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Effects of milk feeding strategy and acidification on calf growth, metabolic traits, oxidative

stress, and health were evaluated in the first 78 days of life. Holstein calves (N = 48; 12

calves/treatment) were assigned to 1 of the 4 treatments in a 2× 2 factorial arrangement

of milk feeding strategy [6 L/d (MOD) or 12 L/d (HIGH) of milk] and acidification

[non-acidified milk (NAM) or acidified milk (ACM)] on day 2. Calves were bucket-fed milk

as follows: 6 L/d from days 2 to 49 for MOD and 6 L/d from days 2 to 49, 12 L/d from days

7 to 42, and 8 L/d from days 43 to 49 for HIGH calves. All calves were then fed 4 L/d from

days 50 to 56. Starter and water were available ad libitum, while hay was fed at 5% of

starter from day 64. Calves were weighed, measured, and blood (except days 14, 42 and

56) sampled on days 2, 14, 28, 42, 49, 56, 63 and 78. Data were analyzed using Mixed

PROC of SAS with time as repeated measurements. Fecal scores, checked daily, were

examined by the logistic regression using a binomial distribution in GLIMMIX procedure.

There were no three-way interactions observed for all the parameters. We detected a

milk feeding strategy × time interaction for starter intake, body weight, ADG, ADG/ME,

FE, structural measurements, and glucose. Although, overall (558.0 vs. 638.6 g/d), HIGH

calves tended to consume less starter compared to MOD, significant differences were

only observed in week 8. The HIGH calves had greater ADG during days 2–14 (1.12

vs. 0.75 kg/d) and tended to have greater ADG on days 15–28 (0.79 vs. 0.55) and 29–

42 (0.86 vs. 0.60) and lower on days 57–63 (0.11 vs. 0.38) compared to MOD calves.

The HIGH calves had greater BW from days 28 to 78 compared to MOD, while NAM

were bigger compared to ACM calves from days 49 to 78. The HIGH calves had lower

overall feed and metabolizable energy efficiencies compared to MOD. Except for BW and

heart girth, no milk acidification × time interaction was observed for starter intake, ADG,

FE, or ADG/ME. Blood glucose in calves fed NAM-HIGH and ACM-HIGH were greater

compared to those fed moderate milk volumes on day 28 only. Albeit, feeding strategy
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had no effect, calves fed ACM had lower likelihood of experiencing diarrhea (odds ratio

= 1.32; 95% confidence interval: 1.018–1.698) compared to those fed NAM. Overall

milk feeding strategy had no effect on growth, while milk acidification reduced growth in

calves, despite lowering the likelihood of experiencing diarrhea.

Keywords: calf, high milk volume, acidified milk, weaning, health

INTRODUCTION

Feeding calves high volumes of milk, at least 20% of their body
weight per day, is recommended in light of empirical evidence
for improved calf growth, health, and future productive potential
(Khan et al., 2011; Kiezebrink et al., 2015). This amount is
contrary to the conventional feeding strategies, where calves are
fed a restricted amount (4 L/d) of milk or milk replacer (MR) to
encourage starter intake before weaning. Alternatively, calves are
fed high volumes of milk in the first 4–6 weeks of life followed by
a stepdown weaning procedure to encourage starter intake and
promote or maintain ADG postweaning (de Passillé et al., 2011;
Rosenberger et al., 2017; Dennis et al., 2018). Increased starter
intake provides the substrates required for rumen development
(Jasper and Weary, 2002), hence mitigating the nutritional
deficiency that might arise due to poor digestibility of solid
feed and to a greater extent, a less developed reticulorumen
(Huber, 1969; Huber et al., 1984). Recent studies have shown that
despite early introduction to calf starter, calves fed more than
6 L/d consume significantly less starter before weaning process
commences (de Passillé and Rushen, 2016; Benetton et al., 2019;
Neave et al., 2019). For example, de Passillé and Rushen (2016)
reported that calves offered 12 L/d of milk took an average of 54 d
to consume at least 200 g/d of calf starter for 3 consecutive days.
In agreement, calves fed a MR took at least 36 and 47 days to
reach 40 and 225 g of solid feed, respectively (Neave et al., 2019).
However, the low starter intake had no effect on growth rates as
the extra amount of milk or MR was able to sustain the satiety
levels in the preweaning period (Klopp et al., 2019; van Niekerk
et al., 2020).

Feeding calves with acidified milk (ACM) is common in some
parts of the world (USDA, 2016; Todd et al., 2017; Lorenz et al.,
2021) and could be useful when the cost of MR increases (Hill
et al., 2013). ACM is prepared by adding organic acids, such
as formic acid, to milk as a preservative, so that it can be fed
to calves without the need for pasteurization (Anderson, 2008;
Todd et al., 2017). The acids lower the growth and survival
of pathogenic bacteria in milk fed to dairy calves (Richard
et al., 1988; Parker et al., 2016) and can be fed for 1–3 days
after preparation (Anderson, 2008). When fed to calves, the
ACM could also create an unfavorable environment that hinders
pathogen proliferation and reduces pathogen load in the gut,
resulting in improved whole animal health (Nocek and Braund,
1986), though modern studies evaluating this effect are limited.
Generally, several studies have explored calf physiology, gut
microbiology, and behavior relative to feeding ACM or MR (Hill
et al., 2013; Todd et al., 2017). Although, some studies reported
relatively lower intakes of acidified milk relative to non-acidified
milk (NAM), calf performance was not negatively influenced

when calves were fed MR (Todd et al., 2017, 2018). Feeding
ACM products to calves was common in the 1980s (Bush and
Nicholson, 1987). However, it was not until recently that interest
in this feeding management has gained momentum in some
production systems (Hill et al., 2013), thanks to the need to feed
calves high volumes of milk (Overvest et al., 2016), which helps
maintain milk or MR quality following acidification by inhibiting
the growth of the pathogenic microbiota.

Higher milk production in the future (Soberon et al., 2012;
Gelsinger et al., 2016) is a strong incentive for dairy producers to
increase the amount of milk they feed dairy calves. Moreover, calf
welfare concerns among the public are continuously emerging
(Costa et al., 2019), prompting dairy stakeholders to think of
more innovative ways to feed and manage calves. Previous
research in our laboratory showed that ACM could be used
as an alternative to pasteurized milk in feeding calves for the
first 21 days of life (Deng et al., 2017; Zou et al., 2017).
However, the effects of feeding higher volumes of acidified
non-saleable milk on growth and performance before and after
weaning have not been fully explored in dairy calves. Hence,
more research is required to understand the biochemical and
physiological mechanisms through which growth is maintained
or even improved with acidified non-saleable whole milk feeding.
Thus, we set up an experiment to explore the effects of
feeding high volumes of ACM in the preweaning period on the
growth and performance of dairy calves. We hypothesized that
calves receiving high volumes of ACM would have improved
performance compared to those receiving NAM. Therefore, the
objective of this study was to investigate the effects of feeding
either moderate (MOD) or high (HIGH) volumes of milk with
or without acidification and their interactions on the nutrient
intake, growth, oxidative stress, and health parameters of dairy
calves in the first 78 days of life.

MATERIALS AND METHODS

Treatments, Animals, and Feeding
This study was conducted at the Zhongyuan Dairy Farm (Xinle,
Hebei, P.R. China) from October 2018 to January 2019. Animal
procedures were done according to the procedures outlined
under Regulations for the Administration of Affairs Concerning
Experimental Animals and the National Committee of Science
and Technology of China (14 November 1988). Animal care
and use were approved by the Ethical Committee of the
College of Animal Science and Technology of China Agricultural
University (Yuanmingyuan Road, Haidian District, Beijing;
Case number: AW71111202-1-1). The number of animals per
treatment was determined by performing a power analysis
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(PROC GLMPOWER, SAS 9.4) to detect an 8.4% difference in
ADG where the mean was 0.59 kg/d and SD was 0.10 [data
derived from Hill et al. (2013)] at an α = 0.05 and power = 0.80.
The expected means were 0.59, 0.64, 0.70, and 0.75 for NAM-
MOD, ACM-MOD, NAM-HIGH, and ACM-HIGH. Using these
values 32 and 128 calves were required for milk strategy and
milk acidification, respectively. However, due to the limitation
of funds and animals, we recruited only 48 animals for this
trial. The forty-eight Chinese Holstein calves (24 females and 24
males) were separated from their dams immediately after birth.
The calves were fed 4 L within 1 h of birth and 2 L 6 h later of
colostrum. The overall mean concentration of serum protein on
day 2 was 6.32 ± 0.17 ml/dl. The calves were blocked by date
of birth (2 ± 1 day of age), BW (37–43 kg), and sex. The calves
were individually housed in hutches and assigned to 1 of the 4
treatments (N = 48; 12 calves per treatment) in a randomized
complete block design with a 2 × 2 factorial arrangement of
different [6 L/d (MOD) or 12 L/d (HIGH) of milk] milk feeding
strategy and milk acidification [NAM or ACM]. All calves were
offered the same batches of non-saleable (transitional milk from
fresh cows and non-saleable milk from antibiotic-treated cows)
milk beginning 24 h after birth that was either pasteurized or
acidified. The NAM was pasteurized at 72◦C for 15 s. The ACM
was prepared by diluting non-saleable milk (at a temperature of
< 5◦C) with diluted 88% formic acid (for every 1 L of milk with
30ml of diluted acid). The formic acid was first mixed with water
at the rate of 1 part formic acid 88% into 9 parts water. The milk
was then mixed every 3 h for 3 times to reduce milk separation
(Parker et al., 2016) and used after at least 24 h of fermentation.
The milk was fed at a temperature of 37–39◦C. All calves were fed
6 L/d in the first 6 days. Afterward, theMOD calves were supplied
with the same amount (6 L/d) of milk daily at 08:00 h and 14:00 h
until day 49. The HIGH calves were allowed access to milk for at
least 30min at 08:00 h, 14:00 h, and 20:00 h from day 7 to 42. They
were then weaned stepwise, beginning day 42 by reducing the
volume fed to 8 L/d fed at 08:00 h and 14:00 h in equal amounts.
From day 50 until complete weaning on day 56, all calves received
4 L/d in an equal amount at 08:00 h and 14:00 h. Milk was
provided in plastic buckets that were sanitized with an iodine
detergent in hot water and inverted in a position to dry after
every milk feeding session. Calves were allowed free access to calf
starter from day 4 (Sanyuan Feed Co. Ltd., Hebei, China). Oat
hay was offered at 5% of the calf starter fed beginning from day
65. The hay was mixed with calf starter. Newly fed and refused
starter and milk were recorded daily. Water was freely available
to the calves. The calves were housed in individual hutches (the
inside dimensions of the hutches were 215 cm long, 120 cm wide,
and 136 cm high with an outside iron bar fenced area of 160 cm
long, 120 cm wide, and 110 cm high) on a sand bedding that was
layered with sawdust when the temperature dropped below 0◦C.
All calves were weaned on day 56 and remained in the hutches
until day 78.

Data and Sample Collection
Milk and Feed Sampling and Analysis
Milk fed to the calves was sampled biweekly and analyzed
for protein, fat, lactose, and solid non-fat on the farm

TABLE 1 | Chemical composition of pasteurized and acidified milk.

Composition (%) Milka

Pasteurized Acidified

Fat 4.11 3.82

Protein 3.58 3.55

Lactose 5.35 5.34

SNFb 9.66 9.61

MEc (Mcal/L as fed) 0.74 0.72

aMilk sampled bi-weekly at feeding, tested by a spectrophotometer (Ultramilker UL40AC,

Ultrasun Technologies Co., Ltd., Hangzhou, China).
bSNF, solids non-fat.
cME of milk estimated as follows: ME = 0.93[(0.0923 × fat%) + (0.0492 × SNF%) –

0.0564] (Drackley, 2008).

TABLE 2 | Chemical composition of calf starter (CS) and oat hay (OH) on a DM

basis.

Nutrienta Calf starterb Oat hay

DM, % as fed 89.4 93.2

CP 22.4 6.18

Fat 3.65 2.75

TDN 82.0 –

Starch 30.1 –

NFC 41.7 –

NDF 13.5 44.1

ADF 7.11 33.7

Ash 8.05 4.48

MEc,d (Mcal/kg) 2.93 2.15

aPercent of DM, unless otherwise stated; analyzed by NIRSTM DS2500 FOSS.
bConcentrate starter (Sanyuan Feed Co. Ltd., Hebei, P. R. China). Contained 12.8% corn,

19.8% soybean meal, 10.1% wheat bran, 8.3% extruded soybean, 40.0% steam-flaked

corn, 3.0% canola meal, 2.0% cottonseed meal and 4.0% premix compounds.
cME = Calculated ME for calf starter according to NRC (2001) equations.
dME = 0.239006 × 9.0 MJ/kg DM; estimated based on oat hay composition by Du et al.

(2019).

laboratory (Ultramilker UL40AC, Ultrasun Technologies Co.,
Ltd, Hangzhou, China). Representative feed samples were
collected and stored in an air-sealed nylon bags until further
analyses. Dry matter, CP, NDF, ADF, ether extract, and ash were
analyzed by NIRSTM DS2500 FOSS. Tables 1, 2 contain the
nutritional composition of milk, starter, and oat hay used.

Body Weight and Structural Measurements
Calves were weighed by a digital scale on days 2 (the day of
enrollment in the trial), 14, 28, 42, 49, 56, 63, and 78. On the
same days, body structural measurements including body length
(distance between the points of shoulder and point of pin bone),
heart girth (circumference of the chest measured directly behind
the front leg), withers height (distance from the base of the front
feet to the withers), and hip height (distance from the base of the
rear feet to hook bones) measurements were recorded.
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Blood Collection and Analysis
Blood was sampled from the jugular vein in evacuated tubes
containing no anticoagulant for serum separation and with
K2EDTA for plasma on days 2 (to confirm passive transfer
of immunity only), 28, 49, 63, and 78 for determining
concentrations of glucose, NEFA, total protein (TP), plasma urea
nitrogen (PUN), insulin, insulin-like growth factor 1 (IGF-1),
cholecystokinin (CCK), and oxidative biomarkers. The blood
was subsequently centrifuged at 3,500 × g for 15min at 10◦C
to separate plasma and serum. The blood samples were then
stored at −20◦C until further analysis. Serum total protein and
glucose were determined using a handheld optical refractometer
and glucometer, respectively, as reported elsewhere (Alugongo
et al., 2017; Xiao et al., 2018). Concentrations of NEFA, PUN,
IGF-1, and oxidative biomarkers [glutathione peroxidase (GSH-
Px), superoxide dismutase (SOD), malondialdehyde (MDA), and
the total antioxidant capacity (TAOC)] were determined using
the hydroxylamine, xanthine oxidase reaction, thiobarbituric
acid, and calorimetry methods, respectively, according to kit
manufacturer’s instructions [Jiancheng Bioengineering Institute,
Nanjing, China; Alugongo et al. (2017)]. Plasma insulin
concentration was measured by RIA (Steinhoff-Wagner et al.,
2011). An ELISA methodology was used to analyze the CCK.
Concentrations of NEFA, PUN, IGF-1, GSH-Px, SOD,MDA, and
TAOC were quantified by an automated biochemistry analyzer
(Model GF-D200, Caihong Co., Ltd., Shandong, China). Insulin
was measured by a multitube radioimmunoassay counter (Model
Bfm-96, Zhongcheng Electromechanical Technology Co., Ltd.,
Hefei, China), whereas IGF-1 and CCK by enzyme-immunoassay
instrument (Thermo Multiskan Ascent, Franklin, USA).

Fecal Scoring
Fecal scores were recorded daily for individual calves by a
trained team member based on a scale of 1–4 (Magalhães
et al., 2008). Fecal consistency was scored as 1 when firm,
2 when soft or moderate consistency, 3 when runny or mild
diarrhea, and 4 when watery and profuse diarrhea. A calf
was considered diarrheic if it had a fecal score of >2. Calves
that had a fever with temperatures ≥ 39.5◦C, inappetence,
droopy ears, nasal discharge, and labored breathing were treated
with antibiotics by the farm veterinarian. Electrolytes were
administered intravenously through the jugular vein to visually
dehydrated calves.

Statistical Analysis
Data for feed (milk, starter, hay, andmetabolizable energy) intake
were summarized by week. The ADG was calculated as the
differences in BW between 2 consecutive sampling days (days
2,14, 28, 42, 49, 56, 63, and 78) divided by the number of days in
that period, and the data was also used to calculate the ADG/ME
and feed efficiency in the 7 respective periods. Before analyses,
all data were screened for normality using the UNIVARIATE
procedure of SAS. The data were analyzed using the MIXED
procedure of SAS (SAS 9.4, SAS Institute Inc., Cary, NC) with
time (week/period) as a repeatedmeasure for dependent variables
(starter intake, BW, ADG, ADG/ME, feed efficiency, structural
measurements, blood metabolites, and oxidative biomarkers).

The model included fixed effects of milk feeding strategy, milk
acidification, time, and the interaction terms for milk feeding
strategy × milk acidification, milk feeding strategy × time, and
milk acidification × time. Three variance–covariance structures
(simple, auto-regressive type 1, and compound symmetry) were
tested and the covariance structure with the lowest Akaike and
information criterion was used. The sex effect was excluded
from the final model after it was tested and found to be
insignificant. The calf was the subject of the repeated statement.
The least-square means were separated by the PDIFF statement,
and the Tukey–Kramer adjustment was applied to account
for the multiple comparisons. The slice option was used to
determine which groups were different when a 3-way interaction
was significant. The effect of experimental treatments on the
likelihood of experiencing diarrhea was examined by the logistic
regression using a binomial distribution in GLIMMIX procedure
of SAS version 9.4. Significance was declared at P < 0.05 and a
trend was declared at 0.05≤ P < 0.10. The individual calf was the
experimental unit.

RESULTS

Effect of Milk Feeding Strategy and Milk
Acidification on Milk, Starter, and Hay
Intake
As planned, calves on HIGH volumes consumed more milk
than those fed MOD volumes of milk (P < 0.001; Table 3). The
acidification of milk had no effect on the milk intake within
MOD, but lowered intake in the HIGH treatments. Similar trends
were observed for milk DM, milk protein, and milk fat intakes.
Although starter intake tended (MOD= 638.6 vs. HIGH= 558.0
g/d; P = 0.07) to be affected by the milk feeding strategy, a milk
feeding strategy by week interaction showed that calves fedHIGH
compared to MOD only ate less starter at week 8 of age (P =

0.01; Figure 1). Milk acidification had no effect on the starter
intake. Hay intake, fed only between days 65 and 78, was similar
between treatments (hay =111.4 g/d). The differences in milk
volumes and starter intakes resulted in variation in overall ME
intake such that NAM-HIGH > ACM-HIGH > NAM-MOD >

ACM-MOD (Table 3). This was specifically contributed to by
differential intakes in ME among the treatments between weeks
2 and 7 of the trial. The ME intakes were not different between
treatments from week 8 to the end of the study.

Effect of Milk Feeding Strategy and Milk
Acidification on BW, ADG, and Feed
Efficiency
The results for BW, ADG, and FE are presented in Table 3.
The initial birth weight was similar among groups, with a mean
of 40.9 ± 1.83 kg. By weaning on day 56, the BW was in the
following order: NAM-HIGH > ACM-HIGH > NAM-MOD >

ACM-MOD. However, by the end of the study, NAM-HIGH had
the greatest BW, NAM-MOD and ACM-HIGH were similar, and
ACM-MOD had the least. We detected a milk feeding strategy×
week interaction for overall BW and ADG (P < 0.001; Figure 2).
Calves on HIGH treatment exhibited a greater ADG during days
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TABLE 3 | Least square means for the effect of milk feeding strategy and milk acidification on starter, hay (offered from day 64 to 78) and metabolizable energy intake for

calves fed 6 (MOD) or 12 L (HIGH) of milk with (ACM) or without (NAM) acid.

Item NAM ACM SEM P-valuea

MOD HIGH MOD HIGH Strategy ACID INT Time 1b 2b 3b

Milk intakec, g/d

DM 789.4 1,246.0 764.8 1,171.1 9.21 < 0.001 < 0.001 0.01 <0.0001 < 0.001 0.001 0.005

Protein 205.7 324.6 202.5 310.0 2.43 < 0.001 < 0.001 0.02 <0.0001 < 0.001 0.005 0.01

Fat 236.1 372.7 217.3 332.7 2.66 < 0.001 < 0.001 < 0.001 <0.0001 < 0.001 < 0.001 < 0.001

Milk intake, L/d 5.75 9.07 5.70 8.73 0.07 < 0.001 0.01 0.04 <0.0001 < 0.001 0.01 0.02

Starter Intake, g/d 678.1 559.3 599.1 556.7 43.6 0.07 0.35 0.38 <0.0001 < 0.001 0.19 0.18

Hay intaked, g/d 118.4 107.2 111.7 108.3 4.77 0.13 0.56 0.42 <0.0001 0.70 0.63 0.58

ME intakee, Mcal/d 4.91 6.52 4.58 6.14 0.12 < 0.001 0.01 0.84 <0.0001 < 0.001 0.01 < 0.001

BWf, kg

Initial 40.7 41.5 40.6 40.8 1.52 0.74 0.80 0.98 – – – –

Weaning 75.7 86.8 70.9 78.3 1.52 < 0.001 < 0.001 < 0.001 – – – –

Final 96.7 102.5 90.7 96.4 1.52 < 0.001 < 0.001 0.001 – – – –

Overall 67.2 76.0 64.6 70.2 1.20 < 0.001 0.001 0.19 <0.001 < 0.001 <0.001 0.25

ADGg, kg/d 0.71 0.72 0.60 0.65 0.03 0.38 0.01 0.55 < 0.001 < 0.001 0.08 0.19

ADG/ME, kg/Mcal 0.14 0.10 0.12 0.09 0.01 < 0.001 0.02 0.37 <0.0001 < 0.001 0.09 0.66

FEh, kg/kg 0.64 0.55 0.63 0.52 0.02 0.01 0.50 0.86 < 0.001 < 0.001 0.43 0.48

aProbability of a significant effect of milk feeding strategy (Strategy), milk acidification (ACID) or interaction of milk feeding strategy and milk acidification (INT); Time = week or period.
b Interactions: Strategy × Time = milk feeding strategy × Time, ACID × Time = milk acidification × Time, and Strategy × ACID × Time = milk feeding strategy × milk acidification ×

Time, respectively.
cMilk intake: days 4 to 56.
dHay intake, hay was fed from day 65 to the end of the study.
eME intake, total metabolizable energy in milk, calf starter and hay.
fBW, body weight.
gADG, average daily gain.
hFE, feed efficiency, calculated as total feed intake (milk, calf starter and hay) divided by average daily gain.

FIGURE 1 | Effect of milk feeding strategy and milk acidification on starter

intake in calves assigned to (1) non-acidified milk at 6 L (NAM-MOD); (2)

acidified milk at 6 L (ACM-MOD); (3) Non-acidified milk at 12 L (NAM-HIGH)

and (4) Acidified milk at 12 L (ACM-HIGH) per day. Strategy: milk feeding

strategy (MOD or HIGH). ACID: milk acidification (NAM or ACM). Time

represents a week. Values are presented as weekly LSM. **Indicates significant

difference between calves fed moderate and high milk volumes (P < 0.01).

2–14 (P < 0.001) and a trend on days 15–28 (P = 0.10) and
on days 29–42 (P = 0.05) compared to MOD. Between days 42
and 63, HIGH calves experienced a decrease in ADG such that
a week after weaning completely from milk the calves grew at a
3 times lower rate compared to MOD calves (MOD = 376 vs.
HIGH = 109 g/d; P = 0.06). Calves had similar growth rates
thereafter. Generally, calves fed HIGH milk volumes had greater
BW beginning on day 14 till the end of the study on day 78.
An ACID × time interaction was also observed for BW (P <

0.001), whereby, calves were consistently similar in BW until day
42. Thereafter, calves fed ACM tended to decrease in BW (d 49;
P = 0.07) and significant differences were observed from days
56 to 78 (P < 0.01). Although we did not observe differences
in ADG for a specific time period, a trend for ACID × time
interaction was also observed (P = 0.08) with overall greater
ADG in calves fed NAM compared to ACM milk (P = 0.01).
We observed a milk feeding strategy × time interactions (P <

0.001) for feed and ME efficiency, where calves on HIGH milk
volumes had lower overall feed and ME efficiency compared
to MOD (P < 0.05). Calves fed high volumes of milk had
significantly low FE between days 43 and 49 (MOD = 0.72 vs.
HIGH = 0.40; P < 0.001). Calves fed high volumes of milk
had significantly low ADG/ME between days 43 to 49 and days
57 to 63 (P < 0.001). ACM had no effect on overall FE and
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ADG/ME, but tended to affect their interactions with time (P
< 0.10). There were no three-way interactions between milk
feeding strategy, ACID, and period for overall BW, ADG, FE,
and ADG/ME.

Effect of Milk Feeding Strategy and Milk
Acidification on Structural Measurements
Structural measurements are shown in Table 4. Interactions of
milk feeding strategy × day were observed for height (P =

0.02), length (P = 0.02), abdominal girth (P < 0.001), and
heart girth (P = 0.10). Calves fed high volumes of milk had
greater body length [day 28 (MOD = 76.5 vs. HIGH = 80.0 cm;
0.0003), day 42 (MOD = 81.1 vs. HIGH = 84.3 cm; 0.002)
and day 49 (MOD = 83.9 vs. HIGH = 86.8 cm; 0.008)], heart
girth [day 28 (MOD = 87.5 vs. HIGH = 91.1 cm; 0.002), day
42 (MOD = 92.7 vs. HIGH = 96.5 cm; 0.001), and day 49
(MOD = 93.9 vs. HIGH = 97.4 cm; 0.003)], and abdominal
girth [day 14 (MOD = 88.3 vs. HIGH = 92.9 cm; 0.03),
day 28 (MOD = 90.4 vs. HIGH = 96.2 cm; 0.001), day 42
(MOD = 94.9 vs. HIGH = 102.9 cm; < 0.0001), and day 49
(MOD = 95.9 vs. HIGH = 100.3 cm; 0.06)] mainly before
weaning (P < 0.05). Feeding ACM resulted in an ACID × day
interaction for heart girth (P = 0.001) and abdominal girth (P
= 0.06). There were no specific differences at individual days
except for heart girth on day 78 (NAM = 104.4 vs. ACM =

100.4 cm; P < 0.001). There were no three-way interactions
between milk feeding strategy, ACID, and period for overall
structural measurements.

Effect of Milk Feeding Strategy and Milk
Acidification on Blood Metabolites
Various blood metabolites related to energy and protein
metabolism were measured in this experiment (Table 5). No
three-way milk feeding strategy × ACID × day interactions
were observed for all the blood parameters except for a trend
in glucose (P = 0.09) concentration. Blood glucose in calves
fed NAM-HIGH and ACM-HIGH were greater compared to
those fed moderate milk volumes on d 28 only. Interactions
between milk feeding strategy and day were observed for TP
(P = 0.03) and PUN (trend; P = 0.07). On day 78, HIGH
fed calves tended to have greater plasma concentration of TP
compared to MOD (MOD = 5.57 vs. HIGH = 5.91 g/dl;
P = 0.11). Calves fed ACM had lower PUN compared to
those fed NAM on day 28 (NAM = 4.55 vs. ACM = 3.54
mmol/L; P = 0.01). No differences were observed on the other
days. Neither milk feeding strategy, milk acidification nor their
interactions had an effect on the NEFA concentration. Overall,
milk feeding strategy (P = 0.003) and milk acidification (P =

0.03) independently affected insulin concentration. Both IGF-1
and CCK were neither affected by milk feeding strategy nor by
milk acidification.

Effect of Milk Feeding Strategy and Milk
Acidification on Oxidative Biomarkers
The oxidative biomarkers tested in this experiment included
GSH-Px, SOD, MDA, and TAOC (Table 6). No interactions

betweenmilk feeding strategy or milk acidification and time were
observed for the oxidative biomarkers. Similarly, treatment had
no effect on these biomarkers, except for TAOC. Overall, milk
acidification reduced the concentration of TAOC (P = 0.01).

Effect of Milk Feeding Strategy and Milk
Acidification on the Likelihood of
Experiencing Diarrhea
Table 7 reports the logistic models for the likelihood of
experiencing diarrhea (fecal score > 2) during the preweaning
period. Calves fedmoderate volumes of milk had a similar chance
of having diarrhea compared to those fed high volumes of milk.
On the other hand, calves fed NAM had higher chances of
experiencing diarrhea compared to calves fed ACM (odds ratio
= 1.32; 95% confidence interval: 1.018–1.698; P = 0.04).

DISCUSSION

Calves readily drink ACM when they are introduced to it early
in life (Anderson, 2008). In the milk feeding period, calves fed
6 L of milk consumed almost all the milk offered, with the ACM
group consuming slightly less. Milk intakes in the calves assigned
to 12 L/d were significantly lower in calves fed ACM compared
to NAM. However, they were not as low as a study conducted in
Canada, in which calves fed ad libitum milk treated with either
formic, formaldehyde, or propionic acids consumed significantly
lesser amounts of milk compared to the non-acidified regime
(Bush and Nicholson, 1987). In fact, the formic acid (0.1%, v/v of
85%, wt/vol) treated calves consumed (130.9 vs. 268.1 kg) almost
a half the amount consumed by the non-acidified calves from
birth to day 28 of life in that study. In a more recent study,
calves consumed around 1.41 kg/d DM (∼9.4 L/d) of acidified
MR offered (Overvest et al., 2016). The differences in intakes
across studies can be ascribed to factors such as temperature
of the milk as well as the frequency of feeding and palatability
among individual calves (Todd et al., 2018). While we fed milk at
37◦C, Bush and Nicholson (1987) fed their calves at an ambient
temperature of 15–20◦C, while Todd et al. (2018) did not indicate
the MR feeding temperature, rather they indicated that the milk
was stored under ambient temperature during the wintermonths.
The ACM intakes in our study were also higher than what has
been reported elsewhere in calves fed NAM twice daily for at least
30min each time (Moallem et al., 2010).

Increasing starter intake before weaning is desirable in dairy
calves. As per the experimental design, calves fed higher volumes
of milk consumed less starter compared to the moderate level
preweaning. Studies conducted by our research group in which
calves drank more than 8 L/d at peak showed that starter intake
during the preweaning period was relatively low (Alugongo
et al., 2017; Xiao et al., 2018) ranging from 103.8 to 313.5 g/d
on average in calves fed calf starter only from day 4. Starter
intake increased sharply during weaning, resulting in calves
consuming greater amounts of starter during the week before and
a week after weaning, in agreement with other studies (Jasper
and Weary, 2002; Benetton et al., 2019). The increase in starter
intake was marked in the calves offered less amount of milk,
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FIGURE 2 | Effect of milk feeding strategy and milk acidification on ADG (A) and body weight (B) in calves assigned to (1) non-acidified milk at 6 L (NAM-MOD); (2)

acidified milk at 6 L (ACM-MOD); (3) non-acidified milk at 12 L (NAM-HIGH) and (4) acidified milk at 12 L (ACM-HIGH) per day. Strategy: milk feeding strategy (MOD or

HIGH). ACID: milk acidification (NAM or ACM). Time for ADG represents the difference in BW between two consecutive days on which BW was measured divided by

the number of days in that period. Values are presented as weekly LSM; *Indicates moderate vs. high volume of milk fed (*P < 0.05; ** < 0.01; *** < 0.001); ‡ indicates

non-acidified vs. acidified milk (‡ P < 0.05; ‡‡ < 0.01).

TABLE 4 | Least square means for effect of milk feeding strategy and milk acidification on body structural measurements for calves fed 6 (MOD) or 12 L (HIGH) of milk

with (ACM) or without (NAM) acid.

Itema NAM ACM SEM P-valueb

MOD HIGH MOD HIGH Strategy ACID INT Time 1c 2c 3c

Height, cm 84.8 86.0 84.7 85.4 0.55 0.11 0.52 0.60 < 0.001 0.02 0.18 0.45

Length, cm 80.7 83.4 80.4 81.8 0.45 < 0.001 0.04 0.14 < 0.001 0.001 0.33 0.59

Heart girth, cm 91.6 95.5 91.0 92.5 0.55 < 0.0001 0.003 0.04 < 0.001 0.10 0.001 0.43

Abdominal girth, cm 96.7 101.5 95.5 98.3 0.88 < 0.001 0.02 0.27 < 0.001 < 0.001 0.06 0.74

a Item: Structural measurements taken on d 2, 24, 28, 49, 56, 63 and 78.
bProbability of a significant effect of milk feeding strategy (Strategy), milk acidification (ACID) or interaction of milk feeding strategy and milk acidification (INT); Time = day.
c Interactions: Strategy × Time = milk feeding strategy × Time, ACID × Time = milk acidification × Time, and Strategy × ACID × Time = milk feeding strategy × milk acidification ×

Time, respectively.

TABLE 5 | Least square means for the effect of milk feeding strategy and milk acidification on blood metabolites for calves fed 6 (MOD) or 12 L (HIGH) of milk with (ACM)

or without (NAM) acid.

Itema NAM ACM SEM P-valueb

MOD HIGH MOD HIGH Strategy ACID INT Time 1c 2c 3c

Glucose, mmol/L 4.00 4.28 4.15 4.16 0.10 0.16 0.87 0.20 <0.0001 <0.0001 0.47 0.09

NEFA, µmol/L 77.7 82.5 71.2 69.6 6.16 0.80 0.12 0.61 0.04 0.55 0.18 0.88

TP, g/dl 5.95 5.78 5.58 5.58 0.13 0.25 0.32 0.66 <0.0001 0.03 0.02 0.84

PUN, mmol/L 4.78 4.75 4.45 4.21 0.16 0.40 0.01 0.54 <0.0001 0.07 0.05 0.24

Insulin, ng/ml 20.6 23.4 19.1 21.3 0.80 0.003 0.03 0.66 <0.0001 0.16 0.45 0.37

IGF-1, ng/ml 171.3 174.1 169.3 171.2 11.5 0.84 0.82 0.97 <0.001 0.94 0.97 0.99

CCKd, ng/L 363.3 363.8 359.4 347.4 12.0 0.63 0.40 0.61 0.03 0.85 0.35 0.74

a Item: Blood sampled on d 28, 49, 63 and 78.
bProbability of a significant effect of milk feeding strategy (Strategy), milk acidification (ACID) or interaction of milk feeding strategy and milk acidification (INT); Time = day.
c Interactions: Strategy × Time = milk feeding strategy × Time, ACID × Time = milk acidification × Time, and Strategy × ACID × Time = milk feeding strategy × milk acidification ×

Time, respectively.
dCCK, cholecystokinin.

which agrees with the findings of Benetton et al. (2019) and
could be attributed to greater hunger in these calves. Previous
studies on the effect of feeding ACM or MR on starter intake

in calves are inconsistent (Hill et al., 2013; Todd et al., 2016).
In calves fed at different volumes of milk and milk pH, Hill
et al. (2013) reported no differences in starter intake across the
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TABLE 6 | Least square means for effect of milk feeding strategy and milk acidification on oxidative biomarkers for calves fed 6 (MOD) or 12 L (HIGH) of milk with (ACM) or

without (NAM) acid.

Itema NAM ACM SEM P-valueb

MOD HIGH MOD HIGH Strategy ACID INT Time 1c 2c 3c

GSH-Px, µmol/ml 444.4 444.0 460.2 487.2 26.5 0.62 0.27 0.61 <0.0001 0.51 0.39 0.50

SOD, U/ml 33.2 32.4 28.6 31.7 2.18 0.61 0.23 0.38 0.56 0.18 0.95 0.75

MDA, nmol/L 2.77 2.79 2.82 2.79 0.03 0.97 0.51 0.47 <0.001 0.22 0.44 0.23

TAOC, U/ml 4.72 4.93 4.40 4.54 0.12 0.16 0.01 0.82 <0.001 0.33 0.92 0.90

aProbability of a significant effect of milk feeding strategy (Strategy), milk acidification (ACID) or interaction of milk feeding strategy and milk acidification (INT); Time = day.
bGSH-Px, glutathione peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde; TAOC, total antioxidant capacity; Blood sampled on d 28, 49, 63 and 78.
c Interactions: Strategy × Time = milk feeding strategy × Time, ACID × Time = milk acidification × Time, and Strategy × ACID × Time = milk feeding strategy × milk acidification ×

Time, respectively.

different treatments studied. Conversely, although mean starter
intake was not different in the preweaning period, the onset of its
intake, defined as a calf voluntarily consuming at least 100 g/d for
2 days consecutively, began on day 32 for acidified compared to
day 39.5 for nonacidified MR (Todd et al., 2016). ACM feeding
neither decreased nor triggered an increase in starter intake in
the preweaning or during the weaning transition period in our
study. A week postweaning, calves were eating between 966.9 and
1287.6 g/d of calf starter on average. This amount was still low
compared to industry standards, where calves weaned at∼8 week
of age are expected to be consuming 1.8–2.4 kg/d of starter for
3 consecutive days at the time of weaning (DCHA, 2016). The
level of milk fed combined with the relatively abrupt weaning
strategy might have caused the failure of our calves to meet the
industry standards before they were completely weaned off milk,
which agrees with the findings of Roth et al. (2009). Even with a 1-
week prior decrease in milk volume fed compared toMOD calves
and a two-stepdown weaning protocol, starter intake was not
stimulated in the HIGH calves. This further highlights the need
to increase the number of weaning steps to help calves smoothly
transition from milk to starter. Furthermore, recent studies have
shown that the cumulative calf starter intake in calves is more
critical than the average daily intake at weaning (Quigley et al.,
2019). Calf starter contains the non-fiber carbohydrates that are
necessary for the development of the gastrointestinal tract. Either
increasing the age at weaning or the duration of the weaning
period could have boosted starter intake in calves, especially
those receiving high milk volumes around the weaning period
(de Passillé et al., 2011; Mirzaei et al., 2018). In the light of our
results, increasing the number of stepdown steps in the stepdown
weaning protocol is recommended for calves to encourage starter
intake. Postweaning starter intake between the HIGH and MOD
calves were similar, consistent with other studies that have
compared feeding low and high volumes of milk to calves (Eckert
et al., 2015; Mirzaei et al., 2018). No differences were observed in
oat hay intake, probably as a result of feeding at a rate of ∼5%
of the starter fed, which was not significantly different during
the same period. Calves sorted for and consumed all the hay
provided, indicating that the amount offered was not sufficient
(Engelking et al., 2020). Limited studies have tried to quantify
the amount of oat hay calves can consume pre- and postweaning
(Castells et al., 2012, 2013). In the study by Castells et al. (2013),

TABLE 7 | Logistic models for the likelihood of experiencing diarrhea (Fecal score

>2a) during preweaning (day 2–56) for calves fed moderate (6 L) or high (12 L)

volumes of milk with (ACM) or without (NAM) acid.

Variable and

comparison

Coefficient SEM ORb 95% CIc P-value

Fecal score > 2

MOD vs. HIGH −0.1989 0.13 0.82 0.635–1.058 0.13

NAM vs. ACM 0.2736 0.13 1.32 1.018–1.698 0.04

aFecal score: 1 to 5, 1 = firm, 2 = soft or of moderate consistency, 3 = runny or mild

diarrhea and 4 = watery and profuse diarrhea.
bThe odds ratio (OR) indicates the probability of having diarrhea (>2) in calves fed MOD

vs. HIGH, or milk with (ACM) vs. without (NAM) acid. If the OR is >1, a given treatment in

the comparison is more likely to have experience diarrhea than the other treatment by a

factor of the difference above 1.
cCI, confidence interval for the odds ratio, include lower and upper confidence limit.

who fed their calves 4 L/d of milk preweaning, calves consumed
around 130 g/d of oat hay postweaning, implying that calves
could eat even more hay than the amount provided. However,
care should be taken when hay is provided at a greater rate of 5–
10% of DM due to the possibility of gut fill (Imani et al., 2017),
which can have detrimental effects on ADG.

Our hypothesis was rejected because compared to calves
fed NAM, the growth of the calves fed ACM was negatively
affected in this study, specifically from days 49 to 78 (end of
study) resulting in lower BW. The differences were difficult to
explain, though previous studies have indicated that decreasing
the pH of MR below 4.5 is likely to affect MR intakes (Todd
et al., 2018) and the growth of gut epithelium (Zhang et al.,
2017), which in turn may affect the absorption of nutrients.
Acidification of milk at a pH ranging from 4.3 to 4.5 in our
experiment, in combination with lower milk intake, might have
contributed to the compromised growth performance over the
weaning period, affecting absorption of feed substrates reaching
the intestines for calves fed ACM. Growth rates were similar for
both groups of MOD calves, while ACM-HIGH generally had
lower growth rates than NAM-HIGH until day 42 (Figure 2).
This affirms our assumption that amount of acid consumed
might have affected the gut epithelium, which compounded
with weaning stress, further slowed down the growth in calves
fed ACM. Our results are contrary to previous studies, which
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have shown that ACM neither reduces nor promotes overall
growth rates in calves (Hill et al., 2013; Todd et al., 2016). It
should be noted that the aforementioned studies utilized MRs.
Furthermore, during weaning, Hill et al. (2013) fed calves NAM.
Whether this could have contributed to reducing the negative
effects of milk acidification during the weaning process is not
clear. What was clear from their study was that feeding calves
at 4.2 compared to 5.2 pH tended to lower growth during
preweaning. Although, no studies have compared between
feeding ACM and MR, the type of milk diet might influence
the effect of organic acids on the growth performance, as has
been suggested for butyrate (Górka et al., 2018). Investigating
the effects of feeding ACM on gut epithelium was beyond
our scope and further studies are warranted, especially with
lower pH of acidified whole milk. However, the overall ADG
in our study was within ranges (0.61–0.78 kg/d) reported in a
previous study in calves fed acidified whole milk above 6 L/d
(Huuskonen et al., 2011). In another large study, conducted
over a period of 1 year, Todd et al. (2017) reported relatively
lower ADG in calves fed ad libitum (0.59 kg/d) formic acidified
MR compared to restricted (0.43 kg/d; 6 L/d) fed calves,
though they did not report the amount consumed by the
former group.

The amount of milk fed had a positive effect on the growth of
calves, especially during the first 42 days. Due to greater ADG
in calves fed high milk volumes, the NAM and ACM calves
were heavier compared to their counterparts. Due to pseudo-
monogastric gut anatomy, the calf depends mainly on milk as
a source of energy in the first 21 days of age (NRC, 2001) and
an increase in BW is dependent on the volume of milk fed or
total ME supplied (Drackley, 2008). Hence, the differences in BW
observed at the early age were a result of the milk being able to
supply extra energy above what is required for maintenance and
growth [e.g. NAM-MOD= 4.6 vs. NAM-HIGH= 7.8 MCal/d in
the first 42 days of life]. We observed a significant decrease in the
ADG between the beginning of weaning and day 63, which was
more severe in calves fed greatermilk volumes. The greater slump
inADGduring the weaning transition is a common phenomenon
in calves receiving high volumes of milk (Jasper and Weary,
2002; de Passillé et al., 2011; Stamey et al., 2012), especially if
stepdown weaning strategy is not adequate (Frieten et al., 2017;
Steele et al., 2017). This reduction in growth around the weaning
period with increased starter intake has been attributed to a
reduction in the digestibility of nutrients in the same period
(Dennis et al., 2018; Quigley et al., 2018). The NAM-MOD calves
might have had a more developed rumen able to digest the starter
and provide energy substrates in the form of VFA for growth
(Baldwin et al., 2004; Quigley et al., 2018). Postweaning transition
growth rates tended to be similar between treatments indicating
that the HIGH fed calves recovered from the adverse effects of
weaning on the gut. Hence, the differences in BW persisted even
after weaning (Jasper andWeary, 2002), which is typical for calves
weaned at a comparable older age (de Passillé et al., 2011). The
preweaning growth rates contribute to the greater BW-measured
postweaning in calves fed high as opposed to moderate milk
volumes (Hu et al., 2020). It is also important to note that calves
receiving high compared to moderate volume of milk in this

study had relatively low overall ADG. Although, we believe that,
the weaning strategy contributed greatly to the reduced ADG, we
also suggest that hay feeding and type of calf starter might have
partly been responsible for the reduced growth. In a companion
study, but under different treatments (calves were fed 8 L/d
from days 7 to 42) calves that were fed hay had greater overall
ADG compared to those that were fed calf starter only (Chen
et al., 2021). Calves also require optimal CP-to-energy ratios for
maximum growth. Calves fed above 6 L/d of milk might have
required greater amount of CP in their calf starter to be able
to keep supporting the preweaning high growth rates during
weaning and upon milk withdrawal (Yousefinejad et al., 2021).

Overall the feed efficiency was higher in calves receiving
moderate volumes of milk in our trial. Previous studies have
shown that calves fed greater volumes of milk or MRs tend
to have greater feed efficiencies compared to calves receiving
around 10% of the calf BW (Diaz et al., 2001; Khan et al., 2007b;
Omidi-Mirzaei et al., 2015), whereas others were not different
(Rosenberger et al., 2017). However, unlike Khan et al. (2007b)
who reported consistently higher feed efficiency in their study
including during the weaning stage, calves on high milk volumes
had lower FE compared to the moderate calves during days 50–
63 in our study. The observed differences around the weaning
period in our study could be attributed to a greater decrease in
ADG with a concomitant greater total DMI (Diaz et al., 2001).

Structural growthmeasurements including length, heart girth,
and abdominal girth were affected by milk volume mainly, such
that calves fed high volumes had larger body size, especially
in the preweaning period. Calves are expected to increase in
body weight concomitantly with structural growth (Heinrichs
et al., 1992). The calf uses extra energy from higher milk
volume for tissue gain and skeletal growth (NRC, 2001; Hu
et al., 2020). Milk volume and milk acidification independently
affected the structural measurements in a similar manner to BW.
An increase in body measurements in response to higher milk
volume has been previously reported (Khan et al., 2007a; Omidi-
Mirzaei et al., 2015). No differences were observed in structural
measurements in relation to feeding ACM, except for a decrease
in heart girth on day 78.

Serum glucose is dependent on the age of the calf and energy
density from milk or MR in the preweaning period. Generally,
glucose level decreases with the development of the rumen since
the energy substrates shifts from glucose absorbed from milk
to VFA (Baldwin et al., 2004). Glucose homeostasis can be
affected by both feeding frequency and feeding level. The greater
milk consumed on day 28 by HIGH calves could have resulted
in greater lactose intake (Mirzaei et al., 2018), which in turn
influences the glucose level in the blood. This was consistent
with glucose concentration dropping and being similar from day
49 after the high-fed calves milk intake was reduced on day
42. The concentration of insulin is dependent on energy intake.
Differential concentration is inevitable in the preweaning period
between calves fed low and high volumes of milk (Hammon
et al., 2002). High volumes of liquid feed may result in higher
insulin in response to glucose in the blood (Frieten et al., 2017).
However, the calves can become insensitive to insulin and hence
not utilize the glucose available in the blood. We, therefore,
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speculate that feeding calves with high milk volumes could
have led to temporal insulin insensitivity. Some authors have
suggested that increased milk intake might lead to increased
adiposity concomitant with a decrease in insulin sensitivity (Bach
et al., 2013). PlasmaNEFA is a biomarker for lipidmobilization in
young calves. Our results showed that there were no differences
between different levels of milk feeding, indicating that fat
mobilization was similar for the same milk feeding level groups
(Maccari et al., 2015). Some studies have reported that high
plasma NEFA can also be observed in high milk volume fed
calves (Byrne et al., 2018) due to increased fat mobilization
just before morning feeding (Kmicikewycz et al., 2013). Few
studies have investigated the effect of high nutrient supply on
the adipose tissue. Leal et al. (2018) reported that the adipose
transcriptome at 54 days was altered by enhanced MR feeding
and could process NEFA at a higher rate compared to restricted
feeding. The capacity of adipose tissue to synthesize NEFA has
been reported to be greater in steers than calves (Howarth et al.,
1968). Since this study was done at a later date, compared to the
earliest time point, we sampled blood, direct linking of our data
to theirs was done with care. However, the lack of differences
in NEFA might be indicative of the adipose tissue being readily
active at an early age in calves, which resulted in calves being
able to produce similar amounts just before the next meal in
the morning.

Total protein and PUN can be used as indicators of protein
metabolism. The milk feeding strategy did not affect the protein
level during the milk feeding period, indicating that these calves
had the same efficiency in utilizing the protein available in the
milk diet. Our values were within ranges reported in the literature
for preweaning calves of the same age (Omidi-Mirzaei et al., 2015;
Alugongo et al., 2017), but slightly lower than others (Mirzaei
et al., 2018). Calves that received high milk volumes tended to
have a higher total protein level in the blood on day 78, which
could be reflective of the tendency of earlier MOD calves having
increased nitrogen utilization or retention of protein in tissues
(Byrne et al., 2018). The milk feeding strategy and day interaction
for the PUN in our calves could be associated with a decrease
on day 49, followed by an increase after complete weaning in all
groups. This can be attributed to the greater starter intake and its
ruminal degradation after complete weaning from milk, which
leads to greater ammonia production in the rumen (Khan et al.,
2007a).

The IGF-1 concentration was not affected by either treatment
or age of the calf. Although IGF-1 is expected to increase with
energy intake, some studies have reported that IGF-1 can be
lower in calves receiving high volumes of milk (Hammon et al.,
2002). Inconsistent with previous studies, our calves had a similar
concentration of IGF-1 during the different feeding periods. In
MR-fed calves, it has been suggested that IGF-1 might not be
directly influenced by greater nutrient supply (Bartlett et al.,
2006). Milk feeding strategy and acidification did not affect CCK,
a gut regulatory peptide that responds to diet in the gut. The CCK
tends to increase 3 h after ameal (Guilloteau et al., 2010), and lack
of differences could be ascribed to our sampling time that was
done before the morning meal and at least after 10 h in the high
milk volume feeding.

The physiological status of the calves during the weaning
process can be destabilized by the withdrawal of liquid feed and
the introduction of solid feed, as the calves are not completely
ready to utilize rumen fermentation products for growth and
defense against infections. Hence, the immune system is likely to
be compromised. The body requires an active immunity defense
mechanism to defend itself against foreign bodies. The immune
system produces oxidants that need to be removed from the body
during the same period. Oxidative biomarkers (GSH-Px, SOD,
MDA, and TAOC) are critical in balancing the physiology of
the calf and hence keeping the calf in good health condition. In
the present experiment, the oxidative biomarker concentrations
were within the ranges that have been reported in previous trials
(Alugongo et al., 2017; Zou et al., 2017). Under the conditions of
our experiment, calves fed ACM might have experienced some
oxidative stress postweaning (Wang et al., 2018). However, the
greater TAOC levels in NAM-fed calves implies the need for
supplementation of antioxidants in young calves during early life
(Abuelo et al., 2014).

The preweaning period poses the greatest risk in terms of
mortality and morbidity (Windeyer et al., 2014) with enteric
infections being a serious risk factor (Svensson et al., 2003).
Therapeutic interventions, especially the use of antibiotics in the
food industry, remain a major concern for the human population
(Witte, 1998; Wemette et al., 2021). Lower incidences of diarrhea
are likely to translate in less treatments with antibiotics (Kaya
et al., 2000; Güler et al., 2006), which could contribute to
healthy animals as well as the reduction in antimicrobial-resistant
bacteria in the environment. Reports on the effect of milk or MR
volumes fed to calves on their health are not conclusive. Some
have reported increased (Dennis et al., 2018) whereas others have
reported fewer or similar (Jasper and Weary, 2002; Khan et al.,
2007a) incidences of diarrhea compared to calves provided low to
moderate volumes of milk. Consistent with Khan et al. (2007a),
we observed a similar likelihood of diarrhea in calves fed either
moderate or high volumes of milk. On the other hand, similar to
the work of Bush and Nicholson (1987), ACM feeding showed
a potential to lower likelihood of diarrhea when compared to
feeding NAM in the preweaning period. We speculate that the
acid can kill or lower the pathogenic bacteria in the milk as well
as harmful bacteria in the gut, while allowing the good bacteria
to flourish (Anderson, 2008; Deng et al., 2017). The low milk
pH keeps the abomasal pH closer to preprandial values (pH <

2.0 in milk fed calves), especially if fed at higher frequencies
(Constable et al., 2006; Burgstaller et al., 2017). However, we
did not determine the diarrhea-causing fecal microbiota in this
study, and more research is required to prove our speculations.
Although the potential decrease in morbidity did not result in
improved growth, as discussed earlier, the pH of the milk utilized
in our study could have interfered with the gut morphology.
Fewer studies have investigated the effect of feeding whole ACM
on calf health and gut development. Future studies are required
to determine the impact of ACM pH level on calf growth,
especially in light of its apparent adverse effect on the gut (Zhang
et al., 2017). Moreover, our study provides a proof of concept
that milk acidification reduces the likelihood of experiencing
diarrhea in calves independent of the amount of milk fed.
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Hence a larger study with more animals is needed to determine
whether milk acidification can affect the incidences of diarrhea
in calves.

CONCLUSION

The results suggested that feeding high compared to moderate
volumes of milk did not improve the overall growth of calves
in this study. This effect of milk feeding strategy was partly due
to the relatively abrupt weaning protocol applied, which allowed
moderate-fed calves to compensate for their low growth during
the first 56 days of life. However, calves fed high compared
to moderate volume of milk maintained a greater body weight
from day 28 to the end of study on day 78 as a result of the
growth rates experienced in the first 42 days of life. In line
with greater growth in the first month of life, our findings
also showed that glucose concentration was greater in calves
fed high volumes of milk on day 28 only. Milk acidification
may reduce the growth despite lowering the likelihood of calves
experiencing diarrhea and not disrupting the metabolic and
oxidative stress biomarkers. A combination of feeding strategy
andmilk acidification did not seem to affect any of the parameters
investigated. Future studies with a greater number of animals
should consider examining the effect of feeding formic ACM at
pH levels lower than 4.5 on gut morphology and nutrient intake
in calves.
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