54
2.71
138.4
5.40
98.2
5.29
0.254a
1.05
0.300a
2.87

HF
2.48
2.53
135.8
5.64
97.6
5.48
0.125b
0.86
0.056b
3.21

HL

HL
2.61
2.93
139.5
4.96
98.4
6.39
0.156b
0.55
0.325b
2.02

HF
2.65
3.11
139.6
5.16
99.0
6.01
0.349a
0.59
0.681a
1.30

End of period 2

2.64
2.73
139.7
4.64
99.5
4.98
0.085
0.42
0.200
2.74

HF

2.59
2.50
139.6
4.64
99.7
4.71
0.102
0.94
0.113
3.30

HL

End of period 4

0.023
0.08
0.85
0.074
0.67
0.240
0.0140
0.10
0.0611
0.234

SE

0.05
0.01
0.78
0.99
0.61
0.63
<0.0001
0.99
<0.0001
0.02

TR2

<0.0001
<0.0001
0.51
<0.0001
0.02
<0.0001
<0.0001
0.001
<0.0001
<0.0001

Period

P-value

1

Within a row, different superscripts indicate a difference (P < 0.01) between treatments within a period.
Periods reflect different strategies for CMR supply over time. Period 1: CMR restricted; period 2: CMR ad libitum; period 3: weaning; period 4: postweaning.
2
TR = effect of treatment (HF vs. HL).
3
Data were transformed (log) to obtain homogeneity of variance of model residuals.
4
Data were transformed (quadratic) to obtain homogeneity of variance.
5
Data were transformed (inverse) to obtain homogeneity of variance.
6
Data were transformed (sine) to obtain homogeneity of variance.

a,b

Calcium (mmol/L)
Phosphate (mmol/L)
Sodium3 (mmol/L)
Potassium4 (mmol/L)
Chloride5 (mmol/L)
Glucose (mmol/L)
Nonesterified fatty acids6 (mmol/L)
Nonesterified fatty acid:triglyceride ratio6
Triglycerides (mmol/L)
Urea6 (mmol/L)

Item

End of period 1

0.89
0.95
0.13
0.02
0.83
0.37
<0.0001
0.52
0.11
0.20

TR × period

Table 5. Effect of calf milk replacer (CMR) composition [high-fat (HF) vs. high-lactose (HL)] on selected general blood traits (LSM) in dairy calves at the end of periods 1 (at d
14), 2 (at d 42), and 4 (at d 77)1

2

Periods reflect different strategies for CMR supply over time. Period 1: CMR restricted; period 2: CMR ad libitum; period 3: weaning; period 4: postweaning.
TR = effect of treatment (HF vs. HL).

1

8.5
6.7
0.342
40.6
0.804
19.8
789
12.2
0.72

HL

HF

HL

HF

9.1
Erythrocytes (10 /L)
Hemoglobin (mmol/L)
7.2
Hematocrit (L/L)
0.373
Mean corpuscular volume (fL)
40.8
Mean corpuscular hemoglobin (fmol)
0.803
Mean corpuscular hemoglobin concentration (mmol/L) 19.7
921
Thrombocytes (1012/L)
13.0
Leucocytes (1012/L)
Monocytes
0.59

Item

End of period 2

End of period 1

Table 4. Effect of calf milk replacer (CMR) composition [high-fat (HF) vs. high-lactose (HL)] on hematology-related blood traits (LSM) in dairy calves at the end of periods 1 (at
d 14), 2 (at d 42), and 4 (at d 77)1
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1

a,b

Within a row, different superscripts indicate a difference (P < 0.01) between treatments within a period.
Periods reflect different strategies for CMR supply over time. Period 1: CMR restricted; period 2: CMR ad libitum; period 3: weaning; period 4: postweaning.
2
TR = effect of treatment (HF vs. HL).
3
Data were transformed (log) to obtain homogeneity of variance of model residuals.

0.40
0.13
0.76
0.33
<0.0001
0.46
0.65
0.02
0.14
0.65
0.68
0.06
0.0002
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.55
<0.0001
<0.0001
0.0005
0.20
<0.0001
0.0013
1.34
0.39
14.93
129
0.302
3.57
0.054
4.75
0.65
33.6
31.6
33.4
0.002
59.4
31.9
28.7
1,834
3.63b
69.6
1.19
46.0
10.2
358
133
27
0.016b
Total protein (g/L)
Albumin BCG (g/L)
Gamma-glutamyl transferase3 (IU/L)
Lactate dehydrogenase (IU/L)
Total bilirubin3 (μmol/L)
Creatinine (μmol/L)
Albumin:globulin
Aspartate aminotransferase3 (IU/L)
Alanine aminotransferase (IU/L)
Alkaline phosphatase3 (IU/L)
Creatine phosphokinase (IU/L)
Glutamate dehydrogenase (IU/L)
Hemolysis

60.4
31.5
152.6
1,446
5.00a
86.6
1.14
40.0
8.9
218
170
13
0.018

58.6
30.9
173.9
1,453
3.81b
92.6
1.14
40.0
9.4
267
129
10
0.017

59.1
31.1
26.9
1,865
6.25a
70.3
1.14
47.4
10.9
321
210
22
0.034a

65.7
35.4
20.7
3,068
1.94
73.1
1.19
86.3a
21.8
237
123
206a
0.018

66.8
35.4
24.8
3,261
2.12
76.4
1.19
109.9b
19.9
239
104
339b
0.018

0.94
0.94
0.25
0.54
<0.0001
0.24
0.82
0.23
0.30
0.51
0.07
0.08
0.0004

TR × period
Period
SE
HL
HF
Item

HL
HF

HF

HL

TR2

P-value
End of period 4
End of period 2
End of period 1

Table 6. Effect of calf milk replacer (CMR) composition [high-fat (HF) vs. high-lactose (HL)] on immune and organ function–related blood traits (LSM) in dairy calves at the end
of periods 1 (at d 14), 2 (at d 42), and 4 (at d 77)1
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the nutrition of the calves that were the basis for these
references values is unknown, it is unlikely that the
differences in bilirubin were reflective of an adverse
condition.
Despite the substantial difference in daily glucose
supply, plasma glucose remained unaffected by dietary
treatment at all ages. In an earlier study, exchanging
lactose for fat in CMR for veal calves of 14 to 27 wk
of age, Pantophlet et al. (2016) observed a difference
in postprandial glucose response (up to 240 min),
whereas there was no effect on fasting plasma glucose
concentration. Blood samples in the current experiment
were taken at 1000 h, which in period 1 was 3 to 4 h
after morning feeding. However, in period 2 calves were
on automatic feeders and thus able to consume CMR
throughout the day. It was therefore not possible to
establish whether the blood values measured were still
part of a postprandial response or basal metabolism.
CONCLUSIONS

Under these experimental conditions, where calves
were allowed ad libitum access to a CMR from 14 d
of age, increasing fat content at the expense of lactose
decreased CMR intake by 10%, whereas ME intake and
growth remained equal between treatments. Solid feed
(starter and straw) consumption was not significantly
affected by CMR energy source. These data indicate
that calves fed ad libitum regulated CMR intake to
their energy demands for growth. The HF CMR increased plasma phosphate, NEFA, triglycerides, and
bilirubin, whereas plasma glucose remained unchanged.
Although animal numbers were limited in the present experiment, there was a decrease in the number
of therapeutic interventions needed and the number of
therapeutic interventions in calves observed with the
HF CMR. These interventions were mainly related to
respiratory disease. This study provides information
on the voluntary intake of CMR as affected by energy
source. Calves appeared to drink CMR to fulfil their
energy requirements, and increased fat content at the
expense of lactose in CMR resulted in an improved feed
conversion (milk replacer intake based) with equivalent
BW gain and solid feed intake.
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