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ABSTRACT

Early life is a critical phase for dairy calves, influencing
their growth, metabolism, and overall health. This study
aimed to evaluate the effects of feeding either whole milk
(WM) or milk replacer (MR) on growth performance,
metabolic markers, and hematological parameters from
birth until weaning at 60 d of age in Fleckvieh dairy.
Eighteen heifer calves were assigned to one of 2 dietary
treatments: WM (n = 9; DM basis, 29.1% protein, 27.3%
fat, and 37.3% lactose; 5.25 Mcal/kg of DM) or MR (n
= 9; DM basis, 22.9% protein, 19.1% fat, and 51.73%
lactose; 4.76 Mcal/kg DM; Elvor, Maen Roch, France).
The MR was prepared at 130 g/L to match solids content
in WM. Calves were housed in individual hutches, fed
3 L of milk twice daily until 53 d and then 3 L of milk
once daily until weaning (60 d). Calves had ad libitum
access to starter and intake was recorded daily. Growth
performance was assessed through BW and period-spe-
cific ADG (gain per day between successive weighings),
whereas metabolic and hematological markers were ana-
lyzed through plasma biomarkers and blood cell counts,
respectively. Data were subjected to ANOVA using the
GLM procedure for single measures and the GLIMMIX
procedure for repeated measures. Despite similar total
DMI, calves fed WM exhibited an overall greater BW
and greater period-specific ADG (0.77 vs. 0.85 kg/d in
MR and WM, respectively), and from 21 to 60 d, WM
calves were 3.8 kg heavier than MR-fed calves. From the
metabolism standpoint, feeding WM resulted in overall
greater plasma concentrations of glucose, urea, choles-
terol, alkaline phosphatase, and Ca, but lower bilirubin.
Specifically, WM calves had greater paraoxonase activ-
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ity at 35, 45, and 60 d (weaning), greater ceruloplasmin
levels at 15, 21, and 28 d, and greater Mg at 60 d of
age. Among hematological parameters, WM calves had
greater circulating total leukocytes at 21 and 28 d of age
due to enhanced neutrophils. Although WM calves con-
sumed milk with greater proportions of fat and protein
and lower lactose content, the intake of milk and starter
DM and total energy was similar compared with MR
calves. However, considering the better growth rate of
WM calves (especially in the second week of life), the
better balance between fat, protein, and lactose suggests
that feeding WM can enhance bioavailability of nutri-
ents. Further research is needed to explore the long-term
implications of these feeding strategies on calf health
and productivity, particularly in relation to sustainability
and economic feasibility.

Key words: early-life nutrition, blood biomarkers, liquid
feeding strategy, calf performance

INTRODUCTION

Early life is a critical stage for dairy calves, signifi-
cantly influencing their development and long-term pro-
ductivity (Heinrichs and Heinrichs, 2011). During this
window, environmental, sanitary, nutritional, and genetic
factors interact to shape growth and immune function
(Lorenz et al., 2011; Johnson et al., 2018). When growth
rates are inadequate, calves may reach weaning under-
weight, a condition associated with compromised post-
weaning development that cannot be entirely corrected
through subsequent nutritional intervention (Jasper and
Weary, 2002).

Nutrition plays a central role in this early developmen-
tal phase, as milk remains the primary source of essential
nutrients for calves that have not yet established a func-
tional rumen. Consequently, several feeding strategies
are employed during the preweaning period to support
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optimal rumen development, facilitate the transition to
solid feed (McGrath, 2016), and reduce disease risk.
Among these strategies, the type of liquid feed provided
is particularly important. Management practices vary in
weaning age, milk allowance, and the choice between
whole milk (WM) and milk replacers (MR; Fischer et
al., 2019). In intensive dairy systems, MR is often used
instead of WM, and its formulation has historically been
driven by cost considerations (Otterby and Linn, 1981),
resulting in notable differences in digestibility and nutri-
ent composition.

Typically, MR formulations contain higher lactose but
lower fat and protein content in comparison with WM
and these compositional differences have been shown
to affect growth rates and metabolic markers (Gilbert et
al., 2016; Amado et al., 2019). Feeding MR is associ-
ated with alterations in circulating metabolites, includ-
ing nonesterified fatty acids (NEFA), IGF-1, glucose,
urea, and lipoprotein profiles (Lepczynski et al., 2015;
Wilms et al., 2022; Chapelain et al., 2025). Differences
among MR formulations have also been reported, with
high-lactose MR linked to increased liquid feed intake
and enhanced preweaning growth, whereas high-pro-
tein MR are associated with improved feed efficiency
(Bartlett et al., 2006; Berends et al., 2020; Echeverry-
Munera et al., 2021). Higher fat MR (>23%) may reduce
mortality, improve fecal consistency, and decrease the
necessity for medical interventions (Urie et al., 2018;
Amado et al., 2019; Berends et al., 2020). In addition,
higher dietary fat promotes greater fat deposition,
whereas adequate levels of metabolizable energy and
protein levels are essential to support optimal growth
performance (Tikofsky et al., 2001; Hill et al., 2008).
Conversely, WM provides a naturally balanced nutri-
ent supply rich in energy and fatty acids that support
metabolic activity, immune function, and overall physi-
ological development (Delplanque et al., 2015; Grote et
al., 2016). In addition, WM contains several bioactive
molecules, including lipids such as sphingomyelin and
phytanic acid, which contribute to membrane structure,
lipid metabolism, and cellular signaling involved in
intestinal maturation and immune modulation (Keenan
and Huang, 1972; Chalfant et al., 2004; Zandbergen and
Plutzky, 2007; Park, 2009). Moreover, growth factors
present at high concentrations in colostrum and at lower
levels in milk, including IGF-I, IGF-II, and insulin, may
act locally within the gut to support epithelial develop-
ment and metabolic regulation (Blum and Baumrucker,
2002; Lee et al., 2009).

Despite substantial advances in MR formulation, con-
cerns remain regarding nutrient balance, digestibility,
and the metabolic consequences associated with these
products (Sweeney et al., 2010; Kertz et al., 2017). More-
over, the considerable variability among MR formula-
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tions, particularly in protein, fat, and lactose content, has
contributed to inconsistent findings in studies comparing
MR with WM. Reported effects on growth, metabolic
indicators, and health outcomes vary widely across ex-
periments, making it difficult to draw clear physiological
or practical conclusions for calf rearing systems.

Therefore, interest has increased in refining liquid
feeding strategy to clarify the underlying physiological
mechanisms and to better understand how different lig-
uid feeding strategies affect calf metabolism and overall
development. Furthermore, few studies have integrated
growth performance with a comprehensive assessment
of metabolic and hematological profiles, particularly in
dual-purpose breeds such as Fleckvieh calves.

We hypothesized that feeding WM would affect health
and biochemical parameters compared with MR adjusted
to match the DM content of WM. Accordingly, this study
compared metabolic responses and hematological param-
eters in Fleckvieh dairy calves fed WM or MR from birth
to 60 d of age.

MATERIALS AND METHODS
Animal Management and Experimental Design

The experimental protocol was approved by Ethical
Animal Care and Use Committee of the Magna Graecia
University of Catanzaro (protocol no. 271/2017).

This study was carried out at Fattoria Demetra, a com-
mercial dairy farm (Vibo Valentia, Italy). A total of 18
Fleckvieh heifer calves were enrolled in the trial from
November to February, during the winter season and
were all born from multiparous cows. Immediately after
birth, newborn calves were separated from their dams.
According to farm standard procedures, all calves were
cleaned and had the navel disinfected with oxytetracy-
cline hydrochloride (Neo Spray Caf Aerosol; Gellini
S.p.a., Aprilia, Italy). Calves were weighed and fed 3 L
of colostrum by nipple bottle at 2.5 + 1.5 h after birth. If
voluntary colostrum intake did not reach the 3 L, calves
were fed with an esophageal feeder to reach the total in-
take of 3 L of colostrum (Speedy Drencher XL, Agri-Zoo
San Marino srl, Domagnano, San Marino). Colostrum
was previously collected, pooled to obtain a Brix value
of 26%, and subsequently frozen in aliquots of 3 L each
at —18°C. Before administration, aliquots were thawed in
a water bath at 40°C for 1 h and gently mixed to ensure
homogeneity Afterward, calves received 4 feedings of
their dam’s transition milk (3 L at each feeding) over 2 d
(i.e., at 12, 24, 36, and 48 h after birth). All calves were
housed in individual pens (2.8 m long x 1.80 m wide)
separated by bar fences to allow calves to interact with
each other. All pens were straw-bedded with daily refill
and completely replaced once weekly.
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Table 1. Nutrient composition (% of DM unless otherwise noted) of milk
replacer (MR), whole milk (WM), and calf starter

Ttem MR' wM? Calf starter®
CP, % 22.87 27.41 +£3.54 17.81
Crude fat, % 19.14 2933 +£1.52 2.47
Lactose, % 51.73 37.28 £0.95

Ca, % 0.94

Na, % 0.52

P, % 0.73

Ash, % 7.71 8.77
ME, Mcal/kg of DM 4.76 5.25 2.47
Starch, % 2438
NDF, % 33.22
ADF, % 23.18
ADL, % 6.85

'MR: Elvor, Maen Roch, France. The ingredients, listed in decreasing
order of inclusion, were spray-dried skim milk powder, whey, palm veg-
etable oil, coconut vegetable oil, wheat flour, pea protein, wheat starch,
pea flour, and dried Saccharomyces cerevisiae yeast. Nutritional addi-
tives per kilogram of MR as-such included vitamin A (25,000 IU), vita-
min D; (5,000 IU), vitamin E as all-rac-a-tocopheryl acetate (125 mg),
vitamin K;3 (2 mg), vitamin B; (10 mg), vitamin B, (8 mg), niacinamide
(55 mg), vitamin B, (2 mg), vitamin B, (0.07 mg), vitamin C (250 mg),
calcium p-pantothenate (40 mg), folic acid (0.6 mg), and choline chloride
(300 mg). The formulation also contained pL-methionine (500 mg),
L-threonine (980 mg), organic selenium derived from Saccharomyces
cerevisiae CNCM 1-3060 (91 mg), copper from copper sulfate penta-
hydrate (39 mg), iron from ferrous sulfate monohydrate (331 mg), zinc
from zinc sulfate monohydrate (329 mg), manganese from manganese
sulfate monohydrate (154 mg), selenium from sodium selenite (0.2 mg),
potassium from potassium iodide (2.6 mg), and the technological addi-
tive BHT (32 mg).

’DM was 12.67%.

3Calf starter, Dietovit Excellence, SIVAM Spa, Casalpusterlengo, Lodi,
Italy. DM was 87.87%.

At 3 d of age, calves were randomly assigned to one of
2 treatments verifying that there was a similar distribu-
tion of BW and total serum protein (STP) at 24 h after
birth between the 2 treatments: MR (n = 9; BW = 49.75
+ 1.390 kg; STP = 6.5 £ 0.70 g/dL Elvor, Maen Roch,
France) or WM (n = 9; BW = 49.81 + 1.390 kg; STP =
6.3 £ 0.40 g/dL). The chemical compositions of both MR
and WM are reported in Table 1.

Three fresh WM samples per week were collected dur-
ing the trial for a total of 45 samples and immediately
analyzed using the Milkoscan FT2 (Foss Electric A/S,
3400 Hillered, Denmark). Concentration of MR was 130
g/L (as-fed, whereas 125.33 g/L as DM) to get closer to
the solid percentage of bovine WM (on average, 12.67%).
In fact, the average DM of milk delivered was 752 g/d for
MR and 751 g/d for the WM group in the first 53 d of age,
and 376 g/d for MR and 375.5 g/d for WM group from 54
d of age to weaning (60 d of age). The MR was prepared
by manually mixing the powder with warm water (40°C)
using a hand whisk. The WM was collected directly from
the bulk tank after milking and warmed to 40°C using an
electric heater before feeding. From 3 to 53 d of age, all
calves received a total of 6 L/d of WM or MR divided
into 2 equal feedings administered at 0800 and 1600 h.
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At 54 d of age, all calves were stepped down to only one
meal of 3 L in the morning and then weaned at 60 d of
age. Both MR and WM were administered using open
buckets. Refusals of MR or WM were recorded daily.

From 4 d of age, the calves had ad libitum access to a
calf starter offered once every morning after MR or WM
feeding. The chemical composition of the calf starter is
reported in Table 1. The starter was formulated with the
following ingredients (descending percentage): corn,
dehydrated alfalfa meal, wheat bran, extruded sunflower
meal, middling wheat, toasted soybeans, extruded soy-
bean meal, barley, beet pulp, corn cob, molasses, extruded
linseeds, calcium carbonate, milk whey powder, yeasts,
sodium chloride, sodium phosphate, sodium bicarbonate,
and extracts of officinal herbs. As calf starter was bought
from an authorized commercial feed mill, the percentage
of each ingredient is unknown. The chemical analyses
of the calf starter were carried out according to the offi-
cial AOAC methods (AOAC International, 2000). When
calves consumed a substantial portion of the starter feed
before the night checks, additional starter was supplied
to ensure adequate intake. Daily starter intake was re-
corded.

Sampling and Analysis

Calves’ health status was evaluated daily and feces
were scored daily in the morning before milk feeding
using a 0 to 3 scale according to the Calf Health Scoring
Criteria by School of Veterinary Medicine of the Uni-
versity of Wisconsin—Madison (score 0 being normal;
1 being semi-formed, pasty; 2 being loose, but stays on
top of bedding; 3 being water, sifts through bedding).
However, calves involved herein did not suffer from
any acute health disorders during the entire experimen-
tal period. Given the limited number of calves enrolled
and the very low frequency of loose but nonpathological
feces observed over a short period (2 d), the evaluation
of incidence was not considered informative. In fact,
only 2 calves in the MR group experienced 2 d with fecal
score = 2 (in different periods), and only 1 calf in the
WM group showed a comparable event. For this reason,
further statistical analysis of incidence was not per-
formed, as it would not add relevant information beyond
the descriptive data already reported. Additionally, no
vaccination therapy or antibiotic treatment was applied
to the enrolled calves. The measurement of the BW of
calves was performed at birth, then at 7, 15, 21, 28, 35,
45, and 60 d of age before the morning feeding. Period-
specific ADG was calculated based on BW data from 2
consecutive measurements. On d 1, blood samples were
collected in clot activator tubes (BD Vacutainer, Becton,
Dickinson and Company, Franklin Lakes, NJ), and total
serum protein was measured using a handheld refractom-
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eter (PU-ATC temperature compensated; Kernco Instru-
ments Co.) to evaluate passive immunity transfer from
colostrum. Blood samples were collected from a jugular
vein into lithium-heparin tubes at 1, 7, 15, 21, 28, 35,
45, and 60 d of age (weaning), and into K;EDTA tubes
at all time points except d 1 (BD Vacutainer, Becton,
Dickinson and Company, Franklin Lakes, NJ), before the
morning meal. Lithium-heparin tubes were immediately
cooled in a water-ice bath and centrifuged within 20 min
of collection at 3,500 x g for 15 min at 4°C. Plasma was
stored at —20°C for further analysis. Plasma biomarkers,
except vitamins, were analyzed at 37°C via an automated
clinical analyzer (ILAB 650; Instrumental Laboratory,
Werfen, Bedford, MA) as reported by Lopreiato et al.
(2021) and Morittu et al. (2021). Briefly, metabolites as-
sessed were Ca, P, Mg, Na, K, Zn, glucose, cholesterol,
urea, ceruloplasmin, total protein, albumin, globulin, as-
partate aminotransferase, y-glutamyl transferase (GGT),
alkaline phosphatase, bilirubin, haptoglobin, NEFA,
BHB, creatinine, paraoxonase, myeloperoxidase, total
reactive oxygen metabolites (ROM), and ferric reducing
antioxidant power. Plasma IgG (at 24 h after colostrum
intake) were assessed with a commercial RID assay
(Bovine IgG ID-Ring test, IDBiotech, ImmunoDiffusion
Biotechnologies SARL, Issoire, France) according to the
manufacturer’s instructions.

Blood collected into K;zEDTA tubes was stored in an in-
sulated container at room temperature (15°C-18°C) and
analyzed within 2 h of collection using an ADVIA 2120
Hematology System machine (Siemens, Germany). The
parameters taken into account in the current study were
total leukocyte cell count, leukocyte differential count
for neutrophils, eosinophils, basophils, lymphocytes, and
monocytes as percentage and absolute number, red blood
cell count (RBC), hematocrit value (HCT), hemoglobin
concentration (HGB), mean corpuscular volume (MCYV),
mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), and red blood cell
distribution width (RDW). In addition, platelet indices
were also analyzed and included platelet count (PLT)
and mean platelet volume (MPV).

Statistical Analysis

The sample size was calculated to achieve a power
>0.80 with an a = 0.05 using the G*Power package
(Faul et al., 2007). The effect size was estimated based
on the variance of blood parameters mainly glucose,
haptoglobin, cholesterol, and urea. Based on parameters
observed in our previous studies (Amato et al., 2023;
Sfulcini et al., 2025), the number of 9 animals per group
was considered adequate for the main physiological and
biochemical endpoints of the study, as it was sufficient
to detect biologically meaningful differences. Normal
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distribution of data was checked using the UNIVARIATE
procedure in SAS 9.4 (SAS Institute Inc.). Data with a
single measure (STP and IgG concentrations at 24 h after
colostrum intake) were subjected to ANOVA (GLM pro-
cedure of SAS). Data with multiple observations were
analyzed with repeated measures mixed models (GLIM-
MIX procedure of SAS). Four structures of covariance
(compound symmetry, autoregressive order, Toeplitz, or
spatial power) were tested and the one with the lowest
Akaike information criterion was retained in the model.
The models included the fixed effects of the treatment
group (Trt; WM vs. MR), days of age (day), their in-
teraction (Trt x day), whereas the calf nested within the
treatment group was included as the random effect. For
plasma, data at 1 d of age (pretreatment) were included
as a covariate. Data are presented in tables and figures as
LSM. Pairwise comparisons were carried out using the
LSD test of SAS. Post hoc comparisons are discussed as
significant when P < 0.05. Those with values between
0.05 and 0.10 are discussed as tendencies.

RESULTS
Feed Intake and Growth Performance

The effects of feeding MR or WM on growth perfor-
mance, feed intake, and ME intake are presented in Table
2. Total DMI (P = 0.82), both milk and starter feed (P =
0.81), were similar between treatments. Furthermore, al-
though total ME consumption did not differ significantly
between groups, a tendency toward higher overall ME in-
take was observed in WM calves (P = 0.10). A significant
Trt x day interaction was observed for BW (P < 0.01).
Calves receiving WM were heavier than MR calves at
21, 28, 35, 45, and 60 d (P < 0.05; Figure 1A). At d 60,
WM calves weighed on average 3.80 kg more than MR
calves (P = 0.02).

Overall, WM calves have greater period-specific ADG
compared with those fed MR (P = 0.04). Despite the lack
of Trt x day effect (P = 0.20), it is noteworthy to high-
light that between 7 and 15 d of age, WM calves had an
ADG of 0.92 kg/d compared with an ADG of 0.61 in MR
calves (P < 0.01; Figure 1B).

Plasma Biomarkers

Plasma concentrations of metabolites are presented in
Table 3. To verify that calves started from comparable
baseline conditions, passive immunity parameters were
evaluated at 24 h post-colostrum intake. Regarding pas-
sive immunity transfer, no differences were observed
between milk treatments for IgG concentrations at 24 h
post-colostrum intake (17.78 vs. 17.32 £ 2.73 g/L, MR
and WM, respectively; P = 0.75). Likewise, plasma total
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calves fed milk replacer (MR; n = 9) or whole milk (WM; n = 9). Period-

specific ADG was calculated as the difference in BW between 2 consecutive time points, divided by the number of days between measurements. Data
are presented as LSM and error bars represent SEM. *Differences between groups within each time point (P < 0.05) are denoted with an asterisk.

Trt = treatment.

protein and globulin concentrations were similar be-
tween groups (Trt, P = 0.26 and 0.31, respectively) and
no differences for these parameters were observed at d
1 (P =0.25 and 0.1, respectively). However, a trend for
a day x treatment interaction was detected for globulin
concentrations (P = 0.06). Overall, no differences were
detected for plasma GGT (Trt, P = 0.27).

With regard to energy metabolism, a significant Trt X
day interaction was observed for plasma glucose con-
centrations (P < 0.01), indicating temporal variations
between treatments. Specifically, the WM calves had
greater glucose at 7, 15, 21, 28, 35, and 60 d compared
with MR calves (P < 0.02; Figure 2A). Furthermore, a
significant Trt X day interaction was detected for plasma
urea concentration (P = 0.03). Specifically, WM calves
had greater urea concentrations than MR calves at 15,

28, and 45 d of age (P < 0.05; Figure 2B). A significant
Trt x day interaction was detected for plasma creatinine
concentrations (P = 0.01). Specifically, WM calves
showed a marked decrease in creatinine compared with
MR calves at 7 d (121.59 vs. 95.33 + 6.940 umol/L, MR
and WM, respectively; P < 0.01; Figure 2C). In both
groups, creatinine concentrations declined progressively
with increasing age (day, P <0.01).

Concerning liver functionality, a significant Trt % day
interaction was observed for plasma cholesterol concen-
trations (P = 0.046). Calves receiving WM showed great-
er cholesterol concentrations than MR calves at 15, 21,
28, 35, 45, and 60 d (P < 0.05; Figure 3A). Paraoxonase
activity increased over time (day, P < 0.01) and was af-
fected by a significant Trt x day interaction (P = 0.01).
Specifically, WM calves showed greater paraoxonase

Table 2. Least squares means of growth performance, intake of milk (as DM), starter, total feed, and total ME of
Fleckvieh calves fed milk replacer (MR; n = 9) or whole milk (WM; n=9)

Treatment P-value'
Item MR WM SEM’ Trt Day Trt x day
BW, kg 67.66 70.52 1.193 0.01 <0.01 <0.01
Period-specific ADG, kg/d 0.77 0.85 0.09 0.04 <0.01 0.20
Milk intake, kg of DM/d 0.71 0.73 0.01
Starter intake, kg of DM/d 0.57 0.59 0.114 0.81 <0.01 0.99
Total DMI, kg/d 1.28 1.31 0.114 0.82 <0.01 0.99
ME? intake from milk, Mcal/d 348 3.80 0.115
ME? intake from starter, Mcal/d 1.41 1.47 0.283 0.81 <0.01 0.99
Total ME? intake, Mcal/d 4.80 5.20 0.283 0.10 <0.01 0.99

'P-values of the main effects: milk treatment (Trt), days of age (day), and their interaction (Trt x day).

Greatest SEM.

*Metabolizable energy of starter feed, milk replacer, and whole milk was calculated based on Drackley (2008) and

NASEM (2021).
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Table 3. Least squares means of plasma biomarkers at 1, 7, 15, 21, 28, 35, 45, and 60 d of age of Fleckvieh calves

fed milk (MR; n = 9) or whole milk (WM; n=9)

Treatment P-value'
Biomarker? MR WM SEM® Trt Day Trt x day
Transfer of passive immunity
IgG at 24 h, g/L 17.78 17.32 2.73 0.75
Total protein, g/L 64.38 62.65 2.008 0.26 0.01 0.16
Globulin, g/L 32.55 31.10 1.705 0.31 <0.01 0.06
GGT, U/L 391.82 362.73 129.08 0.27 <0.01 0.98
Energy metabolism
Glucose, mmol/L 5.58 6.19 0.335 <0.01 <0.01 <0.01
BHB, mmol/L 0.13 0.15 0.022 0.15 <0.01 0.16
NEFA, mmol/L 0.24 0.25 0.056 0.59 <0.01 0.97
Creatinine, pmol/L 112.87 111.61 6.941 0.80 <0.01 0.01
Urea, mmol/L 3.06 3.70 0.446 0.05 <0.01 0.03
Cholesterol, mmol/L 2.79 3.37 0.249 0.01 <0.01 0.05
Liver functionality
Albumin, g/L 31.68 31.70 0.691 0.97 <0.01 0.63
Paraoxonase, U/mL 53.69 64.57 6.05 0.10 <0.01 0.01
Alkaline phosphatase, U/L 312.37 446.00 64.072 0.01 0.03 0.14
AST, U/L 81.22 72.83 26.523 0.70 <0.01 0.92
Bilirubin, umol/L 5.33 2.98 1.138 <0.01 <0.01 <0.01
Ceruloplasmin, pmol/L 1.67 1.84 0.214 0.35 <0.01 0.05
Inflammatory response
Haptoglobin, g/L 0.30 0.25 0.052 0.13 0.91 0.21
Myeloperoxidase, U/L 297.31 290.72 60.483 0.89 0.01 0.91
Mineral
Ca, mmol/L 2.67 2.78 0.069 <0.01 0.01 0.98
P, mmol/L 3.37 3.19 0.109 0.01 <0.01 0.31
K, mmol/L 5.20 5.04 0.139 0.05 0.07 0.21
Mg, mmol/L 0.89 0.89 0.026 0.83 <0.01 0.02
Na, mmol/L 145.71 145.68 1.097 0.95 0.01 0.48
Cl, mmol/L 104.91 104.18 1.059 0.17 <0.01 0.07
Zn, pmol/L 22.30 17.45 2.283 0.02 <0.01 0.04

'P-values of the main effects: milk treatment (Trt), days of age (day), and their interaction (Trt x day).
“NEFA = nonesterified fatty acids; AST = aspartate aminotransferase; GGT = y-glutamyl transferase.

3Greatest SEM.

activity compared with MR calves at 35, 45, and 60 d of
age (P <0.01; Figure 3B). A significant Trt X day interac-
tion was detected for bilirubin concentrations (P < 0.01).
Although WM calves started with higher bilirubin values
at 1 d, they displayed markedly lower concentrations than
MR calves between 7 and 45 d of age (P < 0.01; Figure
4A). Ceruloplasmin was affected by the interaction of Trt
x day effect (P = 0.05). Indeed, WM calves had greater
ceruloplasmin levels at 15, 21, and 28 d of age compared
with MR calves (P < 0.01; Figure 4B). Haptoglobin was
not affected by Trt, day, or the interaction of Trt x day (P
> 0.10). A significant Trt x day interaction was observed
for plasma Zn concentration (P = 0.04). A lower Zn con-
centration was observed in WM calves than in MR calves
at 15, 21, 28, 35, and 45 d of age (P < 0.05; Figure 5A).
Additionally, alkaline phosphatase activity was overall
greater in the WM than MR group (446 U/L and 312.37 +
64.072 U/L, respectively; P = 0.01; Table 3).

Regarding the mineral status of calves, compared with
the MR calves, the WM group had overall greater con-
centration of calcium (2.67 vs. 2.78 + 0.069 mmol/L, MR
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and WM, respectively; P < 0.01), but lower phosphorus
(3.37 vs. 3.19 £ 0.109 mmol/L, MR and WM, respec-
tively; P=0.01, respectively) and lower potassium levels
(5.2 vs. 5.04 £0.139 mmol/L, MR and WM, respectively;
P =0.05). Further, Mg was affected by the interaction of
Trt x day (P = 0.02), where compared with MR calves,
the WM calves had greater concentrations at 60 d (0.91
vs. 0.97 £ 0.026 mmol/L, MR and WM, respectively; P
= 0.05; Figure 5B).

Hematology Parameters

Hematology parameters are presented in Table 4. The
total circulating leukocyte count was affected by the in-
teraction Trt X day (P = 0.01; Table 4). At 21 and 28 d of
age, compared with MR calves, WM calves had higher
total leukocyte counts (P < 0.01; Figure 6A). The lat-
ter was as consequence of greater circulating neutrophil
counts at 21 and 28 d of age in WM than MR calves (P <
0.01; Figure 6B) highlighted by the interaction Trt x day
(P 0.02). A significant Trt X day interaction was observed
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Figure 2. Trend of plasma glucose (A), urea (B), and creatinine (C) concentrations in Fleckvieh calves fed milk replacer (MR; n = 9) or whole
milk (WM; n = 9). Data are presented as LSM and error bars represent SEM. *Differences between groups within each time point (P < 0.05) are

denoted with an asterisk. Trt = treatment.

for both neutrophil (P = 0.04) and lymphocyte (P =0.01)
proportions. At 21 and 28 d, WM calves had greater pro-
portions of neutrophils compared with MR calves (P <
0.05; Figure 7A), whereas at the same ages they showed
lower proportions of lymphocytes (P < 0.05; Figure 7B).
In addition, WM calves also had lower lymphocyte pro-
portions at weaning (60 d; P < 0.01; Figure 7B).

A significant Trt x day interaction was detected for
MCV (P=0.02) and RDW (P <0.01). From 15 d of age to
weaning, WM calves had lower MCV values and greater
RDW compared with MR calves (P < 0.01; Figures 8A
and B). Overall MPV and PLT were lower and greater,
respectively, in WM compared with MR calves (Trt, P
= 0.01 and 0.04; Table 4). In addition, as highlighted
by the interaction Trt x day (P < 0.01), WM calves had
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lower HCT proportions at 28 and 35 d of age compared
with MR calves (P < 0.05; Figure 8C). A significant Trt
x day interaction was observed for both MCH (P < 0.01)
and MCHC (P < 0.01). Calves receiving WM had lower
MCH from 7 to 28 d (P < 0.05; Figure 9A) and lower
MCHC from 7 to 21 d of age compared with MR calves
(P < 0.05; Figure 9B).

DISCUSSION

Optimizing nutritional strategies during early life can
enhance calf health and growth, with lasting effects on
lactational performance and dairy system sustainability
(Leal et al., 2025). In this study we evaluated the effects
of feeding either WM or MR on growth performance,
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Figure 3. Trend of plasma cholesterol (A) and paraoxonase (B) levels in Fleckvieh calves fed milk replacer (MR; n = 9) or whole milk (WM; n
=9). Data are presented as LSM and error bars represent SEM. *Differences between groups within each time point (P < 0.05) are denoted with an

asterisk. Trt = treatment.

metabolic variables, and hematological indicators from
birth to 60 d of age in Fleckvieh dairy calves. The ratio-
nale behind this study was to design the MR treatment
to closely match the DM content of WM, the traditional
liquid feed for calves before MR formulations became
widespread in the 1950s; despite MR now accounting
for about half of the global market, WM feeding remains
common on small farms (Kertz et al., 2017; Chapelain et
al., 2025). The MR was adjusted to a volume of 6 L/d,
maintaining the same proportion of TS as in WM, which
is traditionally fed at this volume from 2 to 3 d of age
until 7 to 10 d before weaning, at which point the milk
allowance is typically reduced by half.
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Effect on Feed Intake and Growth Performance

The similar DMI between the 2 groups was in line with
those of Lee et al. (2009) who reported that a similar
intake of calf starter by calves fed either WM or MR dur-
ing the preweaning phase. In our study, calf starter was
available ad libitum, but intake did not differ between
treatments.

The better growth performance observed in the WM
calves supported by BW from d 21 onward, by period-
specific ADG from d 7 to 15, aligns with several ear-
lier studies highlighting the nutritional and functional
advantages of WM over MR (Murdock et al., 1961; Lee
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Figure 4. Trend of plasma bilirubin (A) and ceruloplasmin (B) levels in Fleckvieh calves fed milk replacer (MR; n = 9) or whole milk (WM; n
=9). Data are presented as LSM and error bars represent SEM. *Differences between groups within each time point (P < 0.05) are denoted with an

asterisk. Trt = treatment.
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Table 4. Least squares means of hematology parameters at 7, 15, 21, 28, 35, 45, and 60 d of age of Fleckvieh
calves fed milk replacer (MR; n = 9) or whole milk (WM; n =9)

Treatment P-value'
Parameter” MR WM SEM® Trt Day Trt x day
Total leukocytes, x10° cells/L 10.11 12.04 1.143 0.14 <0.01 0.01
Neutrophils, x10° cells/L 3.61 4.35 0.731 0.25 <0.01 0.02
Lymphocytes, x10° cells/L 5.50 6.12 0.714 0.33 0.84 0.56
Monocytes, x10° cells/L 0.74 0.83 0.129 0.34 0.24 0.51
Neutrophils, % 33.16 35.50 3.634 0.30 <0.01 0.04
Lymphocytes, % 56.01 51.21 4.174 0.02 0.05 0.01
Monocytes, % 7.33 7.08 1.004 0.69 0.08 0.78
RBC, x10" cells/L 9.37 9.44 0.445 0.90 <0.01 0.07
HCT, % 35.58 33.07 1.663 0.22 <0.01 <0.01
HGB, g/dL 10.74 9.01 0.981 0.12 0.76 0.42
MCYV, fL 38.12 35.26 0.901 0.03 <0.01 0.02
RDW, % 20.18 22.73 0.733 0.01 <0.01 <0.01
PLT, x10° cells/L 528.10 635.14 53.368 0.04 <0.01 0.30
MPV, fL 6.85 6.18 0.459 0.01 0.63 0.61
MCH, pg 11.56 9.50 0.935 0.08 <0.01 <0.01
MCHC, g/dL 31.60 27.90 2.463 0.08 <0.01 <0.01

'P-values of the main effects: milk treatment (Trt), days of age (day), and their interaction (Trt x day).

’RBC = red blood cells; HCT = hematocrit; HGB = hemoglobin; MCV = mean corpuscular volume; RDW = red
blood cell distribution width; PLT = platelet count; MPV = mean platelet volume; MCH = mean corpuscular hemo-
globin; MCHC = mean corpuscular hemoglobin concentration.

3Greatest SEM.

et al., 2009; Moallem et al., 2010). However, results
across studies are not consistent: Some have reported
advantages for MR feeding during the preweaning phase
(Hill et al., 2009; Chapelain et al., 2025), whereas oth-
ers found no significant overall differences between MR
and WM (Sharpe and Heins, 2021). Interestingly, in our
study, although the nutrient composition of the 2 liquid
diets differed, with the WM group receiving slightly
greater energy levels, the divergence in ADG emerged
early (d 7-15), leading to different BW between groups
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and then remained stable over time. Based on these re-
sults, it is evident that the 2 groups began to diverge at
15 d of age, with calves receiving WM showing higher
ADG than MR calves. This advantage persisted through
28 d and then continued with the same trend up to 60 d
of age. The key point is that the difference established at
15 d allowed the WM calves to maintain their advantage
during the subsequent period. If the growth differences
were solely due to nutritional content, a progressively
widening gap in BW would be expected as the trial ad-
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Figure 5. Trend of plasma mineral Zn (A) and Mg (B) concentrations in Fleckvieh calves fed milk replacer (MR; n = 9) or whole milk (WM; n
=9). Data are presented as LSM and error bars represent SEM. *Differences between groups within each time point (P < 0.05) are denoted with an

asterisk. Trt = treatment.
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Figure 6. Trend of blood circulating total leukocytes (A) and neutrophil (B) cells in Fleckvieh calves fed milk replacer (MR; n =9) or whole milk
(WM; n =9). Data are presented as LSM and error bars represent SEM. *Differences between groups within each time point (P < 0.05) are denoted

with an asterisk. Trt = treatment.

vanced. Instead, the persistence of a constant difference
in BW suggests that the effects of the feeding treatment
were mostly exerted during a specific window in early
life. This supports the hypothesis that other mechanisms,
potentially related to early metabolic programming or
gastrointestinal development, may have contributed to
the observed differences in growth, especially when
calves must to overcome the critical transition phase
between the end of passive immunity and the onset of
acquired immunity.

The differences in growth performance outcomes may
be attributed not only to the different nutrient composi-

A
50 - MR
N 0 WM
45 Day: P < 0.01
Trt: P = 0.30

DayxTrt: P = 0.04

Neutrophils, %
&
1

30
25
20-
T T T T T T 1
7 15 21 28 35 45 60
Days of age

tion of the liquid diets, but also to non-nutritional bio-
active components such as enzymes and hormones. The
WM contains peptides that provide essential nutrients,
immunological protection, and biologically active com-
pounds with antioxidant, anticarcinogenic, and thera-
peutic properties (Séverin and Wenshui, 2005; Dhar et
al., 2024). In this context, in our study, the MR (with
approximately only 50% skim milk powder) contained
lower casein levels compared with WM. This lower ca-
sein content may have affected chymosin secretion and
abomasal clotting, leading to faster nutrient flow and
altered digestibility, in contrast to the slower flow and
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Figure 7. Trend of blood percentage of circulating neutrophil (A) and lymphocyte (B) cells in Fleckvieh calves fed milk replacer (MR; n = 9) or
whole milk (WM; n = 9). Data are presented as LSM and error bars represent SEM. *Differences between groups within each time point (P < 0.05)

are denoted with an asterisk. Trt = treatment.
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Figure 8. Trend of mean corpuscular volume (MCV; A), red blood cell distribution width (RDW; B), and hematocrit (HCT; C) in Fleckvieh calves
fed milk replacer (MR; n = 9) or whole milk (WM; n = 9). Data are presented as LSM and error bars represent SEM. *Differences between groups
within each time point (P < 0.05) are denoted with an asterisk. Trt = treatment.

improved feed efficiency typically observed with WM
(Garnot et al., 1977; Caugant et al., 1992; Lammers et
al., 1998; Wilms et al., 2024). In the first weeks of life,
calves have limited digestive enzymatic activity and ben-
efit from clotting in the abomasum for optimal protein
digestion. After 3 wk, they can digest both clotting and
nonclotting MR similarly, which often include whey and
soy proteins (Longenbach and Heinrichs, 1998; Grobler,
2008). In addition, the higher fat content of WM may
also have contributed to the slower abomasal emptying
observed, as dietary fat is known to stimulate cholecysto-
kinin release and delay gastric transit (Bell and McLeay,
1978; Welboren et al., 2021).

The poorer growth performance often observed in MR-
fed calves has been attributed to heat-damaged protein
sources (Lynch et al., 1978), limited AA availability
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(Kanjanapruthipong, 1998) and protein denaturation dur-
ing processing steps such as homogenization and drying,
which can disrupt fat globule membranes and damage
bioactive components, as indicated by the lower nitrogen
index of whey proteins (Wilms et al., 2022). In addition,
the inclusion of plant proteins in MR, such as soy and
wheat protein concentrates, may limit the supply of in-
dispensable AA and reduce apparent protein digestibility
(Montagne et al., 2001, 2003; Lee et al., 2009). As dem-
onstrated in several studies, the preweaning ADG has the
capacity to influence the phenotypic expression of milk
yield (Soberon et al., 2012; Soberon and Van Amburgh,
2013; Leal et al., 2025). Therefore, improving the quality
and digestibility of MR protein sources remains essential
not only for supporting early growth but also for optimiz-
ing long-term productivity.
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Figure 9. Trend of mean corpuscular hemoglobin (MCH; A) and mean corpuscular hemoglobin concentration (MCHC; B) in Fleckvieh calves
milk replacer (MR; n = 9) or whole milk (WM; n =9). Data are presented as LSM and error bars represent SEM. *Differences between groups within

each time point (P < 0.05) are denoted with an asterisk. Trt = treatment.

Effect on Hematological and Immune-
Related Parameters

As passive immunity acquired through colostrum
wanes, the calf’s immune system experiences a period
of vulnerability. Many components of the immune sys-
tem, including complement activity and the function of
neutrophils, macrophages, and B cells, remain immature
until at least 2 to 4 wk of age and continue to develop
until puberty (Reber et al., 2006; Chase et al., 2008). As
indicated by the IgG concentrations measured 24 h after
birth, both groups exhibited comparable levels of pas-
sive immunity transfer. Given this similar initial status of
passive immunity, any subsequent differences in immune
parameters are likely attributable to postnatal factors,
such as diet composition and nutrient bioavailability. At
21 and 28 d, the WM-fed calves exhibited leukocytosis,
characterized by an increase in neutrophil cell count that
lead to a lower percentage in lymphocytes. The increase
of the latter could be supported by the stimulation effects
played by milk proteins (a-, B-, and k-casein fractions
and whey proteins; Bogucki et al., 2023). As passive
immunity provided by colostrum decreases, the animal’s
immune system undergoes stress (Chase et al., 2008).
From 7 to 15 d, WM-fed calves also had a greater period-
specific ADG, which could be linked to the enhanced
bioavailability (digestion and utilization) of nutrients
(protein and energy) along with other known (minerals,
vitamins, enzymes, and hormones) and unknown growth
factors (Blum and Baumrucker, 2002; Lee et al., 2009).
This nutritional advantage likely helped WM calves bet-
ter cope with the physiological stress associated with the
decline of passive immunity, contributing the observed
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differences in growth performance during this critical
window.

Effect on Metabolism

Plasma glucose concentrations are often positively
correlated with ADG (Chandler et al., 1968; Kitchenham
et al., 1975; Lammers et al., 1998). Glucose, produced
endogenously through gluconeogenesis or derived from
the hydrolysis of lactose in milk (Pantophlet, 2018),
represents a key energy source for neonatal calves. As
previously discussed, the dynamics of clot formation can
influence gastric emptying; accordingly, the passage rate
of lactose-containing liquid into the duodenum is also
affected, potentially affecting nutrient absorption (Ra-
dostits and Bell, 1970). In casein-rich diets such as WM,
the liquid phase leaves the abomasum rapidly, resulting
in an earlier glucose appearance in plasma, whereas the
curd formed by casein and fat is digested more slowly,
sustaining nutrient release over time (Wilms et al.,
2024). This combination of an early peak followed by
a prolonged absorption phase may explain why WM-fed
calves in our study still had higher glucose concentrations
before the morning meal. Insulin dynamics also contrib-
ute to these patterns, as MR-fed calves, because of their
higher lactose intake, typically show greater postprandial
glucose and insulin peaks, followed by a faster return to
baseline (Wilms et al., 2024). Further studies with de-
tailed postprandial sampling are warranted to confirm
this interpretation.

Urea is generated when AA are broken down in the
body and is affected by the diet (Wilms et al., 2022). In
this regard, the greater plasma urea in WM calves at 15,



Sfulcini et al.: FEEDING WHOLE MILK OR REPLACER TO CALVES

28, and 45 d was likely the result of higher protein intake
in that group.

Regarding liver activity, the greater concentration of
alkaline phosphatase (ALP) in the WM group contrasts
previous reports (Wang et al., 2022; Chapelain et al.,
2025). This enzyme serves as a marker of bone prolifera-
tion, as an indicator of liver function (Sato et al., 2005),
and its elevated level in WM calves may have been as-
sociated with the higher growth rate observed in these
calves. However, a more plausible explanation is that the
differences in ALP levels were not due to variations in
liver function or greater growth, but rather to the uptake
of ALP from the unpasteurized WM fed to WM calves.

Paraoxonase, an acute-phase protein (APP; Feingold
et al., 1998), has a strong association with lipid metabo-
lism (Turk et al., 2004). Its levels increased over time,
reflecting the immaturity of the liver at birth, physi-
ological maturation, and immune stimulation (Inanami et
al., 1999; Orro et al., 2008). The higher concentrations
observed in the WM group at 35, 45, and 60 d may be
partly explained by a greater fat intake, as paraoxonase
is associated with high-density lipoproteins and plays a
key role in lipid transport and antioxidant defense (Bi-
onaz et al., 2007). However, the continued increase in
paraoxonase levels from d 45 to 60, despite a concurrent
decrease in cholesterol levels, may also suggest a more
efficient hepatic development in WM calves, indicating
that the rise in paraoxonase is not solely due to dietary fat
intake. Among other APP, variations in haptoglobin were
detected at 7 and 60 d, with the MR group displaying
greater levels. From 15 to 28 d, the WM group had greater
ceruloplasmin concentrations. These findings align with
Chapelain et al. (2025), with all values remaining within
the healthy range (Chapelain et al., 2025). However, fur-
ther studies are needed to determine whether the elevated
ceruloplasmin levels are due to increased absorption
from WM or to improved hepatic development. Notably,
ceruloplasmin should not be interpreted as an inflamma-
tory marker in this context, as the available data do not
support this role in calves (especially considering that
other markers such as haptoglobin, bilirubin, and ROM
weaken the inflammatory interpretation). The greater
bilirubin concentration in the MR group could be attrib-
uted to a greater turnover of hemoglobin, whereby globin
is recycled into AA and the heme portion is degraded to
bilirubin, ultimately resulting in increased bilirubin pro-
duction compared with WM-fed calves (Chapelain et al.,
2025).

The progressive increase in blood cholesterol levels
over time, particularly in calves fed WM, align with find-
ings reported in the literature (Hammon and Blum, 1998;
Lepczynski et al., 2015; Chapelain et al., 2025), suggest-
ing a potential correlation with increased fat intake. The
greater plasma cholesterol concentrations in WM calves
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from 15 to 60 d likely reflect greater dietary fat intake
and may support increased bile acid synthesis, given that
cholesterol is the primary precursor. This could enhance
lipid digestion. Simultaneously, the lower plasma biliru-
bin concentrations observed in the same group may indi-
cate more efficient hepatic uptake and biliary excretion
of bilirubin, rather than reduced hemoglobin turnover or
hepatic dysfunction.

The greater values of MCV, CHCM, MCH, MCHC,
hematocrit (%), and lymphocyte (%) observed in calves
fed MR may have reflected physiological adaptations to
differences in the nutritional composition and bioavail-
ability of key micronutrients. The MCV decrease reflect-
ed the replacement of RBC containing fetal hemoglobin
with smaller RBC containing hemoglobin (Jain, 1986;
Brun-Hansen et al., 2006). Although WM had the lowest
MCYV, it was compensated by the greater RBC number to
maintain a normal HGB. The higher MCV in MR calves
suggests an expansion in erythrocyte size, which may be
indicative of altered erythropoiesis, potentially driven
by differences in iron intake between MR and WM di-
ets (Chapelain et al., 2025). Differences in erythrocyte
parameters should also be interpreted considering that
MR are largely supplemented with iron to historically
prevent anemia, which results in greater HGB and HCT
(Chapelain et al., 2025). The elevated CHCM, MCH,
and MCHC values in MR-fed calves further support the
hypothesis that there was a greater intracellular HGB,
which may have been influenced by variations in plasma
volume, hydration status, or erythrocyte turnover (Sarma,
1990). However, the lower hematocrit observed in MR-
fed calves compared with those receiving WM does not
suggest hemoconcentration. Indeed, HCT is positively
associated with dehydration in calves (Westhoff et al.,
2024), indicating that MR-fed calves in our study were
likely less affected by dehydration.

CONCLUSIONS

The present study examined the impact of feeding WM
versus MR from birth to 60 d of age on the growth per-
formance of Fleckvieh calves. Despite no alteration in
DMI, the results showed that feeding WM significantly
improved growth performance, as evidenced by greater
ADG from 7 to 15 d leading to greater BW compared
with calves fed MR. This pattern likely reflects differ-
ences in nutrient bioavailability and utilization between
WM and MR, which may have influenced the metabolic
profile and immune-related markers, especially after pas-
sive immunity waned. Furthermore, the WM group also
exhibited enhanced immune function markers, indicated
by leukocytes and increased neutrophil counts. Metaboli-
cally, WM-fed calves had greater glucose and cholesterol
levels, reflecting greater energy and fat intake, together
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with markers reflecting greater hepatic efficiency.
Conversely, MR-fed calves exhibited alterations in he-
matological parameters, most likely reflecting greater
iron content typically present in MR. Further research
is needed to explore the long-term implications of WM
feeding on calf development, especially in relation to
subsequent lactation outcomes.
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HCT = hematocrit value; HGB = hemoglobin concentra-
tion; MCH = mean corpuscular hemoglobin; MCHC =
mean corpuscular hemoglobin concentration; MCV =
mean corpuscular volume; MPV = mean platelet volume;
MPO = myeloperoxidase; MR = milk replacer; NEFA =
nonesterified fatty acids; PLT = platelet count; PON =
paraoxonase; RBC = red blood cell count; RDW = red
blood cell distribution width; ROM = reactive oxygen
metabolites; STP = total serum protein; Trt = treatment;
WM = whole milk.
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