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Preface to ”Calf and Heifer Feeding and management”

From birth to first calving, the replacement heifer undergoes tremendous changes anatomically

as well as in feeding and management practices. The calf changes from being a pseudo-monogastric

to a full ruminant within a period of two months. During the same period, the calf is fed colostrum,

milk, or milk replacer, and starter with or without hay. Notably, the lifetime milk production

and health of a dairy cow is highly dependent on early life nutrition and management of the

calf and, subsequently, the heifer. Hence, animal scientists continue to investigate critical areas

such as colostrum feeding, the level of liquid feeding, gut microbial succession, energy and

protein levels, housing, health management, and their interactions with the animal in an effort

to help dairy producers raise successful and sustainable dairy enterprises. Emerging research

techniques have opened new frontiers to better understanding the whole animal and how

its diet and environment might influence its microbial, endocrinal, immunity, and metabolic

systems. The integration of existing and current knowledge will help refine replacement heifer

feeding and management practices. The aim of this Special Issue is to publish current and

relevant information related to the nutrition, metabolism, housing, and health of replacement

heifers. All papers are open access and can be freely accessed at the Special Issue website:

https://www.mdpi.com/journal/animals/special issues/Calf and Heifer.

Zhijun Cao, Michael Van Amburgh

Editors
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Simple Summary: Under natural grazing systems, calves are likely to consume forage in early life.
However, forage inclusion in the diet of pre-weaned calves has long been a controversial issue due to
it possibly being associated with negative calf performance. Recent published literature seems to
confound previous research. This review aims to understand the factors that may influence forage
inclusion in the ration of pre-weaned calves. We have explored research related to the effect of feeding
forage on rumen and behavioral development to better understand whether forage should be fed to
the young calf. Based on the findings, it is concluded that a small amount of good quality forage is
recommended for calves to improve their behavioral expression and rumen environment, which may
further improve calf performance.

Abstract: The provision of forage to pre-weaned calves has been continuously researched and
discussed by scientists, though results associated with calf growth and performance have remained
inconsistent. Multiple factors, including forage type, intake level, physical form, and feeding method
of both solid and liquid feed, can influence the outcomes of forage inclusion on calf performance. In the
current review, we summarized published literature in order to get a comprehensive understanding of
how early forage inclusion in diets affects calf growth performance, rumen fermentation, microbiota
composition, and the development of feeding behavior. A small amount of good quality forage, such
as alfalfa hay, supplemented in the diet, is likely to improve calf feed intake and growth rate. Provision
of forage early in life may result in greater chewing (eating and ruminating) activity. Moreover, forage
supplementation decreases non-nutritive oral and feed sorting behaviors, which can help to maintain
rumen fluid pH and increase the number of cellulolytic bacteria in the rumen. This review argues that
forage provision early in life has the potential to affect the rumen environment and the development of
feeding behavior in dairy calves. Continued research is required to further understand the long-term
effects of forage supplementation in pre-weaned calves, because animal-related factors, such as feed
selection and sorting, early in life may persist until later in adult life.

Keywords: calves; forage; performance; rumen fermentation; behavior

Animals 2020, 10, 188; doi:10.3390/ani10020188 www.mdpi.com/journal/animals1
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1. Introduction

As early as 1897, researchers began to evaluate hay feeding in young calves [1]. Since then, more
calf related studies involving various aspects such as genetics, nutrition, health, and welfare have
been completed [2]. Likewise, over the last hundred years, the use of forage in pre-weaned calves has
remained one of the most key concerns in calf nutrition.

Before the 1950s, forage feeding was generally encouraged in pre-weaned calves, as it was believed
to reduce abnormal behavior (e.g., eating bedding material) [3], lower diarrhea [4], and improve rumen
development [5,6]. However, new research emerged challenging the fact that forage feeding could
improve rumen development to the same degree as calf starter [7]. Volatile fatty acids (VFA) were
considered to play a more critical role in stimulating rumen epithelial development rather than the
physical form of diets [8]. Specifically, forage ration resulted in a higher proportion of acetate [9], which
did not stimulate the growth of rumen papillae to the same extent as butyrate and propionate [10,11].
Concentrates, high in rapidly fermentable carbohydrates, produced more butyrate and propionate [12].
Therefore, higher proportions of concentrates could enhance the development of rumen papillae [13].
Furthermore, as fiber had lower digestibility than starch and sugar, many studies claimed that roughage
increased gut fill because of low ruminal fermentation rate, thus curbing the consumption of starter
feed which had higher energy density [5,14,15]. Therefore, some dairy farms provided calves with
ad libitum access to concentrate feed, with no forage until after weaning [16]. More recently, in the
2000s and 2010s, more studies have investigated the effects of forage feeding in pre-weaned calves,
yet results were inconsistent. Some of the studies reported a decrease [15,17], an increase [18–23], or
no differences [24–27] in solid dry matter intake (DMI) and average daily gain (ADG) when forage
was added in the calf diets. As the solid DMI and growth rate of the pre-weaned calves are important
factors that drive rumen development [15] and subsequent milk production in the first lactation [28],
it is vital to understand the factors that influence feed consumption and calf growth when forage is
added to their diet.

On the other hand, over the last ten years, more research has explored the effects of forage
inclusion in diets of young calves not only on calf performance and rumen morphological development
but also on ruminal fermentation metabolites, bacterial composition, and feeding behavior [2], giving
us a more comprehensive and better understanding of this topic. Therefore, the aims of this review
are: (1) to discuss the factors that contribute to the inconsistent results in performance in calves with
forage inclusion; (2) to summarize and evaluate the latest literature on the role of forage in rumen
fermentation and the establishment of feeding behavior of calves.

2. Factors that Affect Calf Performance with Forage Inclusion

Generally, under natural grazing systems, adult dairy cows spend 7 to 13 h eating grass every
day [29]. Young calves acquire nutrients from both milk and fresh grasses and begin to graze as early
as week 2 of age [30,31]. The grazing time usually lasts for a short period, around 20 min at 10 days,
which increases rapidly to 360 min at 100 days of age, equivalent to 70 percent of the grazing time in
adult cattle [30,32].

On some commercial dairy farms, calves are offered free access to starter feed before weaning
without forage [33], which is contrary to natural grazing. Forage inclusion in the pre-weaned calf
diet has long been discouraged due to its negative effect on the growth rate [15,17]. However, recent
research has shown that several factors need to be taken into account when evaluating the impact of
forage provision on calf performance [8,9,34]. These factors include the source, amount, particle size,
physical form, offering time, and feeding method of forage and concentrate, as well as the amount of
milk offered and milk feeding method. A summary of these studies is presented in Tables 1–6.

2
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2.1. Forage Factors

Forage provision in pre-weaned calf remains a controversial topic, hence the proliferation of
related research. In earlier studies, it was believed that forage was the main component in calf diets
that played an essential role in rumen development [5,6]. In two different studies offering a high
proportion of roughage (80% vs. 60% vs. 40% and 67% vs. 50%) to calves as hay to grain respectively,
Hibbs et al. [5] and Conard and Hibbs [35] found that DMI and ADG increased as the proportion of
concentrate in the ration increased. Stobo et al. [36] obtained similar results with calves provided a
maximum daily allowance of concentrate at 0.45, 0.91, 1.36, 1.81, or 2.27 kg/d along with ad libitum
access to grass hay (crude protein (CP) = 7.5%, crude fiber (CF) = 28.7%). These authors reported that
as the concentrate intake increased, the hay intake decreased linearly [5,36], while live and empty body
weight (BW) and rumen development were improved [36]. This is probably because concentrates
result in more VFA production, especially propionate and butyrate [12], which enhances papillae
development [13,36]. Collectively, these early studies suggested that in a high roughage feeding
system, the addition of a bulky forage in the diet might decrease the consumption of energy-dense
concentrates, leading to less rumen fermentation and lower degradation rates, and subsequently lower
total nutrient intake and calf growth.

In the early 2000s, several studies began to investigate the effect of lower levels of forage inclusion
in the diet on pre-weaned calf performance. Most of them included a proportion of forage ranging
between 5 and 25% of total solid feed intake [15,19,22,27,37–40]. In contrast to previous studies, most
studies either reported an increase [19,22,38,40] or a lack of differences [27,37] in DMI, ADG, and BW,
indicative of multifactorial effects in these studies.

3
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2.1.1. Forage Level and Source

Coverdale et al. [19] conducted two experiments in which starter supplemented with relatively
low level (7.5 and 15%) of bromegrass hay appeared to improve DMI, ADG, and feed efficiency (FE).
In experiment 1, limited amounts of mixed feed (concentrate and forage) were offered before weaning,
followed by ad libitum feeding post-weaning. Calves receiving coarse starter with either 7.5 and 15%
of bromegrass hay (8 to 19 mm) were heavier and had greater ADG and FE than calves receiving only
coarse starter, while calves fed 7.5% of hay tended to have the highest ADG and FE [19]. In experiment
2, calves were offered diets ad libitum and weaned according to intake. The concentrate and total DMI
tended to be higher in calves fed 7.5 and 15% of bromegrass hay when compared with the non-forage
group [19]. Similarly, Hosseini et al. [40] recently reported that compared to non or 15% straw, feeding
7.5% of chopped wheat straw tended to improve the overall total solid feed intake (659, 685, and 826 g/d,
respectively) and ADG (519, 553, and 620 g/d, respectively) when calves were offered 4 L of whole milk
per day. Feeding alfalfa hay at 10% of total solid feed increased the overall DMI, ADG, and final BW,
and thereby shortened the time to weaning at a target DMI of starter (1 kg for 3 consecutive days),
compared with feeding 0 or 5% of alfalfa hay [22]. Nemati et al. [38] also observed a linear increase
in total DMI and ADG during the postweaning (d 52 to 70) and overall periods (d 3 to 70) of calves
supplemented with chopped alfalfa hay at 0, 12.5, and 25% on dry matter (DM) basis. However, gut fill
could be a confounding factor when evaluating the effect of forage feeding on improving ADG in
dairy calves. It is commonly believed that an increase in ADG and BW in calves fed forage could be
due to greater gut fill [15,20,27]. Therefore, there is a need for further investigation of the relationship
between gut fill and ADG.

Poor performance has also been commonly observed when including forage in the diet [15,17].
Hill et al. [15] reported that feeding either 2.5 and 5% of chopped timothy hay linearly reduced starter
intake, ADG, empty body weight ADG, and FE. The quality of forage significantly influences the
digestibility and the palatability of the diet [46]. Ülger et al. [47] compared two calf total mixed ration
(TMR) diets with either 20% of a high-quality alfalfa hay (CP= 18.1%, acid detergent fiber (ADF)= 36.1%
and neutral detergent fiber (NDF) = 44.4% on DM basis, relative feed value (RFV) = 127.2) or lower
quality wheat straw (CP = 3.7%, ADF = 52.4% and NDF = 80.1% on DM basis, RFV = 55.9) and found
that the high-quality roughage improved FE and numerically increased ADG during the preweaning
period. In a more recent study, Hill et al. [48] found that moderate to low-quality grass hay (5.4% CP
and 62.8% NDF on DM basis) reduced the digestibility of DM, OM, and CP in young calves consuming a
textured starter. It is noteworthy that the type of hay was not specified in this study, and we speculated
that timothy or mixed hay was included based on other studies at the same period by the authors [49].
On the contrary, Castells et al. [21] and Hosseini et al. [40] reported that a low-quality straw (CP = 4.2%,
and NDF = 74.0% on DM basis) could also improve DMI and ADG. The inconsistency in results on calf
performance when providing low-quality hay was likely due to the different amount of milk offered,
which may affect the solid feed consumption and forage preference as discussed below.
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Castells et al. [21] evaluated ad libitum provision of different types of forages in the diets from
2 weeks of age and found that the inclusion of alfalfa hay (CP = 16.6%, ADF = 30.2%, and NDF = 40.2%
on DM basis), rye-grass hay (CP = 6.8%, ADF = 35.1%, and NDF = 59.3% on DM basis), oat hay
(CP = 8.4%, ADF = 31.8%, and NDF = 59.6% on DM basis), barley straw (CP = 4.2%, ADF = 42.5%,
and NDF = 74.0% on DM basis), corn silage (CP = 8.6%, ADF = 25.2%, and NDF = 41.9% on DM
basis), or triticale silage (CP = 7.5%, ADF = 42.3%, and NDF = 64.7% on DM basis) resulted in similar
or increased intake and gains without impairing FE and nutrient digestibility. Increased DMI and
ADG were observed when oat hay, barley straw, or triticale silage were offered, and the inclusion of
alfalfa hay did not exhibit similar benefits, probably due to the preference for this high-quality and
palatable forage [21]. Indeed, forage intake was highest in calves fed alfalfa hay (14% of total solid
DM) compared with the other treatments (oat hay: 8% rye-grass hay: 4%, barley straw: 5%, corn silage:
5%, and triticale silage: 4%). The higher proportion of forage to concentrate ratio may limit the DM
digestibility and hence restrict the DMI and ADG, as we have already discussed [5,35]. More recently,
a meta-analysis by Imani et al. [34] evaluating the effect of forage provision on growth performance of
dairy calves using 27 published studies from 1998 to 2016 revealed that concentrate DMI was higher in
calves offered alfalfa hay compared with those offered other types of forages.

2.1.2. Forage Physical Forms and Processing

The focus is not only on the forage source and level of feeding, but also on the physical form
and processing of forage. Mirzaei et al. [27] evaluated the effects of particle size (short at 2.92 mm
vs. long at 5.04 mm as geometrical means) of alfalfa hay on growth performance of dairy calves at
two different inclusion rates (low at 8% vs. high at 16% on DM basis). The authors observed no
differences in growth rates between calves fed with or without hay, but greater DMI and weaning BW
were found in calves fed low levels of alfalfa with a long particle size (8% and 5.04 mm) and high
levels with a short particle size (16% and 2.92 mm) compared with calves fed low levels with a short
particle size (8% and 2.92 mm) and high levels with a long particle size (16% and 5.04 mm). The short
particle size at a low level of alfalfa might not have the potential to increase the capacity, motility,
and development of the rumen [11,60], while the negative effect on performance by the long particle
size at a high level might be attributed to the lower digestibility rate of long particles compared with
short particles [61]. Montoro et al. [62] also found that when calves were supplemented with 10% of
long chopped (3 to 4 cm) ryegrass hay, DMI, ADG, and FE were greater than those fed 10% finely
ground (2 mm) grass hay. Longer particle size improved performance [8], probably because of the
increased rumination time of calves, which increased saliva production, and consequently improved
buffering effect on the ruminal environment [63,64]. However, inconsistent results have been obtained
by Omidi-Mirzaei [65] and Suárez-Mena [66]. Omidi-Mirzaei et al. [65] reported that when calves were
fed forage with different particle size (alfalfa hay: short = 1.96 mm or long = 3.93 mm; and wheat straw:
short = 2.03 mm or long = 4.10 mm as geometric mean), rumination time increased in calves fed forage
with long particle size, but concentrate DMI, ADG, and FE were not affected. Suárez-Mena et al. [66]
compared four different particle sizes (0.82, 3.04, 7.10, and 12.7 mm as geometric mean) of low-quality
forage (5% straw) mixed in the diet and observed no effect on DMI, growth performance, and minimal
changes in rumen fermentation and pH among treatments. In summary, these results imply that
interactions may exist among forage source, level, and particle size, and the optimal inclusion level of
forage should be determined based on the forage source and particle size.

In recent years, attempts have been made on alternative ways to increase solid feed consumption
of dairy calves, such as using non-forage fiber [39], silage based feed [55,67], moisturized starter [68,69],
and reconstituted hay [58,59,70]. Beet pulp is a common source included in the diet as a non-effective
fiber source. Maktabi et al. [39] observed that 10% of beet pulp in the diet improved DMI and
ADG compared to a control group (no fiber inclusion), but growth was not enhanced when 20% of
beet pulp was used. Inclusion of corn silage early in life of dairy calves has recently gained more
interest [55,67]. In an experiment that compared supplementing 15 against 0% of corn silage, DMI,
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ADG, and BW increased probably because of the higher moisture content of corn silage that contributed
to reduced dustiness and increased palatability of the feed [55,67]. However, feeding a high level of
corn silage (30 or 60%; 75 or 100%) offered no benefits compared with feeding concentrate alone [43,44].
Suárez et al. [43] reported that substitution of 30 or 60% of the concentrate by corn silage did not affect
DMI and ADG but feeding 30% of straw reduced DMI. Kehoe et al. [44] also found no differences in
DMI and ADG when including 0, 75, or 100% of corn silage in pre-weaned calf diet but fed solely corn
silage diet stunted the growth of rumen papillae and tended to impair intestinal morphology. Hence,
it is possible that corn silage can be used to partly replace the concentrate with little harmful effects on
the growth and development of the calf.

It has been documented that moisturizing the concentrate starter feed by adding water to
change the DM from 90 to 50% increased DMI, ADG, and VFA production in dairy calves [68,69].
More recently, hay processing by reconstituting with water was evaluated in a series of studies
published by Kargar et al. [58,59,70,71]. Hay was soaked in water for 24 h and mixed every 6 h to obtain
a theoretical DM content of 20% [71]. This method has been used previously in the diets of mature
cows to increase fecal consistency [72] and reduce digestion lag time in the rumen as a result of a
higher fiber digestibility [73]. Kargar et al. [70,71] replaced dry alfalfa hay (10%) with a similar amount
of reconstituted alfalfa hay, resulting in similar DMI and ADG, but higher NDF digestibility during
the pre-weaned period. Furthermore, a greater improvement in health status (fecal score and general
appearance score) was obtained with reconstituted hay, possibly due to decreased dustiness, similar to
corn silage [70]. Therefore, corn silage, reconstituted hay, and beet pulp can be used interchangeably in
dairy calf diets based on availability and the relative feed price [58,59].
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2.1.3. Time and Method of Offering Forage

Time [24,75,76] and method [25,77,78] of offering forage are essential factors that can influence
how dairy calves utilize forage. While Wu et al. [24] found no differences in DMI, ADG, and rumen
development in calves fed alfalfa hay or oat hay either at day 3 or 15 of age, different outcomes were
shown in two other studies, investigating the effect of age at which alfalfa hay [75] and oat hay [76]
were introduced to calves. Both studies observed improved DMI and growth performance with forage
provision, and the greatest growth performance and rumen development were obtained in calves
offered hay from the 2nd week rather than the 4th or 6th week of age [75,76]. Based on these studies,
suggestions may be made to include alfalfa or oat hay in diets of calves as early as week 2 or even right
after birth in order to improve DMI and ADG in dairy calves [24,75].

Forage have been provided as a mixture with concentrate in previous studies, while recent
studies investigated calf preference to different feeds by providing forage and concentrate separately.
Castell et al. [21] observed a greater DMI and ADG in calves provided forage rather than without forage.
In this study, calves consumed around 5% of forage when it was offered ad libitum and separately
from the concentrate. However, several studies did not observe a positive effect on DMI when part of
the concentrate was substituted for forage before weaning [43,47]. In research by Ülger et al. [47], who
mixed forage at 20% with the concentrate and Suárez et al. [43] at either 30 or 60%, calves consumed at
a predetermined fixed forage to concentrate ratio which was much greater compared to calves fed
free choice. Therefore, the greater forage proportion in the mixture diet (i.e., containing 30 or 60%
forage) [43] might mask the positive effect on DMI and growth performance compared with forage
consumed voluntarily (around 5% forage) by calves [21]. A meta-analysis study has proven this
inference; when forage was offered separately, starter feed intake and ADG increased compared to
a mixed ration diet [34]. On the contrary, some studies claimed that DMI and growth performance
were not different between two feeding methods (mixed vs. separate) [77,78], possibly due to the low
proportion of forage (15 or 10%) in mixed ration, which was similar to that (11 or 10%) with separate
forage provision in studies by Overvest [77] and EbnAli [78]. Moreover, the high level of milk feeding
(around 13 or 26% of birth weight) might have decreased the solid feed consumption [77,78]. Although
the forage feeding method may not always lead to better performance, it certainly affects the expression
and development of dairy calf behavior [25,79], as discussed below.
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2.2. Concentrate and Milk Factors

2.2.1. The Physical Form of Concentrate Feed

There are different forms and types of calf starters. Porter et al. [37] reported that whether forage
was included or not, calves on coarse mash (average particle size: 2014 μm) ate and gained more
than those on pelleted diets (average particle size: 888 μm). Moreover, rumination was initiated
earlier. Hence, up to 8 weeks of age, calves raised on a complete concentrate diet without forage
did not experience a significant depression in growth performance, which might be due to the long
particle size of coarse mash feed initiating rumination early and preventing bloat and parakeratosis
in the rumen [65]. Two consecutive experiments were conducted by Terré et al. in 2005 to evaluate
the influence of the physical form of concentrate feed (textured or pelleted) with or without forage
inclusion on the performance of young calves. Calves receiving pelleted concentrate feed with straw
exhibited a greater solid intake and higher rumen fluid pH compared with those receiving a pelleted
concentrate feed without straw. Calves that received the texturized (containing whole corn) starter
feed had equivalent rumen fluid pH to those fed a pelleted concentrate with straw. However, rumen
fluid pH and performance were not improved when another texturized (containing rolled mixed
grains) concentrate feed was offered [80]. These results show that the physical forms of concentrate
feed may affect the calf performance and rumen environment differently. For example, calves fed a
texturized concentrate feed containing whole corn had a greater rumen fluid pH than steam-flaked
corn, dried-rolled corn, and roasted-rolled corn [81], likely because the calves spent a longer time
chewing the whole corn feed, which increased saliva production, hence neutralizing the rumen pH and
acids. In another study involving a mashed (with or without corn silage) and a textured concentrate
(with or without corn silage), regardless of the physical form of concentrate feed, forage inclusion
resulted in greater DMI, ADG, and final BW than non-included calves [67]. It was evident that forage
provision had more effect on the growth performance than the physical form of the feed, whereby
steam-flaked grains were the main component in the concentrate. In agreement, Mojahedi et al. [82]
reported that including alfalfa hay could improve DMI and ADG of calves fed steam-flaked corn, as
opposed to a cracked corn-based diet, probably because of higher amounts of gelatinized starch in the
steam-flaked corn (44.1 vs. 12.5% of total starch, respectively). Possibly, forage inclusion enhanced
starch fermentability of the steam-flaked corn through the provision of effective fiber. Collectively, a
decrease in solid feed consumption in calves fed finely ground or pelleted starter on commercial farms
compared with those fed textured concentrate [83] warrants forage provision to improve the solid feed
intake, growth performance, and rumen environment to a greater extent [80,82].
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2.2.2. The Amount and Method of Milk Feeding

Most studies that suggested exclusive concentrate feeding were conducted with calves fed low
amounts of milk [15,36]. For example, in the Hill et al. [15] study, only 120 L of milk was fed to calves
before 28 days of life (weaning date), averaging around 4 L/d of milk (approximately 10% of birth
body weight) which is insufficient for optimal growth. This low milk feeding rate might stimulate
greater concentrate intake in calves to make up for the deficit in energy requirements. Indeed, a strong
negative correlation between liquid and concentrate feed intake has been elucidated in a meta-analysis
that shows calves fed high milk or milk replacer resulted in limited daily starter intakes [28].

As discussed earlier, compared to concentrates, forage are bulkier and are less digestible and
have lower fermentation rates [5], which can lead to a low voluntary intake when low energy forage
is offered separately or as a mixture with the concentrates [8,86]. Castells et al. [21] claimed that
when calves were offered different forages (hay, straw, and silages, respectively) with concentrates ad
libitum and separately, forage consumption was only 4–6% of the total solid feed intake. Interestingly,
the proportion of hay consumed across studies seems to range from 3 to 45% of total solid feed
intake [20,21,25,52,87]. The difference in the proportion of forage consumed across multiple studies
may also depend upon milk feeding amounts. In two studies feeding different amounts of milk,
Castells et al. [52] reported that calves consumed 3% of total solid feed as forage at a low level of milk
feeding (214 L from d 0 to d 57, averaged 4 L/d, around 10% of birth body weight), while Xiao et al. [52]
reported a greater ratio of forage to total solid feed intake, approximately 45% when a high amount
of milk was offered (376 L from d 0 to d 56, averaged 6.8 L/d, around 17% of birth body weight) [25].
Milk contains a high content of fat and sugar, which provide the energy required by the calves, and
greater milk amounts might alter concentrate requirements [25]. This speculation concurs with another
study in which calves fed low amounts of milk consumed more concentrates, resulting in a lower
ratio of forage to total solid feed intake in a low compared to a high milk feeding group (13.2% vs.
18.6%) [84].

Feeding patterns and methods could also affect forage intake in calves. When investigating
the effect of either step down (fed at around 15% of birth body weight per day) or conventional
(approximately 10% of birth body weight per day) feeding patterns in dairy calves, Khan et al. [88]
found that the former had better performance. In a different study, Daneshvar et al. [23] reported that
when similar amounts of milk were fed using different feeding patterns (step down vs. conventional),
solid feed intake did not differ between treatments. Horvath et al. [85] showed that the feeding method
(bucket vs. teat feeding) did not alter the forage and concentrate intake. Hence, milk allowance
might have a greater impact on solid feed consumed by calves as opposed to the milk feeding pattern
or method.

Limited studies directly investigating the relationship between milk allowance and forage
consumption in pre-weaned calves are available, which calls for scientists to turn their attention to
this area, especially with more farms leaning towards high milk volume feeding. Forage inclusion
can promote total solid feed consumption and BW gain in calves, but factors such as the amount of
forage, forage sources, forage feeding method, physical form of forage and concentrate, and milk
allowance might confound these benefits. Calves should be slowly introduced to relatively low levels
of forage while guarding against the use of low digestible forage (i.e., straw), which may depress total
DMI and BW gain. Moreover, forage should be available free-choice and in separate containers from
concentrate feed.

Table 7 shows a summary of selected studies that determined the effects of forage inclusion on
performance, rumen fermentation and development, and expressive behavior in dairy calves. While
the effects of feeding forage on performance, such as DMI and ADG, were controversial, relatively
consistent results were obtained in other parameters, like rumen fermentation and expressive behavior.
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3. Rumen Environment

3.1. Rumen Fluid pH and Fermentation

The rumen is the largest and most crucial compartment of the digestive system in adult ruminants,
as it is vital for acquiring metabolic substrates through microbial fermentation. Although young
calves have an undeveloped rumen, fermentation begins at a very early age [89] and may affect the
development and health of the rumen. Prolonged low rumen fluid pH may cause subacute ruminal
acidosis (SARA) in adult cows, which is well defined in beef feedlot cattle (pH < 5.8 for 3 h/d) [90] and
dairy cows (as periods of moderately depressed pH, from about 5.0 to 5.5) [91]. However, in young
calves, ruminal acidosis has not been clearly defined. Previous studies reported that rumen fluid pH in
young calves is often well below 5.8 [89,92]. Some researchers believe that, as in mature cows, dairy
calves can experience ruminal acidosis [34,89], probably due to the high amount of concentrate fed [92]
in artificially rearing systems and the relatively low saliva [93] secreted at a young age.

Concentrate feed, high in rapidly fermentable carbohydrates, such as sugar and starch, provides
energy for optimal growth, but the fermentation rate tends to generate lots of VFA and lactic acid,
resulting in low rumen fluid pH [51]. Forage, high in fiber, may play a role in mitigating this challenge.
Most of the studies (21 studies, accounting for 84% of summarized studies) explored in this review
showed a positive effect of forage inclusion on rumen fluid pH in dairy calves, while very few reported
no difference (four studies, accounting for 16% of summarized studies) or negative impact (Table 7).
In agreement with a previous meta-analysis, our literature search showed that forage could improve
the rumen fluid pH when supplemented to calves, though it might be dependent on the forage
source [38,40]. Alfalfa hay is more likely to modulate rumen fluid pH during the milk-feeding period
than other types of forages [33]. Maktabi et al. [39] reported that increasing fiber content by adding beet
pulp (10% and 20%) in the concentrate diet failed to improve rumen fluid pH, while supplementing
alfalfa hay (10%) resulted in a significant improvement in this parameter by providing more effective
NDF. Terré et al. [53] also demonstrated that increasing NDF content (18.2 vs. 26.7%) by adding soybean
hulls in the pelleted starter could not alter rumen fluid pH, but adding chopped oat hay, containing
more effective fiber, could improve the ruminating behavior resulting in a higher pH. In agreement,
Laarman et al. [94] reported a positive relationship between forage intake and rumen fluid pH, while
SARA (rumen fluid pH below 5.8) could be exacerbated when calves are fed less than 0.08 kg/d [64],
suggesting that even small amounts of forage consumption (timothy hay, 0.08 kg/d) can reduce rumen
acidosis in calves.

The possible reasons for the increased rumen fluid pH when adding forage in the diet are
multifactorial. On the one hand, forage is bulkier and has lower digestibility compared to the
concentrate. The higher forage consumption leads to increased intake of effective fiber, which in turn
stimulates the chewing (ruminating and eating) activity of calves [56,95], and subsequently improves
the saliva production and rumen buffering [38,63]. On the other hand, the rapidly fermentable
carbohydrates generate abundant VFA that may exceed and overwhelm the absorptive capacity of
the undeveloped rumen [96]. Feeding forage in pre-weaned calves could reduce the concentration of
VFA [19,23,25,35,40,52–54,67] and decrease rumen plaque formation [42,52], increasing the absorptive
surface area of the rumen epithelium and hence reducing the accumulation of VFA and maintaining
the appropriate rumen fluid pH. In addition, an increased passage rate in the rumen was observed in
calves fed forage compared to those fed concentrate only, which lowered the feed retention time in
the gastrointestinal tract (28.4 h for concentrate feed vs. 18.8 h for oat hay group), fermentation time
and VFA concentration [52]. In the same study, calves fed forage tended to have a higher expression
of monocarboxylate transporter-1 in the rumen wall [52], which plays a central role in transporting
acetate, lactate, and protons from the rumen lumen to the bloodstream [97,98], hence alleviating VFA
accumulation in the rumen as well.

A greater acetate [22,23,40,43,52,53,67], and a lower propionate [25,34,40,43,54,67],
butyrate [23,25,27,39,40,53], and valerate [23,25,52,53,67] concentration/proportions have been reported
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in calves fed with forage than those fed only concentrate. These dynamics in fermentation patterns are
probably related to the changes in the rumen microbial ecosystem. For example, cellulolytic microbes,
such as Ruminococcus flavefaciens and Ruminococcus albus, are more prevalent in animals fed high forage
diets, which increase fiber degradation and elevates the proportion of acetate in the rumen [42,52].
Both propionate and butyrate stimulate and enhance rumen epithelial development [12,13,99], with
butyrate serving as the preferred energy source as well as modulating the gene expression in the rumen
epithelium [96]. A low proportion of these two VFA may limit the growth of rumen papillae [42,52].
Due to its relatively low proportions, the valerate has received little attention. It has been suggested
that cellulolytic microbes utilize valerate in the rumen [100], which might explain its decrease in calves
supplemented with forage in their diets.

Lactic acid decreases in the rumen when forage is included in the diet [51], which might end up
positively altering rumen fluid pH. Terré et al. [53] found an interesting relationship between rumen VFA
and rumen fluid pH. When rumen fluid pH was above 5.1, total VFA and rumen fluid pH were linearly
correlated; however, when it fell below 5.1, the correlation disappeared. The implications are that lactic
acid (a much stronger acid than VFA) may alter rumen fluid pH at a pH below 5.1 [53,101]. In adult
cows, an acute ruminal acidosis was observed, with excessive consumption of concentrate feed leading
to a sudden and uncompensated drop in rumen fluid pH (below about 5.0). Owens et al. [60] showed
that lactic acid concentrations increased with a decline in rumen fluid pH. However, when rumen fluid
pH (around 5.0–5.5) was moderately depressed, lactic acid accumulation was inconsistent [102] or
transiently fluctuated [103]. Hence, although moderate depression in rumen fluid pH may cause SARA
in dairy cows, it is not because of the lactic acid accumulation, but might be due to the accumulation of
VFA alone [102].

Collectively, previous studies demonstrate that forage provision has a positive effect on rumen
fluid pH and alters rumen fermentation in calves. However, the majority of these studies assessed
rumen fluid pH and VFA at only a single time point. Further research is encouraged to test the dynamic
changes in rumen fluid pH and VFA when different types, amounts, timing, and particle sizes of forage
are supplemented in the diet, which may help us define SARA in young calves more accurately.

3.2. Rumen Microbes

A developed rumen is full of microorganisms that ferment and degrade multiple nutritional
fractions (sugar, starch, fiber, protein, fat, and so on) and provides necessary metabolic substrates
and nutrients to the dairy cattle. The microbial ecosystem differs between young calves and adult
cows [104]. At birth, young calves possess no anaerobic microorganisms in the rumen [105], with recent
evidence suggesting that colonization occurs immediately after birth [104,106]. Dominant microbes
that are involved in normal rumen function of mature cows are present as early as one day of age [106].
This colonization of microorganisms and the presence of substrates trigger fermentation activity, which
then provides indispensable nutrients for rumen development. It might take as long as a year for
the rumen to mature and for calves to establish a stable rumen microbiota system with many factors
involved [104].

Both liquid and solid feed appear to affect the microbial community in young calves [107]. In this
review, our discussion is restricted to the effect of forage feeding on the microbiota of young calves.
Castells et al. [52] reported that forage supplementation (alfalfa) numerically increased cellulolytic
microbes (Ruminococcus albus) compared with calves fed only concentrate feeds. Similarly, Kim et al. [54]
observed significantly higher copy numbers of cellulolytic bacteria (Ruminococcus flavefaciens and
Ruminococcus albus) in calves supplemented with forages (orchard and timothy hay). Early studies also
evaluated the effects of the physical form (finely ground, 1 mm theoretical particle size vs. unground,
0.64 cm theoretical particle size) of diet on rumen microbiota with two identical diets (25% alfalfa
hay and 75% grain) that varied only in particle size. Calves offered the ground diet had a relatively
lower rumen fluid pH and lower number of cellulolytic bacteria than calves fed the unground diet [89].
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These results revealed that effective fiber might play a crucial role in changing the rumen environment,
hence altering the microbial populations.

The next-generation sequencing (NGS) analysis has revealed that the major phyla in the rumen
are Firmicutes (around 43%), Bacteroidetes (around 21%), Actinobacteria (around 18%), and Proteobacteria
(around 4%) [108]. Relatively higher abundance of Bacteroidetes and lower abundance of Actinobacteria
was observed in calves supplemented with forage compared to those fed only concentrate [54].
Bacteroidetes, the second most dominant phyla in calves’ rumen, may stimulate the development of the
digestive tract [109]. In adult cows fed concentrate feed, the relative abundance of Bacteroidetes dropped
and cows were more susceptible to SARA [110]. The lower level of Bacteroidetes in calves fed only
concentrate could be partly explained by greater feed intakes resulting in low rumen pH. Furthermore,
Kim et al. [54] found that the most dominant genus in Bacteroidetes phylum was Prevotella, a highly
active hemicellulolytic and starch-degraders [111] that mainly produce acetate. A relatively higher
abundance of Prevotella may be related to the greater acetate proportion in calves offered forage [54].
Jami et al. [104] reported that Prevotella was the predominant genus in animals fed high-fiber diets
rather than high-caloric diets. Olsenella is an important lactic acid-producing bacterium under the
phylum Actinobacteria [112]. Forage inclusion decreases Olsenella (hay, 3.9% vs. concentrate, 13.2%)
significantly, which contributes to the lower abundance of Actinobacteria (hay, 4.7% vs. concentrate,
13.9%) [54]. Thus, it can be speculated that forage inclusion in the diet might affect the growth of
lactic acid-producing bacteria (such as Olsenella) by limiting the proportion of rapidly fermentable
substrates (e.g., starch) replaced by fiber. In contrast, although numerical differences were observed in
Bacteroidetes and Actinobacteria when evaluating the effect of forage supplementation, Lin et al. [108]
reported that neither alpha nor beta diversity indices and microbiota were significantly different
among the dietary groups [108], possibly because of the volume of milk (Lin, 252 L, 10% vs. Kim,
88 L, 4% of birth bodyweight) fed to calves, resulting in varying solid feed consumed. Alternatively,
different forage sources (Lin, Oat hay vs. Kim, Timothy) and feeding levels (Forage/Total Solid: Lin,
6% vs. Kim, 20%) (Tables 2 and 4) might have led to insufficient forage consumption causing the
changes in the composition of rumen microbiota in the Lin et al. study. These results indicate that
the population of most predominant microbiota (e.g., Bacteroidetes and Actinobacteria) in the rumen
is closely related to the amount and type of solid feed consumed. Further studies need to focus on
these major groups to illustrate the relationship between rumen microbiota, fermentation and feed
consumption in dairy calves.

It is important to note that the effect of various nutritional (sugars, starch, rumen degradable
protein, NDF, or ADF) and physical (effective forage fiber or non-forage fiber) fractions on rumen
microorganisms in young calves is not clearly defined in literature. Furthermore, most of the studies
evaluating microbial and molecular changes in young calves have only studied a small number of
microbes of interest. With the rapid development of the NGS technologies in the past 20 years, we
recommend the exploration of the global changes in microbial abundance to better understand substrate
fermentation and absorption and epithelium development in the rumen as forage are supplemented to
calves in early life.

4. Feeding Behavior

4.1. Ruminating and Eating Behavior

Feed experiences and behavior development in early life might affect the behavioral expression of
adult ruminants [79]. In the last decade, researchers have increased their attention on the development
of calf behaviors, such as eating, standing, lying, and ruminating when forage is included in the diet.
Forage inclusion in the diet undoubtedly increases chewing in calves even before weaning when only
a small amount of solid feed is consumed. Increased chewing activity may be as a result of higher
rumination [21,39,40,53,55,56,75–78] or the total time spent eating [39,40,57,76,77] when calves are
fed forage.
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In newborn ruminants, rumination is initially absent and emerge a few weeks after birth [113].
Providing forage to young calves can accelerate the development of rumination behavior [114,115].
van Ackeren et al. [116] observed that chewing time was lower in calves receiving a low NDF diet
(26.2%) compared with those receiving a high NDF diet (31.3%). Porter et al. [37] claimed that calves
began ruminating by week 4 of age when fed a more physically effective solid feed, while those fed
a finely pelleted feed began ruminating from week 6. Rumination is crucial in ruminants helping
maintain the rumen fluid pH by stimulating saliva production that neutralize VFA and lactic acid in
the rumen and thus to maintain a healthy rumen environment [105].

Meal feeding patterns (meal size, frequency, and duration) can also impact the rumen environment.
Generally, rumen fluid pH declines rapidly after feed ingestion, and the rate of decrease is associated
with meal size and feeding frequency [117]. Large meal sizes and infrequent meals may result in
a greater drop in rumen fluid pH post-ingestion. Horvath et al. [57] illustrated that the provision
of forage not only increased the total eating time but also influenced the solid feed meal patterns.
An improved meal frequency and duration were observed in their study, which leads to relatively
slower post-prandial drops in rumen fluid pH, potentially decreasing the risk of SARA [63].

4.2. Sorting Behavior

Feed sorting is well demonstrated in adult cows, since they are highly sensitive to sweet taste [118].
Probably, the preference for sweetness reflects the inclination towards higher energy demands, hence
the tendency to sort out for concentrates (sweet, high energy-density) in a total mixed ration [119].
The sorting out of the mixed ration can result in an unbalanced nutrient intake, whereby cows sort out
for the rapidly fermentable cereals as opposed to forage, leading to a drop in rumen fluid pH, and
hence inducing SARA [120]. Ingesting excessive fermentable concentrate feed can result in rumen
acidosis [63]. In turn, the sorting behavior is altered further, leading the animals to choose the part of
diets with longer particle size and slower fermentable rate [121]. These results suggest that ruminants
develop feed preferences based on post-ingestive feedback [122] and they may be biased towards
choosing certain nutrients as the situation demands.

Feed sorting is also seen in the early life of calves. When feeding concentrates and forage
free-choice, variation in the proportion of forage to total solid intake was observed (ranging from 5 and
45%) [21,25,87]. The changes in dietary selection across multiple studies may depend on forage related
factors and milk feeding allowance, as has been discussed above. It is interesting to note that feed
preference and sorting can be established early and persist later on in life. Miller-Cushon et al. [123]
reported that calves fed either concentrate or forage before weaning were likely to consume the feed
that they were already familiar with, even when switched to a mixed diet after weaning. Similarly,
our research group found that calves are likely to eat feed they were originally introduced to and
familiar with even after switching to a free-choice diet, though this effect only lasted for a short period.
However, after switching the diet at weaning, the provision of both concentrate and hay separately
early in life led to a greater hay intake ratio (35.6%) than providing concentrate (17.7%) or hay (16.5%)
solely before weaning. Furthermore, exposure to a diet of both concentrate and hay early in life could
numerically improve the calves’ ability to sort for long particles 6 months later [25]. Therefore, these
results suggest that early exposure to feed experience can affect the feed preference immediately after
switching diets and may have a long-lasting effect. The feeding method may also play an essential
role in influencing the learning of feed sorting behavior. When we compared three different feeding
methods (solely concentrate, separated concentrate and forage, mixed concentrate and forage for the
first month; data unpublished) in 2 month old calves, the lowest sorting activity was observed in calves
fed concentrate and forage separately. Hence, calves exposed early to a diet of concentrate or mixed
ration are likely to sort for fine-grain particles, probably because these calves have already established
their sorting behavior, which can last even after changing to a new mixed diet (data unpublished).
Similarly, the provision of solid feed in pre-weaned calves as separate components reduced the extent
of feed sorting after weaning compared to offering the diet as a mixed ration [87]. As already stated,
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feed sorting is likely to influence rumen fluid pH and may lead to SARA. Separately feeding different
solid feed components at the same time may avert sorting for fine particles when compared to feeding
solely concentrate or mixed diets and might lead to a more stable rumen fluid pH and a healthier
rumen in the calf. However, we cannot ignore the fact that the effect of forage inclusion on sorting
behavior is dependent on a myriad of other factors (e.g., forage source, level, physical form, dry matter,
and milk allowance).

4.3. Other Behaviors

Access to forage by dairy calves may also reduce the occurrence of other non-nutritive oral and
abnormal behaviors [21,40,53,55–57,76,85], such as tongue rolling, licking of buckets, pen or surface,
sniffing, vocalizing, and eating the bedding material. Horvath et al. [85] demonstrated that providing
forage decreased the non-nutritive oral behaviors, and when combined with feeding milk by teat, the
effects were more significant compared with bucket feeding. These results further buttress the fact that
liquid and solid feeding can influence the development of pre-weaned calf behaviors. Furthermore,
supplementation of good quality forage increased other behaviors that may indicate satisfaction
(tail swishing, self-grooming, and rubbing) [56]. Worthy to note is that the decline in non-nutritive oral
behavior may have also reduced the formation of hair and fiber balls in the rumen [4], which have been
associated with poor health and growth of calves. Further research is encouraged to explore whether
forage inclusion early in life would have a long-term effect on sorting and other behaviors.

5. Conclusions

Understanding factors that influence responses to forage inclusion in pre-weaned calves is of
significant importance from a management point of view because the effect of offering forage on calf
feed intake and growth rate has been inconsistent. In recent studies, a small amount of good quality
forage such as alfalfa supplemented in the diet is likely to improve the DMI and ADG. However, these
performances are dependent on the type of concentrate and the amount of milk offered. Although
controversy remains on whether forage improves growth rate, it has been well documented that its
inclusion early in life can help with the establishment of feeding behavior, leading to greater rumination
and eating behavior as well as lowering the abnormal feed sorting behavior. All these positive effects
can result in a higher rumen fluid pH and a more stable rumen environment, with a corresponding
positive effect on rumen microbiota and fermentation. Further research is required to understand the
long-term effects of offering forage to pre-weaned calves, since animal-related factors, such as feed
selection and sorting, established early in life may persist later on in life.
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Simple Summary: The rumen is an important digestive organ that plays a key role in the growth,
production performance and health of ruminants. Promoting rumen development has always
been a key target of calf nutrition. Current research reveals that an early feeding regime and
nutrition have effects on rumen development and the establishment of rumen microbiota. The effects
may persist for a long time, and consequently, impact the lifetime productive performance and
health of adult ruminants. The most sensitive window for rumen manipulation may exist in the
postnatal and weaning period. Thus, the early feeding regime and nutrition of calves deserve further
research. The establishment of the rumen bacterial community is a mysterious and complex process.
The development of microbial 16S rDNA gene sequencing and metagenome analysis enables us to
learn more about the establishment of rumen microbes and their interactions in host gastrointestinal
(GI) tract development.

Abstract: Digestive tract development in calves presents a uniquely organized system. Specifically,
as the rumen develops and becomes colonized by microorganisms, a calf physiologically transitions
from a pseudo-monogastric animal to a functioning ruminant. Importantly, the development of
rumen in calves can directly affect the intake of feed, nutrient digestibility and overall growth. Even
minor changes in the early feeding regime and nutrition can drastically influence rumen development,
resulting in long-term effects on growth, health, and milk yields in adult cattle. Rumen development
in newborn calves is one of the most important and interesting areas of calf nutrition. This paper
presents a comprehensive review of recent studies of the gastrointestinal (GI) tract development in
calves. Moreover, we also describe the effect of the environment in shaping the GI tract, including diet,
feed additives and feeding management, as well as discuss the strategies to promote the physiological
and microbiological development of rumen.

Keywords: calves; rumen; epithelium; microbiota; diet; feed additives; feeding management

1. Introduction

Rearing healthy calves is very important as it can have a significant impact on their growth and
milk production performance in adult life. Adequate calf development is therefore crucially important
for the entire dairy industry. Calves are challenged by a series of stress factors after they are born,
including changes in their surroundings. Specifically, the living environment changes from the sterile
uterus to natural outside conditions, in addition to changes in nutrition from that provided by the
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mother to the digestion and absorption of feed by calves themselves. However, due to the poor
immunity and the incomplete development of the digestive system in young calves, any interference
from the external environment or changes to the nutrition can drastically affect the development of
calves [1]. Some of the problems include diarrhea and slow weight gain, as well as respiratory tract
disease, which can lead to high levels of morbidity and mortality, and pose significant challenges
to breeding.

2. Rumen Development

Compared with monogastric animals, the forestomaches of ruminants have a specialized structure
and function, which results in differences in digestion and physiology between ruminants and
monogastric animals. Moreover, calves have additional unique systems that are present in their digestive
tract during their development. At birth, the rumen is not completely developed, and significant
changes in rumen development have to occur first before the calves can digest dry feed to guarantee
their own growth needs. The specific changes include the development of the rumen organ and
rumen epithelium, and the establishment of rumen microbiota. Understanding rumen development in
newborn calves is one of the most important focus areas of calf nutrition.

2.1. Rumen Organ Development

The digestive system of young ruminants begins to develop during the embryonic period.
For example, the stomach chambers are visible by day 56 in bovine embryos [2]. At birth, the weights of
reticulorumen, omasum, and abomasum account for 38%, 13%, and 49% of the entire stomach weight,
respectively [3]. By eight weeks of age, these proportions change to 61.23%, 13.40%, and 25.37% of the
stomach weight, respectively [1]. Finally, at 12–16 weeks of age, they reach 67%, 18%, and 15% of the
stomach weight, respectively [1,3] (Table 1). The esophageal groove, namely the rumoreticuler groove,
is one of the unique features inside the gastrointestinal (GI) tract of calves. The majority of the liquid
feed, such as colostrum, whole milk and milk replacer (MR), can bypass the rumen, reticulum and
omasum, and flow directly into the abomasum as a result of the reflex closure of the esophageal groove.
The abomasum of newborn calves is the only fully developed and functional stomach, and is also the
most important digestive organ for calves at birth. The digestion of fat, carbohydrates, and protein is
predominantly dependent on the digestive enzymes secreted by the abomasum and small intestine,
which is similar to the digestive system in monogastric animals. Over time, with the increase in dry
feed intake, the rumen begins to develop and starts to play more important digestive roles.

Table 1. The development of the forestomach.

Items 1 0 w 8 w 12–16 w

Reticulorumen % 38 61.23 67
Omasum % 13 13.4 18

Abomasum % 49 25.37 15

Total 100 100 100
1 Each stomach compartment is expressed as a percentage of the total weight of the forestomach.

2.2. Rumen Epithelium

The ruminal epithelium performs many important functions and plays the key role in rumen
development, including absorption, transportation, short-chain fatty acid metabolism, and protection.
The proliferation and growth of the rumen squamous epithelium promotes the growth of papillae
length and width, and increases the thickness of the interior rumen wall [4]. Work by Lesmeister
and coworkers (2004) [5] considered the papillae length of the rumen as the most important factor
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for the evaluation of rumen development, followed by the papillae width and rumen wall thickness.
However, papillae per square centimeter is not used as an indicator of rumen development.

Newborn calves have a smooth epithelium with no prominent papillae. Calves fed solely with
liquid feed have been shown to have limited rumen development characterized by decrease in rumen
weight, papillary growth, degree of keratinization, pigmentation and musculature development [6,7].
Of note, increased intake of solid feed contributes to the rapid development of ruminal fermentation.
As calves consume more starter feed, rumen digesta pH decreases, whereas volatile fatty acid (VFA)
concentration gradually increases during the first two months. The molar proportion of acetate
decreases during the first two months, and then starts to increase until nine months of age as forage
intake increases [1,8]. The presence and absorption of VFAs in the rumen provides chemical stimuli
required for the proliferation of rumen epithelium [6,9]. Importantly, intraruminal administration of
acetate, propionate, and butyrate can stimulate the growth of rumen epithelium in young ruminants,
with the effect of butyrate being the most prominent, followed by propionate [4,6]. Studies suggest that
rumen papilla proliferation is associated with increased blood flow through the rumen wall [10,11]
and a direct effect of butyrate and propionate on gene expression [12].

Despite many studies indicating that VFA can promote the development of rumen epithelium
in vivo, the in vitro results suggest the opposite. For example, butyrate treatment decreases DNA
synthesis of rumen epithelial cells in culture [13], while the proliferation of rumen epithelial cells is
inhibited by rumen fluid in vitro [14]. The divergent in vivo and in vitro response may be linked with
an indirect hormonal response to VFA metabolites. Several hormones, such as insulin, pentagastrin,
and glucagon, have been implicated as possible VFA mediators that stimulate rumen epithelial
proliferation [12,15]. A previous study by Baldwin (1999) reported that proliferation rates of rumen
epithelial cells induced by insulin, epidermal growth factor, and insulin-like growth factor (IGF-1) were
75%, 97% and 96%, respectively [16]. Importantly, other studies also suggested that insulin, epidermal
growth factor, and IGF-1 can overcome the inhibitory effect of butyrate [16,17].

2.3. Ruminal Microbiota

At birth, the GI tract of young ruminants is sterile. During the first hours of life, the forestomach
becomes rapidly colonized with an abundant bacterial population. The neonates acquire bacteria from
the dam, partners, feed, housing and environment. The early gut microbes of suckled lambs were
mainly derived from the mother’s teats (43%) and ambient air (28%), whereas those of bottle-fed lambs
were dominated by bacteria from the mother’s vagina (46%), ambient air (31%), and the sheep pen
floor (12%) (Bi et al., 2019) [18]. Facultative anaerobes such as Streptococcus and Enterococcus are the
early colonizers of rumen, which convert rumen to a fully anaerobic environment to promote the rapid
establishment of strictly anaerobic bacteria [19]. By two days of age, the rumen microflora reaches
109 cells/mL with strictly anaerobic bacteria being predominantly found in the rumen of lambs [20].
The aerobic and facultatively anaerobic bacteria were 10- to 100-fold lower than the strictly anaerobic
bacterial count observed during the first week, which continued to decrease afterwards [20].

Compared to older animals, the abundance of phylum Bacteroidetes was significantly lower in
one-day-old calves and was mainly composed of the genus Bacteroides, whereas older animals were
mainly colonized with Prevotella [19]. Work by Malmuthuge and coworkers (2014) [21] reported that the
rumen contents of three-week-old calves contained a similar level of Bacteroides (15.8%) and Prevotella
(15.1%), which may suggest that starter feed can propel rumen microbiome development to more mature
status. The presence of cellulolytic and methanogenic bacteria was observed in lambs at three–four
days of age, and the population of these bacteria reached a level similar to that observed in mature
sheep within seven days of age [20]. Study by Jami and colleagues (2013) [19] reported that cellulolytic
bacteria and other bacterial species important to rumen function can be detected as early as one day
after birth. Thus, the establishment of these rumen bacteria occurs long before young ruminants have
access to concentrated feed or forage. Dill-McFarland and coworkers (2017) [22] indicated that calves
sampled a few days after weaning had a more diverse rumen community compared to calves sampled
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during weaning. Several fungal operational taxonomic units (OTUs) observed in weaned calves are
also present in adults. As fungi mainly colonize fibrous solids, this may suggest an introduction of
forage allows previously low-abundant or transient fungi to persist and multiply.

The rumen bacterial population of two-week-old calves fed milk replacer (MR) was reported
to contain 45 bacterial genera belonging to 15 phyla [23]. Similarly, 47 bacterial genera belonging to
13 phyla were observed in the three-week-old calves [21]. Interestingly, the rumen microbiota of the
two-week-old calves has more heterogeneous microbiota and harbors more abundant yet transient
bacterial species and genera compared to calves at 42 days of age [23]. Another study suggested that
the diversity and intra-group similarity of rumen microbiota increases with age, suggesting a transition
from a heterogeneous and less distinct community to a more homogeneous and diverse mature
bacterial population [19]. This is further supported by a recent study, where gut communities showed
higher alpha-diversity but lower beta-diversity with age [22]. Co-habitation facilitates individuals
to acquire a shared microbiota [24]. The rumen microbiota was similar in weaned and adult goats
that were co-housed pre-weaning [25]. This may also contribute to a convergence toward a similar
microbiota in the adult animals.

The composition of the rumen bacterial community varied significantly among individual calves,
suggesting a strong host-microbiota specificity in the rumen [19,23]. Similarly, the communities of
archaea and fungi in rumen varied considerably among individuals [22,26]. This may suggest that the
composition of the rumen microbial community is associated with the physiological condition of the
host [19]. Moreover, work by Mayer and coworkers (2012) [27] found that fecal microbial composition
was more similar between twin calves than between siblings, implying that host genetics partly define
individual gut microbial composition.

Additionally, the bacterial composition was different among the gastrointestinal tract regions
and between mucosa- and digesta-associated communities [21]. Colonization of calf rumen starts
early in life with a distinct segregation of bacteria between digesta and epithelial surfaces. Similarly,
the methanogen community also varies along the gastrointestinal tract [26]. This indicates that previous
studies on fecal samples cannot adequately represent the complexity of the gut microbiome. Future
studies should focus on both mucosa- and digesta-associated communities in rumen directly.

3. Strategies to Promote Rumen Development

Strategies to promote morphological structure and metabolic function of rumen in pre-ruminants
are an ongoing issue which greatly attracts a lot of attention from the scientific community. Numerous
studies and approaches attempt to modulate rumen fermentation and the microbial community in
young ruminants to accelerate rumen development. These approaches include alteration of diet
composition and physical forms, addition of new types of feed additives, and introduction of variables
in the feeding management.

3.1. Diet

3.1.1. Liquid Feed

Liquid feed may affect plasma concentration of hormones and growth factors, such as insulin
and IGF-1, which play important roles in stimulating proliferation of rumen epithelial cells [16,28].
Colostrum contains many biologically active substances, mainly polypeptide growth factors and
steroid hormones, including insulin, IGF-1, and transforming growth factor (TGF). Intake of colostrum
has been associated with the development, digestion, and absorption ability of the GI tract in the
newborn calves [16,28]. Moreover, a whole milk calf diet was shown to have a positive effect on milk
yield during the first lactation of the adults compared to calves fed an MR diet. These results highlight
the importance of biologically active milk-borne factors [29].

Soybean protein can be used as an alternative to milk protein in formulating MR [30]. Previous
studies suggested that MR formulated with soy proteins can negatively affect the development of the
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small intestine [31,32]. The abomasal pH declines more slowly and pH is higher in calves fed MR
containing soy flour compared to calves given whole milk [33–35]. Decreasing the pH of MR emulsion
by addition of an acidifier reduces the pH of digesta pH in the rumen, reticulum, and omasum.
Specifically, pH reduction of MR emulsion was found to be beneficial for the development of ruminal
epithelium [36]. Work by Górka and coworkers (2011a) [37] reported a shorter papillae length of the
cranial dorsal sac in calves fed MR compared to calves fed whole milk, and noted positive relationships
between reticulorumen weight and small intestine weight, or with brush border enzyme activities.
There is a close relationship between the development of the rumen and the small intestine. Importantly,
different types of liquid feed affect the development of the small intestine, the intake of solid feed later
in life, as well as the growth and metabolic status of calves, thereby indirectly affecting the development
of forestomaches [37]. Enhancing the nutrition level of MR in calves induces changes in the expression
of genes coding for proteins directly influencing rumen epithelial growth [38]. Moreover, liquid feed
may flow into the rumen due to the closure of the esophageal groove. This can occur even in calves that
are not clinically defined as rumen drinkers. Specifically, in veal calves that received large amounts
of milk, the amount of leakage liquid was approximately 14–35%, which may induce ruminal and
metabolic acidosis in a clinical case [39,40].

3.1.2. Starter Feed

Feeding readily fermentable carbohydrates to calves increases VFA production in the rumen,
which is necessary to stimulate the development of rumen epithelium [41,42]. Calves fed milk-only
diet during the first three weeks present with a different microbial community in their GI tract and feces
compared to calves given milk and solid feed [43]. Diets differing in carbohydrate composition lead to
differences in rumen fermentation patterns and VFA profiles which may have a variable effect on rumen
development [44,45]. For example, high concentrations of ruminal ammonia, acetate, propionate,
and butyrate were detected in calves fed corn- and wheat-based diets compared to calves fed barley-
and oat-based diets. Moreover, the forestomach weight and papillae growth were greater in calves
fed corn- and wheat-based diets [46]. The mucosal thickness was greater in veal calves fed starch-
and pectin-based diets compared to calves on neutral detergent fiber (NDF)-based diets, however,
a higher incidence of poorly developed mucosa was observed in calves fed starch-based diet than in
animals fed pectin- and NDF-based diets [40]. It was reported that the stimulatory effects of VFAs
are different, with butyrate being most stimulatory followed by propionate and then acetate [4,6].
Butyrate provides energy required for rumen wall thickening, formation of papillae and stimulating
capillary development [47]. Butyrate can also increase the blood flow during nutrient absorption and
metabolism and can directly affect gene expression in the ruminal epithelium [4].

Rumen development can also be affected by the dietary nutrient level. Interestingly, lambs fed a
high protein diet had a higher concentration of ammonia nitrogen (NH3–N) but a lower proportion of
total VFA and propionate [48]. Moreover, study by Shen and coworkers (2004) [49] identified that a
high energy diet lead to rumen papillae proliferation, which was associated with IGF-1 receptors and
increased plasma IGF-1 levels in baby goats. However, excessive consumption of rapidly fermentable
starter feed may predispose calves to rumen acidosis. Specifically, it can reduce ruminal pH, decrease
rumen motility, and result in keratinization of papillae, causing a decreased in VFA absorption [42,50,51].

3.1.3. Forage

Forage is less energy-intensive than starter feed. The low digestibility of forage in the rumen
increases gut fill and decreases voluntary intake of concentrated feed by calves, which results in
insufficient levels of VFAs required to stimulate rumen growth [52]. However, forage consumption
is associated with positive effects of fiber on rumination and salivation in the GI tract [53,54].
The inclusion of forage in the diet increases rumen pH in both pre-weaning and post-weaning
calves [55,56]. Importantly, intake of forage was negatively correlated with the severity of subacute
ruminal acidosis (SARA), suggesting that a small quantity of consumed forage (0.080 kg/day) can
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alleviate rumen acidosis in calves [57]. The empty rumen weight was greater in calves supplemented
with hay compared to calves fed a hay-free diet [54,56]. During weaning transition, feeding dietary
forage in calves mitigates ruminal acidosis and induces changes in ruminal bacterial diversity and
abundance [58]. Thus, two completely opposite opinions exist as to whether to feed forage to calves
before weaning. To address this issue, several studies have been conducted to compare the effect
of different initial time of forage provision on growth and rumen development in calves. Lin and
colleagues (2017) [59] indicated that supplementation of oat hay to pre-weaned calves increased starter
feed intake, ruminal pH, and reduced non-nutritive oral behaviors. Calves with hay supplementation
initiated at two weeks of age showed the best productivity. Another study found that feeding forage to
calves, either from 3 or 15 days of age, had no effect on growth rate, feed intake and rumen fermentation
parameters compared to calves fed no forage, which also justified the supply of forage to young
calves [60]. Inclusion of forage in the starter feed was positively linked with muscular development
of the rumen [61,62] and morphological appearances of rumen epithelial cells, and caused decreased
plaque formation [40,61]. Replacing 50% barley or corn with corn silage in the diet given to 10- or
90-day-old calves improved the thickness of the rumen wall, but had no significant effect on the
papillae [63].

Different forage sources have different effects on stimulating chewing activity and saliva
production [64]. Supplementation with NDF from alfalfa hay in the starter diet was shown to be
more effective than beet pulp in increasing rumen pH and stimulating chewing activity [65]. A recent
meta-analysis indicated that forage consumption can affect starter feed intake and performance in
calves, which was modulated by forage level, sources, and physical forms of the starter [66].

3.1.4. Physical Form

The physical form and particle size distribution of the diet exert significant influence on the
anatomical and microbial development of the rumen [50,54]. For example, calves fed a ground diet
had shorter papillae with a smaller surface area compared to calves fed the unground diet. Moreover,
a decrease in cellulolytic bacteria and an increase in amylolytic bacteria were detected in calves fed
the ground diet [50]. Consumption of finely ground diets can reduce ruminal pH [57] and lead to
rumen parakeratosis [50,67]. Given these considerations, 75% of the particles in the starter feed should
exceed 1190 μm in diameter [68]. Work by Lesmeister and Heinrichs (2004) [69] reported that calves
fed texturized starter feed containing whole corn had higher ruminal pH compared to calves fed diet
with dry-rolling corn, roasted-rolling corn, or steam-flaked corn. Increasing particle score of alfalfa hay
from 1 mm to 3 mm can affect non-nutritive oral behaviours in calves fed finely ground starter feed [70].
However, research by Suarez-Mena and coworkers (2015, 2016) [8,71] suggested that increasing
particle size of the starter diet by adding whole oat or straw of different lengths had no effect on
rumen fermentation and calf development. Moreover, chopping of hay grass (~50% particles > 1.9 cm)
decreased chewing time of calves [72], meanwhile, the richness and diversity of rectal microflora was
reduced [73]. Provision of rations containing finely ground hay (2 mm) to calves may increase feed
sorting and result in imbalanced intake of nutrients after weaning [74]. Increasing length of chopped
hay from 2 mm to 3–4 cm reduced non-nutritive oral behaviors and improved nutrient digestibility [75].
The effect of the physical form and shape of the diet on calves is closely related to the inclusion rate,
source, nutrient matrix and processing method of each ingredient. Importantly, the optimal calf diet
specification designed specifically to promote rumen development has not been yet defined.

3.2. Feed Additives

3.2.1. Probiotics

Probiotics are viable and beneficial microorganisms that help maintain GI microbial balance and
promote rumen development. Feeding probiotics to calves around weaning age may facilitate the
development of rumen bacterial communities and help calves with a transition from liquid feed to
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dry feed and forage [76,77]. Fermentation products of Saccharomyces cerevisiae have been shown to
positively influence ruminal microbiota and improve ruminal morphology [78,79]. Specifically, effects
of Bacillus licheniformis, Saccharomyces cerevisiae and their compounds can increase nitrogen utilization of
the rumen microbial community and affect the fermentation pattern which was shown to be beneficial
for growth of fattening lamb [80]. An oral dose of Megasphaera elsdenii NCIMB 41125 given to calves
at 14 days of age increased ruminal butyrate, reticulorumen weight and papillae growth, suggesting
an improvement in epithelial metabolism [81]. Supplementation of Bacillus subtilis natto in starter
feed was shown to aid the development of rumen bacterial communities by increasing the growth of
cellulolytic bacteria in calves after weaning [82].

However, feeding probiotics to calves has not always been shown to exert positive effects on the
development of cellulolytic bacteria. For example, adding a mixture of Lactobacillus plantarum and
Bacillus subtilis to MR and starter feed affected the denatured gradient gel electrophoresis (DGGE)
fingerprint of the 16S ribosomal RNA genes, and reduced the number of Ruminococcus albus in
calves [83]. In contrast, other studies reported that pH and enzymatic activities of rumen fluid
were unaffected by three kinds of probiotic feeding in newborn calves [84]. Supplementation of
Candida tropicalis in MR had no effect on the morphology of the forestomach and enzymatic activities
of ruminal digesta [85]. Rumen and papillae measurements of Holstein bull calves were not affected
by inclusion of Aspergillus oryzae fermentation extract in MR and starter feed [86]. Overall, the effects
of probiotics on rumen development in calves are inconclusive, and frequently driven by differences
in viable probiotic bacterial numbers, probiotics species, administration methods, and health status
of animals.

3.2.2. Effects of VFAs

VFAs are the primary products of rumen fermentation and contribute to rumen epithelium
development in calves. Previous studies suggested that infusion of sodium propionate or sodium
butyrate greatly promotes the development of the rumen papillae in calves [6,42,87]. Supplementation
of MR with sodium butyrate was associated with increased reticulorumen weight and increased length
and width of papillae [37,88,89]. Another study showed that calves receiving a blend of short and
medium chain fatty acids as monoglycerides (0.2%) in MR had less degenerative tissue accumulation
and a higher number of cytoplasmic protrusions on the exposed horn surfaces [90].

Branched-chain VFAs (BCVFA), such as isobutyrate, isovalerate and 2-methylbutyrate,
are naturally derived from the catabolism of branched-chain amino acids. Adequate levels of BCVFA
are essential for the growth of some cellulolytic bacteria and digestion of structural carbohydrates
in the rumen [91–93]. Supplementation of isobutyrate and isovalerate in milk and concentrate feed
can accelerate the growth of calves by improving ruminal fermentation, rumen enzyme activities and
growth of cellulolytic bacteria [94,95]. Administration of VFAs have been proved to be effective in
promoting rumen development in calves, however, the optimal inclusion rate of VFAs and BCVFA in
feed deserved further researches.

3.2.3. Plant Extracts

There are many studies focused on evaluating the potential of plant extracts as alternatives to
feed antibiotics and growth promoters in ruminant nutrition. Plant extracts have been shown to
favorably affect rumen microbiota [96] and modulate ruminal fermentation in ruminants [97–99].
However, studies evaluating how plant extracts affect rumen development in young ruminants are
limited. A recent study revealed that adding Aloe barbadensis to milk was beneficial in increasing total
VFA concentration and bacterial count in cross-bred calves [100]. Supplementation of mulberry leaf
flavonoids in MR increased α-amylase activity in ruminal digesta and protease activity in abomasal
digesta in calves [85]. Supplementation of caraway and garlic in concentrated feed can improve
rumen fermentation parameters by increasing total VFAs, increasing rumen pH and decreasing rumen
ammonia in growing buffalo calves [101]. Thyme and cinnamon essential oils were shown to decrease
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the molar proportion of acetate and lower the ratio of acetate to propionate, as well as increase the
level of propionate in Holstein calves consuming a high-concentrate diet. Finally, cinnamon essential
oil was shown to increase rumen molar concentration of butyrate [102]. Plant extracts are among the
most promising alternatives to antibiotics due to their extensive biological effects, and can be used in
calf feed to prevent diarrhea. However, the efficacy of plant extracts is subject to a series of factors,
including the composition of active components, addition levels, and physiological status of animals.
The use of different types of plant extracts at various inclusion rates in the diet deserves further
research. Moreover, effects of plant extracts on the colonization of microbial populations remains to be
determined in calves.

3.3. Feeding Management

Weaning age can influence the development of rumen in pre-ruminants. For example,
calves weaned at six weeks of age had longer and wider papillae compared to calves weaned
at nine weeks of age [103]. In early-weaned calves, the ruminal pH, molar proportion of acetate and
the ratio of acetate to propionate were lower, but the molar proportion of propionate and butyrate
were greater [104]. The β-diversity of ruminal microbiota shifts rapidly in calves weaned at six weeks,
while a more gradual shift is observed in calves weaned at eight weeks [105]. The colonization pattern
substantially differs between newborn goats reared naturally with the dam and those reared artificially
with MR. A higher bacterial diversity was observed in natural-fed goats [106]. Compared with suckling
feeding, bottle feeding mode tended to increase the number of potential pathogens and delay the
establishment of anaerobic microbes in the gut of lambs [18]. The total rumen bacterial population
of lambs grazing at pasture with the nursing mother was lower compared to lambs weaned at 21 or
35 days of age, whereas methanogens and protozoa population were lower in early-weaned lambs
compared to grazing lambs [107]. Kehoe and coworkers (2007) [108], however, reported that weaning
age had no effect on rumen papillae length, width or rumen wall thickness. Different weaning methods
(conventional weaning or concentrate-dependent weaning) result in similar rumen development [109].
The development of ruminal microbiome was not affected by the weaning strategy, and there was
no effect of gradual or abrupt weaning [110]. The difference may mainly be associated with rumen
development status. Due to the differences in feeding and management during the pre-weaning period,
rumen development of calves may vary in different experiments. Calves with a well-developed rumen
are able to utilize grains and forage efficiently. The effect of weaning age may only be detected in
calves with undeveloped rumen. Additionally, pair-housed calves were shown to consume more solid
feed at an earlier age compared to calves housed individually [111,112].

Intensive feeding of milk or MR may decrease starter feed intake, thereby delaying rumen
development (Cowles, 2006) [113]. Hence, the amount of milk supplied to calves is normally restricted
to promote starter feed intake and rumen development in conventional feeding practices [3,114].
However, calves fed limited amounts of milk had lower growth rates and abnormal behavior due to
reduced nutrient intakes [55]. Schäff and colleagues (2018) [115] reported that compared to calves
fed MR ad libitum, calves fed a restricted amount of MR had greater density of the rumen papillae
in the atrium and ventral blind sac, but lower villus surface area and villus height/crypt depth
ratio in the distal jejunum. Enhanced MR feeding increased the concentration of plasma IGF-1 and
insulin [116,117], which may be beneficial for gastrointestinal growth in pre-weaning calves [16,28].
Furthermore, increasing nutrient intake from milk or MR resulted in enhanced milk yield in the first
lactation [118]. Thus, intensive feeding practices have been widely adopted by producers; however,
supporting feeding programs, such as a gradual weaning plan, need to be detailed to ensure optimum
rumen development.

4. Conclusions

To summarize, it is beneficial for rumen development for calves to be fed high-quality liquid
feed rich in biologically active substances. Minimization of the use of soy protein or appropriate
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acidification of MR may alleviate gastrointestinal epithelium lesions. Feeding readily fermentable
carbohydrates to calves to increase VFA production can stimulate rumen development. A pellet or
texturized starter feed is superior to a finely ground meal. Providing calves with high-graded forage,
such as alfalfa hay, can reduce the occurrence of rumen acidosis and papillae keratinization. Moreover,
additives can be used in calf feed due to their potential advantages in rumen manipulation, however,
the types and the optimal inclusion rate deserve further study. More importantly, there is no fixed
pattern of calf feed. The diet compositions and nutrient specifications should be matched with the
feeding program and management to better promote rumen development.

The rumen is a unique part of the GI tract in ruminants. As the rumen develops and becomes
colonized by microorganisms, a calf physiologically transitions from a pseudo-monogastric to
a functioning ruminant. The development of rumen in calves can directly affect feed intake,
nutrient digestibility and eventual growth of calves. Any changes in the early feeding regime
and nutrition can influence rumen development, and thus, lead to long-lasting effects on subsequent
growth, health, and milk production performance. Study by Moallem and colleagues (2010) [29]
reported higher milk yields during the first lactation in heifers fed whole milk compared to heifers fed
MR. Moreover, the same study suggested that MR did not impart any milk-borne effects in calves [29].
Increasing the nutrient intake from milk or MR prior to weaning resulted in an increased milk yield
during the first lactation [118–120]. This phenomenon may be associated with epigenetic effects of
early nutrition [118].

Additionally, an early feeding regime and nutrition can influence rumen development and rumen
microbial composition, ultimately exerting an effect on the lifetime milk yield in cattle. Studies
indicated that diets can modify the establishment of the bacterial community in lambs during weaning,
which can persist for four to five months [121,122]. The postnatal period is frequently referred to as
the most sensitive window for rumen manipulation [123–125], although studies evaluating ruminal
imprinting are still limited. The majority of published studies focus on rumen organ development,
rumen fermentation parameters, morphology, and changes in the population of cellulolytic bacteria.
With the development of microbial 16S rDNA gene sequencing and metagenome analysis, additional
studies will likely reveal the interactions between host GI tract development and establishment of
rumen bacteria.

Author Contributions: Conceptualization, Q.D.; Writing—original draft, Q.D. and R.Z.; Writing—review &
editing, Q.D. and T.F.

Funding: This research was supported by the Earmarked Fund for Beijing Dairy Industry Innovation Consortium
of Agriculture Research System (BAIC06-2019) and the Collaborative Innovation Task of the Agricultural Science
and Technology Innovation Program in Chinese Academy of Agricultural Sciences-Integration Innovation of
Technology in Dairy Environment-Safe Rearing and Breeding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Diao, Q.; Zhang, R.; Tu, Y. Current research progresses on calf rearing and nutrition in China. J. Integr. Agric.
2017, 16, 2805–2814. [CrossRef]

2. Warner, E.D. The organogenesis and early histogenesis of the bovine stomach. Am. J. Anat. 1958, 102, 33.
[CrossRef] [PubMed]

3. Davis, C.L.; Drackley, J.K. The Development, Nutrition, and Management of the Young Calf ; Iowa State University
Press: Iowa City, IA, USA, 1998.

4. Baldwin, R.L.; McLeod, K.R.; Klotz, J.L.; Heitmann, R.N. Rumen development, intestinal growth and hepatic
metabolism in the pre- and postweaning ruminant. J. Dairy Sci. 2004, 87 (Suppl. E), E55–E65. [CrossRef]

5. Lesmeister, K.E.; Tozer, P.R.; Heinrichs, A.J. Development and analysis of a rumen tissue sampling procedure.
J. Dairy Sci. 2004, 87, 1336–1344. [CrossRef]

6. Tamate, H.; McGilliard, A.D.; Jacobson, N.L.; Getty, R. Effect of various dietaries on the anatomical
development of the stomach in the calf. J. Dairy Sci. 1962, 45, 408–420. [CrossRef]

39



Animals 2019, 9, 490

7. Gilliland, R.L.; Bush, L.J.; Friend, J.D. Relationship of ration composition to rumen development in early
weaned dairy calves with observations on ruminal parakeratosis. J. Dairy Sci. 1962, 45, 1211–1217. [CrossRef]

8. Suarez-Mena, F.X.; Heinrichs, A.J.; Jones, C.M.; Hill, T.M.; Quigley, J.D. Straw particle size in calf starters:
Effects on digestive system development and rumen fermentation. J. Dairy Sci. 2016, 99, 341–353. [CrossRef]

9. Flatt, W.P.; Warner, R.G.; Loosli, J.K. Influence of purified materials on the development of the ruminant
stomach. J. Dairy Sci. 1958, 41, 1593–1600. [CrossRef]

10. Sander, E.G.; Warner, H.N.; Harrison, H.N.; Loosli, J.K. The stimulatory effect of sodium butyrate and
sodium propionate on the development of rumen mucosa in the young calf. J. Dairy Sci. 1959, 42, 1600–1605.
[CrossRef]

11. Glauber, J.G.; Wandersee, N.J.; Little, J.A.; Ginder, G.D. 5′-Flanking sequences mediate butyrate stimulation
of embryonic globin gene expressioin in adult erythroid cells. Mol. Cell. Biol. 1991, 11, 4690–4697. [CrossRef]

12. Galfi, P.; Neogrady, S.; Sakata, T. Effects of volatile fatty acids on the epithelial cell proliferation of the
digestive tract and its hormonal mediation. In Physiological Aspects of Digestion and Metabolism, Proceedings
of the Seventh International Symposium on Ruminant Physiology, Sendai, Japan, 28 August–1 September 1989;
Tsuda, T., Sasaki, Y., Kawashima, R., Eds.; Academic Press: Cambridge, MA, USA, 1991; pp. 49–59.

13. Neogrady, S.; Galfi, P.; Kutas, F. Effects of butyrate and insulin and their interaction on the DNA synthesis of
rumen epithelial cells in culture. Experientia 1989, 45, 94–96. [CrossRef] [PubMed]

14. Wang, A.; Jiang, H. Rumen fluid inhibits proliferation and stimulates expression of cyclin-dependent kinase
inhibitors 1A and 2A in bovine rumen epithelial cells1. J. Anim. Sci. 2010, 88, 3226–3232. [CrossRef]
[PubMed]

15. Sakata, T.; Hikosaka, K.; Shiomura, Y.; Tamate, H. Stimulatory effect of insulin on ruminal epithelium cell
mitosis in adult sheep. Br. J. Nutr. 1980, 44, 325–331. [CrossRef] [PubMed]

16. Baldwin, R. The proliferative actions of insulin, insulin-like growth factor-I, epidermal growth factor,
butyrate and propionate on ruminal epithelial cells in vitro. Small Rumin. Res. 1999, 32, 261–268. [CrossRef]

17. Galfi, P.; Neogrady, S. Epithelial and non-epithelial cell and tissue culture from the rumen mucosa. Asian Aust.
J. Anim. Sci. 1989, 2, 143–149. [CrossRef]

18. Bi, Y.L.; Cox, M.S.; Zhang, F.; Suen, G.; Zhang, N.F.; Tu, Y.; Diao, Q.Y. Feeding modes shape the acquisition
and structure of the initial gut microbiota in newborn lambs. Environ. Microbiol. 2019, 21, 2333–2346.
[CrossRef] [PubMed]

19. Jami, E.; Israel, A.; Kotser, A.; Mizrahi, I. Exploring the bovine rumen bacterial community from birth to
adulthood. ISME J. 2013, 7, 1069–1079. [CrossRef] [PubMed]

20. Fonty, G.; Gouet, P.; Jouany, J.P.; Senaud, J. Establishment of the microflora and anaerobic fungi in the rumen
of lambs. J. Gen. Microbiol. 1987, 133, 1835–1843. [CrossRef]

21. Malmuthuge, N.; Griebel, P.J.; Guan, L.L. Taxonomic Identification of Commensal Bacteria Associated with
the Mucosa and Digesta throughout the Gastrointestinal Tracts of Preweaned Calves. Appl. Environ. Microb.
2014, 80, 2021–2028. [CrossRef]

22. Dill-McFarland, K.A.; Breaker, J.D.; Suen, G. Microbi-al succession in the gastrointestinal tract of dairy cows
from 2 weeks to first lactation. Sci. Rep. 2017, 7, 40864. [CrossRef]

23. Li, R.W.; Connor, E.E.; Li, C.; Baldwin VI, R.L.; Sparks, M.E. Characterization of the rumen microbiota of
pre-ruminant calves using metagenomic tools. Environ. Microbiol. 2012, 14, 129–139. [CrossRef] [PubMed]

24. Song, S.J.; Lauber, C.; Costello, E.K.; Lozupone, C.A.; Humphrey, G.; Berg-Lyons, D.; Caporaso, J.G.;
Knights, D.; Clemente, J.C.; Nakielny, S.; et al. Cohabiting familymembers share microbiota with one another
and with their dogs. eLife 2013, 2, e00458. [CrossRef] [PubMed]

25. Wang, L.; Xu, Q.; Kong, F.; Yang, Y.; Wu, D.; Mishra, S.; Li, Y. Exploring the goat rumen microbiome from
seven days to two years. PLoS ONE 2016, 11, e0154354. [CrossRef] [PubMed]

26. Zhou, M.; Chen, Y.; Griebel, P.J.; Guan, L.L. Methano-gen prevalence throughout the gastrointestinal tract of
pre-weaned dairy calves. Gut Microbes 2014, 5, 628–663. [CrossRef]

27. Mayer, M.; Abenthuma, J.M.; Matthesa, D.; Kleebergera, M.J.; Egeb, C.; Holzel, J.; Bauer, J.; Schwaiger, K.
Development and genetic influence of the rectal bacterial flora of newborn calves. Vet. Microbiol. 2012, 161,
179–185. [CrossRef] [PubMed]
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Simple Summary: In modern dairy farming systems, calves are often housed in individual pens
or hutches, which results in less social interaction with their peers during the milk-feeding period.
The aim of this study was to evaluate the effects of pair versus individual housing on performance,
health, and behavior of dairy calves from the milk-feeding period to the first week after mixing.
Results showed that pair versus individual housing had no effects on body weight, starter intake
or average daily gain during the milk-feeding period, while pair housing increased the growth
performance of calves during weaning and postweaning periods, and the beneficial effects of pair
housing on growth faded after calves were mixed and moved to group housing. Paired calves showed
higher diarrhea frequency only in week three. The behavior of calves was altered at different periods,
including increased time spent in feeding, chewing and ruminating, and decreased self-grooming
time, and a drop of non-nutritive manipulation for all calves after they were mixed and moved to
group housing. We also found less social contact may lead to more non-nutritive manipulation.

Abstract: The aim of this study was to evaluate the effects of pair versus individual housing on
performance, health, and behavior of dairy calves. Thirty female Holstein dairy calves were assigned
to individual (n = 10) or pair housing (n = 10 pairs). The results showed that both treatments had a
similar starter intake and average daily gain (ADG) during the preweaning period. During weaning
and postweaning periods, paired calves had a higher starter intake, and the ADG of paired calves
continued to increase but calves housed individually experienced a growth check. Paired calves
showed higher diarrhea frequency only in week three. The results on behavior showed that feeding,
chewing and ruminating time increased, and self-grooming time decreased with age during weaning
and postweaning periods, and paired calves spent less time feeding, standing and self-grooming but
more time lying during this time. After mixing, feeding, and chewing and ruminating time continued
to rise, and self-grooming time continued to decline for both treatments. All calves spent less time
standing and non-nutritive manipulation after mixing, and previously individually housed calves
tended to increase non-nutritive manipulation. These results showed that pair housing improved
growth during weaning and postweaning periods and that calves altered their behavior at different
phases. Less social contact may lead to more non-nutritive manipulation.

Keywords: calf; pair housing; individual housing; behavior
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1. Introduction

Under natural conditions, calves are nursed by the dam and tend to have social interactions with
their peers or other animals [1,2]. In modern dairy farming systems, however, calves are often housed
in individual pens or hutches. Hence, they are less likely to interact with their peers or other animals
during the milk-feeding period.

Previous work has indicated that different housing systems (group versus individual housing)
affect the performance and health of dairy calves. Some studies showed that compared with individual
housing, group housing increased weight gains [3], starter intake [4] and hay intake of dairy calves [5].
Conversely, other studies showed no effects [6] or even negative effects on weight gain for group-housed
calves [7]. Furthermore, respiratory diseases and diarrhea were reported to occur more frequently in
group-housed veal calves [8]. On the contrary, Babu et al. [9] reported that rearing calves in a group
resulted in a lower disease incidence. In other cases, health outcomes were similar between different
housing systems [10]. The variability among studies may be related to differences in management
(e.g., the number of animals per group, milk volume provided, duration of the feeding period, weaning
method, and disease diagnosis). From a behavioral standpoint, weaning from a milk-based diet to a
solid diet is one typical stressor faced by dairy calves, in which case, calves vocalize more (d 37 to
55) [11,12]. After weaning, calves are mixed with unfamiliar animals and moved to a novel environment,
which may cause aggressive interactions (d 91 to 126) [13]. The stress resulted from weaning and
mixing can negatively affect animal welfare [14]. Social housing during the milk-feeding period may
have beneficial effects on behavior and cognition ability of calves even after they were weaned and
mixed with unfamiliar animals in a group. Several studies have shown that social housing improved
resilience to stress (d 51 to 53) [15], as well as increased competitive behavior (d 49 to 56) [16] and
interactions (d 56 to 91) [17] after weaning. Furthermore, previous research has mainly clarified the
effects of social housing on lying and feeding [17–19]. However, other behavioral responses, such as
standing, chewing and ruminating, self-grooming, and non-nutritive manipulation have not been well
characterized when calves were weaned and moved to group housing. The primary objective of this
study was to compare growth, performance and health as well as evaluate the effects of paired versus
individual housing on calves’ behavior when they were weaned (d 42 to 56) and moved to group
housing (d 63 to 70). We hypothesized that paired-housed calves would have better performance than
individually housed calves.

When calves were weaned and moved to group housing, they experience changes in the way of
feeding and management, especially when they are introduced to a different diet (from a milk-based
diet to a solid diet or total mixed ration) and social environment. These changes may impact the
behavior of calves. Overvest et al. [18] reported the day to day changes in lying and feeding during the
weaning period (d 40 to 48), and Horvath and Miller-Cushon [14] described the day to day changes
in standing time of calves mixed in a group (d 60 to 74 ± 5). However, how behavior would change
from one period to another was still not clear. Therefore, the secondary objective focused on calf
behavioral changes from the weaning period (d 42 to 56) to when they were mixed in a group (d 63 to
70). We hypothesized that calves would exhibit less socially affiliative behavior, such as self-grooming,
which may be related to greater activity and exploratory behavior when calves were initially moved
to group housing [14]. We also predicted that less non-nutritive manipulation would be observed
after calves were moved to group housing, as non-nutritive manipulation often occurred among
individually housed calves, especially during the milk-feeding period [20].

2. Materials and Methods

2.1. Animals and Treatments

This study was conducted at China Agricultural University’s Dairy Education and Research Centre
(Datong, Shanxi, China) in 2016, in accordance with protocols approved by the Ethical Committee
of the College of Animal Science and Technology, China Agricultural University, Beijing, China (No.
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2016DR07). Thirty female Holstein dairy calves were collected from the end of March to the mid-April
and were assigned to individual (n = 10) or pair housing (n = 10 pairs) based on birthdate and body
weight (mean ± SEM; 43.5 ± 0.59 kg). The age difference between calves in the same pair was within
48 h. Only calves with successful passive transfer of immunity (mean ± SEM; 6.24 ± 0.09 g/dL),
determined by clinical refractometer 24 h after birth, were included in the study (serum total protein
≥5.5 g/dL).

2.2. Housing and Management

2.2.1. Preweaning, Weaning, and Postweaning

All calves were born in a calving pen and separated from their dams within 1 h after birth and
weighed. After that, calves were moved to a separate and clean straw-bedded nursery room adjacent
to the calving facility. If the younger calf of a pair was born within 24 h of the older calf of the pair,
then the two calves were moved directly to the experimental calf barn less than 200 m from the nursery
room. If the younger calf of a pair was not born within 24 h of the birth of the older calf, then the
older calf was kept in the nursery room until the younger calf of the pair was born, accepting an
age difference within a pair of maximum 48 h. Calves were transferred to the calf pens by a cart;
paired-housed calves were transferred together within 3 h to 5 h after the birth of the younger calf,
whereas individually housed calves were transferred alone.

Individually reared calves were kept in individual pens (1.5 m × 2.0 m), while paired-housed
calves were provided twice the area (3.0 m × 2.0 m). Calf pens were located under a 3-sided (solid,
1.1 m in height), roofed shelter with a metal gate at the front. Calves could hear calves and see calves
in neighboring pens through the openings in the gate. Openings provided access to buckets (10 L for
each one) placed 35 cm apart in the center of the pen for water and starter. Calves housed individually
had two buckets (one for water, one for starter), while pair housing calves were provided twice the
feeding facilities. All calves had free access to water and pelleted starter feed. All the feeding facilities
were cleaned daily. The interior of each pen was bedded with sand and bedding was replaced weekly.

Colostrum was heated to 39 ◦C in a water bath. After that, colostrum was transferred to 4-L
esophageal tubing bottles and fed to the calf through a tube within 2 h after the calf was born on d 1.
From d 2 to 56, pasteurized waste milk (nonsaleable milk) was provided 3 times daily at 08:00, 15:00
and 20:00 and the volume of milk for each time was equal. During the preweaning period, calves were
fed 6 L/d from d 2 to 7, 7.5 L/d from d 8 to 42. Weaning was carried out by reducing milk volume on
d 43 and calves were fed 6 L/d from d 43 to 49 and then 3 L/d until d 56. At each milk feeding, the
buckets for water were removed temporarily and milk buckets (5 L for each one) were placed in the
same position of the pen. For each pair, two milk buckets were used at each milk feeding, whereas
calves housed in individual pens had a single milk bucket. Milk buckets were cleaned after each
feeding. After weaning, calves remained in their pens during the postweaning period (d 57 to 63 ± 1).
No forage was offered before mixing.

2.2.2. Mixing Period

On d 64 ± 1, individual calves were mixed with the paired-housed calves according to the age
and moved to the calf barn. There were 5 groups and each group consisted of 6 calves: 2 previously
housed in individual pens and 2 pairs previously housed in pairs. The age difference between calves
in the same group was within 48 h. The back wall of the group pen (5.0 m × 4.0 m) was solid with two
sides made from horizontal tubular metal bars (bar diameter: 5.0 cm; distance between bars: 12 cm)
and a neck rail at the front. The length of the neck rail allowed all 6 calves to eat simultaneously
(83 cm per calf). Total mixed ration (TMR) was delivered twice daily at 10:00 and16:00. Each group pen
was equipped with one automatic water trough (length: 120 cm, width: 40 cm, height: 70 cm, depth:
20 cm) and calves had free access to water. Sand was used as bedding material and was replenished
when the group was moved on d 70. Three Digital Thermometers (Deli Electronic Commerce Co., Ltd.,
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Ningbo, China) were spaced evenly and mounted above (1.0 m) the sand bedding in the calf barn to
record daily temperature and humidity (maximum and minimum).

The temperature and humidity fluctuated according to weather conditions (mean ± SD; 14.7 ±
9.3 ◦C and 23.2 ± 10.1% relative humidity).

2.3. Sample Collection

2.3.1. Feed Sampling

Feed samples were collected weekly and immediately frozen at −20 ◦C until they were further
analyzed. The nutritional composition (Table 1) of the dry matter, crude protein, neutral detergent
fiber, acid detergent fiber, ether extract, crude ash, calcium and phosphorus were analyzed following
the methods of AOAC International [21]. Throughout the study, starter intake was recorded daily
based on the amount offered and refused by each calf from d 5 to 63 ± 1. TMR intake during the mixing
period was not measured because of group housing.

Table 1. Nutrient compositions of milk, starter, and total mixed ration.

Nutrient Composition (%) 1 Milk Starter Total Mixed Ration 2

Dry matter (DM) 13.9 89.0 56.0
Crude protein, DM basis 3.30 22.5 13.6
Ether extract, DM basis 3.70 3.04 3.01

Crude ash, DM basis 9.0 6.07 12.8
Calcium, DM basis 0.60 0.91 -

Phosphorus, DM basis 0.60 0.52 -
Neutral detergent fiber, DM basis - 15.0 36.0

Acid detergent fiber, DM basis - 6.08 20.4
1 The nutritive values are the means of the results of the analysis of samples collected each week. 2 Contained
steam-flaked corn (33.5%), alfalfa hay (21.2%), oat hay (21.2%), soybean meal (19.7%), and premix compound (0.4%)
on a DM basis.

2.3.2. Body Measurements and Blood Sampling

Body weights (BW) were measured weekly (d 1, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70). Body length
(shoulders to pins), withers height, hip height, and heart girth were also recorded at the same time
points. Blood samples were collected via jugular venipuncture using vacutainer serum collection tubes
containing no anticoagulant 24 h after birth. The blood samples were then centrifuged at 3500× g, 4 ◦C
for 15 min. Serum total protein (TP) was determined by an optical refractometer (Honneur Nutritional
Technology Co. Ltd., Beijing, China).

2.4. Health Check and Treatment

The health check consisted of three parts: (1) fecal scoring, (2) clinical examination of the respiratory
system, (3) rectal temperature. Fecal scores were recorded daily at 10:00 each day until d 63 based
on a 1 to 4 system according to the guidelines outlined by Larson et al. [22]. Scores were, 1 = firm,
well-formed (not hard); 2 = soft, pudding-like; 3 = runny, pancake batter; and 4 = liquid, splatters,
pulpy orange juice. Fecal score data were collected by one independent trained observer. All fecal
scores were recorded by observing fecal matter on the ground of the pen or the tail and hindquarters
of the calf. Fecal scoring was not conducted during the mixing period, because the fecal scores of
an individual could not be accurately identified due to group housing. A diarrheic day was defined
when the fecal score was >2. Weekly diarrhea frequency was calculated with the following equation:
Diarrhea frequency = [(number of diarrhea calves × days of diarrhea) / (total number of calves × days
of trial)] × 100%. Any calf with a fecal score >2 was treated according to the protocols established by
the farm veterinarian (e.g., by administering antibiotic drugs and electrolytic solutions). Respiratory
health was checked before each morning feeding through visually inspecting nasal discharge and
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listening to breathing difficulties with auscultation by the farm veterinarian and a member of the
research team before morning milk feeding. If calves had signs of respiratory disease such as nasal
discharge, cough and breathing difficulties, and a rectal temperature ≥39.5 ◦C, they were treated using
an Andrographis paniculata injection (10 mL; Dazheng Tec-Phar. Co. Ltd., Changchun, China) for a
maximum of 48 d; if respiratory disease or pyrexia was not alleviated, the calf received antibiotics
treatment for a maximum of 48 d. Electrolytes were also administered intravenously to calves that
had a severe respiratory disease until fully recovered. Throughout the study, one calf from individual
housing was treated for 3 d during the mixing period because of nasal discharge and breathing
difficulties, and no other calves had respiratory disease.

2.5. Behavioral Observations

A digital color camera (DS-7800, HIKVISION, Hangzhou, China) was placed above each selected
pen (placed 2.5 m in front of the pens and 3.5 m from the pen floor), monitoring the behavior of
the calves. During nighttime hours (from 17:30 to 07:30), the infrared monitoring function of the
camera would turn on automatically. The recorded behaviors (Table 2) included feeding, chewing and
ruminating, lying, standing, self-grooming, non-nutritive manipulation, and social contact.

Table 2. Ethogram of the recorded behaviors.

Behavior 1 Description

Standing Standing with all four feet on the ground either active or inactive

Lying Lying on the sternum with head held in a raised position or down

Feeding Head in bucket accompanied by chewing movements, including milk drinking

Chewing and ruminating Irregular, repetitive chewing without discernible food in the mouth

Self-grooming Movements with tongue over own body surface

Non-nutritive manipulation Biting, sniffing, sucking or licking pen structures; may include bucket if milk is not available

Social contact One calf’s head was in contact with any part of the other calf including licking and sniffing of the
other calf

1 If one calf exhibit multiple behavior at one time point, then the multiple behavior were all recorded. Social contact
was recorded for calves during the mixing period.

Six individually housed calves and 6 pairs of paired-housed calves were selected randomly for
behavioral observations from d 43 to 70. Based on previous results [18,23,24], the sample sizes of
behavior variables were estimated to obtain a power of 0.8 under a significance level of 0.05. During
weaning and post-weaning periods, the behavioral data were recorded for 48 h on d 43, 50, and 57.
For the mixing period, the behavior data were recorded for 48 h on the second day of mixing (d
65 ± 1) to avoid the effects of transition stress on calves. In order to clearly identify each selected
calf from the groups during the mixing period, all selected calves were photographed from the
front, back, left, right, and above. The observer could record behavior based on each calf’s unique
photos. For every 24 h duration (144 h in total for each calf), instantaneous scan-sampling with 5
min intervals was used to collect the lying, feeding, standing and chewing and ruminating data and
continuous recording was used to collect the self-grooming, non-nutritive manipulation, and social
contact data [25]. All behavioral data were recorded by one observer.

2.6. Statistical Analysis

2.6.1. Starter Intake, Growth, and Health Data

Throughout the study, data were analyzed at the pen level (based on a single calf per pen for the
individual treatment and the mean of the 2 calves per pen in the pair treatment). Starter intake data
were averaged by the week, except for the first week data, which were averaged across the last three
days (d 5 to 7). Continuous variables with repeated measurements, including starter intake, average
daily gain (ADG), BW, and structural growth, were tested for normality using the UNIVARIATE
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procedure of SAS (version 9.2, SAS Institute Inc., Cary, NC, USA). These data were then analyzed from
week 1 to week 10 (as a whole) using the MIXED procedure of SAS. The model included the fixed
effects of time, treatment, and time × treatment interaction and the random effect of pen To account
for the repeated measures within-subject, the covariance structures were chosen for each repeated
variable on the basis of best fit which was determined from the Bayesian information criterion. The
heterogeneous first-order autoregressive structure was selected for starter intake, BW, and structural
growth data, and for ADG data, the first-order autoregressive structure was selected. Data for fecal
scores were summarized by the week and analyzed using the Chi-squared test.

2.6.2. Behavioral Data

Behavioral data obtained for individual calves from video were also averaged by pen (a single
calf per pen for the individual treatment and the mean of the 2 calves per pen in the pair treatment)
across the 48 h in each observation week (week 7 and week 8 during weaning, and week 9 during
postweaning and 10 during mixing). For each 48 h behavioral observation period, the average duration
of each kind of behavior per 24 h was calculated. Behavioral data were analyzed separately by two
stages: (1) weaning and postweaning, and (2) mixing. The comparison of social contact between two
treatments was only analyzed during the mixing period, as individually housed calves had no social
interaction before mixing. For stage 1, the effect of housing on behavior was tested using the MIXED
procedure of SAS. The model included the fixed effects of treatment, week, and week × treatment
interaction, and the random effect of pen. To account for the repeated measures within-subject, the
first-order autoregressive structure was chosen for each behavior on the basis of best fit, which was
determined from the Bayesian information criterion. For stage 2, the effect of housing on behavior was
tested using one-way ANOVA. Lying, standing, non-nutritive manipulation and social contact data
were normally distributed. Behavioral data of feeding, and chewing and ruminating were analyzed
after logarithm transformation, and self-grooming data were analyzed after square root transformation
to meet the normality assumption. The transformed data were back-transformed to report.

All data were reported as least squares mean. Differences of p < 0.05 were considered significant
and 0.05 ≤ p < 0.10 was considered a tendency.

3. Results

3.1. Starter Intake and Growth

As shown in Figure 1, starter intake showed an upward trend over time (p < 0.001) for both
individually and pair housed calves with no difference in starter intake between treatments during the
preweaning period (p > 0.05). During weaning and postweaning periods, starter intake tended to be
higher for paired-housed calves during week seven (860.0 vs. 658.1 ± 80.1 g/d, p = 0.09), and than for
individually housed calves during week eight (1461.4 vs. 1123.1 ± 97.0 g/d, p = 0.02) and week nine
(2237.4 vs. 1899.5 ± 113.5 g/d, p = 0.04).

ADG increased over time (p < 0.001) for both treatments and no differences were found between
treatments during the preweaning period (p > 0.05, Figure 2). During weaning and postweaning
periods, the weight gain of paired-housed calves continued to increase, but individually housed calves
experienced a growth check. The ADG for paired-housed calves tended to be higher during week
seven (0.94 vs. 0.71 ± 0.07 kg/d, p = 0.08). Individually housed calves had higher ADG than calves
housed in pairs during the mixing period (1.20 vs. 0.85 ± 0.09 kg/d, p = 0.01).

Throughout the study, the housing system (paired vs. individual) had no effects on BW (p = 0.50)
and structural measurements (Table 3), including withers height (p = 0.55), heart girth (p = 0.38),
abdominal girth (p = 0.14), and body length (p = 0.23).
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Figure 1. Starter intake (LSM ± SEM) for calves housed individually (n = 10 calves) or in pairs (n = 10
pairs) before mixing. PH = calves housed in pairs; IH = calves housed individually; wk = week. TMR
intake was not measured because of group housing during the mixing period (week 10). * p < 0.05,
† p < 0.10.

Figure 2. Average daily gain (LSM ± SEM) for calves housed individually (n = 10 calves) or in pairs
(n = 10 pairs). PH = calves housed in pairs; IH = calves housed individually; wk = week. p-value: 0.90
(treatment), < 0.001 (week), 0.08 (treatment ×week). * p < 0.05, † p < 0.10.

Table 3. Least squares mean of structural measurements and BW for calves housed individually (n = 10
calves) or in pairs (n = 10 pairs) from week 1 to week 10.

Item
Treatment 1

SEM
p-Value

PH IH Treatment Time Treatment × Time

Body weight, kg 69.8 68.7 1.12 0.50 <0.001 0.32
Withers height, cm 86.6 86.3 0.35 0.55 <0.001 1.0

Heart girth, cm 95.7 95.3 0.47 0.38 <0.001 0.90
Abdominal girth, cm 101.4 100.2 0.73 0.14 <0.001 0.40

Body length 2, cm 78.7 78.2 0.36 0.23 <0.001 0.85

1 PH = calves housed in pairs; IH = calves housed individually. 2 Body length was measured from shoulders to pins.
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3.2. Health

Throughout the study, one calf from individual housing during the mixing period suffered from
respiratory disease, and no other calves had respiratory disease. Diarrhea frequency is shown in
Figure 3. Pair housing increased diarrhea frequency in comparison with individual housing of calves
during week three (18.0% vs. 6.0%, p = 0.03), yet no differences were found between treatments in
other weeks (p > 0.05).

Figure 3. Effects of the housing system on diarrhea frequency before mixing for calves housed
individually (n = 10 calves) or in pairs (n = 10 pairs). PH = calves housed in pairs; IH = calves housed
individually; wk =week. Fecal scoring was not conducted during the mixing period (week 10), because
the fecal scores of an individual could not be accurately identified due to group housing. * p < 0.05.

3.3. Behavior

As shown in Figure 4, during weaning (week 7–8) and postweaning (week 9) periods, feeding
time increased (p < 0.001) for both treatments. Overall, individually housed calves spent more time
feeding (83.0 vs. 53.1 ± 1.15 min/d, p = 0.04) compared with paired-housed calves during this period.
After mixing, feeding time decreased for individually-housed calves but increased for paired-housed
calves, and the previous housing system had no effects on feeding time after mixing (p = 0.82).
Ruminating time increased over weaning and postweaning periods (p < 0.001) for both treatments and
individually-housed calves tended to have greater ruminating time than paired-housed calves during
week seven (2.56 vs. 1.79 ± 0.26 h/d, p = 0.09). After mixing, ruminating time continued to increase
with age for all calves with no differences found between treatments (p = 0.61).

Lying time increased during the weaning period and decreased during the postweaning period
for all calves. Standing time increased during the postweaning period for all calves. Calves housed in
pairs spent more time lying (17.3 vs. 16.4 ± 0.27 h/d, p = 0.03) and less time standing (6.33 vs. 7.11
± 0.18 h/d, p = 0.01) compared with calves housed individually during weaning and postweaning
periods. After mixing, lying time remained stable and standing time decreased for all calves, and the
previous housing system had no effect on lying (p = 0.56) and standing time (p = 0.84). There was a
decrease in self-grooming time for both treatments over weaning and postweaning periods (p = 0.01),
and calves housed individually exhibited more self-grooming than calves housed in pairs (40.7 vs. 20.6
± 4.10 min/d, p = 0.02). After mixing, self-grooming time continued to decrease for all calves, with
no differences between treatments (p = 0.65). In addition, non-nutritive manipulation time did not
change with calf age during weaning and postweaning periods (p = 0.62), and treatment had no effects
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on non-nutritive manipulation time during this period (p = 0.10). After mixing, all calves decreased
non-nutritive manipulation time, and the non-nutritive manipulation time tended to be longer for
calves that were previously individually-housed (33.0 vs. 16.9 ± 5.62 min/d, p = 0.07). During the
mixing period, the previous housing system had no effect on social contact (Figure 5; p = 0.53).

Figure 4. Effects of housing system on (a) feeding; (b) chewing and ruminating; (c) lying; (d) standing;
(e) self-grooming; and (f) non-nutritive manipulation for calves housed individually (n = 6) or in pairs
(n = 6). Stage 1 = from weaning to postweaning period, including weeks 7, 8, and 9. Stage 2 =mixing
period, including week 10. PH = calves housed in pairs; IH = calves housed individually; wk = week.
* p < 0.05, † p < 0.10.
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Figure 5. Effects of the housing system on social contact for calves housed individually (n = 6) or in
pairs (n = 6) during the mixing period. PH = calves housed in pairs; IH = calves housed individually.

4. Discussion

4.1. Starter Intake and Growth

During the preweaning period, we did not observe any differences in starter intake, ADG or BW
between treatments, yet during weaning and postweaning periods, pair housing improved growth
performance. Our results were consistent with previous research that reported increased starter
intake [6,26] and ADG [23] during the weaning period for paired-housed calves. Such improvements
are likely due to social facilitation [12] and social learning [27], which allow calves housed in pairs to
learn faster and eat more. Local enhancement is another factor affecting the feeding of calves, through
which the behavior of one calf draws the attention of another in the same pair toward a particular
food source [28,29]. In addition, paired calves might experience a lower level of stress during the
weaning period because of social buffering [12]. The social buffering benefits of early pair housing have
been discussed recently by Overvest et al. [18], who demonstrated that social housing might improve
the ability to cope with the weaning stress via the positive effects on feed acceptance and behavioral
flexibility. During the postweaning period, we observed greater starter intake in pair housing. Similar
results were reported by Pempek et al. [20], who also attributed it to social facilitation. Besides, the
competitive feeding environment among paired calves may also have resulted in more starter intake
during the weaning and postweaning periods, as calves may increase the rate of feed intake in the
competitive feeding environment [17]. Our results contribute to a body of evidence indicating that
pair housing is particularly beneficial to solid-feed intake, growth, and supporting a smooth transition
at weaning [3].

After mixing, calves were grouped together. Warnick et al. [30] and De Paula Vieira et al. [12]
reported that calves previously housed in groups or pairs gained more than those previously housed
in individual pens when they were mixed and placed together. Some studies attributed these results
to the beneficial effects of social housing, such as reduced neophobia to new ration [31,32] and
greater competitive success [16] when mixed with unfamiliar animals. On the contrary, we found
that previously paired-housed calves had less ADG after mixing compared with calves housed
individually, and the final BW was similar between treatments. Somewhat interestingly, Miller-Cushon
and DeVries [4] reported that though paired calves had greater performance during the weaning
period (d 39 to 49), previous housing (paired vs. individual) had no effect on DMI, ADG or final
BW once previously individually housed calves were paired with unfamiliar calves after weaning
(d 50 to 84). Similar results were reported by Overvest et al. [18], who also demonstrated that once
calves previously housed individually were paired after weaning (d 49 to 56), they exhibited more
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feeding time and thus increased their solid feed DMI to a greater extent over time than paired-housed
calves, and eventually resulted in similar DMI between treatments. These results suggested that
previously individually housed calves could get the same performance (e.g., DMI, BW, and ADG)
through modifying feeding behavior after they were exposed to social housing with unfamiliar calves.
In this study, all calves experienced a sudden feed transition to TMR, in which case, the beneficial effects
of social housing on food neophobia may be weakened by transition stress. Furthermore, we observed
similar feeding time between treatments during the mixing period. Thus, we speculated that the higher
ADG in calves previously housed individually may result from higher feeding rate, allowing them to
consume sufficient TMR to meet or exceed their nutritional requirements and finally compensating for
a previously lower starter intake. Further work to address this possibility is encouraged.

4.2. Health

In the current experiment, diarrhea frequency for calves housed in pairs was higher than that
for calves housed individually in week three, yet no differences were found in other weeks. Some
studies reported that housing calves in groups exhibited more health problems owing to higher
levels of infectious agents and calf-calf transmission [33,34]. On the contrary, others reported a lower
incidence of diarrhea for calves housed socially [9], and some found no differences in incidences of
diarrhea and respiratory problems [35] between paired-housed calves and individually housed calves.
The various results indicated that health problems were not consistently associated with social housing.
The incidence of disease relies on many factors including calf immunity, environment management,
disease diagnosis, and the ability of a calf to cope with stress [36]. These factors rather than the housing
system may play a critical role in inducing health problems. Greater health problems in a group
housing system may also stem from the difficulty of detecting disease in groups [23]. There is not
enough evidence to support a diarrhea-increasing effect of pair housing, thus the higher incidence of
diarrhea in pair housing in week three was probably due to low immunity to infection of calves aged
from two to four weeks [37] and individual differences.

4.3. Behavior

Limited research has described how behavior would change at different periods from weaning to
mixing, or the effects of paired or individual housing on behavior during these periods. Our results
suggested that all calves experienced behavioral changes from weaning to mixing including increased
feeding and ruminating time, and decreased self-grooming time.

The increase in feeding time and chewing and ruminating time over the weaning and postweaning
periods aligned with the increase in feed intake. Besides, paired calves spent less time feeding but
still had higher starter intake during weaning and postweaning periods, likely due to the competitive
feeding environment as we discussed on starter intake and growth. Miller-Cushon et al. [17] found
that calves housed in a competitive feeding environment had less time of feeding but an increased
rate of feed intake compared with those housed in a noncompetitive feeding environment. Hence,
paired-housed calves might increase their feeding rate rather than feeding time to consume more starter.

In the present study, lying time declined while standing time rose during the postweaning period,
which could be attributed to the increase in feeding time with increasing age during this period. The
previous study [18] suggested that calves may change their lying behavior to accustom themselves to
feeding behavior. In addition, calves housed individually exhibited more lying time than paired calves
during weaning and postweaning periods, which is contrary to previous studies [23,38]. Previous
research [20] also mentioned no effects of individual vs. paired housing on lying. The variant space
allowance for calves among studies may be responsible for the discrepancy in results, as space allowance
was a vital factor for the expression of normal behavior [23,39]. Further research is encouraged to
study the relationship between space allowance and lying. After mixing, standing time decreased
for all calves. Previous studies reported that calves were more active and moved more followed by a
reduction in activity after the first day of introduction to a group [14,29], and calves had diminished
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behavioral reactions after the first 24-h period following regrouping [40]. Thus, we speculated that
calves might not be as active as the first day of introduction to a group as the behavior data were
recorded for 48 h on the second day of mixing to avoid the effects of transition stress on calves in
this study.

Self-grooming is expressed by calves as caring for their own body, and this behavior may be a means
of satisfying socialization [27]. More self-grooming activities were observed in individually-housed
calves in the present study, which was consistent with previous research [27], as the socialization was
absent in these calves. In addition, self-grooming can also be an expression of stress. Taking rodent
as a research model, previous studies [41–43] has reported that the relationship between stress and
self-grooming can be described as an inverted U-shaped: Self-grooming typically occurs spontaneously
at low stress and becomes longer during moderate stress and can be inhibited by high-stress states. Thus,
the higher self-grooming of individually housed calves may respond to the higher stress (moderate
stress) they faced compared with paired calves during weaning and postweaning periods.

Non-nutritive manipulation commonly occurs within artificial rearing systems [44], which can be
strengthened by social deprivation [45]. In the current study, a drop in non-nutritive manipulation
time for all calves after mixing was observed, which was likely due to more social interactions among
calves after mixing. Bokkers and Koene [46] also indicated that less social interaction was an important
factor causing dairy calves to lick objects (a nonnutritive manipulation behavior). In this study, no
effects were found on non-nutritive manipulation during the weaning or postweaning period, whereas
individually-housed calves tended to spend more time on non-nutritive manipulation compared with
paired calves during the mixing period, which was similar to the previous study [47]. Although the
effect of the previous housing system on social contact was not significant during the mixing period,
calves housed in pairs previously still exhibited more social contact numerically, which may result in
less non-nutritive manipulation.

5. Conclusions

Paired versus individual housing had no effects on body weight, starter intake or ADG during the
preweaning period, while pair housing increased the growth performance of calves during weaning
and postweaning periods, and the beneficial effects of pair housing on growth was weakened after
mixing. Paired calves showed higher diarrhea frequency only in week three. Calves altered their
behaviors at different periods from weaning to mixing, including increased feeding time and chewing
and ruminating time, and decreased self-grooming time, and a drop of non-nutritive manipulation for
all calves after mixing. Furthermore, less social contact may result in more non-nutritive manipulation.
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Simple Summary: Betaine plays an important role in growth, lactation, protein synthesis, and fat
metabolism in animals, but there are few studies on transition dairy cows and newborn calves.
The aim of the current study was to evaluate the effects of rumen-protected betaine supplementation
from four weeks before expected calving to six weeks postpartum regarding the lactation performance
and blood metabolites of dairy cows and immunity of newborn calves. The results suggested that
betaine supplementation tended to increase fat mobilization of postpartum dairy cows. Furthermore,
compared to the control calves, the betaine calves had greater plasma total protein and globulin
concentrations, which indicates that the immunity of the betaine calves might have improved.

Abstract: The objective of this study was to evaluate the effects of rumen-protected betaine
supplementation on performance of postpartum dairy cows and immunity of newborn calves.
Twenty-four multiparous Holstein dairy cows were randomly divided into the control (CON, n = 12)
and rumen-protected betaine (BET, n = 12) groups after blocking by parity and milk yield during the
previous lactation cycle. The cows were fed a basal total mixed ration diet without BET (CON) or
with BET at 20 g/d per cow (BET) from four weeks before expected calving to six weeks postpartum.
The results showed that betaine supplementation had no effect on dry matter intake and milk yield of
the cows. The BET cows tended to increase feed efficiency (energy-corrected milk/dry matter intake)
and body weight loss postpartum compared to the CON cows. The plasma β-hydroxybutyrate
concentrations of the BET cows were greater at d seven after calving than those of the CON cows.
Moreover, compared to the CON calves, the BET calves had greater plasma total protein and globulin
concentrations. The plasma glucose concentrations of the BET calves tended to decrease relative
to CON cows. In conclusion, rumen-protected betaine supplementation from four weeks before
expected calving tended to increase fat mobilization of postpartum dairy cows, and might improve
the immunity of newborn calves.

Keywords: betaine; dairy cows; newborn calves; fat mobilization; immunity

1. Introduction

During the transition period, dairy cows are in a state of great metabolic stress because of the
increased demand for nutrients to maintain fetal growth and milk synthesis. Transition dairy cows
tend to have negative energy and amino acid balance after calving, which leads to an increase in fat and
protein mobilization in tissues [1,2]. A negative methyl donor balance also likely occurs in transition
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cows because milk is high in methylated compounds [3]. Moreover, the last two months of gestation,
where 60% of the body weight gain before birth occurs [4], is critical for bovine fetal development.

Betaine functions as a methyl donor and an organic osmolyte [2,5], which plays an important role
in growth, lactation, protein synthesis, and fat metabolism in animals [6]. Betaine supplementation
in the diets of steers increased body weight gain and fat deposition [7]. In lactating dairy cows,
feeding betaine improved the milk yield and milk protein [8,9]. Supplementing betaine reduced plasma
concentrations of non-esterified fatty acids (NEFA) and β-hydroxybutyrate (BHB) of lactating dairy
cows [10], but elevated the concentrations of NEFA and BHB of transition dairy cows to change
lipid metabolism [11]. Furthermore, betaine is vital for fetal development [12], and is related to the
offspring’s weight and immunity [13]. However, due to the fast rumen degradation (approximately
45%/h) of betaine in vivo [14], unprotected betaine cannot be absorbed efficiently. Our previous study
showed that dietary rumen-protected betaine supplementation in lactating dairy cows improved
lactation performance and fat metabolism [15]. Whether it improves the performance of postpartum
dairy cows and the immunity of newborn calves remains unexplored. Therefore, the objectives of the
current study were to evaluate the effects of rumen-protected betaine supplementation from four weeks
before expected calving to six weeks postpartum on the lactation performance and blood metabolites
of dairy cows and immunity of newborn calves.

2. Materials and Methods

2.1. Animals and Treatments

All the experimental protocols used in this study were approved by the Animal Care Committee of
Zhejiang University (Hangzhou, China) (Approval Number: ZJU20160379). Twenty-four multiparous
prepartum Holstein dairy cows were selected and divided randomly into the control (CON, n = 12)
and rumen-protected betaine (BET, n = 12) groups after blocking by parity (2.27, SD = 1.4) and
milk yield during the previous lactation cycle (24.9 kg/d, SD = 6.0). The cows were fed a basal
total mixed ration (TMR) diet (Table 1) without BET (CON) or with BET at 20 g/d per cow (BET),
according to Zhang et al. (2014) [9] from four weeks before expected calving to six weeks postpartum.
The basal diets were formulated based on the NRC (2001) [16]. The cows were fed three times daily at
approximately 06:30, 13:30, and 19:30 h, and BET (BET with 30% purity, Hangzhou King Technology
Feed Co., Ltd, Hangzhou, China) was supplemented twice daily in the morning and evening by
top-dressing the TMR during feeding. All cows were housed in tie-stall barns and given access to fresh
water ad libitum. After parturition, the cows were milked three times daily at approximately 07:00,
14:00, and 20:00 h. Fourteen calves randomly selected (CON calves: n = 7, BET calves: n = 7) were
studied from birth to 24 h. All calves were weighed with a digital scale immediately after birth and
were fed fresh colostrum from their dams within 2 h of birth. The calves were individually housed in
hutches, and water was offered ad libitum.

Table 1. Ingredient and chemical composition of the diets fed during the prepartum and postpartum periods.

Item Prepartum Postpartum

Ingredient, % of DM 1

Corn flour 12.41 13.39
Steam-flaked corn 7.15 11.93

Soybean meal 8.61 13.68
Bran 5.30 -

Sodium bicarbonate 0.40 0.72
Calcium hydrophosphate 0.40 0.48

Limestone 0.60 0.66
Fatty acid calcium salts - 0.78

Salt 0.39 0.46
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Table 1. Cont.

Item Prepartum Postpartum

Ingredient, % of DM 1

Premix 2 0.37 0.44
Mycotoxin binder 0.05 0.07

Active yeast - 0.07
Brewer’s grains 7.31 4.55

Beet pulp 6.70 9.26
Corn silage 25.39 21.05
Alfalfa hay 6.78 16.86
Oat grass 18.08 5.62

Chemical composition, % of DM

Crude protein 10.99 17.49
Ether extract 3.27 4.31

Crude ash 7.96 7.84
Neutral detergent fiber 48.48 37.08

Acid detergent fiber 27.57 20.78
NEL, Mcal/kg of DM - 1.63

Lys: Met 2.76:1 3.13:1
1 DM = dry matter.2 Formulated to contain (per kilogram of premix) 220 to 400 KIU of vitamin A, 50 to 100 KIU of
vitamin D3, ≥2250 IU of vitamin E, ≥40 mg of D-Biotin, ≥380 mg of niacinamide, ≥40 mg of Beta-carotene, 0.2 to
0.7 g of Cu, 1.0 to 3.8 g of Zn, 0.8 to 3.0 g of Mn, 12.5 to 100 mg of I, 8.0 to 25 mg of Se, 2.5 to 50 of mg Co, 10.0% to
30.0% of Ca, 10.0% to 30.0% of NaCl, and ≥1.5% of total phosphorus.

2.2. Sample Preparation

The amounts of feed offered and refused were recorded according to Gu et al. (2018) [17] to
determine dry matter intake (DMI). The TMR samples were collected weekly for dry matter (DM, 105 ◦C
for 5 h), crude ash, ether extract (EE), crude protein (CP), and acid detergent fiber (ADF), according to
AOAC procedures (method 942.05, 920.39, 988.05, and 973.18, respectively), and neutral detergent fiber
(NDF) with sodium sulfite and amylase was analyzed [18]. Body weight (BW) was measured on d 0
and 42 after calving according to Wang et al. (2017) [19].

Milk yield was recorded for two consecutive days each week and milk samples from three
consecutive milking were taken each week in the amounts proportional to the yield (4:3:3, composite
from each daily milking). The samples were stored at 4 ◦C with bronopol tablets (D & F Control System
Inc., San Ramon CA, USA) for later determination of protein, fat, lactose, total solids, and milk urea
nitrogen (MUN) using a Combi Foss FT+ instrument (Foss Electric, Hillerød, Denmark). The 3.5% FCM
(Fat-corrected milk) and ECM (Energy-corrected milk) were calculated by the formula [20]: 3.5% FCM
= (milk yield, kg/d × 0.4324) + (milk fat, kg/d × 16.216), ECM = (milk yield, kg/d × 0.327) + (milk fat,
kg/d × 12.95) + (milk protein, kg/d × 7.20).

Blood samples from the cows were collected from the coccygeal vein in sodium-heparinized tubes
at approximately 4 h after the morning feeding on −21, −10, 0, 7, 14, 28, and 42 d relative to calving.
Blood samples from the calves were collected via the jugular vein using a sodium-heparinized tube
shortly after birth before colostrum feeding and at approximately 24 h after birth. The samples were
centrifuged for 10 min at 3000 g at 4 ◦C to harvest plasma, which was stored at -20 ◦C until analysis.
The plasma samples were analyzed using an Auto Analyzer 7020 instrument (Hitachi High-Technologies
Corp., Tokyo, Japan) with colorimetric commercial kits (Ningbo Medical System Biotechnology Co.,
Ltd., Ningbo, China) for total protein (TP), albumin (ALB), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin (TBIL), triglyceride (TG), cholesterol
(CHOL), glucose (GLU), superoxide dismutase (SOD), NEFA, and BHB. The concentrations of globulin
(GLOB) were calculated by the formula [21]: GLOB (g/L) = TP (g/L) − ALB (g/L).
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2.3. Data Analysis

A randomized block design with repeated measures was used. The DMI, lactation performance,
feed efficiency, and blood metabolites of the cows were analyzed with PROC MIXED of SAS 9.2
(SAS Institute Inc., Cary, NC, USA). Treatment, week, treatment × week, and block were included
as the fixed effects in the model, and cow within treatment was used as a random effect. The blood
metabolites of the calves were analyzed using the same procedure in SAS 9.2, except sampling hour
instead of week was used as the repeated measure. The BW change of the cows, colostrum composition,
and calves birth weight were analyzed using PROC MIXED of SAS 9.2 without the repeated statement.
All associated interactions were removed from the model. The results are presented as least squares
means. Statistical significance was determined at p ≤ 0.05 and tendencies at 0.05 < p ≤ 0.10.

3. Results and Discussion

Betaine supplementation had no effect on DMI, milk yield, and composition (p > 0.1, Table 2).
Monteiro et al. (2017) [11] found that cows supplemented with betaine-containing molasses from
60 d before expected calving had higher milk yield, whereas no differences were observed in milk
yield of cows supplemented with betaine-containing molasses from 24 d before expected calving,
which is consistent with our results. The addition of betaine during the transition period increased
the milk yield in a time-dependent manner, which might be related to the functions of betaine as
an organic osmolyte to maintain the cell function by stabilizing cellular proteins and promoting proper
protein folding [5,22]. The dry period is critical for the renewal and growth of mammary cells [23].
Hence, betaine addition during the far-off period has a positive effect on prepartum mammary growth,
which increases the subsequent milk yield. The Lys: Met ratio in the postpartum diets was estimated
to be 3.13:1 in our study, which had met the ideal Lys: Met ratio of 3.0:1 for an optimal milk protein
content and yield [16,24]. Methyl donors (choline) additional supplementation had no detectable
effect on cow performance when the Lys: Met ratio in diets had reached 3.0:1 [25]. This might also be
a reason for BET additional supplementation, which has no effect on milk yield and composition.

Compared to CON cows, BET cows tended to increase fat-corrected milk/dry matter intake
(FCM/DMI, p = 0.09), energy-corrected milk/dry matter intake (ECM/DMI, p = 0.08), and BW loss
postpartum (p = 0.10) (Table 2). The plasma BHB concentrations of the BET cows were greater at d seven
after calving than those of the CON cows (treatment × time: p = 0.07, Table 3). The greater number of
animals in the study might have increased the statistical significance. The BET cows tended to have
greater feed efficiency and BW loss postpartum in our study, coupled with greater concentrations
of BHB at d seven after calving, which indicates that the BET cows might have an enhanced fat
mobilization in early lactation due to higher milk yield numerically (milk yield was approximately
2.53 kg/d higher in BET cows than in CON cows) [11,26].

Table 2. Effects of supplementing cows without rumen-protected betaine (CON) or with rumen-protected
betaine (BET) on dry matter intake, lactation performance, and body weight change during the first six
weeks of lactation.

Items
Treatment

SEM
p-Value

CON BET Treat Week Treat ×Week

DMI, kg/d 20.33 20.21 0.76 0.92 <0.01 0.10
Milk yield, kg/d 30.44 32.97 1.68 0.31 <0.01 0.61

Milk composition
Fat, % 4.30 4.18 0.09 0.35 <0.01 0.44

Protein, % 3.23 3.13 0.06 0.30 <0.01 0.71
Lactose, % 5.00 4.94 0.04 0.28 0.00 0.50

Total solids, % 12.93 12.77 0.13 0.42 <0.01 0.93
MUN, mgN/dL 10.74 10.64 0.63 0.91 0.00 0.23

3.5% FCM 1, kg/d 34.36 36.35 1.83 0.46 0.05 0.49
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Table 2. Cont.

Items
Treatment

SEM
p-Value

CON BET Treat Week Treat ×Week

ECM 2, kg/d 34.24 35.70 1.79 0.58 0.33 0.38
FE (FCM/DMI) 1.80 2.00 0.08 0.09 <0.01 0.22
FE (ECM/DMI) 1.77 1.96 0.07 0.08 <0.01 0.26

BW change, kg/d −1.18 −1.51 0.13 0.10 - -
1 3.5% FCM (Fat-corrected milk) = (milk yield, kg/d × 0.4324) + (milk fat, kg/d × 16.216) [20]. 2 ECM = (milk yield,
kg/d × 0.327) + (milk fat, kg/d × 12.95) + (milk protein, kg/d × 7.20) [20].

Table 3. Effects of supplementing cows without rumen-protected betaine (CON) or with rumen-protected
betaine (BET) on blood metabolites from four weeks before expected calving to six weeks postpartum.

Items 1
Treatment

SEM
p-Value

CON BET Treat Week Treat ×Week

TP, g/L 78.78 78.95 1.61 0.94 <0.01 0.36
ALB, g/L 25.77 25.42 0.35 0.50 <0.01 0.28

GLOB, g/L 53.01 53.53 2.02 0.86 <0.01 0.56
A/G 0.50 0.49 0.02 0.76 <0.01 0.76

ALT, U/L 14.41 13.90 0.94 0.71 <0.01 0.81
AST, U/L 71.86 73.67 4.15 0.76 <0.01 0.40
ALP, U/L 33.29 36.34 1.81 0.26 <0.01 0.91

TBIL, μmol/L 2.61 2.75 0.25 0.70 <0.01 0.99
TG, mmol/L 0.08 0.08 0.01 0.32 <0.01 0.39

CHOl, mmol/L 2.52 2.37 0.09 0.26 <0.01 0.42
GLU, mmol/L 3.34 3.30 0.07 0.72 <0.01 0.83
NEFA, μmol/L 246.57 243.90 20.74 0.93 <0.01 0.95
BHB, μmol/L 802.72 812.65 92.55 0.94 <0.01 0.07

1 TP = total protein. ALB = albumin. GLOB = globulin. A/G = albumin/globulin. ALT = alanine aminotransferase.
AST = aspartate aminotransferase. ALP = alkaline phosphatase. TBIL = total bilirubin. TG = triglyceride.
CHOL = cholesterol. GLU = glucose. NEFA = non-esterified fatty acids. BHB = β-hydroxybutyrate.

The plasma TP and GLOB concentrations of the BET calves were greater than those of the CON
calves (p= 0.04, p= 0.05, respectively, Table 4), although no differences in calves birth weight were found
between treatments (37.80 ± 1.68 kg vs. 36.03 ± 1.68 kg). The plasma TP and GLOB concentrations of
calves increased significantly with maternal betaine supplementation, which indicates that it might
improve the immunity of newborn calves because of maternal methyl donors supplementation [13,27].
Maternal dietary supplementation with methyl donors could program the health of offspring through
the epigenetic regulation of the DNA molecule and cell signaling [27,28], which might improve the
capacity for GLOB absorption of the intestine to improve the immunity of newborn calves. Furthermore,
the lactose content of the BET colostrum tended to increase compared to the CON colostrum in our
study (3.50% vs. 3.07%, p = 0.07), which might also have contributed to the results. Lactose plays a key
role in the energy supply, absorption of minerals, and gastrointestinal functions of calves [29,30].

The plasma GLU concentrations of the BET calves tended to decrease compared with those of the
CON calves (p = 0.09, Table 4). The plasma SOD concentrations of the BET calves were greater at 2 h
after birth than those of the CON cows (treatment × time: p = 0.01, Table 4). A positive correlation
between neonatal glucose and cortisol concentrations proved that the lower concentrations of glucose
in the BET calves were likely to have less stress around calving [31]. In turn, the degree of stress might
influence newborn calves’ energetic mobilization [31,32]. The greater plasma SOD concentrations 2 h
after birth in our study suggested that the BET calves were in a state of less stress [33]. The plasma
glucose concentrations in newborn calves might be related to the uteroplacental transport of glucose
via mTOR signaling [34] and hepatic gluconeogenic gene expression via epigenetic mechanisms [35],
which deserve further study.
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Table 4. The blood metabolites during the 24 h after birth of calves born to dams supplemented without
rumen-protected betaine (CON) or with rumen-protected betaine (BET) during the peripartal period.

Items 1
Treatment

SEM
p-Value

CON Calves BET Calves Treat Hour Treat ×Hour

TP, g/L 54.71 59.63 1.48 0.04 <0.01 0.15
ALB, g/L 18.48 18.59 0.42 0.85 0.00 0.03

GLOB, g/L 36.23 41.03 1.57 0.05 <0.01 0.06
A/G 0.58 0.56 0.02 0.54 <0.01 0.04

ALT, U/L 7.67 8.24 0.37 0.30 <0.01 0.21
AST, U/L 53.67 55.31 4.98 0.82 <0.01 0.87
ALP, U/L 265.38 257.78 35.73 0.88 <0.01 0.86

TBIL, μmol/L 6.21 6.60 0.87 0.76 0.05 0.97
GLU, mmol/L 5.62 4.82 0.30 0.09 0.00 0.36

SOD, U/ml 66.54 70.52 2.91 0.35 0.00 0.01
1 TP = total protein. ALB = albumin. GLOB = globulin. A/G = albumin/globulin. ALT = alanine aminotransferase.
AST = aspartate aminotransferase. ALP = alkaline phosphatase. TBIL = total bilirubin. GLU = glucose. SOD =
superoxide dismutase.

4. Conclusions

Dietary rumen-protected betaine supplementation from four weeks before expected calving had
no detectable effect on dry matter intake and milk yield, but tended to increase fat mobilization of
postpartum dairy cows. Furthermore, the BET calves had greater plasma total protein and globulin
concentrations, which indicates that the immunity of the BET calves might improve.
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Simple Summary: The objective of this study was to determine the effects of intravenous infusions
of L-glutamine (Gln) on the autophagy and apoptosis of duodenum cells in weaned calves. The
results showed that the autophagy level of duodenal cells was increased with an increasing Gln
infusion dose (0 to 20 g/d) and dropped when Gln was further increased to 40 g/d. We also found
that the level of apoptosis was decreased with an increasing Gln infusion dose from 0 to 20 g/d, and
then rose as the dose increased to 40 g/d. This knowledge will provide a reference for weaned calf
health management.

Abstract: The objectives of this study were to determine the effects of intravenous infusions of
L-glutamine (Gln) on the autophagy and apoptosis of duodenum cells in early-weaned calves.
Holstein male calves were weaned at day 35 (20 male calves, birth weight 43 ± 1.8 kg; 35 ± 3 d of age)
and randomly allocated to four treatments (5 calves/treatment). The treatments were: (1) infusion
of NaCl, representing the control group (C); (2) infusion of 10 g/d of Gln solution (L); (3) infusion
of 20 g/d of Gln solution (M); and (4) infusion of 40 g/d of Gln solution (H). The solutions were
infused for 2 h daily for 3 consecutive days after weaning. All calves were killed on the third day
post-weaning. The results showed that the autophagy level of the duodenal cells was increased as the
Gln infusions increased from 0 to 20 g/d and dropped with a further increase in dose (40 g/d). We also
found that the level of apoptosis was decreased with Gln infusion from 0 to 20 g/d and rose as the
dose increased to 40 g/d. This knowledge provides a reference for weaned calf health management.

Keywords: calf; glutamine; autophagy; apoptosis

1. Introduction

Glutamine (Gln) is the most abundant amino acid in vivo and is a major respiratory fuel and
metabolic precursor for many cell types [1]. Glutamine, which once was regarded as a nonessential
amino acid, has recently been termed conditionally essential during injury or oxidative stress [2,3].
A previous study suggested that Gln could protect the small intestine from various harmful injuries
in rats [4]. Kallweit et al. [5] showed that Gln protects intestinal cells from both heat and oxidant
stress. Recently, researchers attempted to evaluate the impact of Gln on autophagy and apoptosis [6–8].
Sakiyama et al. [7] suggested that Gln could protect intestinal epithelial cells by enhancing autophagy.

Autophagy is a specific protein degradation process that functions in the bulk degradation of
cellular components and has been recognized as an important mechanism for cell survival under
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conditions of stress [7,9]. When cells lack nutrients, autophagy is activated to supply amino acids in
order to maintain cell survival [10]. In vivo apoptosis and autophagy are two forms of physiological
and conserved programmed cell death [11]. Apoptosis is characterized by a series of morphological
changes, including plasma membrane blebbing, nuclear condensation, and fragmentation, which lead
to the formation of apoptotic bodies [12]. When cells are under stress, autophagy and apoptosis are
activated [12]. In general, autophagy is activated first and maintains cell homeostasis [13]. When stress
is prolonged or exceeds a threshold, apoptosis is activated [12,14]. The protein microtubule-associated
protein 1 light chain 3-II(LC3-II), which is a useful marker of autophagic membranes, is essential for
the expansion of the early autophagosome in the context of cellular house-keeping and autophagic cell
death [15,16]. Caspase-3 is an executioner caspase, which is activated by apoptosis [12]. Furthermore,
PI3K/Akt/mTOR signaling pathways, which inhibit autophagy, have been found to be essential for
the regulation of autophagy [17]. A previous study found that caffeine could induce autophagy
by abolishing AKT phosphorylation [17]. The kinase mammalian target of rapamycin (mTOR)
is a downstream target of the PI3K/AKT pathway [17]. Deactivation of mTOR signaling induces
autophagy [18]. Amino acids, which are provided by autophagy, can restore mTOR complex 1
(mTORC1) activity during amino acid starvation [8]. The restoration of mTORC1 in turn inhibits
autophagy, which completes the feedback loop [8]. The feedback loop could protect the cells by
mitigating damage from stress and starvation.

Weaning is the transition from the ingestion of milk to solid feed for calves with dramatic
gastrointestinal transformations [19]. Weaning is a particularly vulnerable period for mammals, with
an increased risk of malnutrition, intestinal infections, and poor growth [20,21]. The function and
morphology of the small intestine are severely disturbed after weaning, such as villous shortening
in pigs [22,23]. Our previous study found that an exogenous supply of Gln increased the autophagy
level of liver cells and increased growth rates, villus height, and crypt depth of the duodenum in
early-weaned calves [20,24]. Whether Gln induces autophagy and apoptosis of the duodenum cells in
early-weaned calves remains unknown. The purpose of this study was to evaluate the effect of Gln
on the autophagy and apoptosis of duodenum cells in early-weaned calves. We hypothesized that
intravenous infusions of Gln would increase the level of autophagy and reduce the level of apoptosis.
This would provide a reference for weaned calf health management.

2. Materials and Methods

Animal care and use were approved and conducted under established standards of the Ethics
Committee on animals of Shandong Agricultural University (SDAUA-2018-012). The study was
conducted during November of 2018 at the Shandong high-speed modern dairy farm in Ji Nan,
Shandong, China. The animals were individually housed in a pen with free access to water and fresh
calf starter. The ingredient and nutrient composition of the calf starter is given in Table 1.

All calves received 4 L of colostrum in the 2-hour period after birth and were then fed 6 L of
whole milk 3 times daily until weaning. Fresh calf starter was offered ad libitum beginning at 3 d of
age. Water was offered daily ad libitum. Holstein calves were weaned at day 35 (20 male calves, birth
weight 43 ± 1.8 kg; 35 ± 3 d of age) and randomly allocated to four treatments (5 calves/treatment).
Starting from day 35, the calves were given the following treatments for 3 consecutive days. The
treatments were: (1) infusion of 1.5 L of 0.85% NaCl, representing the control group (C); (2) infusion of
10 g/d of Gln mixed with 1.5 L of 0.85% NaCl solution (L); (3) infusion of 20 g/d of Gln mixed with
1.5 L of 0.85% NaCl solution (M); and (4) infusion of 40 g/d of Gln mixed with 1.5 L of 0.85% NaCl
solution (H). The dose of intravenous infusion Gln referred to that in a previous study [20]. At the
beginning of the experiment, all calves had milk removed from their daily diet. The solutions were
infused for 2 h daily for 3 consecutive days after weaning. Starter intake for each calf was measured
daily during the infusion period.
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Table 1. Ingredient and nutrient composition of the experimental starter of calves.

Items Content (% of DM)

Ingredients

Corn grain 48

Wheat bran 12.6

Soybean meal 18.8

Extruded soybean 7

Corn gluten meal 9

Salt 0.55

Calcium carbonate 2

Dicalcium phosphate 1.15

Vitamin and trace mineral premix 1 0.9

Nutrients, % of DM

DM, % 89.3

CP, % 22.13

Crude fat, % 4.32

NDF, % 17.14

ADF, % 6.62

Ca, % 1.07

P, % 0.56

ME, Mcal/kg 2.83

DM: dry matter; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; ME: metabolizable
energy. 1 Premix contained (mg/kg): vitamin A, 4035; vitamin D, 1740; vitamin E, 39; Fe, 18; Zn, 37; Cu, 10.6; Mn,
15.3; Co, 0.12; I, 0.47; and Se, 0.35.

All calves were euthanized following captive bolt gun stunning on the 3 d post-weaning day
for measuring the autophagy and apoptosis of duodenum cells. After opening the body cavity, the
samples of duodenum (entire wall from 6 cm distal to the pylorus) were immediately frozen in liquid
nitrogen and stored at −80 ◦C until western blotting was performed.

Briefly, the tissue sample blocks (entire duodenum from 6 cm distal to the pylorus) were washed
with phosphate buffer saline (PBS, Solarbio, P1020-500 mL, Beijing, China), cut into small pieces,
homogenized in PBS at 4 ◦C using a Servicebio KZ-II homogenizer, kept on ice for 0.5 h, oscillated to
ensure complete tissue cracking every 5 min, and then centrifuged (3000× g, 10 min, 4 ◦C). Protein
concentration was determined in the supernatant (BCA Protein Assay Kit, G2026, Servicebio, Wuhan,
China). The sample was then diluted with an equal volume of Laemmli sample buffer (Bio-Rad, 1610737,
Shanghai, China) and boiled for 5 min. Sodium dodecyl sulfate-PAGE, electro-transfer of proteins, and
immunoblotting were performed as previously described [25,26]. Antibodies used for immunoblotting
were anti-LC3 (Sigma-Aldrich, L8918, Shanghai, China), anti-Caspase-3 (Sigma-Aldrich, C8487,
Shanghai, China), anti-mTOR (Sigma-Aldrich, SAB2701843, Shanghai, China), anti-phospho-mTOR
(Sigma-Aldrich, SAB4301526, Shanghai, China), anti-β-actin (Sigma-Aldrich, A2066, Shanghai, China),
and appropriate secondary antibodies (Servicebio, GB23303, Wuhan, China). The chemiluminescence
of bands of interest were detected with a digital G: Box imager (Syngene, Frederick, MD, USA). The
band density was quantified with ImageJ software (National Institutes of Health, Bethesda, MD, USA).

The data were analyzed as a completely randomized design using one-way ANOVA of SAS 8.2
(SAS Institute Inc., Cary, NC). The individual calf was considered as the experimental unit. The analysis
used the following model: yij = μ + αi + εij (y = western blot data, μ =mean, i = dose of infusions,
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and ε = residuals). The means were compared using Duncan’s multiple range test. Significance was
declared at p < 0.05.

3. Results

The starter intake of group C, L, M, and H were 1.12 kg/d, 1.15 kg/d, 1.22 kg/d, and 1.19 kg/d,
respectively. Starter intake was not different between treatments. The results reported in this research
showed that the autophagy level of the duodenal cells was increased with an increasing Gln infusion
dose (0 to 20 g/d) and dropped when Gln was further increased to 40 g/d (Figure 1). We also found that
the level of apoptosis was decreased with an increasing Gln infusion dose from 0 to 20 g/d, and then
rose with an increasing dose of Gln to 40 g/d (Figure 1). In group M, the level of autophagy reached
the highest level; in contrast, the level of apoptosis reached a lowest point. The expression of mTOR
was significantly decreased after Gln infusion (p < 0.05). The expression of p-mTOR in group M was
lower than that in other groups (p < 0.05).

Figure 1. Effects of glutamine (Gln) infusions on the microtubule-associated protein 1 light chain 3-II
(LC3-II), mTOR, p-mTOR, and caspase3 expression of duodenum in weaned calves. Treatment was
as follows: (1) C: infusion of 1.5 L of 0.85% NaCl; (2) L: infusion of 10 g/d of Gln mixed with 1.5 L of
0.85% NaCl; (3) M: infusion of 20 g/d of Gln mixed with 1.5 L of 0.85% NaCl; (4) H: infusion of 40 g/d
of Gln mixed with 1.5 L of 0.85% NaCl. Insets depict representative blots. Values represent means ±
SD. Response from statistical result, p < 0.05. β-Actin was used to normalize the expression of target
proteins. The letters below the bar graph indicate different treatments. Different letters above the bar
indicate differences between different groups (p < 0.05).

4. Discussion

In this study, we demonstrated that low dose infusion of Gln could induce autophagy and retard
apoptosis. We further increased the infusion of Gln to 40 g/d and found that the effect of Gln on calves
was reduced. We concluded that Gln-induced autophagy is mainly dependent on the inhibition of
mTOR phosphorylation. Gln is involved in stress protection by way of the stimulation of autophagy in
intestinal cells [7,27]. A previous study found that Gln infusion increased growth rates, villus height,
and crypt depth in the duodenum of early-weaned calves [24]. In this study, when the concentration of
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Gln was increased from 0 to 20 g/d, the autophagy levels increased as the Gln infusion dose increased.
The results suggested that Gln can promote autophagy in the duodenum. This finding is consistent
with that of Sakiyama et al. [7], who confirmed that Gln is essential for maintaining autophagy and
mounting an autophagic response under stress in intestinal cells. It has been suggested that Gln
can induce autophagy in intestinal epithelial cells through restraining mTOR and p38 MAP kinase
pathways [7]. The expression of mTOR and p-mTOR in our study is also consistent with this study.
The expression of p-mTOR was significantly decreased after Gln infusion. To further investigate the
effects of high dose Gln, we further increased the infusion of Gln to 40 g/d. Interestingly, we found that
the autophagy level was decreased as the Gln infusion dose increased from 20 to 40 g/d. A possible
explanation for this might be that the activity of Gln synthetase in the body gradually decreases when
the blood concentration of Gln was excessive. In Escherichia coli, Gln synthetase activity is subject to
inhibition by different end products of Gln metabolism [28]. A previous report suggested that over
expression of Gln synthetase inhibited mTOR activity and activated autophagy [29]. Thus, the level of
autophagy induced by Gln synthetase was decreased as the activity of Gln synthetase decreased.

Normally, autophagy restrains the activity of apoptosis, and apoptosis-associated caspase
activation shuts off the autophagic process [12]. In our study, we also found that the level of
apoptosis fell to a low point with the intravenous infusion dose of 20 g/d. The tendency of apoptosis
was opposite to that of autophagy, which suggested that autophagy may inhibit the activity of apoptosis.
Kallweit et al. [5] found that Gln protects intestinal cells from both heat and oxidant injury, which are
key mechanisms in the prevention of apoptosis. Han et al. [30] demonstrated that the combination of
Gln has the ability to maintain the integrity of the intestinal mucosal barrier by inhibiting the apoptosis
of intestinal epithelial cells. These results are similar to our study. Our result suggests that the effect of
Gln on apoptosis is contrary to that on autophagy. AKT is a kinase with dual autophagy–apoptosis
regulatory potential, which can phosphorylate Beclin 1 and B-cell lymphoma-2 antagonists of cell
death (BAD) to inhibit autophagic and apoptotic functions, respectively [12]. The activation of AKT
could inhibit autophagy by inducing mTOR [12]. Thus, considerably more work needs to be done to
determine the effect of Gln on Akt/mTOR signaling pathways in early-weaned calf.

In commercial dairy farms, dairy calves are weaned early to reduce milk costs. However, the
gastrointestinal tract of the calf is not ready for early weaning [19]. In our research, intravenous
infusions of low dose Gln could increases autophagy, which probably relieved weaning stress. A
further study could assess the effects of diet supplement Gln on the early-weaned calf. This knowledge
will provide a reference for Gln supplementation for weaned calf health management.

5. Conclusions

In conclusion, Gln could induce autophagy and decrease the level of apoptosis in the duodenum
of early-weaned calves. The intravenous infusion moderate dose (20 g/d) of Gln is most effective. This
knowledge will provide a reference for weaned calf health management.
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Simple Summary: Yak calves during the pre-weaning period are mainly fed by maternal grazing
and nursing, which is beneficial to the oestrus and mating of female yaks or the survival and growth
of calves. Barn feeding and early weaning with mixed rations of available roughage and grains was
presented as an alternative to maternal grazing and was supposed to be beneficial to the tremendous
ruminal and intestinal development and growth of yak calves. The caecum is also the primary
site of microbial fermentation, but the limited research has focused on the role of caecal microbiota
in regulating the growth of yaks. The findings of the current study indicated that early weaning
by supplying calves with milk replacer, alfalfa hay, and starter feed improves yak calf growth
performance compared with maternal grazing and nursing, in part through alterations of caecal
microbiota and caecal volatile fatty acid (VFA) production induced by supplementation with alfalfa
hay and starter feed.

Abstract: This study aimed to investigate the effect of early weaning by supplying calves with alfalfa
hay, starter feed, and milk replacer on caecal bacterial communities and on the growth of pre-weaned
yak calves. Ten 30-day-old male yak calves were randomly assigned to 2 groups. The maternal
grazing (MG) group was maternally nursed and grazed, and the early weaning (EW) group was
supplied milk replacer, starter feed, and alfalfa hay twice per day. Compared with the yak calves in
the MG group, the yak calves in the EW group showed significantly increased body weight, body
height, body length, and chest girth. When suffering to the potential mechanism of improved growth
of yak calves, except for the enhanced ruminal fermentation, the significantly increased total volatile
fatty acids, propionate, butyrate, isobutyrate, and valerate in the caecum in the EW group could also
serve to promote the growth of calves. By using 16S rDNA sequencing, some significantly increased
caecal phylum and genera, which were all related to the enhanced caecal fermentation by utilizing
both the fibrous and non-fibrous carbohydrates, were identified in the EW group. In conclusion, early
weaning of yak calves by supplying them with alfalfa hay, starter feed, and milk replacer is more
beneficial to the growth of yak calves when compared with maternal grazing and nursing, in part
due to alterations in caecal microbiota and fermentation.

Keywords: yak calf; early weaning; caecal microbiota; 16S rRNA gene sequencing; growth performance
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1. Introduction

Yak calves during the pre-weaning period are mainly fed by maternal grazing and nursing, which
are not beneficial to the oestrus and mating of female yaks or the survival and growth of calves [1].
However, the pre-weaning period is a critical period for the developmental plasticity and, subsequently,
biological function changes of young ruminants [2,3]. Adequate nutrition during early life is beneficial
to gastrointestinal microbiota establishment, development, and the subsequent functional transition
from metabolizing the glucose from milk to the volatile fatty acids (VFAs) from a solid diet [4,5]. Barn
feeding and early weaning with mixed rations of available roughage and grains was presented as an
alternative to maternal grazing and was supposed to be beneficial to the tremendous gastrointestinal
ramifications and growth of yak calves and other juvenile ruminants [5,6]. In previous studies, the
significantly enhanced rumen fermentation and changed rumen microbiota condition were implicated
as the main reasons for the observed improved growth performance of cattle and lamb by supplying
them with alfalfa hay, starter feed, and milk replacer in barn feeding and early weaning groups [4–6],
which were rarely studied in the yak calves.

In addition to rumen fermentation, hindgut fermentation, which includes caecal fermentation, is
also an important factor that affects growth performance and healthy conditions [4,7]. The caecum is
also the major site of fermentation and absorption in the large intestine of ruminants, and approximately
17% of digested cellulose is broken down there [8]. The VFAs produced in the caecum account for
12% of total VFA production in sheep [9]. However, compared with the extensive studies focusing
on the rumen microbiota and fermentation, caecal microbiota and fermentation is also an important
factor that affects growth performance, which was comparatively limited in studies but worth further
studying of the roles of microbiota from different segments in utilizing the nutrients and promote the
growth of yak calves. In the present study, the effect of early weaning with alfalfa hay, starter feed, and
milk replacer versus maternal grazing and nursing on the caecal microbiota and fermentation of yak
calves was evaluated and compared, with the aim of further adding knowledge of changed caecal
microbiota in regulating the growth of yak calves. Moreover, we further compared the differences
between ruminal and caecal microbiota and fermentation to justify the contribution of caecal microbiota
and fermentation on the growth of yak calves.

2. Materials and Methods

2.1. Ethics Approval Statement

This study was carried out in accordance with the recommendations of the Administration of
Affairs Concerning Experimental Animals (Ministry of Science and Technology, China, revised 2004).
The protocol was approved by the Institutional Animal Care and Use Committee of the Northwest
A&F University (protocol number NWAFAC1118).

2.2. Animals, Experimental Design, and Sample Collection

Before the commencement of the trial, all yak calves were only fed with the milk by maternal
nursing in Datong Yak Breeding Farm of Qinghai Province. A total of ten 30-day-old male yak calves
(34.86 ± 2.06 kg) with similar body conditions were randomly assigned to 2 groups with 5 calves per
group. The maternal grazing (MG) group was maternally nursed and grazed, and the early weaning
(EW) group was supplied with milk replacer, starter feed, and alfalfa hay. The yak calves in the
maternal nursing group had access to fresh grass and yak milk. Briefly, the MG yak calves were
allowed to graze a rangeland for a period of 8 h. Water was offered ad libitum twice a day at 08:00 and
16:00 h. Specifically, the experiment was performed from July to October and lasted for 90 d, allowing
for the sufficient grazing of fresh grass. Moreover, at the last day of the feeding experiment, the fresh
grass and the yak milk were collected and provided to the their yak calves, and the dairy intake were
recorded and used to calculate the dry matter intake (DMI). The yak calves in the early weaning group
were housed in a barn and kept in individual pens (7 × 4 m). The pens included a sawdust-bedded
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pack area and a feed lane equipped with an automatic cable scraping system. In addition to free access
to starter feed and alfalfa hay, all yak calves in the early weaning group were supplied with milk
replacer reconstituted from 100–350 g milk replacer powder (the supplementation of milk replacer
were increased along with the increasing body weight) dissolved in 1 L 60 ◦C water twice per day
at 08:00 and 16:30. Water was supplied ad libitum to the yak calves during the experimental period.
Feed (include the alfalfa and starter feed) offered was adjusted daily to ensure at least 10% orts. Feed
offered and refused by each calf was weighed and recorded on the last day of the feeding experiment.
Meanwhile, the daily intake was calculated for further analysis of DMI (overall consideration of the dry
matter intake of milk replacer, alfalfa, and starter feed). After the feeding experiment, the yak calves
were weighed, and their body size indexes, including the body height, body length, and chest girth,
were measured and recorded. Then all animals were euthanized by exsanguination after anaesthesia
and immediately dissected, and the liver, thymus, spleen, and pancreas were collected and weighed
immediately. At last, the ruminal fluid and caecal contents were collected and stored in −80 ◦C for
further analyses. Specifically, rumen fluid was strained through 4 layers of sterile cheesecloth and
collected for VFA and NH3-N analyses and 16S rRNA gene sequencing.

Composites of the fresh grass, starter feed, alfalfa hay, and milk replacer were measured (AOAC
International, 2000) for DM (oven method 930.15), ash (oven method 942.05), CP (Kjeldahl method
988.05), fat (alkaline treatment with Röse–Gottlieb method 932.06 for MR; diethyl ether extraction
method 2003.05 for starters and hay), Ca and P (dry ashing, acid digestion, and analysis by inductively
coupled plasma, method 985.01), NDF with ash without sodium sulfite or α-amylase, ADF with
ash, starch (α-amylase method), and sugar (colorimetric method), and the details of the nutrient
composition are given in Tables S1 and S2.

2.3. Determination Of VFA and NH3-N in Ruminal Fluid and Caecal Contents

For the VFA and NH3-N measurements, the rumen fluid and caecal contents dissolved in the
buffer were centrifuged at 13,000× g for 10 min. The VFAs were analysed on an Agilent 6850 gas
chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a polar capillary
column (HP-FFAP, 30 m × 0.25 mm × 0.25 μm) and a flame ionization detector (FID), as previously
described [10]. The NH3-N in the supernatant was quantified using a continuous-flow analyser
(SKALAR San, Skalar Co., Breda, The Netherlands).

2.4. Microbial DNA Extraction and 16S rRNA Gene Sequencing

The ruminal fluid and caecal content samples from yak calves were subjected to DNA extraction
using the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany). The quantity and quality of
those DNA samples were further assessed by a Nanodrop ND-1000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA). The 16S rRNA gene amplicons of 8 DNA samples (4 samples from EW
group and 4 samples from MG group) with high quality were used to determine the diversity and
compare the community structures of the bacterial species in each of these samples using Illumina
HiSeq sequencing at Novogene Bioinformatics Technology Co., Ltd., Beijing, China. The preparation
of the amplicon library was performed by polymerase chain reaction amplification of the V3–V4
region of the 16S rRNA gene using the primer set 341F 5′-CCTAYGGGRBGCASCAG-3′ and 806R
5′-GGACTACNNGGGTATCTAAT-3′ with barcode. The identified sequences were deposited in the
NCBI sequence archive (SRA) under the accession no. PRJNA552771.

Sequencing data splicing and quality filtering of the raw tags were performed using Trimmomatic
(V0.36) and Usearch (V9.2.64) [11,12]. All sequences shorter than 200 bp and those with quality scores
lower than 15 in the raw reads were removed, and high-quality clean tags were obtained. These
sequences were classified into operational taxonomic units (OTUs) at an identity threshold of 97%
similarity using UPARSE software [12]. For each OTU, by, a representative sequence was screened and
used to assign taxonomic composition by comparison with the RDP 16S Training set (v16) and the
core set using the SINTA (Usearch V9.2.64) and PyNAST (QIIME) programmed algorithms [13,14].
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Subsequent analysis of alpha and beta diversity was performed based on the output of this normalized
data. The taxon abundance for each sample was determined according to phylum, class, order, family,
and genus. The t-test was performed to estimate the differential microbiota between the treatments.
The threshold was set at p value < 0.05.

2.5. Statistical Analysis

Analysis was performed using Student’s t test with SPSS 21.0 software with replicates as experiment
units, and differences were considered statistically significant at p < 0.05.

3. Results and Discussion

3.1. Early Weaning of Yak Calves with Alfalfa Hay, Starter Feed, and Milk Replacer Significantly Promoted
Growth and Organ Development

Compared with the yaks in the maternal grazing group, the yaks in the early weaning group
showed significantly increased body weight, withers height, body length, and chest girth (Table 1).
Additionally, the significantly increased weight of the liver, spleen, and thymus, as well as the
significantly increased indexes of spleen and thymus (g/kg body weight) were also identified in the
early weaning group (Table 1). Meanwhile, the ruminal fermentation characteristics of yak calves
under the grazing and barn feeding conditions are presented in Table 2. The PH and NH3-N showed no
differences between the different feeding groups. The total VFA concentration was significantly higher
in the early weaning group than in the grazing group; of these, the propionate, butyrate, isobutyrate,
and valerate were also significantly increased in the early weaning group (Table 2). Furthermore, the
ratio of acetate/propionate and acetate/total VFA were significantly decreased in the early weaning
group, while the ratio of butyrate/total VFA, isobutyrate/total VFA, and valerate/total VFA were all
significantly increased in the early weaning group. Moreover, those significantly increased growth
performance and ruminal fermentation were mostly resulted from the significant differences between
the treatments in the daily DMI of yak calves, where the increased intake was found for calves on early
weaning group, especially the increased intakes of concentrate supplement (Table 1).

Table 1. Effect of early-weaning feeding and maternal grazing feeding on body weight, body size
indexes, and organ weight of yak calves.

Items
Treatments

SEM p-Value
Early Weaning Maternal Grazing

Body weight (kg) 87.90 a 64.50 b 4.347 <0.001
Chest girth (cm) 116.20 a 107.25 b 1.956 0.009

Withers height (cm) 95.60 a 77.25 b 31.563 0.001
Body length (cm) 109.20 a 86.00 b 4.215 <0.001

Liver (g) 1391.50 a 1058.38 b 61.067 <0.001
Spleen (g) 237.84 a 150.60 b 17.554 0.002

Thymus (g) 252.96 a 105.25 b 26.176 <0.001
Pancreas (g) 50.56 50.85 1.694 0.939

Liver index (g/kg body weight) 1.584 1.605 0.023 0.677
Spleen index (g/kg body weight) 0.272 a 0.228 b 0.011 0.050

Thymus index (g/kg body weight) 0.288 a 0.160 b 0.023 <0.001
Pancreas index (g/kg body weight) 0.057 b 0.077 a 0.039 0.002

DMI (g) 1774.60 1147.52 21.303 <0.001
a,b within a row with different superscripts means significantly difference.
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Table 2. Effect of early-weaning feeding and maternal grazing feeding on caecal fermentation of
yak calves.

Items
Treatments

SEM p-Value
Early Weaning Maternal Grazing

Rumen

pH 6.88 7.17 0.128 0.298
Ammonia nitrogen, NH3N (mg/dL) 6.91 6.55 0.234 0.486

Total VFA (mmol/L) 66.82 a 58.00 b 1.767 0.002
Acetate (mmol/L) 42.09 40.95 0.758 0.493

Propionate (mmol/L) 11.53 a 9.85 b 0.346 0.004
Butyrate (mmol/L) 8.60 a 4.08 b 0.801 <0.001

Isobutyrate (mmol/L) 1.56 a 1.03 b 0.117 0.009
Valerate (mmol/L) 1.18 a 0.55 b 0.118 <0.001

Isovalerate (mmol/L) 1.87 1.54 0.086 0.058
Acetate/Propionate 3.66 b 4.16 a 0.111 0.011
Acetate/Total VFA 0.630 b 0.706 a 0.014 <0.001

Propionate/Total VFA 0.173 0.170 0.002 0.580
Butyrate/Total VFA 0.129 a 0.071 b 0.010 <0.001

Isobutyrate/Total VFA 0.023 a 0.018 b 0.001 0.035
Valerate/Total VFA 0.018 a 0.010 b 0.002 <0.001

Isovalerate/Total VFA 0.0279 0.0265 0.001 0.482

cecum

pH 6.92 6.95 0.033 0.736
Ammonia nitrogen, NH3N(mg/dL) 6.86 6.80 0.177 0.874

Total VFA (mmol/L) 63.53 a 56.37 b 1.601 0.012
Acetate (mmol/L) 41.45 40.52 0.861 0.624

Propionate (mmol/L) 11.93 a 9.60 b 0.427 <0.001
Butyrate (mmol/L) 5.51 a 3.08 b 0.465 <0.001

Other (mmol/L) 4.64 a 3.17 b 0.306 0.004
Acetate/Propionate 3.48 b 4.22 a 0.148 0.002
Acetate/Total VFA 0.652 b 0.719 a 0.012 0.001

Propionate/Total VFA 0.188 a 0.171 b 0.004 0.024
Butyrate/Total VFA 0.087 a 0.055 b 0.006 0.002

a,b within a row with different superscripts means significantly difference.

Our results indicated that the early weaning yak calves provided with milk replacer, starter feed,
and alfalfa hay during early life showed improved growth and development, in accordance with the
results of previous studies on lambs during early life [5,6]. Supplementation of the diets of ruminants
with carbohydrates such as alfalfa hay and starter feed during the pre-weaning period has a crucial
long-term impact on ruminal fermentation in other ruminants that has been shown to be beneficial
to their growth performance [15]. In accordance with the previous studies, DMI and ruminal VFA
production were both significantly increased, which contributed to the significantly promoted growth
performance of yak calves in early weaning group [5,6,10,15]. However, except for the VFAs from
ruminal fermentation, the caecum VFAs produced accounted for 12% of total VFA production in
sheep [9,16], while limited research focused on caecal fermentation in response to the early weaning
with starter feed and alfalfa hay in yaks [7].

3.2. Significantly Enhanced Caecel Fermentation Was Identified in the Yak Calves in the Early Weaning Group

The caecal fermentation characteristics of yak calves under the grazing and early weaning
conditions were further measured (Table 2). The pH and NH3-N also showed no differences between
the two groups. The total VFA concentration was significantly higher in the early weaning group than
in the grazing group (p = 0.026). Significantly higher concentrations of propionate, butyrate, and other
VFAs were also identified in the early weaning group (p < 0.01), whereas concentration of acetate was
not significantly altered by treatment in the present study. Meanwhile, the ratio of acetate/propionate
and acetate/total VFA in caecum were also significantly decreased in the early weaning group, while
the ratio of butyrate/total VFA and propionate/total VFA were both significantly increased in the early
weaning group. Moreover, according to our results, we found that the concentration and production
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of VFAs in the caecum could not be ignored when compared with the ruminal VFA concentration.
In ruminants including the yak calves, the VFAs are absorbed by the rumen and caecal epithelium,
and then metabolized into glucose, triglycerides, and amino acids and further provide energy and
nutrients resources for the growth of yak calves. Our results indicated that changed caecal VFAs in
early weaning, especially the increased acetate and propionate induced by supplementation of the
diet with alfalfa hay and starter feed, can also be absorbed by the caecal epithelium [5,17], and then
metabolized into glucose, triglycerides, and amino acids and further provide energy and nutrients
resources for the growth of yak calves [7]. Moreover, the increasing ratio of butyrate/total VFA and
propionate/total VFA further represented the improved energy utilization efficiency when compared
with the acetate type fermentation and the promoted caecal development process.

3.3. Different Responses of Caecal Microbiota to Early Weaning or Maternal Grazing Feeding Contribute to
Enhanced Caecal Fermentation of Yak Calves

Considering the significantly increased ruminal and caecal VFAs, the ruminal and caecal microbiota
were both further analysed. The beta diversity analyses revealed that the compositions of the
gastrointestinal prokaryotic community of the yak calves in two different feeding groups were
significantly different (Figure 1A,B, and Figure 2A,B). Moreover, Chao1 indexes indicated that early
weaning with the starter feed and alfalfa hay was beneficial to the diversity of ruminal and caecal
microbiota (Table S3). Recently, several studies have focused on the effect of different feeding paradigms
on the gastrointestinal microbiota of several animals, including lizards, cheetahs, yaks, lambs, deer mice,
and seals [18–21]. These studies all identified that the diversity and abundance of the gastrointestinal
microbiota were increased in animals from the wild environment than in captive animals. However, our
study identified that early weaning and barn feeding significantly increased the diversity of ruminal
and caecel microbiota. Different from the previous studies which focused on adult animals which
obtained more varied nutrients in wild feeding paradigms, the early weaning in the barn feeding
paradigm in the present study, which supplied the calves with milk replacer, starter feed, and alfalfa
hay, provided enough carbohydrate, protein, and lipid for the growth and proliferation of microbes,
which indicated that more microbial species could survive in the gastrointestinal tract due to the
abundant sources of carbon and nitrogen [7,17]. In contrast, the yak calves from the maternal grazing
group obtained limited nutrients from maternal milk and fresh grass, which resulted in less diversity
and abundance of the ruminal and caecal microbiota. Moreover, the similar results of the increased
diversity of ruminal and caecal microbiota also indicated that the dietary changes can simultaneously
altered the ruminal and caecal microbiota, which also indicated that caecal microbiota could also
have potential response to dietary supplementation and further influence the growth of yak calves.
Overall, our results indicated that the nutrition supplementation is beneficial to the richness of caecal
microbiota such as the alteration of the diversity of ruminal microbiota, which could even changeover
the beneficial effect of a wild environment on the diversity and richness of gut microbiota. Our results
also indicated that nutrition was the main effect among environmental indices which influence the
gastrointestinal microbiota [22].
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Figure 1. Ruminal microbial community difference between the different feeding paradigm groups
(n = 4). (A) PCoA analysis. (B) Anosium analysis. (C) Differential ruminal microbes at phylum level
based on t-test analysis. (D) Differential ruminal genera based on t-test analysis.

Figure 2. Caecal microbial community difference between the different feeding paradigm groups
(n = 4). (A) PCoA analysis. (B) Anosium analysis. (C) Differential caecal microbes at phylum level
based on t-test analysis. (D) Differential caecal genera based on t-test analysis.

The differential microbiota were further identified based on the counts of different microbes by
using t-test analyses. In rumen, the significantly increased phylum of Proteobacteria, Fibrobacteres,
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Bacteroidetes, Actinobacteria, Spirochaetes, and SR1 (Figure 1C), as well as the genus of Succiniclasticum,
Clostridium_sensu_stricto, Treponema, Escherichia/Shigella, Prevotella, and Fibrobacter (Figure 1D)
were identified in the early weaning group. In caecum, the significantly increased Proteobacteria,
Euryarchaeota, and Actinobacteria in the phylum level (Figure 2C), as well as significantly increased
genera of Turicibacter, Methanobrevibacter, Clostridium_sensu_stricto, Bacteroides, Clostridium_XlVb,
Clostridium_XI, Escherichia/Shigella, Oscillibacter, Ruminococcus, Blautia, Clostridium_IV, and
Prevotella (Figure 2D) were identified in the early weaning group. Accordingly, the phylum of
Proteobacteria, Euryarchaeota, and Actinobacteria and the genera of Clostridium_sensu_stricto,
Escherichia/Shigella, and Prevotella were co-influenced by the early weaning with alfalfa hay,
starter feed, and milk replacer, which were all involved in the utilization of fibrous and non-fibrous
carbohydrates and the production of propionate and butyrate. Meanwhile, these results again proved
that dietary alteration could have a similar effect on the ruminal and caecal microbiota. Moreover, the
main finding of our study lies in the fact that supplemental feeding with alfalfa hay and starter feed
exceeded maternal grazing and nursing in shaping hindgut functional achievement. The significantly
increased caecal genera of yak calves identified in the early weaning groups, including the Prevotella,
Clostridium_XIVb, Turicibacter, Clostridium_IV, Clostridium_XI, Clostridium_sensu_stricto, Bacteroides,
Oscillibacter and, Ruminococcus were mainly involved in the utilization of fibrous and non-fibrous
carbohydrates and the production of acetate, propionate, and butyrate [17,23–27]. The primary
determinant for this could be that the early-weaning calves consumed a greater amount of concentrate
and alfalfa hay, and dietary fiber and starch were the suitable fermentation substrate when they reached
the hindgut in significant quantities. Considering the identified significantly increased VFAs in the
present study, the effect of early weaning with alfalfa hay and starter feeds on the identified variational
microbiota and the roles of these changed microbiota were again proved. According to previous
studies, in goats during the early life, caecal propionate, butyrate, and isobutyrate concentrations also
significantly increased in response to a grain-rich diet [7,17,28]. In accordance with these previous
studies, significantly higher concentrations of propionate, butyrate and total VFAs were also identified
in the early weaning group of the present study, which were produced by our identified differential
microbes by using starch or fibrous carbohydrates. Moreover, the effect of differential supplementing
of carbohydrates during early life, induced by early weaning with alfalfa hay and starter feed, on the
subsequent gastrointestinal microbiota and the related caecal fermentation, could further increase the
absorbed VFAs from the caecal epithelium, and further provide more energy for the growth of yak
calves [29,30]. Overall, except for ruminal fermentation, caecal fermentation could also be enhanced by
providing enough fermentable carbohydrates in the EW group, which was induced by the increased
abundance of microbes involved in the utilization of fibrous and non-fibrous carbohydrates and
subsequently increased; and then the increased caecal VFAs could contribute to promoting the growth
of yak calves.

4. Conclusions

Early weaning and barn feeding with milk replacer, alfalfa hay, and starter feed is recommended
during pre-weaning to improve yak calf growth performance. Except for their beneficial roles in
ruminal microbiota construction and ruminal VFAs production, the facilitating caecal starch-using
and fibre-using microbial colonization and the subsequently improved caecal fermentation can also
contribute to the growth of yak calves, which may play similar roles to the changed ruminal microbiota.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/9/11/921/s1,
Table S1: Nutrient composition of the alfalfa, starter feed, and milk replacement used in the present study; Table
S2. Nutrient content of fresh grass and yak milk for yak calves from maternal grazing group; Table S3 Effect of
early-weaning feeding and maternal grazing feeding on caecal microbial alpha diversity index of yak calves.

Author Contributions: S.W., Z.C., and J.Y. conceived and designed the experiments; S.W., Z.C., and X.C. mainly
performed the experiments; S.W. analyzed the data; J.Y., S.W., and Z.C. contributed reagents/materials/analysis
tools; S.W. wrote the manuscript. J.Y. and S.W. had primary responsibility for final content. All authors (including
P.W.) read and approved the final manuscript.

84



Animals 2019, 9, 921

Funding: This work was funded by the National Key R&D Program of China (2016YFC0501805), the China
Postdoctoral Science Foundation (2019M653774), the Thousand-person Plan of Qinghai High-end Innovative
Talents (top-notch talents Train), and the Program for Qinghai Science & Technology (3-4), and the National
natural science foundation of China (31902184).

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. Zi, X.D. Reproduction in female yaks (Bos grunniens) and opportunities for improvement. Theriogenology
2003, 59, 1303–1312. [CrossRef]

2. Baldwin, R.L.; McLeod, K.R.; Klotz, J.L.; Heitmann, R.N. Rumen development, intestinal growth and hepatic
metabolism in the pre-and postweaning ruminant. J. Dairy Sci. 2004, 87, 55–65. [CrossRef]

3. Soberon, F.; Van Amburgh, M.E. Lactation Biology Symposium: The effect of nutrient intake from milk or
milk replacer of pre-weaned dairy calves on lactation milk yield as adults: A meta-analysis of current data.
J. Anim. Sci. 2013, 91, 706–712. [CrossRef]

4. Liu, J.; Bian, G.; Sun, D.; Zhu, W.; Mao, S. Starter feeding supplementation alters colonic mucosal bacterial
communities and modulates mucosal immune homeostasis in newborn lambs. Front. Microbiol. 2017, 8, 429.
[CrossRef]

5. Yang, B.; Le, J.; Wu, P.; Liu, J.; Guan, L.L.; Wang, J. Alfalfa intervention alters rumen microbial community
development in hu lambs during early life. Front. Microbiol. 2018, 9, 574. [CrossRef]

6. Laarman, A.H.; Ruiz-Sanchez, A.L.; Sugino, T.; Guan, L.L.; Oba, M. Effects of feeding a calf starter on
molecular adaptations in the ruminal epithelium and liver of Holstein dairy calves. J. Dairy Sci. 2012, 95,
2585–2594. [CrossRef]

7. Sun, D.; Mao, S.; Zhu, W.; Liu, J. Effects of starter feeding on caecal mucosal bacterial composition and
expression of genes involved in immune and tight junctions in pre-weaned twin lambs. Anaerobe 2019, 59,
167–175. [CrossRef]

8. Gray, F.V. The digestion of cellulose by sheep. The extent of cellulose digestion at successive levels of the
alimentary tract. J. Exp. Biol. 1947, 24, 15–19.

9. Faichney, G.J. Volatile fatty acids in the caecum of the sheep. Aust. J. Biol. Sci. 1968, 21, 177–180. [CrossRef]
10. Xue, D.; Chen, H.; Zhao, X.; Xu, S.; Hu, L.; Xu, T.; Jiang, L.; Zhan, W. Rumen prokaryotic communities of

ruminants under different feeding paradigms on the Qinghai-Tibetan Plateau. Syst. Appl. Microbiol. 2017, 40,
227–236. [CrossRef]

11. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for illumina sequence data. Bioinformatics
2014, 30, 2114–2120. [CrossRef]

12. Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10,
996–998. [CrossRef] [PubMed]

13. Caporaso, J.G.; Bittinger, K.; Bushman, F.D.; DeSantis, T.Z.; Andersen, G.L.; Knight, R. PyNAST: A flexible
tool for aligning sequences to a template alignment. Bioinformatics 2010, 26, 266–267. [CrossRef] [PubMed]

14. Edgar, R.C. SINTAX: A simple non-Bayesian taxonomy classifier for 16S and ITS sequences. bioRxiv 2016.
[CrossRef]

15. Saro, C.; Hohenester, U.M.; Bernard, M.; Lagrée, M.; Martin, C.; Doreau, M.; Boudra, H.; Popova, M.;
Morgavi, D.P. Effectiveness of interventions to modulate the rumen microbiota composition and function in
pre-ruminant and ruminant lambs. Front. Microbiol. 2018, 9, 1273. [CrossRef] [PubMed]

16. Dixon, R.M.; Nolan, J.V. Studies of the large intestine of sheep. 1. Fermentation and absorption in sections of
the large intestine. Br. J. Nutr. 1982, 47, 289–300. [CrossRef]

17. Jiao, J.Z.; W, Z.; Guan, L.L.; Tan, Z.L.; Han, X.F.; Tang, S.X.; Zhou, C.S. Postnatal bacterial succession and
functional establishment of hindgut in supplemental feeding and grazing goats. J. Anim. Sci. 2015, 93,
3528–3538. [CrossRef]

18. Nelson, T.M.; Rogers, T.L.; Carlini, A.R.; Brown, M.V. Diet and phylogeny shape the gut microbiota of
Antarctic seals: A comparison of wild and captive animals. Environ. Microbiol. 2013, 15, 1132–1145.
[CrossRef]

85



Animals 2019, 9, 921

19. Kohl, K.D.; Brun, A.; Magallanes, M.; Brinkerhoff, J.; Laspiur, A.; Acosta, J.C.; Caviedes-Vidal, E.;
Bordenstein, S.R. Gut microbial ecology of lizards: Insights into diversity in the wild, effects of captivity,
variation across gut regions and transmission. Mol. Ecol. 2017, 26, 1175–1189. [CrossRef]

20. Wasimuddin Menke, S.; Melzheimer, J.; Thalwitzer, S.; Heinrich, S.; Wachter, B.; Sommer, S. Gut microbiomes
of free-ranging and captive Namibian cheetahs: Diversity, putative functions and occurrence of potential
pathogens. Mol. Ecol. 2017, 26, 5515–5527. [CrossRef]

21. Schmidt, E.; Mykytczuk, N.; Schulte-Hostedde, A.I. Effects of the captive and wild environment on diversity
of the gut microbiome of deer mice (Peromyscus maniculatus). ISME J. 2019, 13, 1293–1305. [CrossRef]
[PubMed]

22. Rothschild, D.; Weissbrod, O.; Barkan, E.; Kurilshikov, A.; Korem, T.; Zeevi, D.; Costea, P.I.; Godneva, A.;
Kalka, I.N.; Bar, N.; et al. Environment dominates over host genetics in shaping human gut microbiota.
Nature 2018, 555, 210–215. [CrossRef] [PubMed]

23. Mansfield, H.R.; Endres, M.I.; Stern, M.D. Influence of non-fibrous carbohydrate and degradable intake
protein on fermentation by ruminal microorganisms in continuous culture. J. Anim. Sci. 1994, 72, 2464–2474.
[CrossRef]

24. Lu, C.D.; Kawas, J.R.; Mahgoub, O.G. Fibre digestion and utilization in goats. Small Rumin. Res. 2005, 60,
45–52. [CrossRef]

25. Cai, S.; Li, J.; Hu, F.Z.; Zhang, K.; Luo, Y.; Janto, B.; Boissy, R.; Ehrlich, G.; Dong, X. Cellulosilyticum
ruminicola, a newly described rumen bacterium that possesses redundant fibrolytic-protein-encoding genes
and degrades lignocellulose with multiple carbohydrate-borne fibrolytic enzymes. Appl. Environ. Microbiol.
2010, 76, 3818–3824. [CrossRef]

26. Edwards, J.E.; Forster, R.J.; Callaghan, T.M.; Dollhofer, V.; Dagar, S.S.; Cheng, Y.; Chang, J.; Kittelmann, S.;
Fliegerova, K.; Puniya, A.K.; et al. PCR and Omics Based Techniques to Study the Diversity, Ecology
and Biology of Anaerobic Fungi: Insights, Challenges and Opportunities. Front. Microbiol. 2017, 8, 1657.
[CrossRef]

27. Zhang, J.; Shi, H.; Wang, Y.; Li, S.; Cao, Z.; Ji, S.; He, Y.; Zhang, H. Effect of dietary forage to concentrate
ratios on dynamic profile changes and interactions of ruminal microbiota and metabolites in holstein heifers.
Front. Microbiol. 2017, 8, 2206. [CrossRef]

28. Wang, Y.; Xu, L.; Liu, J.; Zhu, W.; Mao, S. A high grain diet dynamically shifted the composition of
mucosa-Associated microbiota and induced mucosal injuries in the colon of sheep. Front. Microbiol. 2017,
8, 2080. [CrossRef]

29. Khan, M.A.; Bach, A.; Weary, D.M.; von Keyserlingk, M.A.G. Invited review: Transitioning from milk to
solid feed in dairy heifers. J. Dairy Sci. 2016, 99, 885–902. [CrossRef]

30. Meale, S.J.; Li, S.; Paula, A.; Hooman, D.; Plaizier, J.C.; Khafipour, E.; Steele, M.A. Development of ruminal
and fecal microbiomes are affected by weaning but not weaning strategy in dairy calves. Front. Microbiol.
2016, 7, 582. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

86



animals

Article

Effects of Body Condition Score Changes During
Peripartum on the Postpartum Health and Production
Performance of Primiparous Dairy Cows

Yujie Wang, Pengju Huo, Yukun Sun and Yonggen Zhang *

College of Animal Science and Technology, Northeast Agricultural University, Harbin 150030, China;
wangyjanet@163.com (Y.W.); huopengju@163.com (P.H.); sun_yukun@126.comg (Y.S.)
* Correspondence: zhangyonggen@sina.com

Received: 8 November 2019; Accepted: 9 December 2019; Published: 17 December 2019

Simple Summary: This study systematically describes the effects of body condition score
(BCS) changes in primiparous cows during the peripartum period on hormone indexes, health,
and production. The BCS and its changes indirectly measure the degree of fat mobilization and
is a good predictor of the risk of postpartum disease. In production practice, confounding the
management of primiparous and multiparous cow risks neglecting the postpartum characteristics
of primiparous cows. A prospective observational study observed that primiparous cows that
have a lower BCS have higher non-esterified fatty acids (NEFA) and β-hydroxybutyrate (BHBA)
concentrations and more dramatic hormonal changes. Prepartum BCS changes were inconsistent
and small, while after calving, there was a drastic decline in the BCS, suggesting that even a slight
drop in the prepartum BCS may be a warning of a postpartum risk for primiparous cows. It is
suggested that operators attach importance to the primiparous cow prepartum BCS and keep it stable
through prepartum management adjustments, since an ideal BCS at calving reduces the incidence of
postpartum disease.

Abstract: This is a prospective observational study that evaluates the effects of body condition
score (BCS) changes in primiparous Holstein cows during peripartum on their NEFA and BHBA
concentrations, hormone levels, postpartum health, and production performance. The cows under
study (n = 213) were assessed to determine their BCS (5-point scale; 0.25-point increment) once a
week during the whole peripartum by the same researchers; backfat was used for corrections. Blood
samples were collected 21 and 7 days before calving and 7, 21, and 35 days after calving, and were
assayed for NEFA, BHBA, growth hormone (GH), insulin, leptin, and adiponectin concentrations.
The incidence of disease and milk yield were recorded until 84 days after calving. Cows were classified
according to their BCS changes during peripartum as follows: Those that gained BCS (G; ΔBCS ≥
0.25), maintained BCS (M; ΔBCS = 0–0.25), or lost BCS (L; ΔBCS ≥ 0.5). The BCS at −21 days and at
7, 14, and 21 days were different (p < 0.01), but trended toward uniformity in all groups at calving.
The L group had higher NEFA and BHBA concentrations and hormone levels (p < 0.01) than the M
and G groups at 21 and 35 days after calving, and had a higher incidence of uterine and metabolic
diseases; however, there were no differences in production performance between the various groups.
In conclusion, a lower BCS in primiparous cows during peripartum influences the NEFA and BHBA
concentrations, hormone levels, and occurrence of health problems postpartum. The postpartum
effects of BCS changes appear prior to calving.
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1. Introduction

For a cow approaching calving, the periparturient period, from three weeks prepartum to three
weeks postpartum, is an important stage that determines whether milk yield and dry matter intake
(DMI) will rapidly increase postpartum; recovery of postpartum DMI is an important measure
for avoiding a negative energy balance (NEB) [1,2]. Numerous metabolic and hormonal changes,
together with a series of stress reactions, such as calving, lactating, and ration changes, involving
feeding management during this period, have a direct effect on the health, reproduction, and lactation
performance of cows [3,4]. Parity is a well-known risk factor for disease: Multiparous cows are more
likely to develop ketosis and hypocalcemia [5,6]; the evolution of metabolic profiles in healthy and
sick cows during the periparturient period varies according to parity [7]. Studies have found that
primiparous cows have higher concentrations of insulin-like growth factor-I, lower concentrations of
BHBA throughout periparturient, and higher concentrations of leptin; these differences are associated
with significantly lower milk production and body condition scores [8,9]. These results suggest that
the management of primiparous cows during the periparturient period should be different.

Body condition score (BCS) is strongly correlated with energy reserves, directly reflecting the
fat reserves of individual dairy cows. Changes in the BCS rather than a single BCS measurement,
which is frequently used to monitor energy balance as a practical tool for dairy farm management, are
widely used and easy to determine [10]. The peripartum BCS and a series of changes, including the
BCS at calving and the rate and degree of BCS reduction after calving, may indicate the increase of
non-esterified fatty acids, possibility of postpartum diseases and differences in production performance.
Studies have shown that the BCS of multiparous cows can be regarded as a prediction tool due to
the strong association between the BCS and metabolic diseases, including hepatic lipidosis, ketosis,
and abomasum displacement [11–13]. The main reason for this strong association is that weight
loss over 50 kg due to improper prepartum feeding significantly inhibits DMI and milk production;
meanwhile, high milk production and the consequent synthesis of milk fat result in a high degree of
fat mobilization, causing cows to go through NEB [14]. Health and performance at the primiparous
stage have a profound impact on later stage incidence of disease and production potential; thus,
reasonable management of cows’ body condition is particularly important. Little is known about the
characteristics and the reference range of the BCS in primiparous cows on disease prediction, hormonal
levels, and lactation performance. Considering that primiparous cows represent a high proportion of
cows in production, it is particularly necessary to further study the prepartum BCS of primiparous
dairy cows and to use a hormonal index to specifically investigate the influence of BCS changes on fat
metabolic, health, and lactation.

Adipose tissue reserves are predominantly controlled by the energy balance and abundance of
insulin, with the expression and tissue responsiveness of key hormones being altered to maintain
physiological equilibrium at the beginning of chronic energy deficiency [15]. Growth hormone (GH)
directly regulates ruminant adipose stores. Insulin is an antagonist of the lipolytic actions of GH
and lowers mobilization of the tissue reserves. Adiponectin is recognized to play an important role
in metabolic syndrome. Leptin serves as an intake satiety signal by predominantly acting on the
brain [10]. The somatotropic axis, primarily consisting of growth hormone (GH; somatotropin) and
insulin-like growth factor-I (IGF-I; somatomedin), is essential for the regulation of intrahepatic lipid
metabolism [16]. Association between peripartum BCS, fat mobilization, and postpartum serum
insulin concentration has been demonstrated in several studies [17–20]; besides, an increase in serum
concentrations of NEFA and BHBA, as well as decreased serum concentrations of insulin and glucose,
are indicators of NEB [21]. Studies convincingly demonstrate that exogenous bovine somatotropin (BST)
results in an increase in milk yield in treated animals and results in a series of coordinated adaptations
in their body tissues to support the increased use of nutrients for milk synthesis [22]. A recent study
exploring the association between postpartum plasma insulin and NEFA and BHBA concentrations
demonstrated that cows with low plasma insulin had significantly higher concentrations of circulating
NEFA; moreover, cows with low plasma insulin during early postpartum produced more milk and
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had higher FCM (fat corrected milk) or ECM (energy corrected milk) compared with cows with high
plasma insulin [23]. The serum adiponectin concentration was positively associated with the insulin
responsiveness of glucose and NEFA metabolism [24]. Most of the studies that investigated hormone
concentration in the context of fat and glucose metabolism used multiparous cows in their experiments;
however, differences and changes in fat metabolic hormone levels among primiparous cows, especially
the direct effects mechanism, are not fully understood and deserve further investigation.

This study highlights the need for the preferential treatment of primiparous cows to ensure
that their BCS trajectory is sufficient for calving, and the need to adopt a management strategy for
adjusting the prepartum BCS to maximize the prevention of postpartum disease and production
potential during later stages. Furthermore, it was hypothesized that testing the levels of the key
regulatory hormones related to fat mobilization would result in a better understanding of the factors
that influence BCS mobilization and replenishment. The objectives of the current study were to evaluate
the association between BCS changes and hormone levels during peripartum and postpartum with the
health and performance characteristics of primiparous lactating Holstein cows, and to examine the
herd- and cow-level factors that influence the BCS profile, thus promoting animal management aimed
at improving farm productivity, profit, and animal welfare.

2. Materials and Methods

2.1. Animals and Management

This prospective observational experiment was conducted on a commercial farm in Harbin
City, Heilongjiang Province, China from August 2018 to January 2019. Two hundred and thirteen
primiparous cows from a total of 692 lactation cows met the enrollment criteria and were used in the
current study. All cows were synchronized using a Double-Ovsynch protocol for first TAI (Timed
Artificial Insemination) with a progesterone implant during the Ovsynch. Protocol of synchronization
started when cows had 60–65 days in milk. Primiparous cows entered the peripartum period during
August and September. The calving date was synchronized to be in fall, during September and
October; thus, there was no calving month effect. Milk yield data were collected from 5 to 84 days after
calving. Disease records were kept to 84 days postpartum. The collection of postpartum data was
completed in January. The living environment of the experimental primiparous Holstein cows (n =
213) during peripartum was consistent: Cows were housed in free-stall barns that included mattresses
composed of rice hulls, and were equipped with self-locking head gates at the feed line and with a
cross-ventilation system with fans and spray devices. One to 14 days after calving, cows were relocated
to the fresh-cows cowshed for postpartum care. Cows were milked three times a day at 7:00 a.m.,
2:30 p.m., and 10:30 p.m. The milk yield of individual cows was recorded and stored in the software
of the automatic milking system. Cows were fed total mixed ration (TMR) formulated according to
NRC (2001) to meet the nutritional requirements of each period (pre- and postpartum). Prepartum
cows were fed beginning at 4 p.m., fresh cows were fed at 7:35 a.m., with ad libitum access to food
and water. All cows were synchronized using a Double-Ovsynch protocol for the first TAI with a
progesterone implant during Ovsynch. The synchronization protocol was started when cows were in
milk for 60–65 days.

2.2. Collection, Treatment, and Assessment of Blood Samples

Blood samples were collected throughout the experimental period relative to parturition at −21,
−7, 7, 21, and 35 days from coccygeal vessels using a sterile syringe prior to the morning feeding.
The samples were collected in a 5 mL evacuated centrifuge tube containing heparin anticoagulant and
centrifuged at 2000× g for 15 min. Supernatant was collected, aliquoted into 1.5 mL centrifuge tubes,
and stored at −20 ◦C for the measurement of blood biochemical and hormonal indexes, including
NEFA, BHBA, GH, insulin, adiponectin, and leptin. The analyses were performed using commercial
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kits (Jiang Lai biotechnology co. LTD, Shanghai, China) by the enzymatic colorimetric endpoint
method. The values were recorded using a Switzerland Tecan multifunctional microplate reader.

2.3. Assessment of the BCS and Classification

The BCS were recorded at the beginning of peripartum (21 d before calving) and scored weekly
throughout peripartum at 21, 14, and 7 days before calving; the day of calving; and 7, 14, and 21 days
after calving. The BCS assessment was completed by a doctor and a master trained by the College
of Animal Science and Technology, Northeast Agricultural University. These personnel had also
completed four-level course training, had practical operation experience in a commercial farm, and
used the visual and tactile technique to determine the BCS based on the US 5-point system with a 0.25
increment, with 1 being too thin and 5 being too obese. Each cow was evaluated on each occasion
by both researchers. Before each morning feeding, cows were kept in a normal standing posture [25].
To guarantee the accuracy and objectivity of the final BCS, a portable ultrasound backfat instrument
was used to measure the fat thickness of the rump at each BCS assessment, and developed a linear
regression model of BCS according to US 5-point system rules to determine BCS. The maximum
penetration depth of the backfat instrument probe was 10 cm. The probe was placed vertically at 1/4 to
1/5 of the line connecting the ischial tuberosity and the hip tuberosity, and all values were measured
on the right side. The final BCS of each cow was calculated using the average of three data points.
Cows were classified according to BCS changes during peripartum (BCS at 21 days minus BCS at
−21 days). The classifications included: Gained BCS (Gained; ΔBCS > 0), maintained BCS (Maintained;
−0.25 ≤ ΔBCS ≤ 0), and lost BCS (Lost; ΔBCS < −0.25).

2.4. Disease Definition

Data on health status (mastitis, metabolic and digestive disorders, and metritis) were collected
from the day of calving to 84 days in milk. Early warning of disease was based on a system that
was fitted to the cows: A neck-mounted electronic rumination and activity monitoring tag (HR Tags,
SCR Dairy, Netanya, Israel). At all times, cows that the tag identified were examined to establish a
preliminary diagnosis by the same personnel. Information on the treatment and collected data were
stored on the on-farm software. Fresh cows were observed daily from calving to 14 days postpartum
until relocation to a cowshed for healthy cows. Cows with health disorders were subjected to required
milk withdrawal and placed in a separate pen, and their milk was discarded until it became saleable.
The clinical examination included a direct observation (general appearance and attitude, muscle
strength, presence of fetal membranes outside the vulva, evaluation of vaginal discharge, foot health,
udder health, and manure consistency), rectal temperature, urinary ketones, and rumen auscultation.

Cows were evaluated for metritis postpartum by palpation. Metritis was characterized by an
enlarged uterus with a fetid watery red–brown discharge within 21 days postpartum. The rectal
temperature was measured for cows with metritis, and those with a temperature of 39.5 ◦C were
diagnosed with puerperal metritis. Abortion was defined as failure to deliver a normal calf. Retained
fetal membrane was defined as failure to detach fetal membranes within 24 h postpartum. At every
milking, all cows were examined for signs of clinical mastitis by the herd personnel immediately
before milking: Clinical mastitis was characterized by the presence of abnormal milk or by signs of
inflammation in one or more quarters. The herd personnel milked three handfuls and checked whether
characterized by the presence of abnormal milk. A case of milk fever was defined as a prostrated cow
with minimal rumen contractions that responded to an intravenous calcium treatment within 30 min.
Cows with a decreased appetite and altered patterns of milk production had their urine tested for
ketone bodies (Keto-Stix, Bayer Diagnostics, Tarrytown, NY, USA), and those that tested at or above
moderate were diagnosed with ketosis. Cows with a metallic (ping) sound at percussion auscultation
of the left or right abdomen (between the 4th and 13th ribs) were diagnosed with a displacement of
the abomasum. Cows with scant manure, lack of appetite, and rumen stasis were diagnosed with
indigestion. Respiratory disease was characterized by panting, rectal temperatures >39.5 ◦C, crackling,
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rales, or percussion dullness when auscultating the lungs. Cows with traumatic events (cesarean
section, udder/teat cuts, and broken limbs) were excluded from the study. Occurrences of retained fetal
membranes, abortion, and metritis were grouped into one variable: Uterine disease. Milk fever, ketosis,
and displacement of the abomasum were grouped into one variable: Metabolic disease. Cows with a
diagnosis of respiratory disease and cows with undefined sickness were grouped into the category:
Other diseases.

2.5. Statistical Analysis

This study was a prospective observational study. The BCS at various times and the NEFA, BHBA,
GH, insulin, leptin, and adiponectin concentrations were analyzed by GLM using MIXED PROC
using SPSS software (version 22.0, IBM SPSS Statistics, Chicago, state of Illinois, USA). The model
included the fixed effects of the experimental group (G, M, or L), the fixed effect of week in lactation,
and interaction of the groups by week in lactation. A BCS of −21 days was used as covariance. To verify
significant differences between the groups, data were analyzed using ANOVA in SPSS. Milk yield
data were processed using ANOVA in SPSS. Significance was declared at p < 0.05 unless otherwise
indicated. The distribution of the BCS in cows between various groups at day −21 was processed using
Microsoft Office Excel. Health event statistics were recorded using Microsoft Office Excel (version
MSO 16.0, Microsoft, Redmond, state of Washington, USA).

3. Results

Primiparous cows were divided into three groups based on changes in the prepartum BCS: Gained
BCS (Gained, G), maintained BCS (Maintained, M), and lost BCS (Lost, L); the proportions of each
group were 15.96% (34/213), 30.99% (66/213), and 53.05% (113/213), respectively. The BCS at −21 days
were different; the mean BCS (± SEM) at −21 d were 3.09 ± 0.06, 3.39 ± 0.03, and 3.45 ± 0.02 for the G,
M, and L groups, respectively. The L group had the highest BCS (3.45), followed by the M group (3.39).
The G group (3.09) had a mean BCS lower than the other groups (p < 0.01; Table 1). Cows had similar
BCS on days −14, −7, and 0. However, the postpartum BCS were different from the prepartum BCS:
The L group had the lowest BCS versus the BCS of the other two groups (p < 0.01) at 7 days. The BCS
at 14 and 21 days had very significant differences between groups.

Table 1. Comparison of body condition score (BCS; least squares means ± SEM) on days 21, 14, 7 before
calving, in relation to calving, and 7, 14, and 21 after calving for primiparous cows in different groups.

Item
Groups

p-Value
G M L

N 34 66 113 −
−21 dBCS 3.09 ± 0.06 a 3.39 ± 0.03 b 3.45 ± 0.02 b <0.01
−14 dBCS 3.25 ± 0.05 3.35 ± 0.03 3.38 ± 0.02 0.19
−7 dBCS 3.30 ± 0.06 3.33 ± 0.04 3.30 ± 0.03 0.33
0 dBCS 3.34 ± 0.07 3.33 ± 0.04 3.28 ± 0.02 0.42
7 dBCS 3.35 ± 0.08 a 3.23 ± 0.05 a 3.00 ± 0.04 b <0.01

14 dBCS 3.34 ± 0.08 a 3.23 ± 0.05 b 2.89 ± 0.03 c <0.01
21 dBCS 3.35 ± 0.07 a 3.25 ± 0.05 b 2.8 ± 0.03 c <0.01

a–c Values within a row with different superscript letters differ at p < 0.05. Cows had their BCS evaluated during
the transition period (−21 to 21) using a 5-point scale with 0.25 increments. G, gained BCS; M, maintained BSC; L,
lost BCS.

The G group experienced a slow rise in the BCS throughout the prepartum period, increasing
significantly from −21 days to calving and remaining essentially constant postpartum. Cows that
gained BCS had a lower BCS at −21 days. In contrast, the L group had a declining trend over the
entire prepartum period: Cows that lost BCS had the highest BCS at the beginning, followed by a slow
downward trend and a more dramatic decline after calving. High BCS cows entering the prepartum
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period had a higher likelihood of losing BCS. This slight decrease was apparent even before calving
(Figure 1a). Moreover, when entering the prepartum period, the average BCS of the G group cows was
below 3.25. The BCS of the other groups were higher than 3.25. All the BCS were higher than 3.25 at
−21 days, except that of the G group. The L group had a higher percentage of cows with BCS greater
than or equal to 3.25 (p < 0.01; Figure 1b) than the other groups, suggesting that cows with a lower
prepartum BCS at −21 days are more likely to have an increased BCS during the prepartum period.

 

 
(a) 

 

 
(b) 

Figure 1. (a) Comparison of variation trend of body condition score (BCS) on days 21, 14, 7 before calving,
calving day, and 7, 14 and 21 after calving for primiparous cows in different groups. (b) Distribution of
cows that G (n = 34), M (n = 66), and L (n = 113) groups on −21 days BCS.

The NEFA and BHBA concentrations in the three experimental groups are presented in Table 2.
The NEFA and BHBA concentrations differed (p < 0.01) between groups at postpartum 21 and 35 days.
The L group had higher concentrations compared with those in cows that gained or maintained BCS.
NEFA and BHBA did not change in a time-dependent manner. There were group-time interaction
effects on NEFA (p < 0.01) and BHBA (p = 0.02). The changes during the prepartum period are
shown in Figure 2. The variation trends of the three indicators in the L group had a common feature:
The prepartum concentration was slightly higher than that in the other two groups and reached its
lowest value on 7 days; then, the concentration sharply increased to significantly higher levels than
those of the other two groups, reaching a maximum on 21 days. In the G group, the fluctuations in the
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prepartum changes were higher than those during postpartum. Cows that maintained BCS showed a
smaller change with only slight fluctuations.

Table 2. Comparison of NEFA and BHBA contents in different groups of primiparous cattle before and
after delivery.

Item Time
Groups

SEM
p-Value

G M L Time Group G × T

NEFA
mmol/L

−21 days 0.99 0.82 1

0.061 0.22 <0.01 <0.01
−7 days 1.05 0.7 1.24
7 days 0.76 0.72 0.88
21 days 0.76 a 0.72 a 1.96 b

35 days 0.67 a 0.66 a 1.76 b

BHBA
mmol/L

−21 days 4.37 3.01 4.51

0.257 0.21 <0.01 0.02
−7 days 3.79 4.12 5.86
7 days 3.95 3.43 4.22
21 days 3.48 a 3.63 a 8.75 b

35 days 3.31 a 3.39 a 7.45 b

a,b Values within a row with different superscript letters differ at p < 0.05.

 

 
(a) 

 

 
(b) 

Figure 2. (a) Serum NEFA (upper panel) and (b) BHBA (lower panel) concentrations (least squares
means ± SEM) in different groups during prepartum period.

The changes in hormone indexes during peripartum are shown in Table 3. The hormone levels
of the groups were highly significantly different (p < 0.01), but time had no effect. The GH and
adiponectin concentrations exhibited significant difference in group-time interaction (p = 0.04). At
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21 and 35 days, the L group values were significantly higher than those of the other two groups
with regard to GH, leptin, and adiponectin, while the insulin concentrations differed only at 35 days.
Each hormone index in the L group showed the most dramatic changes during the prepartum period,
with the lowest concentrations observed at 7 days and the highest concentrations at 21 days. The
insulin concentrations continued to show an upward trend after 21 days. The GH and insulin indexes
of the G group dramatically changed, while the hormone indexes in the M group remained essentially
unchanged (Figure 3). The concentrations in all three groups tended to be consistent at 7 days.

Table 3. Comparison of growth hormone (GH), insulin, leptin, and adiponectin contents in different
groups of primiparous cattle before and after delivery.

Item Time
Groups

SEM
p-Value

G M L Time Group G × T

GH
ng/mL

−21 days 17.88 11.25 18.55

2.904 0.16 <0.01 0.04
−7 days 19.69 17.14 23.62
7 days 12 12.73 15.51
21 days 14.25 a 13.98 a 33.17 b

35 days 10.76 a 15.12 a 26.69 b

Insulin
mIU/L

−21 days 32.23 26.95 32.04

1.028 0.09 <0.01 0.07
−7 days 25.36 26.18 42.45
7 days 27.76 29.22 29.61
21 days 35.04 26.83 42.58
35 days 23.82 a 24.92 a 52.78 b

Leptin
ng/mL

−21 days 15.6 12.39 19.95

1.666 0.77 <0.01 0.32
−7 days 15.32 15.94 22.31
7 days 13.67 13.7 17.26
21 days 15.7 a 15.07 a 35.51 b

35 days 12.96 a 13.95 a 31.75 b

Adiponectin
ug/mL

−21 days 58.09 50.89 55.9

1.047 0.07 <0.01 0.04
−7 days 56.99 47.86 74.52
7 days 46.15 44.28 54.48

21 days 48.91 a 44.97 a 103.41 b

35 days 45.65 a 44.45 a 87.59 b

a,b Values within a row with different superscript letters differ at p < 0.05.

 

 

Figure 3. Cont.
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(a) 
 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 3. Serum GH (a), insulin (b), leptin (c), and adiponectin (d) concentration (least squares means
± SEM) in different groups during prepartum period.
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The postpartum incidence of disease in cows that gained, maintained, and lost BCS is presented
in Table 4. Cows that gained and maintained BCS had fewer health problems than cows that lost
BCS. Moreover, when we evaluated cows with one or more health problems, cows that gained and
maintained BCS had fewer health events than cows that lost BCS. Milk yield was similar among the
experimental groups, and there was no group–time interaction. As reported in Table 5, the cows
averaged 24.89 kg/d; however, the time of lactation influenced milk production (p < 0.01).

Table 4. Postpartum incidence (%) of health problems for primiparous cow in different groups.

Item
Groups

G M L

N 34 66 113
Abortion 11.76 (4/34) 4.55 (3/66) 12.39 (14/113)
Metritis 7.58 (5/66) 8.85 (10/113)

Obstetric canal strain 9.73 (11/113)
Retaine fetal membrane 17.65 (6/34) 12.39 (14/113)

Lameness 2.65 (3/113)
Milk fever 11.50 (13/113)

Mastitis 9.09 (6/66) 11.50 (13/113)
Health problems >1 10.62 (12/113)

Table 5. Milk yield (least squares means ± SEM) for primiparous cow in different groups.

Item
Groups p-Value

G M L Time Group G × T

N 34 66 113
Milk yield 24.63 ± 1.65 24.92 ± 1.27 25.12 ± 12.09 <0.01 0.67 0.43

4. Discussion

The BCS and its changes are used as indirect indicators to measure fat mobilization and energy
balance in individual cows and as a good predictor of the risk of disease. To our knowledge, most
studies focus on high-yield multiparous cows, and little is known about the health status, milk yield,
hormonal levels, and interrelationships with BCS changes in primiparous cows. A novel contribution of
this study is its summary of BCS changes during peripartum in primiparous cows and its emphasis on
the effects of varying management of BCS changes on fat mobilization, milk yield, and health between
primiparous and multiparous cow. Blood biochemical and hormone indices were analyzed, focusing
on primiparous cow management before calving. It is commonly accepted that milk production
gradually increases after calving and reaches a peak at approximately 4 weeks postpartum. By contrast,
changes in the BCS are inversely related to the lactation curve; however, the use of BCS values as a
management tool can be enhanced when the prepartum period is added to the analysis [10,26,27].
Interestingly, it was found that the trend of changes in the prepartum BCS was different from that in the
early postpartum lactation period, showing irregular variability. In actual production, it is generally
recommended that modern high productivity dairy cows have a moderate BCS (≥3.25 and <3.5) at the
beginning of the peripartum period, consequently resulting in lower mobilization of body reserves [28].
Similarly, our results show that primiparous cows with a higher BCS (3.40) at the outset had higher fat
mobilization that was specifically reflected in higher NEFA and BHBA concentrations and hormone
levels after calving. Surprisingly, the BCS of these cows tended to be consistent at calving, despite
the initial variability, implying that the BCS is likely to reach the ideal body condition for calving
through prepartum management adjustments, ensuring a suitable BCS prior to calving to minimize
fat mobilization.

Ricardo C. et al. (2017) [29] found that BCS changes are strongly related to the BCS at dry off.
Dechow et al. (2002) [30] evaluated correlations between the BCS and loss of BCS and found that a
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higher BCS at calving was phenotypically associated with a higher loss of BCS during early lactation.
Our results show that BCS changes during early lactation are largely dependent on the BCS at −21 days,
that is, the same as previous finding stated; but have no association to calving BCS because the BCS
values at calving were similar between groups. The most important is that the similar BCS for calving
comes from changes during prepartum, indicating that change in prepartum BCS plays an important
role in the change of early lactation BCS, which determines the change of postpartum. Cows that
lost BCS had the highest BCS at −21 days; in contrast, the BCS of cows that gained BCS as lower.
This effect is similar to multiparous cows and it is more likely to happen in primiparous cows: Roche et
al. (2009) [10] suggested that it is easier for primiparous cows to reach the optimal BCS and have better
results in their metabolic and hormonal profiles than multiparous cows. Due to different nutrient
partitioning, these cows have a high requirement to maintain good appetite and DMI for continued
body growth and development [9,31], leading to a uniform BCS during calving. Moreover, these cows
do not go through the drying milk stage and avoid stress caused by changes in feed structure.

Previous studies have confirmed that avoiding BCS loss and maintaining energy balance have
positive effects on the fertility, health, and performance of lactating dairy cows. R.V. Barletta reported
that a BCS loss was initiated even prior to calving. Our results are clearly consistent with this
observation and indicate that BCS changes have an identifiable trend during the prepartum period [32].
The general conclusion is that cows with a relatively consistent BCS exhibit approximately similar
changes. The postpartum changes were generally consistent with prepartum changes. The prepartum
changes exhibited only a slight change, while the postpartum changes were especially evident in cows
that lost BCS. However, there were no significant differences in NEFA, BHBA, or hormone indexes
during the prepartum period, indicating that a loss of the prepartum BCS did not involve substantial
fat mobilization. Higher circulating concentrations of NEFA, BHBA, and hormones postpartum
and a BCS loss happened at the same time, suggesting that primiparous cows are in a parturition
stress environment that causes a sharp decrease in DMI, as suggested by Proudfoot et al. (2009) [33].
The majority of studies have reported that DMI is a major driver of variations in the BCS during the
early postpartum period. In contrast, insulin and GH are associated with growth [34] and a higher
BCS [10], which may explain, in part, the higher concentrations of these metabolites in cows that lost
BCS in our study. Additionally, insulin plays a role in energy metabolism, and its concentration is
positively correlated with energy intake; however, this relationship has been observed in multiparous
cows but not in primiparous cows [8], as confirmed by our experiments.

Usually, circulating NEFA concentrations and DMI have an inverse relationship and are associated
with negative effects on health and production. Hayirli et al. (2002) [35] demonstrated that cows
classified as obese 21 days before the expected calving date had lower DMI (as a percent of BW,
body weight) from 21 days before the expected calving date to calving compared with thinner cows.
The reduction in DMI from 21 days before the expected calving date to calving was 40, 29, and 28%
for obese, moderate, and thin cows, respectively. In our study, cows that lost BCS had higher levels
of NEFA and BHBA than those in the other groups. The effects remained significant after calving,
thus confirming that obese cows have low DMI, significant reductions in BCS, and underwent higher
fat mobilization after calving. Parity is a well-known pivotal factor for differences in feed intake.
Studies have shown that cows with different parity have different characteristics in terms of milk
yield, incidence of metabolic disease postpartum, and reproductive performance, with significant
differences in feeding habits and behavior during the prepartum period. Primiparous cows have a
lower dry matter intake, eat more slowly, are replaced at the feeder more frequently and are typically
smaller than multiparous cows. Proudfoot et al. (2009) [33] showed that primiparous cows ate less
than multiparous cows during weeks 1–2 after calving. Similarly, H. W. Neave found that even after
controlling for BW and milk production, primiparous cows ate less than multiparous cows, with the
differences increasing over the postpartum period [36]. Primiparous cows have higher pregnancy
rate, lower milk yield, and higher glucose receptor sensitivity than multiparous cows, as well as their
physiological functions are vigorous, hormone levels are adequate, there is almost no disorders of
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glycometabolism and metabolic disease, which is also proven in the study that no ketosis among
all the experimental cows. Additionally, cows that lost BCS had higher adiponectin, implying fat
mobilization. C. Urh (2018) [37] confirmed the involvement of adiponectin in the regulation of energy
partitioning in primiparous cows, with adiponectin concentrations higher than those in multiparous
cows. Therefore, nutritional management should be differentiated from multiparous cows that high
nutrient and energy concentration to avoid excessive fat in body condition and low DMI postpartum.
As for BCS management, it is better to keep a moderate BCS, about 3.25, to enter the peripartum
period; higher BCS cows show poor health and performance postpartum, and even a slight drop in
the prepartum BCS can be a warning of a postpartum risk of low DIM in primiparous cows. A slight
decrease in the prepartum body condition is correlated with a BCS loss after calving and with the
magnitude of postpartum NEB.

The increased energy requirements due to lactogenesis and reduced dry matter intake mean that
all dairy cows undergo a state of negative energy balance (NEB) from late gestation to early lactation.
Additionally, feeding peaks appear after lactation peaks, forcing cows to mobilize their fat reserves or
proteins to meet their needs. These problems are increasingly understood to be rooted in DMI 2–3 weeks
before calving, arguing for the importance of nutritional management in the prepartum period [38].
Although DMI was not included in this study’s statistics, cows that lost a condition had an increase in
leptin, demonstrating that a decrease in DMI leads to lower energy storage levels in the group that
lost BCS. At the same time, an increase in the GH concentration meets the higher requirement for
body growth and development and fat metabolism. The data indicate that the concentration of insulin
increases in cows that lost BCS; however, it is possible that a negative energy balance causes the cows to
become insulin resistant, an early warning sign of metabolic disease. One of the purposes of this study
was to identify hormone indicators that can efficiently predict changes in the body condition score
before calving and can be used as an effective tool for nutritional management; however, these results
do not show unified and regular changes in the hormones as a clear means of guiding management.

Our study showed that cows with higher losses of BCS during the peripartum period had higher
incidences of abortion, metritis, obstetric canal strain, retention of the fetal membrane, and mastitis
during early lactation compared with cows that maintained or gained BCS. Meanwhile, cows that
lost BCS had higher risks of lameness and milk fever and were more likely to have more than one
health event. In general, cows that maintained BCS had better health than cows that gained or lost
BCS. Health status is also associated with elevated concentrations of NEFA and BHBA. An increase
in the circulating concentration of NEFA 7 to 10 days prepartum and of BHBA in the postpartum
period can indicate metabolic problems, indirectly related to multiple common diseases of energy
metabolism [39,40]. Excessive fat mobilization and a long period of NEB can attenuate the function of
the immune system [41]. Ospina et al. (2010) [40] demonstrated that an increase in prepartum and
postpartum NEFA levels is associated with an increased risk of retained fetal membranes, metritis,
clinical ketosis, and displacement of the abomasum. It can be speculated that cows that lost BCS had a
negative energy balance and, consequently, an impaired immune response during the periparturient
period, possibly predisposing them to metabolic disorders. It should be noted that cows that lost BCS
postpartum had higher insulin levels, which is a key adaptive mechanism that raises a concern for
the development of insulin resistance and changes in insulin responsiveness [37,42]. Furthermore,
primiparous cows experience a suite of stressful events that they have not experienced previously,
including regrouping, diet changes, parturition, and the onset of lactation, resulting in reduced food
intake and excessive NEB [36].

Intensive genetic selection to increase milk production increases the demands for dietary nutrients
and body tissue reserves, resulting in poor health and infertility [43]. The changes in nutrient
metabolism required to support lactation in high producing dairy cows are controlled by hormones
that coordinate a variety of processes. If the nutritional environment is adequate, cows can meet their
energy demands from DMI, and consequently, tissue mobilization will be minimized [10]. Insulin is
an especially powerful mediator of a number of various physiological effects, most of which serve
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to acutely maintain metabolic equilibrium in the face of short-term variations in nutrient supply
and demand. Insulin levels were higher after calving in cows that lost BCS: Fewer nutrients are
directed to body fat reserves and other non-mammary tissues because of the altered response to
insulin, and more nutrients are taken up by the mammary gland consistent with an increase in milk
synthesis [44]. However, there were no significant differences in milk production between cows that
gained, maintained, or lost BCS. Cows that lost BCS did not have a better production performance.

5. Conclusions

In conclusion, it may be easier for primiparous cows to attain an ideal BCS at calving through
sufficient prepartum management adjustments, even though a slight drop in the prepartum BCS may
constitute a warning of a postpartum risk of large changes in the BCS, greater health problems, and
a poor productive performance. Meanwhile, simultaneous increases in hormone levels in cows that
lost BCS allows the prevention of excessive lipolysis and metabolic disease, suggesting that their
vigorous physiological function and adequate hormone secretion is enough to sustain postpartum
demand. In production, it is recommended a moderate BCS of approximately 3.25 for primiparous cows
entering peripartum, keeping BCS stable during the prepartum period. Attention should be paid to
primiparous cows in the prepartum stage through efficient management, avoiding excessive nutrition,
leading to a higher BCS, possibly ensuring higher postpartum DMI and enabling the maximization of
potential productivity.
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Simple Summary: Research on the amino acid nutrition of cattle is limited, particularly research on
the amino acid patterns of growing heifer. This lack of research has made it difficult to minimize the
costs and reduce nitrogen emission of dairy heifers. Lysine might be the first limiting amino acid for
seven- to nine-month-old Holstein heifers that are fed a corn–soybean meal-based diet, followed by
methionine and threonine. The appropriate ratio of lysine, methionine, and threonine—calculated
based on the nitrogen retention of seven- to nine-month-old Holstein heifers—were 100:32:57. We
expect to reduce the input of protein feed and nitrogen emissions for dairy farms by using this ratio.

Abstract: An “Amino acid (AA) partial deletion method” was used in this experiment to study the
limiting sequences and appropriate ratio of lysine (Lys), methionine (Met), and threonine (Thr) in
the diets of 7- to 9-month-old Holstein heifers. The experiment was conducted for three months
with 72 Holstein heifers (age = 22 ± 0.5 weeks old; BW = 200 ± 9.0 kg; mean ± standard deviation).
Following an initial two weeks adaptation period, heifers were allocated to one of four treatments:
a theoretically balanced amino acid diet (positive control [PC]; 1.00% Lys, 0.33% Met, and 0.72%
Thr), a 30% Lys deleted diet (partially deleted Lys [PD–Lys]; 0.66% Lys, 0.33% Met, and 0.72% Thr),
a 30% Met deleted diet (partially deleted Met, [PD–Met]; 1.00% Lys, 0.22% Met, and 0.72% Thr),
and a 30% Thr deleted diet (partially deleted Thr [PD–Thr]; 1.00% Lys, 0.33% Met, and 0.45% Thr).
Experimental animals were fed a corn–soybean meal-based concentrate and alfalfa hay. In addition,
the animals were provided with supplemental Lys, Met, and Thr (ruminal bypass). The results found
no differences in the growth performance and nitrogen retention between PD–Thr treatment and PC
treatment (p > 0.05). The average daily gain (p = 0.0013) and feed conversion efficiency (p = 0.0057) of
eight- to ninr-month-old heifers were lower in both PD–Lys and PD–Met treatment than those in PC
treatment. According to growth performance, Lys was the first limiting AA, followed by Met and Thr.
Moreover, nine-month-old Holstein heifers in PD–Lys treatment and PD–Met treatment had higher
levels of serum urea nitrogen (p = 0.0021), urea nitrogen (p = 0.0011) and total excreted N (p = 0.0324)
than those in PC treatment, which showed that nitrogen retention significantly decreased (p = 0.0048)
as dietary Lys and Met levels decreased. The limiting sequence based on nitrogen retention was the
same as that based on growth performance. The appropriate ratio of Lys, Met, and Thr in the diet
based on nitrogen retention was 100:32:57. In summary, the limiting sequence and appropriate amino
acid ratio of Lys, Met, and Thr for seven- to nine-month-old Holstein heifers fed a corn–soybean
meal-based diet were Lys >Met > Thr and 100:32:57, respectively.
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1. Introduction

Nitrogen (N) loss is a major source of environmental pollution and causes significant economic
losses for dairy farms. Given the high amount of N excretion that occurs in dairy cattle relative to
their N intake, it is likely that these heifers were fed unbalanced amino acids and that their amino
acid requirements were ignored [1]. A key factor for improving dietary amino acid (AA) utilization
is the formulation of diets with appropriate amino acid patterns that meet but do not exceed the
requirements. Many attempts have been made to decrease the environmental effects of cattle N
excretion by manipulating the metabolizable amino acid levels of rations to increase the capture of
dietary N by cattle [2,3]. However, deleterious effects may occur in cattle not only due to over-doses
amino acid but also due to amino acid imbalances, where there is a lack of an appropriate amino
acid pattern.

The amino acid partial deletion method is the most common method used to develop balanced
AA models in animals [4]. This method can be used to determine the sequences needed to limit AA
and calculate the optimal ratios. Dorigam et al. [4] estimated the essential AA profile of poultry and
determined the ideal pattern for maintenance using this method. Wang et al. [5] also used the deletion
method to determine the AA patterns in calf diets. Lysine (Lys), methionine (Met), and threonine (Thr)
were found to be the most limiting amino acids, and their concentrations were related to the growth,
physiology, and reproductive performance of calves. Ragland et al. [6] also reported that the limiting
amino acids for beef cattle were ranked as Lys >Met > Thr, leading us to the conclusion that Lys, Met,
and Thr may be the first three limiting amino acids for dairy heifers.

Research on the amino acid patterns of cattle is limited, particularly regarding the amino acid
patterns for each growth stage. Several studies [7] have reported on the amino acid patterns in calf
diets [8]. However, one "ideal amino acid pattern" cannot, alone, reliably meet the AA requirements
at all growth stages. Balanced AA models should account for changes in growth, body protein
composition, and physiological requirements throughout life. The costs of growing heifers are the
second largest part in the annual operating expenses of a dairy farm. The lack of optimal amino acid
patterns made it difficult to minimize the costs and reduce the nitrogen emissions of heifers. The
objective of this study was to determine the amino acid limiting sequence and establish an amino acid
ratio in corn–soybean meal and alfalfa hay-based diets for Holstein heifers, aged seven to nine months,
using the amino acid partial deletion method.

2. Materials and Methods

2.1. Animals, Diets, and Experimental Design

The experimental procedures were approved by the Animal Ethics Committee of the CAAS. Human
animal care and handing procedures were followed throughout the experiment (AEC-CAAS-2017-01).

In this experiment, an AA partial deletion method developed by Wang et al. (1989) [9] was
used to prepare the different patterns of the Lys, Met, and Thr diets. The AA levels of the total
mixed ration (TMR) in the theoretically balanced AA ration were calculated according to the formula
proposed by Zinn et al. (1998) [10]: METR = 1.956 + 0.0292 × ADG × [268 – (29.4 × 0.0557 × BW0.75

× ADG1.097)/ADG] + 0.112 × BW0.75 (METR =methionine requirement; ADG = average daily gain;
BW = body weight; BW0.75 = metabolic weight). Because of the absence of amino acid patterns in
cattle at this stage, Lys and Thr were added according to the AA patterns of the growing swine [11]
using a Lys: Met: Thr ratio of 100:30:65. Seventy-two Holstein heifers (age = 5.5 ± 0.5 months old;
BW = 200 ± 9.0 kg; mean ± standard deviation) were reared at the Third Dairy Farm of Yinxiang Group
Company in Shandong Province, China. The basal diet nutrient level is shown in Table 1.
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Table 1. Composition and nutrient levels of basal total mixed ration (TMR) (dry matter basis).

Ingredients Contents, % Nutrient Levels 2 Levels

Corn 45.67 Metabolizable energy, (MJ/kg) 10.13
Soybean meal 11.97 Crude protein, % 14.95
Wheat bran 15 Ether extract, % 3.04
Alfalfa hay 25 Ash, % 7.58
Limestone 1.06 Neutral detergent fiber, % 29.22

Salt 0.3 Acid detergent fiber, % 13.99
Premix 1 1 Calcium, % 1.12

Total 100 Phosphorus, % 0.60
Lysine, % 0.51

Methionine, % 0.07
Threonine, % 0.49

1 The premix provided the following minerals and vitamins for TMR: Cu, 12.5mg/kg; Fe, 90 mg/kg; Zn, 90 mg/kg;
Mn, 30 mg/kg; I, 1.0 mg/kg; Se, 0.3 mg/kg; Co, 0.5 mg/kg; vitamin A, 15,000 IU/kg; vitamin D35,000 IU/kg; vitamin
E, 50 mg/kg; 2 nutrient levels were measured values, except for metabolizable energy, which was measured and
calculated through digestibility and metabolism trials. The energy of CH4 was calculated by equation 10.21 (IPCC,
2006), Ym = 5.5%.

A completely randomized design was used for this study. Heifers were randomly allocated to
four treatments with 18 heifers each, based on body weight and age, and fed one of the four total
mixed rations (TMRs): (1) theoretically balanced AA TMR (Positive control, PC); (2) 30% Lys deleted
TMR (partially deleted Lys; PD–Lys); (3) 30% Met deleted TMR (partially deleted Met; PD–Met); and
(4) 30% Thr deleted TMR (partially deleted Thr; PD–Thr). Ruminal bypass Lys (Yahe Nutrition Co.,
Beijing, China, 36% content, 80% bypass rate), Ruminal bypass Met (Adisseo Co., Hebei, China, 44.4%
content, 50% bypass rate), and Ruminal bypass Thr (King Technology Co., Hangzhou, China, 40%
content, 90% bypass rate) were added to the basal TMR diet. The AA levels in the four treatments are
shown in Table 2. The amounts of AA added were adjusted monthly according to BW and dry matter
intake (DMI). After an adaptation period of two weeks, each animal was weighed and began the study
with an average initial BW of 226 ± 10 kg and age of 6 ± 0.5 months old.

Table 2. Amino acid (AA) levels of TMRs (dry matter basis).

Items
Treatments 1 (%)

PC PD–Lys PD–Met PD–Thr

Total AA content
Lysine 1.00 0.66 1.00 1.00

Methionine 0.33 0.33 0.22 0.33
Threonine 0.72 0.72 0.72 0.45

AA content in basal
diet

Lysine 0.51 0.51 0.51 0.51
Methionine 0.07 0.07 0.07 0.07
Threonine 0.45 0.45 0.45 0.45

Exogenously
added AA

Lysine 0.49 0.15 0.49 0.49
Methionine 0.25 0.25 0.15 0.25
Threonine 0.23 0.23 0.23 0.00

1 Treatments: PC = theoretical amino acid balance TMR; PD–Lys = 30% Lys deleted TMR; PD–Met = 30% Met
deleted TMR; PD–Thr = 30% Thr deleted TMR.

A digestibility and metabolism trial was conducted by selecting four heifers from each treatment
during the week before the end of the trial, with a 4-day adaptation period and a 3-day feces and
urine collection period. Feces (weight) and urine (volume) outputs were recorded and sampled daily
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at 07:00, and nitrogen was immediately fixed with 10 mL 10% dilute hydrochloric acid per 100 g
feces to determine the N retention (NR). Heifers were housed in individual iron cages (3 × 2.2 m,
6.6 m2/ head) bedded with rice husks and fermented cow dung. Fresh water was added ad libitum
and replaced daily. The animals were fed TMR twice daily at 08:00 and 17:00. Amino acids were
supplemented into the TMR during morning feeding. Individual intakes of TMR were recorded
daily and collected weekly during the entire experiment to calculate the dry matter intake (DMI).
Environmental conditions (including air temperature) were continuously recorded. The mean air
temperature was 11.87 ± 7.54 ◦C.

The experimental feeding periods were 90 days in duration (September to November 2017). All
heifers were immunized according to the standard immunization procedure of the farm, with the
brucellosis vaccination administered at 7 months of age.

2.2. Sampling and Analyses

BW and body size were measured before the morning feeding period every 30 days. Diet samples
were collected weekly before the morning feeding and stored at −20 ◦C for further analysis. TMR, feces,
and urine samples were sent to the Lab of Ruminant Physiology and Nutrition, Feed Research Institute,
Chinese Academy of Agricultural Sciences (Beijing, China) for nutrient analysis. The TMR and feces
samples were dried in a forced-air oven at 65 ◦C for 48 h. Then, the DM (105 ◦C for 5 h), crude protein
(CP), ash, and ether extract (EE) contents were analyzed (method 968.08; AOAC, 1990) [12]. Calcium
(Ca) content was analyzed using an atomic absorption spectrophotometer (M9W–700; Perkin–Elmer
Corp., Norwalk, CT, U.S.A.) (method 968.08; AOAC, 1990) [12]. Total phosphorus (P) content was
analyzed by the molybdovanadate colorimetric method (method 965.17; AOAC, 1990) [12] using a
spectrophotometer (UV–6100; Mapada Instruments Co., Ltd., Shanghai, China). The neutral detergent
fiber (NDF) and acid detergent fiber (ADF) contents were determined with an Ankom A200 apparatus
(Ankom Technology, Macedon, NY, USA) with heat-stable amylase (Ankom Technology) and sodium
sulfite (Fisher Scientific, Waltham, MA, USA) and an expressed inclusive of residual ash [13].

A blood sample was collected from six heifers in each treatment (at 24 and 36 weeks of age) before
morning feeding, by a jugular venipuncture, and transferred into vacuum tubes without anticoagulants.
Serum was immediately separated from the blood by centrifugation at 3000× g at 4 ◦C for 10 min and
stored at −20 ◦C until analysis. Serum urea nitrogen (SUN) was analyzed using blood colorimetric
commercial kits (DiaSys Diagnostics Systems GmbH, Frankfurt, Germany).

2.3. Amino Acid Partial Partial Deletion Method

The principle of the amino acid partial partial deletion method is that there is a linear relationship
between the first limiting amino acid and the NR. In other words, the NR will decrease greatest after
deleting the first limiting animo acid and will result in the largest slope. The model diagram is as
follows (Figure 1):
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Figure 1. In this model, amino acid intake (AAI) should be presented as the percentage or ratio to
control treatment for better distinguishing differences of NR among three AA deleting treatments. To
keep the linear relationship between the NR and the first limiting amino acid, the NR should also be
converted to the percentage or ratio of the control treatment. The model assumes that deleting the
first limiting amino acid (as A) reduces NR to the greatest extent (largest slope); deleting C does not
reduce the NR at all (slope = 0), as it remains in excess (over 20%) relative to the first limiting amino
acid. Deleting B results in a reduction in the NR intermediate between A and C (0 < Slope B (dashed) <
Slope A), and part of B is in excess relative to the first limiting amino acid. In other words, A is the first
limiting amino acid while B is second limiting amino acid. According to the principle of the “wooden
barrel”, all essential AAs can be controlled by the same limitation by adjusting the amount of AAs in
the diet. In this model, B is 10% more than A, which means that we should reduce 10% of B from the
control treatment to achieve the minimum addition and ensure it is co-limiting with A [9]. Then, we
can calculate the ratio of A and B.

2.4. Statistical Analyses

Data on SUN and N retention were analyzed with a one–way ANOVA procedure using the SAS
software (SAS version 9.4; SAS Institute Inc., Cary, NC, USA). Least square means were calculated and
separated using the PDIFF option, and differences between diets were detected by Duncan’s multiple
comparison in SAS. A MIXED procedure was used to analyze the growth performance data. Month,
treatment, and treatment by month of age interactions were fixed effects, and the heifers within each
treatment were random effects. The effect of the month was included as a repeated measure. For the
repeated measures analysis, the covariance structure with the lowest Akaike information criterion was
used. The results were reported as the least squares. A significance level was declared at p < 0.05.

3. Results

3.1. Growth Performance

The results of the growth performance are presented in Table 3. No significant differences (P >
0.05) were observed in the BW and DMI of heifers among the four treatments during the experiment.
However, the ADG (p = 0.0013) and G/F (p = 0.0057) of heifers in the PD–Lys and PD–Met treatment
were decreased significantly compared to PC treatment at eight to nine months old.
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Table 3. Effects of deleting Lysine (Lys), Methionine (Met), and Threonine (Thr) levels in corn–soybean
based TMR on the growth performance of heifers aged seven to nine months old (n = 72).

Items 1
Treatments 2

SEM
p Value 3

PD–Lys PD–Met PD–Thr PC T M T ×M

BW, kg
Average 273.7 273.9 276.3 274.8 2.98 0.4798 <0.0001 <0.0001
6 mon 227.5 227.0 229.9 228.5 4.08 0.4647
7 mon 258.0 257.8 259.3 257.6 4.00 0.7016
8 mon 282.7 284.3 282.5 280.3 4.52 0.3667
9 mon 326.4 326.8 333.4 333.0 4.02 0.0997

ADG, kg
Average 1.04 1.09 1.09 1.11 0.029 0.1566 <0.0001 <0.0001
6–7 mon 0.98 1.02 0.94 0.95 0.075 0.2848
7–8 mon 0.95 0.95 0.90 0.89 0.079 0.4946
8–9 mon 1.21 c 1.30 bc 1.44 ab 1.48 a 0.080 0.0013

DMI, kg
Average 7.15 7.16 7.16 7.05 0.050 0.1073 <0.0001 <0.0001
6–7 mon 6.25 6.20 6.26 6.28 0.091 0.2942
7–8 mon 6.99 6.98 6.94 6.84 0.089 0.0916
8–9 mon 8.21 8.28 8.16 8.25 0.088 0.2297

Feed conversion
rate, G/F
Average 0.146 0.152 0.152 0.156 0.008 0.1452 0.0001 0.0002
6–7 mon 0.156 0.164 0.151 0.155 0.011 0.2138
7–8 mon 0.135 0.134 0.127 0.130 0.010 0.5009
8–9 mon 0.147 c 0.158 bc 0.176 ab 0.181 a 0.012 0.0057

1 BW=body weight, ADG=average daily gain, DMI=dry matter intake; 2 Treatments: PC = theoretical amino acid
balance TMR; PD–Lys = 30% Lys deleted TMR; PD–Met = 30% Met deleted TMR; PD–Thr h = 30% Thr deleted
TMR; 3 T = Treatment, M =Month of age, T ×M = The interaction between treatment and month of age; a,b,c values
within the same row with different superscripts are different (p < 0.05).

3.2. Serum Urea Nitrogen Levels

The SUN levels of heifers aged eight months old (p= 0.0013) and nine months old (p= 0.0021) in the
PD–Lys and PD–Met treatments were higher than those in the PC treatment (Figure 2). No significant
differences of SUN were observed between the PD–Thr treatment and PC treatments (p > 0.05).

Figure 2. Comparison of serum urea nitrogen levels of seven- to nine-month-old heifers fed
corn–soybean based TMRs among the four treatments (n = 24); PD–Lys = 30% Lys deleted TMR
diet (diagonal stripes bar), PD–Met = 30% Met deleted TMR diet (vertical stripes bar), PD–Thr = 30%
Thr deleted TMR diet (horizonal stripes bar), PC = theoretically balanced amino acid TMR diet (gray
bar); The y-axis represents the serum urea nitrogen levels of four treatments; the x-axis was the age
of heifers. Error bars indicate SEM. The a,b above the bars indicate the significant differences among
treatments (p < 0.05).

108



Animals 2019, 9, 750

3.3. Nitrogen Metabolism

There was no difference in N intake among treatments (Table 4). Total excreted N significantly
increased (p = 0.0208) when dietary Lys and Met were reduced, as there were significant increases in
urine N (p = 0.0011). However, fecal N and Digestible N did not differ among four treatments (p > 0.05).
Moreover, the amount of urine N and NR of heifers in the PD–Thr treatment were not significantly
different from those in the PC treatment (p > 0.05).

Table 4. Effects of deleting Lysine, Methionine, and Threonine levels in corn–soybean based TMRs on
nitrogen metabolism of heifers aged seven to nine months old (n = 16).

Items 1
Treatments 2

SEM p Value
PD–Lys PD–Met PD–Thr PC

Intake N, g·(kg−1 BW0.75) d−1 2.92 2.97 2.90 2.87 0.020 0.2961
Fecal N, g·(kg−1 BW0.75)·d−1 0.90 0.82 0.80 0.79 0.015 0.1223
Urine N, g·(kg−1 BW0.75)·d−1 1.06 b 1.16 a 1.02 b 0.88 c 0.033 0.0011

Total excrete N, g·(kg−1 BW0.75)·d−1 1.96 b 1.98 a 1.82 ab 1.67 ab 0.032 0.0208
N retention, g·(kg−1 BW0.75)·d−1 0.96 b 0.99 b 1.08 ab 1.20 a 0.034 0.0324
Digestible N, g·(kg−1 BW0.75)·d−1 2.02 2.15 2.06 2.08 0.020 0.2908

N utilization, % 33.08 b 33.26 b 34.96 b 41.77 a 1.210 0.0048
N digestibility, % 69.50 72.38 70.79 72.6 0.512 0.0798

1 N = nitrogen; Total excrete N=Fecal N + Urine N, Absorbed N =Intake – Total excrete N, NR (N retention) =N
intake – fecal N – urinary N, N utilization = (N intake – fecal N excretion)/N intake × 100%, N digestibility = (N
intake – fecal N excretion)/N intake × 100%; 2 treatments: PC = theoretical amino acid balance TMR; PD–Lys = 30%
Lys deleted TMR; PD–Met = 30% Met deleted TMR; PD–Thr = 30% Thr deleted TMR; a, b, c values within the same
row with different superscripts differ (p < 0.05).

3.4. Appropriate Amino Acid Model

3.4.1. N Retention and Amino Acid Intake

N retention (NR) and amino acid intake (AAI) based on metabolic weight (Table 5) were converted
in proportion to the PC treatment based on the requirements of the “Amino acid partial deletion
method model”. Then, the proportions of the intakes of Lys, Met, and Thr in the PD–Lys, PD–Met, and
PD–Thr treatment to those in the PC treatment were calculated (e.g., the AAI of Lys in the PD–Lys
treatment is 0.60, the AAI of Lys in the PC treatment is 0.90, and the ratio of Lys in the PD–Lys treatment
to Lys in the PC treatment is 0.60/0.90 = 0.67 ). After conversion, the ratio of Lys, Met, Thr in amino
acid to PC treatment were 0.67, 0.69, and 0.62, respectively. This result differs slightly from 0.7 due to
the deferences of the metabolic body weights of the heifers in the four treatments.

Table 5. The proportions of amino acid intake and nitrogen retention in PD–Lys, PD–Met, and PD–Thr
to those in the PC treatment.

Items 1

Based on Metabolic Body Weight, g·(kg−1

BW0.75)·d−1
The Ratio to PC

NR 2
AAI 2

NR
AAI

Lys Met Thr Lys Met Thr

PD–Lys 0.96 0.60 0.29 0.65 0.80 0.67 1.00 1.00
PD–Met 0.99 0.90 0.20 0.65 0.83 1.00 0.69 1.00
PD–Thr 1.02 0.90 0.29 0.40 0.85 1.00 1.00 0.62

PC 1.20 0.90 0.29 0.65 1.00 1.00 1.00 1.00
1 PD–Lys = 30% Lys deleted treatment; PD–Met = 30% Met deleted treatment; PD–Thr = 30% Thr deleted treatment;
PC = theoretical amino acid balanced treatment; 2 NR=N retention; AAI=amino acid intake.
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3.4.2. Calculation and Model Diagram of the Effect on Nitrogen Retention

The proportions of the three essential AAs were calculated using the simple linear model based
on the amino acid partial deletion method [9]. The model diagram of the effect on NR after deleting
30% of Lys, 30% of Met, and 30% of Thr in corn–soybean based diets is shown in Figure 2.

Figure 3a shows the rate of NR in relation to the daily AA intake. The values of AAI (x-axis) and
NR (y-axis) are provided in Table 6. Point “PC” represents the corresponding AAIs and NRs of the
three AAs in the PC treatment (all values = 1 only one point). “Lys” is the point of the Lys intake and
NR in the PD–Lys treatment (0.67, 0.80). “Met” is the point of the Met intake and NR in the PD–Met
treatment (0.69, 0.83). “Thr” is the point of Thr intake and NR in the PD–Thr treatment (0.62, 0.85).

Figure 3. The pattern diagram (b) when Met and Thr are converted to an equivalent slope (a) with
Lys. The y-axis represents the ratio of NR after deleting Lys, Met, Thr to that of the PC treatment; the
x-axis is the ratio of the amino acid intake (AAI) in the amino acid deleting treatments to that in the PC
treatment. (Lys, �) = Lys intake and NR level in PD–Lys treatment, (Met, �) =Met intake and NR level
in PD–Met treatment, (Thr, �) =Met intake and NR level in PD–Thr treatment, and (PC, �) = Lys, Met,
Thr intake and NR level in PC treatment; all values =1.

Table 6. The appropiate amino acid ratio of Lysine (Lys), Methionine (Met), and Threonine (Thr)
based on the nitrogen retention (NR) of heifers aged seven to nine months old, fed corn–soybean
meal-based TMRs.

Items 1 S P C R

Lys 0.61 1.00 69.99 100.00
Met 0.57 0.98 22.36 31.95
Thr 0.26 0.79 39.78 56.84

1 S(Slop) = (1-NR)/(1-AAI); P(proportion) = [(1-NR) + S × AAI]/S; C (concentration) = AAI × P; R (ratio) = AA/Lys.

The slope (Table 5) describes the effect of deleting an AA from the PC on the NR (e.g., for Lys,
(1–0.80)/(1–0.67) = 0.61). Among the three AAs, a higher slope for the Lys deletion treatment (PD–Lys)
means that Lys is the first limiting AA in the PC treatment. The limiting sequence of the three amino
acids is ranked as: Lys >Met > Thr.

Figure 3b is the pattern diagram for when Met and Thr are converted to an equivalent slope with
Lys. To calculate the proportion of each AA that could be removed from the PC amino acid pattern to
make it equally limiting to Lys, it was assumed that when all AAs are equally limiting, they should all
have the same slope. Therefore, the required amount of Met can be caculated as: S (Lys) = (1 − 083)/(x
− 0.69)—that is, 0.61 = (1 − 0.83)/(x − 0.69), x = 0.98, thence 1.00 − 0.98 = 0.02. In other words, 0.02 of
Met should be removed from the PC to make the Met co-limiting with the Lys (the actual requirement
of Met is 0.98 ×Met in the PC treatment). In the same way, we calculate that the 0.21 of Thr should be
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removed from the PC treatment when it is equally limited with Lys (the actual requirement of Thr is
0.79 × Thr in the PC treatment).

3.4.3. Appropriate Amino Acid Ratio

An appropriate amino acid model of seven- to nine-month-old Holstein heifers is shown in Table 6
(calculated from Figure 2). S (slope) represents the effect of deleting 30% amino acid on N retention
(S = (1 − NR)/(1 − AAI), calculated from Figure 2a). The S value of the Lys deleted treatment was the
highest, indicating that Lys was the first limiting amino acid. P (proportion) is the proportion of amino
acid (except for Lys) in the PC treatment when it was equally limited to that of Lys (P = [(1−NR) + S
× AAI]/S, calculated from Figure 2b). The P value was calculated based on the principle of “equal
limitation means equal slope.” C (concentration) is the actual concentration of amino acid when it was
equally limited with Lys (C = AAI ( in PC treatment) × P). R (ratio) is the ratio of the actual amino acid
concentration to the Lys concentration (R = AA/Lys). The optimal ratios based on the NR of the three
amino acids for seven- to nine-month-old Holstein heifers was 100:32:57.

4. Discussion

4.1. Growth Performance and Body Size

The function of dietary protein is determined by amino acid composition, the nutrient digestive
abilities of animals, and how well the composition of absorbed amino acid matches the balance required
by the animals. The deficiency and overdose of certain amino acids in the diet will cause an imbalance
between amino acids and thus affect the growth and development of the animals. For calves, the
addition of Lys and Met in a milk replacer significantly increased the feed conversion efficiency of
calves, but the addition of Thr had no significant effect on the growth performance of calves [7].
Ludden et al. [14] observed that supplementation with Lys improved the ADG in the growing cattle.
Awawdeh et al. [15] showed that when Met was limiting amino acid, the dietary supplementation of
other amino acids increased the utilization efficiency of Met and increase the growth of bulls. In this
experiment, deleting 30% of Lys and Met led to a decrease of ADG and G/F. Such a reduction of growth
performance might be due to the unbalanced amino acids. Another important observation is that DMI
seems not to be affected by treatment. Wang et al. [16] found no significant differences in the DM and
N intake of dairy cows after adding Lys and Met to the diet. That is to say, growth performance is
affected by limiting amino acid deficiencies rather than feed intake [17]. Lys and Met might be the
first two limiting amino acids for growing cattle. Unlike Lys and Met, the growth responses to Thr
deletion were not significantly decreased. It remains possible that the theoretical Thr addition in this
experiment was relatively higher than the requirement of heifers due to the absence of accurate data
on Thr requirements in this trial.

4.2. Serum Urea Nitrogen and Nitrogen Retention

SUN, as an end metabolite of the liver’s N metabolism [18], is negatively correlated with the
utilization rate of protein [19]. The balance of amino acids is the basic condition needed to improve
protein utilization and reduce SUN concentration [19]. Jiang et al. [20] estimated sharp decreases in the
content of SUN and the emission of urine nitrogen, as well as an increase of the N retention of cows
after adding Met and Lys in their diets. In our study, SUN concentration increased after deleting 30%
of dietary Lys and Met, which might indicate an imbalance of amino acids and decrease N utilization.
Urine N is the main excretion pathway of SUN, accounting for a large part of the N excretion of heifers.
An amino acid balanced diet can improve the N utilization rate and reduce the excretion of fecal and
urine nitrogen (about 46%) of dairy cows, especially urine N excretion [21]. Adding Lys and Met to
diets can promote a balance of amino acids, reduce urinary nitrogen concentration, and improve the
protein utilization rate of dairy cows [22]. Recent research by Lee et al. [2] concluded that the efficiency
of feed N absorbed by the small intestine increased when dietary amino acid was balanced. We also
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observed that urine N was significantly increased as the Lys and Met levels decreased. Therefore, it
was further confirmed in this study that deleting Lys and Met led to an imbalance of amino acids,
which resulted in an increase of urine nitrogen.

N retention reflects the efficiency of protein deposition and amino acid utilization [23], which is
also closely related to the production performance of animals [24]. A balance of amino acids in the diet
can enhance the digestion and absorption of N in animals [25]. In particular, the metabolic amount
of the first limiting amino acid has a linear relationship with N retention [26]. Balancing a complete
amino acid profile increased the efficiency of dietary N utilization in both a low and a high small
intestine protein supply [27]. The efficiencies of nitrogen estimated in the current study confirmed that
adding Lys to the Lys deficient diet of calves reduced the rate of N excretion and increased the rate
of N deposition [28]. Conversely, heifers fed with Lys and Met deficient diets caused an increase of
nitrogen retention, indicating inefficiencies in their use of absorbed amino acid for protein accretion [25].
Importantly, the effects of dietary Lys, Met, and Thr levels on the N retention of heifers is not consistent
and largely depends on the balance and limiting sequences of these three amino acids. In this study,
the decrease of N retention, in combination with the deficiency of Lys and Met, indicated that Lys and
Met are the first and second limiting amino acids for heifers , respectively.

In addition, an increase in N retention was commonly reported for cows fed diets with a
supplementation of rumen-protected amino acids [29,30], similar to the present study, which indicated
that the added ruminal protected amino acids were effectively protected from ruminal degradation
and guaranteed amino acids to be released and absorbed in the small intestine for better utilization.
Dietary supplementation of rumen-protected Met and Lys could ensure a balance of amino acids,
promote the increase of nitrogen deposition, and improve the utilization rate of proteins [31]. In this
case, supplementation with rumen-protected amino acids may be a successful strategy for establishing
the amino acid pattern of heifers based on dietary amino acids.

4.3. Limiting Sequence and Appropriate Ratio of Amino Acid

The limiting sequence of amino acids in ruminants was affected by the composition of their diets.
Maize silage/maize gain based diets can supply adequate protein but do not provide enough Lys to
growing cattle, which indicates that Lys is the first limiting amino acid [32]. Klemesrud et al. [33]
also reported that Lys is the first limiting amino acid in steers fed with diets containing large amount
of maize products. Wang [8] found that Lys was the first limiting amino acid (the second and third
were Met and Thr, respectively) due to the large decrease of ADG in calves fed with a milk replacer,
starters, and Leymus chinensis after reducing Lys. We found that the limiting sequence of seven- to
nine-month-old Holstein heifers was Lys > Met > Thr, based on corn–soybean meal–alfalfa TMRs.
Therefore, Lys plays the most important role in the growth of heifers that are fed rations made from
corn–soybean meal.

An optimal amino acid pattern is needed as a standard for evaluating the diets of animals. The
requirements of amino acids are not well defined for heifers with corn–soybean meal-based diets, and
modifying amino acid patterns can increase the bypass protein efficiency [34]. When the Lys ratio is
expressed, variation in the estimated requirement of the specific AA is greatly reduced compared to the
amino acid ratio of the diets [25]. NRC (2012) [35] pointed out that the ideal amino acid pattern should
be expressed as the ratio of amino acid to Lys. In this study, Lys happened to be the first limiting amino
acid, so the calculated model is appropriate. The results from this study show that the appropriate
pattern of amino acids in the diet based on maximum N retention in seven- to nine-month-old Holstein
heifers (fed with corn–soybean meal) was 100:32:57. However, we did not precisely determine the
limiting amino acid pattern because of our inability to accurately calculate metabolic proteins, so this
pattern cannot be applied to all type of diets. This may offer an explanation for the differences between
this pattern and the patterns for calves and cows (Table 7). Of course, the amino acid requirement for
growing heifers might change according to age. It is possible that differences in diet type and digestion
among heifers, calves, and cows directly affect the profile of delivered amino acids to the intestine.
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However, the ruminal bypass amino acid products and microbial metabolism made it difficult to
determine whether there was a large difference between intake N and metabolic N. Therefore, further
research is needed to determine the precise amino acid patterns based on metabolic protein.

Amino acid is mainly used for the bodily growth and development of heifers. Amino acid
requirements are mainly determined by body protein retention and N emission, similar to beef cattle,
so the amino acid requirement of heifers may be determined by the composition of the body’s amino
acid [36]. However, the amino acid pattern in this research was different from that of beef cattle
(Table 7). Studies have shown dietary amino acid patterns are not equivalent to carcass amino acid
composition. Decomposition and conversion by intestinal bacteria produced a significant difference
between amino acid in the diet and amino acid absorbed into the blood. Moreover, different tissues
have different uses and metabolic efficiencies for amino acid, which may cause a deviation between
a carcass’s amino acid composition and dietary amino acid patterns. Considering animal welfare
and economic benefits, the calculated amino acid model was not verified by a carcass’s amino acid
components. Whether a carcass’s amino acid components can be used as an appropriate amino acid
model for growing heifers needs to be further verified.

Table 7. The amino acid ratio of calves and cows in previous studies.

Stage Index 1 Lys: Met: Thr Ratio Reference

Calves NR 100:26:66 Gerrits et al., 1997 [37]
Calves maximum ADG 100:31:77 Hill et al., 2008 [7]
Calves maximum ADG 100:35:63 Wang et al., 2011 [8]

Beef cattle body amino acids 100:31:61 NRC (2016) [38]
1 NR = nitrogen retention; ADG = average daily gain.

5. Conclusions

In this study, there were negative effects on the average daily gain, feed conversion rate, and
nitrogen retention of seven- to nine-month-old heifers after deleting 30% dietary Lys and Met. However,
deleting Thr content did not affect the growth performance and N metabolism of heifers. The sequence
of the three amino acids for seven- to nine-month-old Holstein heifers that were fed a TMR of
corn–soybean meal concentrate and alfalfa hay was Lys >Met > Thr. Additionally, the appropriate
amino acid ratio calculated from nitrogen retention of this ratio of diet was 100:32:57.
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Simple Summary: Rearing of replacement female calves on a dairy farm is of critical importance to
maintain herd sizes, improve the genetic quality of the herd, and remain economically sustainable.
A 2-year investment period is needed for replacement female heifers to grow before entering the
milking herd. The management of replacements over this 2-year period can vary greatly among
operations, making it difficult to compare producers’ cost to benchmark. The objective of this project
was to develop a model to calculate the cost of rearing a replacement heifer from birth to weaning
under different housing, milk source, allotments, and labor and health management decisions to be
used as a dairy farm decision support tool. We calculated the cost for management options with
general cost values. We found that the average feed cost represented 46% of the total cost while labor,
and fixed and variable costs represented 33%, 9%, and 12%, respectively. The total cost increased
as milk allotment increased, but cost per Kg of gain decreased. The ranges in total cost within each
management scenario often exceed the difference in cost from one scenario to the next. In conclusion,
variable costs have the potential to vary among operations, playing a major role in the total cost of
rearing replacements from birth to weaning.

Abstract: Dairy calves are raised in various housing and feeding environments on dairy farms around
North America. The objective of this study was to develop a simulation model to calculate the cost of
raising replacement dairy heifers using different inputs that reflect different management decisions
and evaluate their influence on the total cost. In this simulation, 84 calves were modeled between
0–2 months of age to reflect a 1000 heifer herd. The decisions associated with housing, liquid diet
source and allowance, labor utilization, and health were calculated. Costs and biological responses
were reflective of published surveys, literature, and market conditions. A 10,000-iteration economic
simulation was used for each management scenario using @Risk and PrecisionTree add-ons (Palisade
Corporation, Ithaca, NY, USA) to account for variation in pre-weaning mortality rate, weaning age,
and disease prevalence. As milk allotment increased, total feed cost increased. Feeding calves a
higher allowance of milk resulted in a lower cost per kg of gain. Average feed cost percentage of the
total cost was 46% (min, max: 33%, 59%) while labor, and fixed and variable cost represented 33%
(20%, 45%), 9% (2%, 12%), and 12% (10%, 14%), respectively. Total pre-weaning costs ranged from
$258.56 to $582.98 per calf across all management scenarios and milk allotments.

Keywords: calf economics; replacement; ADG; cost per kg

1. Introduction

Heifer availability is critical for the dairy operation to maintain a consistent herd size and remain
economically sustainable in most cases [1]. Improved fertility and increased use of sexed semen
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have made replacement heifers more available for dairy operations [2]. Some producers keep all
newborn replacement heifers in case more replacements are needed than anticipated, which can create
a heavy financial burden for producers when raising excess heifers. Heifer raising expenses are often
lumped into broad farm-wide expenses such as feed, labor, and health costs, making it difficult to
accurately calculate heifer raising costs [3]. In addition, failing to identify the on-farm cost to raise a
replacement heifer can allow for inefficiencies in feed, labor, housing, or health costs to go unnoticed,
which accumulate unanticipated replacement female costs.

Previously reported replacement heifer rearing costs are variable and can be explained in part by
differences in rearing management systems. For example, the average total cost to raise replacement
heifers to wean was found to only increase by $82.88 per heifer from 2000 to 2015 but ranges within
each study can exceed $350 per heifer [4–6]. Heinrichs [6] found a range in feed cost on 44 farms of
$29.06 to $259.17 per calf; total cost per calf ranged $89.00–$442.78 during the pre-weaning period. In
a 2014 survey of 2545 heifer calves in the United States, individual housing was the dominant form
of housing pre-weaned heifers at 86.6% and 13.4% were managed in group housing, yet 8 different
housing types were reported [7]. Little research has examined the cost between housing types, although
the University of Wisconsin has conducted surveys of producers in an automatic and conventional
housing scenario. The average cost (min, max) of producers utilizing individual housing was $363.69
($195.06, $530.76) and those with group housing was $401.58 ($138.39, $585.52), a difference in average
cost of $37.89 per calf, but with a difference range of over $300 for individual and $400 for group
housing [8].

Housing is the first of many decisions a producer makes on how pre-weaned calves will be
managed. Utilization of labor and milk source requires additional decisions based on resources and
availability. While gaining in popularity, only 1.9% of the calves were fed through an automatic feeder
while almost half of the surveyed calves were fed using a bottle or a bucket [9]. On average, one calf
requires 7–12 labor hours during the pre-weaning period, or 7–10 mins per day [8]. Unpasteurized
whole milk was the most common milk source utilized by producers but close to 50% of those also
utilized milk replacer [7]. More recent surveys show a similar trend, with 40.1% of calves fed whole or
waste milk, 34.8% fed milk replacer, and 25.1% fed a combination of the two. Calf starter was provided,
starting on average at 5 days old, to all calves surveyed [9].

Thus, it is important to understand the costs associated with the myriad of rearing systems for
dairy calves in the United States. The objective of this paper was to evaluate the economic impact of
different calf raising management decisions, especially housing, liquid diet and allowance, and health
expenses on the total pre-weaning cost of rearing heifer replacements.

2. Materials and Methods

A cost simulation model was developed at the University of Kentucky Dairy Science program
during 2018. This economic model was developed in Excel 2013 (Microsoft, Redmond, WA, USA)
utilizing @RISK and PrecisionTree add-ons (Palisade Corporation, Ithaca, NY, USA). The base herd used
included 1500 milking cows, 1000 replacement heifers in total and 84 heifer calves in the pre-weaning
period, assuming a 30% replacement rate and an average age at first calving of 25 months. Costs were
calculated on a per head basis for housing, feed, labor, mortality, and health. All remaining variables
are static. Interest was accounted for on infrastructure and mortality as well as the depreciation of
assets related to replacement females. Costs associated with herd-wide parameters, such as disease
prevalence and mortality rates, were distributed across all remaining calves in the pre-weaning phase.
The model required a management decision at 3 points: housing type, milk source, and labor shown
in Figure 1. Three main housing types were modeled: individual housing outside (IHO), individual
housing inside (IHI) [10], and group housing (GH). Three milk sources were built into the model:
whole milk (WM), pasteurized whole milk (PWM), or milk replacer (MR). Four possible liquid feeding
plans were modeled: 6, 8, 10, and 12 L of milk per calf per day. Labor was modeled for two categories:
conventional, where a person was assigned to feeding and caring for the calves; or automatic, where
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an automatic calf feeder was utilized in addition to human labor. Totals costs were reported per calf
for each management decision, the entire pre-weaning period per calf, and per day per calf. Per
day cost was calculated by dividing days of age at weaning by the total cost per calf during the
pre-weaning period.

 

Figure 1. Decision tree of possible management decisions for housing, milk source, and labor for
pre-weaned calves.

2.1. Housing

Housing systems that required a barn (IHI and GH) used values found from Table 1 to determine
barn value and monthly payment. Barn cost was derived from the Dairy Calf and Heifer Association
Gold Standard recommendation of 3.3 M2 per calf, with an additional 15% of space to account
for walkways and feed areas. Thus, replacement heifers were assumed to require 3.7 M2 per calf.
Construction cost [11] varied based on the infrastructure required for each situation, ranging from
$10.00 to $15.50 per M2. Estimated barn value (BV) was then calculated with Equation (1).

BV = CC × 3.7 M2 × number of pre-weaned calves (1)

119



Animals 2019, 9, 471

Table 1. Model inputs were adapted from the published literature, the latest USDA reports, and heifer
raising surveys.

Variable Value Source

Number of pre-weaned calves in 2 months 84 Based on rearing 500 heifers annually
Employee Labor (/h) $14.00 Based on National Dairy Labor Survey, 2014

Management Labor (/h) $22.00 Based on National Dairy Labor Survey, 2014
Interest Rate 7%

Barn construction per M2 Frame $10.00 Adkins, 2017
Barn construction per M2 Frame and Group Pens $15.50 Adkins, 2017

Individual hutch $300.00 Based on average market price
Value of newborn calf $100.00 Based on USDA market reports

Whole milk value (cwt) $15.00 Based on USDA, 2016
Milk replacer value (22.7 kg) $65.00 Based on average market price

Calf Starter (mt) $550.00 Based on average market price
Automatic calf feeder value $15,000 Based on (Adkins, 2017)

Pasteurizer value $10,000 Based on average market price
Diarrhea prevalence 21.4% Urie, 2018

Respiratory illness prevalence 12.7% Urie, 2018
Pre-weaning mortality rate 5% NAHMS, 2011

Water cost per calf pre-weaning $0.50 Based on water price Jan. 2019
Electrical cost per calf pre-weaning $0.50 Based on electrical price Jan. 2019

Bedding per calf pre-weaning $11.00 Heinrichs, 2013
Weaning Age 65 days Adkins, 2017

Barn cost per heifer (BC) was calculated using the payment function in excel with 7% interest,
20 years useful life and BV. BC was included in IHI and GH situations. Calves housed in individual
housing outside followed the same payment function. Housing calves year-round in individual
housing with an average occupancy time of 2 months ± rest period would allow 5 calves per hutch per
year. Days of age at weaning was used as the length of time a heifer was incurring cost during the
pre-weaning period. Housing costs also included utility costs, such as water and electricity. Electricity
was only factored for housing systems that included a barn (IHI and GH). The bedding was included
at a flat evaluation of $11.00 per calf. For pasture scenarios, a cash value price per acre was used as the
value of land to try to account for the opportunity cost of a specific acre being used for other purposes.
An additional annual maintenance cost of $31.50 per acre was assumed.

2.2. Feed

Milk replacer was mixed at a concentration of 0.11 kg per liter of water. A pasteurizer was
depreciated over all calves over the 15-year useful life. The model accounted for four possible feeding
milk allotments: 6, 8, 10, and 12 L per calf per day. A 2016 survey of producers in the United States
showed over half of the farms were feeding calves between 4–6 L per day [7]. Recent studies have
shown that increasing milk allotment can increase average daily gain (ADG) pre-weaning, result in
larger skeletal measurements at weaning, and decrease vocalizations caused by milk deprivation [12,13].
Milk allotments and starter intakes per calf for this model were reflective of experimental data [14]. In
this study, calves were randomly assigned to 6, 8, 10, or 12 L feeding treatments of pasteurized whole
milk with ad libitum access to calf starter. A step-down weaning program was performed: milk was fed
at maximum allotment until weaning at 42 days. Milk allotment was decreased by 50% until day 50,
where allotment was decreased daily by 20% until weaned. Calves were assumed to be consuming
at least 2.25 kg of calf starter at weaning. An additional 20% was assumed to be fed to account for
waste and loss. This additional expense was added to daily calf starter cost. Milk and calf starter
costs were calculated on a daily basis for the entire pre-weaning period, from day 0 to 65. ADG was
determined using the dry matter intake requirements and resulting gain from NRC, 2001. Calf weight
was modeled daily to determine appropriate weaning weights based on dry matter intake from milk
replacer or whole milk.
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The assumed birth weight was 40 kg for each calf. Assumed average daily gains on each feeding
plan (6, 8, 10, and 12 L) are described in Table 2, following the equation presented in NRC, 2001. The
weaning weight was calculated by multiplying ADG by 65 days and adding the weight gain to BW.
Feed cost was reported for three variables: total cost during the pre-weaning period, daily feed cost,
and feed cost per kg of gain. Total feed cost included milk replacer or whole milk expenses and feeding
equipment. Daily feed cost was derived from dividing total feed cost by weaning age (65 days). Daily
feed cost was then used to calculate feed cost per kg of gain. Daily cost under each feeding plan was
divided by ADG to determine the cost per kg of gain.

Table 2. Birth weight and weaning weight were a result of milk allotted and calf starter intake per calf
following experimental data from Rosenberger et al. 2017. Average daily gain (ADG) followed the
equation presented in NRC 2001.

Milk Allotment (L/day) Starter Intake (kg) ADG (kg) BW (kg) WW (kg)

6 64 0.3 40 77.4
8 63.7 0.3–0.6 40 87.6
10 63.4 0.6–0.9 40 98.4
12 60.3 0.9–1.2 40 108.3

Birth weight (BW) was assumed at 40 kg, weaning weight (WW) was calculated based on ADG for 65 day
weaning age.

2.3. Labor

Labor to care for calves and the number of employees working were adapted from published
surveys of producers employing individual and group housing (Table 1). Because of the lack of data
on group housing without automatic feeder labor time requirements, we assumed the median of
an automatic feeder and individually housed heifers (5.5 mins/calf/day). Management labor was
calculated separately to represent additional labor required from owners, managers, and/or family.
Management followed the trend of 10% of the paid labor, creating the assumption of 0.55 mins/calf/day
for group housing without an automatic feeder. Minutes per calf could be input directly or total time
per all pre-weaned calves could be used to calculate total labor cost using Equation (2).

((Daily Paid Labor Hours/Number of Calves) × Hourly Paid Labor) + ((Daily
Management Labor Hours/Number of Calves) × Hourly Management Pay)

(2)

The expenses related to buying and using an automatic calf feeder were included in the labor
section. Justified by the change in labor demands, the use of an automatic calf feeder can be viewed as
an additional autonomous employee. The cost of the feeder was assumed at $15,000 value, 10 years
useful life and $200.00 annual maintenance. These values were assumed based on market prices and
a routine maintenance program. Equation (3) represents the calculation of daily feeder cost per calf
using the payment (PMT) function in excel.

(−PMT (interest rate, 120, initial value))/number of pre-weaned calves (3)

2.4. Mortality and Health

The cost of each calf was calculated daily and, therefore, monthly cost to raise one calf in each
management style was determined. All calf mortality events were assumed to occur at the end of the
first month of life, accruing the additional monthly cost plus interest. This additional cost is divided
over the remaining number of calves. Equation (4) explains how calf mortality was added as an
additional cost to each remaining calf.

(Value of Newborn Calf + (Cost up to death × ((Interest Rate/365) × 60)) ×Mortality
Rate)/Remaining Calves

(4)
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Health costs are reflective of a standard vaccination protocol including fly control, respiratory
vaccine, vitamin A, D, and E, selenium, and a vaccine for rotavirus and coronavirus scours, and E.
Coli. Labor costs related to health tasks were compiled into a “working heifer” labor expense. The
total health cost was figured at $9.22 per calf. Fair market prices were assumed on all vaccine and
health-related equipment through averaging online prices obtained in January 2019.

The prevalence of respiratory illness and diarrhea was determined by the 2014 Heifer Raiser
Survey conducted by the USDA, 18% for respiratory illness and 25% for diarrhea on average. Because
of the variation in this measure from farm to farm it was made stochastic to account for variation
between farms. The minimum incidence was 16% for respiratory illness with a maximum of 19%; the
minimum of diarrhea was 22% with a maximum of 28%. Based on the selected prevalence, there was a
direct relationship to the additional treatment cost for each calf. We modeled a protocol that would
include electrolytes and 3 days of antibiotics. We assumed an 85.6% improvement rate and culled the
remaining heifers at the end of that week.

2.5. Statistical Simulation

A simulation model was developed in Excel 2013 (Microsoft, Redmond, WA, USA) utilizing
@RISK and PrecisionTree add-ons (Palisade Corporation, Ithaca, NY, USA) to evaluate the cost of
raising an individual heifer from birth to weaning under different management styles and systems.
10,000 simulations of the model were performed for each of the situations. Stochastic simulations
allowed for variation of inputs values which are reflected in ranges of potential outcomes, unlike a
static model which will always produce the same outcome. Modeling variables stochastically, such
as weaning age, mortality rates, and disease prevalence, we can simulate different outcomes. All
variables were modeled following a Pert distribution set with minimum, most likely, and maximum
value. Assumptions were made based on published literature, surveys, and market assumptions were
also used to calculate the total cost (Table 1). A month in the cost spreadsheet was considered 30 days.
This model is available online at https://afs.ca.uky.edu/dairy/decision-tools, wherein all variables and
assumptions can be modified to reflect different situations and individual farms.

3. Results and Discussion

3.1. Housing

The total cost to house calves in individual housing outside, individual housing inside and group
housing were $21.12, $70.52, $94.30, respectively. All of these costs were within 1 SD of the average
found in published literature. For housing that included a barn, the barn payment per heifer was
the largest contributor to cost, while bedding was the largest contributing cost per calf for individual
housing outside (Table 3).

Table 3. Percentage breakdown of hutch/barn infrastructure, bedding and, water and electric on total
housing cost per housing management decision.

Housing System Individual Housing Outside Individual Housing Inside Group Housing

Hutch or Barn * 32% 83% 87%
Bedding 52% 16% 12%

Water & Electric 2% 1% 1%

* includes interest and depreciation of infrastructure.

3.2. Feed

Feed cost was heavily dependent upon the amount of milk allotted per day. Table 4 shows the
total cost of each milk source with 6, 8, 10, and 12 L allotments. As milk allotment per calf increased,
the cost of milk increased.
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Table 4. Cost of milk replacer, whole milk, and pasteurized whole milk as a milk source for calves with
6, 8, 10, and 12 L milk allowances.

Milk Source
Milk Allotment (L)

6 8 10 12

Milk Replacer $81.52 $107.02 $132.53 $158.04
Whole Milk $81.41 $108.38 $135.36 $162.33

Pasteurized Whole Milk $99.79 $126.76 $153.73 $180.71

The cost of pasteurizing whole milk ranged from 10 to 18% of the total cost of feeding calves in
applicable scenarios. This model assumed the same nutritional value and gain from milk replacer and
whole milk, creating a limitation in the model. However, calves fed pasteurized or unpasteurized
whole milk have been shown to increase model-produced ADG by at least 0.03 kg/day with the
potential to be over 0.25 kg/day of gain in comparison to milk replacer [15]. The additional cost to feed
whole milk has the potential to be offset by an increase in weight gain.

The estimated cost per kg of gain decreased as milk allowance increased, and with increasing
ADG, shown in Table 5. For example, group-housed calves on milk replacer with an automatic feeder
fed 6 L will cost $3.50 per kg of gain. When these same calves are increased to 12 L the cost decreases
to $2.67 per kg of gain. The minimum decrease in cost was from feeding 10 L of milk replacer to 12
L of milk replacer at $0.01 difference per kg of gain, and the maximum savings per kg of gain was
$0.41 increasing from 10 to 12 L of pasteurized whole milk. If birth weights were 44 kg with a goal of
weaning calves at 100 kg, we could assume a minimum of $0.56 to $22.96 in feed efficiency savings per
calf alone. Modeling cost per kg of gain following experimental data presented in the (NRC, 2001)
equations indicates that feeding calves a higher allowance of milk decreases the cost per kg of gain.
The cost of milk and calf starter, with our current assumptions in inputs and ADG, decrease cost per
kg of gain.

Table 5. Feed cost per kg of gain of pre-weaned calves fed milk replacer, pasteurized whole milk and
whole milk.

Milk Source
Milk Allotment (L)

6 8 10 12

ADG (kg) 0.3 0.3–0.6 0.6–0.9 0.9–1.2
Milk Replacer $3.50 $2.75 $2.68 $2.67

Pasteurized Whole Milk $3.60 $3.45 $3.31 $2.90
Whole Milk $2.98 $2.96 $2.92 $2.60

3.3. Labor

The labor decisions depended on the housing system selected. Hourly wages for management
are higher than those for paid employees as shown in Table 1. Employees contributed more to the
total cost than management in conventional and automatic systems even though their hourly rate is
lower. Labor costs associated with the automatic calf feeder were responsible for 23% of the total labor
cost. Labor cost of individual housing and group housing contributed 33% and 26%, respectively. The
minutes and total cost per hourly laborer were decreased from inside individual housing to group
housing by 36% per calf for a value of 2.4 minutes or $0.50 per calf per day. This shows a reduction in
overall labor cost but an increased demand for fixed and variable expenses. These include the paying
for the feeder, annual maintenance and a barn to house calves.

This breakdown of cost follows the same trends of Wisconsin surveys of conventional and
automatic calf raisers. The paid labor cost alone was reduced by 39% for farms utilizing an automatic
calf feeder, and paid management decreased by 14%. The total pre-weaning cost decreased 6% from
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conventional to automatic labor; the cost difference was recovered in an additional fixed variable cost
of the automatic calf feeders.

3.4. Health

Mortality rate and prevalence of diarrhea or respiratory illness, which were included in variable
costs, impacted the total cost. The average cost, including the risk of each calf being healthy or
experiencing diarrhea, totaled (mean ± SD) $5.39 ± 14.42 per calf. The average cost per BRD case was
$0.70 ± 7.33 per calf. Preventative health costs added an additional $9.22 to each calf.

The change in total cost per calf, accounting for additional expenses with fewer calves as mortality
rate increases (2%, 8%, 10%, and 15%), are reported in Table 6. As mortality rate increased, the cost of
infrastructure and higher cost management systems showed a larger increase in the dollar amount
added for each calf. Across management styles, decreasing the mortality rate from 15% to 2% reduced
overall cost from $39.47 to $36.84 per calf. For a farm raising 500 pre-weaned calves annually, potential
savings by decreasing mortality 10% alone could be over $18,000.

Table 6. Total cost under each management pathway per calf when mortality rate is set at 2, 8, 10, and
15%.

Management Pathway
Mortality Rate

2% 8% 10% 15%

Individual Housing Outside
Milk Replacer-Conventional $283.03 $298.74 $304.44 $319.87
Pasteurized Whole Milk-Conventional $291.27 $307.26 $313.06 $328.75
Whole Milk-Conventional $287.98 $303.85 $309.61 $325.20

Individual Housing Inside
Milk Replacer-Conventional $303.03 $319.40 $325.34 $341.42
Pasteurized Whole Milk-Conventional $311.28 $327.92 $333.96 $350.30
Whole Milk-Conventional $307.98 $324.51 $330.51 $346.75

Group Housing
Milk Replacer-Conventional $312.06 $328.73 $334.78 $351.15
Pasteurized Whole Milk- Conventional $320.31 $337.24 $343.39 $360.03
Whole Milk-Conventional $317.01 $333.84 $339.95 $356.48
Milk Replacer-Automatic $293.10 $309.15 $314.97 $330.72
Pasteurized Whole Milk-Automatic $301.35 $317.66 $323.58 $339.60
Whole Milk-Automatic $298.05 $314.25 $320.14 $336.05

It has been found that management practices specific to a housing type can change illness
prevalence. For example, calves housed in groups of 12–18 had a higher incidence of respiratory illness
and lower daily gains than calves housed in groups of 6–9 [9]. We assume a constant square footage
per calf, therefore the barn square footage increases as the number of calves increase and this may not
always be reflective of true management practices. A limitation to the model is the same probabilities
in averages and ranges in mortality for all management pathways for calculated cost.

3.5. Total Cost of Management Scenarios

All possible combinations of management decisions (each combination of housing type, milk
source, and labor type) and for each of the 4 milk allotments were analyzed for total cost, daily cost,
and percentage of feed, labor, and fixed and variable costs (Table 7). Fixed costs included barn and
housing infrastructure, depreciation of assets, and interest. Variable costs included health-related
expenses, mortality, and utilities for electricity and water. Feed represented the largest factor in all
management scenarios, followed by labor, then variable and fixed costs. This follows the same results
found in previously published models where 57% of total cost were due to feed costs [6].
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Using the assumptions in Table 1, on average, the most expensive management style was the one
utilizing group housing, feeding pasteurized whole milk with conventional labor. The least expensive
management pathway was the one utilizing individual housing outside, feeding whole milk with
conventional labor. The main difference in cost can be attributed to the larger infrastructure needs
for group housing and the additional cost of a pasteurizer. Total and daily cost for all management
scenarios with 6, 8, 10, and 12 L allotments are shown in Table 3.

The mean for total cost ranged between $258.56 to $582.98 per calf across all management pathways.
As seen in previous literature, the mean cost in each milk allotment has less variation than when
looking at the range of projected costs per management scenario. This can be attributed to variation in
health and mortality rates. Increasing the mortality rate and disease prevalence increased the cost for
the remaining calves by spreading infrastructure costs, the loss of the calf and incurred expenses, and
additional illness treatments over fewer calves. Variation in costs is not always related to efficiency
on-farm but instead related to trade-offs in management styles.

The least expensive pathways were the 3 combinations for individual housing outside. In these
scenarios, housing cost contributed 7–8% of the total cost compared to other management pathways
utilizing more infrastructure, where housing accounted for 21–30% of the total cost. The addition of
barns with individual housing inside and in group housing was the contribution of the additional
14–23% of housing cost.

When costs were broken down by day, assuming a 65-day weaning age, the cost ranged from
$3.83 to $6.19 per calf per day. The average daily charge for a contract raiser from birth to weaning was
$1.88/day [16]. Based on our calculated total cost for rearing pre-weaning calves, this would create
a significant loss for the contract raiser. But in the Wisconsin heifer raising survey the cost per day
of fixed and variable costs, which most closely matches our model, $2.05–$8.73 for minimum and
maximum daily cost [8]. This simulation model can be compared to surveys to validate the results are
reflective of on-farm total values. Finally, this model can be used to estimate other housing situations
other than the ones presented in the current survey, and herd numbers could be used to estimate heifer
costs for individual herds. In this survey, we chose the most common management practices to raise
dairy heifers in North America, but there are many other options of housing and feeding dairy heifer
calves that require further investigation.

4. Conclusions

Raising calves from birth to weaning contributes to a major portion of the total heifer raising cost.
Milk and calf starter contributed over half the cost to raise a calf from birth to weaning. Costs calculated
by this model are based on currently available data; it is likely some of our assumptions will under or
overestimate total and specific costs of calf raising practices across the US. More data are needed to
improve accurate assumptions for farms. However, no model will be able to accurately describe all
situations of calf rearing in various locations. Calculating pre-weaning cost for each individual farm is
critical in making management decisions and remaining sustainable.
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Simple Summary: High mortality and involuntary culling rates cause great economic losses to
the dairy industry around the world, and the survival of dairy calves and replacement heifers is
paramount in modern dairy breeding. However, little has been done to genetically improve mortality
rates of dairy calves and replacement heifers in Chinese Holstein cattle. In this study, we investigated
population parameters (descriptive statistics) of mortality rates of dairy calves and replacement
heifers and risk factors affecting mortality and involuntary culling rates in Chinese Holstein cattle.
The mortality rate of dairy calves and replacement heifers from day 3 to 60, 61 to 365, and 366 to
first calving was 5.5%, 7.4%, and 8.7%, and an unfavorable increasing trend has been observed
in the Chinese Holstein population. Health events associated with digestive and respiratory or
circulatory systems were the main reasons for deaths. Herd-birth year, birth season, and dam parity
had significant effects on survival. Our findings will help farmers to better manage dairy calves and
replacement heifers and highlight the need to include these survival traits as part of the national
genetic evaluation schemes.

Abstract: The rates of mortality and involuntary culling of dairy calves and replacement heifers have
great economic implications on the dairy cattle industry around the world. The main objectives
of this study were: (1) to obtain population parameters of mortality and involuntary culling rates
of dairy calves and replacement heifers; and, (2) to investigate the factors affecting mortality and
involuntary culling rates in Chinese Holstein cattle. Two datasets containing records of birth, calving,
and culling events from 142,833 Holstein cattle born between 1991 and 2018 were used in this
study. The population parameters were obtained using dataset 1, which consisted of dairy calves
and replacement heifers that died or were involuntarily culled. Three survival traits were defined
in dataset 2, which consisted of females born from 1999 to 2018. A binomial logistic regression
was used to analyze the risk factors on the survival traits. The mortality rate of dairy calves and
replacement heifers from day 3 to 60, 61 to 365, and 366 to first calving was 5.5%, 7.4%, and 8.7%,
and an unfavorable increasing trend was observed. Health events associated with digestive and
respiratory or circulatory systems were the main death reasons. Herd-birth year, birth season, and
dam parity had significant effects on survival traits. The results from this study will help farmers to
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better manage calves and replacement heifers and highlight the need to include survival traits in
dairy calves and replacement heifers as part of national genetic evaluation schemes.

Keywords: dairy calf; involuntary culling; mortality; replacement heifer; survival rate

1. Introduction

The large majority of dairy cattle herds are divided into two groups: milking cows and replacement
heifers, in which the latter does not generate any direct income to the producers until the first calving [1,2].
Estimates of expenses associated with rearing replacement heifers range from 15% to 20% of the total
milk production costs [3]. However, many potential replacement heifers do not reach their first lactation
due to premature death or involuntary culling [2]. Therefore, in addition to welfare issues, high
mortality and culling rates cause great economic losses to the dairy industry around the world [4,5].
Various breeding programs include indicator traits of health and longevity measured in dairy cows [6].
However, less importance has been given to survivability of dairy calves and replacement heifers.

The mortality rates of calves and replacement heifers vary across countries, production systems,
and populations. For instance, in the United States, annual calf and heifer mortality rates were
estimated to be around 9.6%, with pre-weaning calves accounting for 7.8% [7]. In Danish Holstein,
the frequency of pre-pubertal mortality was estimated to be 5% to 6% [8], and the most frequent
diseases affecting calves were diarrhea and respiratory diseases. Other studies showed that the main
causes of replacement heifer mortality or involuntary culling were different depending on the life stage
of the animal. Scours, diarrhea, and other digestive problems were the most important death causes
of pre-weaning calves, while respiratory diseases were the largest death cause of weaned calves [9].
Furthermore, many herd- or animal-level risk factors affecting dairy calf and heifer mortality have
been identified in various populations. These factors include dystocia, sex, twinning rate, dam parity,
herd size, and birth season [10–13].

The impacts of mortality rates of calf and replacement heifer on dairy cattle herds should not
be neglected. However, there is a lack of literature reporting on this issue in calves and replacement
heifers in Chinese Holstein population, especially studies based on individual records. In this context,
the main objectives of this study were: (1) to estimate population parameters (descriptive statistics) of
mortality and involuntary culling rates of dairy calves and replacement heifers; and, (2) to investigate
the risk factors affecting mortality and involuntary culling of dairy calves and heifers in Chinese
Holstein cattle, using individual records. The findings of this study will help farmers to design better
management strategies for the dairy calves and replacement heifers, and provide a reference for further
investigation on the genetic background of survival traits in dairy calves and replacement heifers.

2. Materials and Methods

The records of birth, calving and culling/death events from 1999 to 2018 in female Holstein from 31
herds located in Beijing, Tianjin, Yunnan, Hebei, Henan, Heilongjiang, Jilin, and Inner Mongolia were
extracted from the farm management software (AfiFarm, http://www.afimilk.com.cn). The free-stall
barn system was used in all herds, and the herds’ sizes ranged from 1000 to 10,000 animals. The test-day
milk yield in these herds ranged from 30 kg to 40 kg. The herd records before using management
software (before 2005) were added into software from herdbook records, and thus, early records might
be incomplete or less accurate. Two datasets were defined using event records: Dataset 1 and dataset
2. Dataset 1 included records of dairy calves and replacement heifers that left herds (before the first
calving) between 2006 and 2018, which was used to obtain population parameters of involuntary
culling/death age on dairy calves and replacement heifers in Chinese Holstein cattle, including average
involuntary culling/death age and culling/death reason. The dataset 2 included records from all
animals (that left herds either before or after first calving) born from 1999 to 2018, which was only
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used to investigate risk factors affecting survivability of dairy calves and replacement heifers using
logistic regression. In Chinese Holstein herds, most calves left the herd due to premature death, while
heifers can also be culled for reproduction disorders, severe disease and other reasons. In this study,
we are interested in both mortality and involuntary culling. The records of calves that died within 2
days after birth, replacement heifers that died after 1800 days of age (60 months) and censored records
(alive dairy calves and replacement heifers, and sold and transferred individuals) were removed from
both dataset 1 and dataset 2. The death records before first 48 h were considered as stillbirth, which is
usually a separate dam trait and thus is not part of the current study. In dataset 1, the involuntary
culling/death reasons were grouped in a total of 10 categories: digestive system diseases, diseases of
respiratory or circulatory systems, reproduction disorders, death without clear reasons, infectious
diseases, developmental disorders (e.g., abnormalities and dysplasia), feet and leg diseases, accidental
injury, other diseases (e.g., septicemia and meningitis) and unknown reason. Only females were kept
in the datasets. After editing, records for 18,077 culled dairy calves and replacement heifers remained
in dataset 1 and 113,218 records of all animals in dataset 2. Death/culling age (days) was calculated for
each animal in dataset 1 and referred to the interval from birth to death/culling on both dairy calves and
replacement heifers. A total of 3 survival traits were defined for females in dataset 2, including survival
from 3 to 60 days (Sur1), 61 to 365 days (Sur2), and from day 366 to first calving (Sur3). Survival traits
were analyzed as binary traits, in which a value of “0” was assigned to animals that left the herds and
“1” to those that survived up to next life stage.

A binomial logistic regression was used to evaluate the risk factors affecting survivability of dairy
calves and replacement heifers using the LOGISTIC procedure of SAS software (version 9.1; SAS
Institute, 2004 [14]). A total of 4 risk factors associated with survival traits were analyzed using the
dataset 2. These factors were herd-birth year (402 levels), birth season (divided into Spring: March to
May, Summer: June to August, Fall: September to November, and Winter: December to February),
dam parity (defined as 0 = unknown, 1 = first parity, 2 = second parity, 3 = third and greater parities),
calving ease score (defined as 0 = unknown, 1 = unassisted, 2 = easy pull, and 3 = hard pull or surgery).
The factor of herd-birth year represented the combined effect of herd and birth year of calf, and 402
levels were combined into 5 levels using logit (p) of each level. The statistical model for Sur1, Sur2, and
Sur3 can be described as follow:

logit(p) = ln
(

p
1− p

)
= β0 + β1x1 + β2x2 + β3x3 + β4x4,

where p is the culling probability of dairy calves and replacement heifers in each life stage; β0 is
the overall mean (intercept); β1 to β4 are the regression coefficients of ranked factors; x1, x2, x3, and
x4 correspond to the herd-birth year, birth season, dam parity and calving ease score, respectively,
associated with each observation.

3. Results

3.1. Descriptive Statistics

3.1.1. Mortality-Culling Frequency of Dairy Calves and Replacement Heifers

The combined mortality-culling rate of female dairy calves and replacement heifers was 21.2%,
in which the mortality-culling rate from day 3 to 60, 61 to 365, and 366 to first calving was 5.5%, 7.4%,
and 8.7%, respectively. The variability in mortality-culling within each life stage over time is shown
in Figure 1. From 2006 to 2008, the mortality-culling rate of dairy calves and replacement heifers
increased from 15.2% to 25.9% (an increase rate of 70.4%).
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3.1.2. Death/Culling Age of Dairy Calves and Replacement Heifers

Descriptive statistics of death/culling age for 18,077 dairy calves and replacement heifers born from
2006 to 2018 were calculated. The average death/culling age was 399 days; the median 296 days and the
lower and upper quartile were equal to 84 and 658 days, respectively. The death/culling age did not
follow a normal distribution as the large majority of calves died early in life (Figure 2). The highest
mortality-culling risk on dairy calves was within the first 100 days after birth. Mortality-culling tended
to decrease with the increase of animal age. The mean and median of death/culling age over time
are presented in Figure 3. Over the past 13 years, there was a large difference on death/culling age of
dairy calves and replacement heifers and the average death/culling age fluctuated around 400 days.
Furthermore, the variation range of median death/culling age was larger than the means among different
years, and the maximum difference of median death/culling age was 337 days (between 2006 and 2012).

Figure 1. Mortality-culling rates of dairy calves and replacement heifers in different life stages over time.
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Figure 2. Histogram of death/culling age (months) on dairy calves and replacement heifers.

Figure 3. Average death/culling age (days) and number of dairy calves and replacement heifers in
different death years.

3.2. Death/Culling Reasons of Dairy Calves and Replacement Heifers

The overall death proportion of each reason category in period from day 3 to first calving in
different years is presented in Figure 4. “Unknown reason” was not included in Figure 4, which was
reached 8.99%–43.78% over these years. Diseases related to the digestive, respiratory and circulatory
systems, and reproductive disorders were the main causes of death. These categories accounted for
58.6% of the known causes of death. Diarrhea, pneumonia, and infertility (based on non-return rate)
were the main specific reasons of mortality. Over the past 13 years, the death proportion due to diseases
related to the respiratory and circulatory systems and reproductive disorders gradually increased,
in contrast with both infectious diseases and other diseases that showed a decrease trend. The average
involuntary culling or death ages of dairy calves and replacement heifers based on different death
reason categories are presented in Table 1. The individuals with digestive system diseases, diseases
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of respiratory or circulatory systems, and death without clear reason were culled in early life (mean:
up to 226.6 days; median: up to 101.0 days). As expected, the average death age of individuals with
reproductive disorders (mean: 937.4; median: 891.0) was greater compared to the other categories
(mean range: 165.1–476.7 days; median range: 84.0–450.5 days).

Table 1. The death age (days) of dairy calves and replacement heifers caused by different reason categories.

Death Reasons Proportion (%)
Death Age (Days)

Mean Median Lower Quartile Upper Quartile SD

Unknown reason 26.0 449.8 430.0 259.0 638.0 262.3
Digestive system diseases 18.9 226.6 84.0 20.0 227.0 350.3
Diseases of respiratory or

circulatory systems 13.6 165.1 101.0 51.3 173.0 200.9
Reproductive disorders 10.3 937.4 891.0 776.0 1085.0 259.1

Death without clear reason 6.9 200.6 90.0 3.0 234.0 264.4
Infectious diseases 4.8 444.1 437.0 237.0 635.0 250.4

Developmental disorders 4.2 396.9 413.0 67.3 601.5 334.3
Feet and leg diseases 2.4 470.8 413.5 98.0 743.5 400.7

Accidental injury 2.1 476.7 450.5 266.0 668.5 289.9
Other diseases 10.8 417.1 310.0 82.0 678.0 390.7

Figure 4. The death proportions of dairy calves and replacement heifers caused by different reason
categories over time.1 The category of “unknown reason” was not included in Figure 4.

3.3. Analyses of the Factors Influencing Survivability of Dairy Calves and Replacement Heifers

According to the Wald test (Chi-square), both herd-birth year and birth season significantly
(p < 0.01) influenced the mortality of dairy calves and replacement heifers during the stages of 3–60
days (Sur1), 61–365 days (Sur2), and from 366 days to first calving (Sur3). The dam parity significantly
influenced Sur1 and Sur2 (p < 0.01), and did not significantly influence Sur3 (p = 0.19). However, dam
calving ease score did not significantly impact any of the 3 survival traits. The results of the binomial
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logistic regression on Sur1, Sur2, and Sur3 in dairy calves and replacement heifers are presented in
Table 2.

The dairy calves and replacement heifers born in Spring had the lowest mortality risk in any of
the 3 life stages. Across the 3 life stages (Sur1, Sur2, and Sur3), the mortality risk of dairy calves and
replacement heifers born in Fall was between 1.13 and 1.53 times greater than those animals born in
the Spring season. The calf birth season had larger impact on survivability of animals during 3–365
days (Sur1 and Sur2) compared to 366 days to first calving. In terms of dam parity, calves born from
second parity cows had the lowest culling risk in any of the 3 life stages. From 3 to 60 days, calves born
from first parity cows had the highest culling risk, i.e., 1.16 times greater than those animals born from
second parity cows. However, the dairy calves and replacement heifers born from cows with 3 or more
parities had the highest mortality risk during 61–365 and 366–first calving. Animals born by hard pull
or surgery had the highest mortality risk, which was not significant compared with unassisted calves.

Table 2. Associations between different levels of birth season, dam parity and calving ease score on the
odds ratio of mortality 1.

Variable Level Odds Ratio 95% Confidence Interval p-Value

Survival from 3 to 60 days

Birth season
Summer vs Spring 1.48 1.34 1.64 <0.01
Autumn vs Spring 1.56 1.41 1.73 <0.01
Winter vs Spring 1.60 1.44 1.77 <0.01

Dam parity
Unknown vs 2 0.45 0.28 0.71 <0.01

1 vs 2 1.16 1.02 1.33 0.03
“3 and above” vs 2 1.14 0.98 1.32 0.09

Calving ease score
Unknown vs 1 1.46 0.93 2.30 0.10

2 vs 1 1.39 0.97 1.99 0.07
3 vs 1 1.83 0.77 4.34 0.17

Survival from 61 to 365 days

Birth season
Summer vs Spring 1.53 1.41 1.65 <0.01
Autumn vs Spring 1.64 1.52 1.77 <0.01
Winter vs Spring 1.18 1.08 1.28 <0.01

Dam parity
Unknown vs 2 0.54 0.33 0.87 0.01

1 vs 2 1.02 0.93 1.12 0.68
“3 and above” vs 2 1.13 1.01 1.25 0.03

Calving ease score
Unknown vs 1 1.00 0.62 1.60 0.98

2 vs 1 0.87 0.61 1.23 0.42
3 vs 1 1.36 0.67 2.76 0.39

Survival from 366 to first calving

Birth season
Summer vs Spring 1.13 1.06 1.21 <0.01
Autumn vs Spring 1.08 1.01 1.16 0.02
Winter vs Spring 1.08 1.01 1.15 0.03

Dam parity
Unknown vs 2 0.90 0.52 1.57 0.72

1 vs 2 1.04 0.95 1.14 0.39
“3 and above” vs 2 1.11 1.01 1.23 0.04

Calving ease score
Unknown vs 1 0.75 0.43 1.30 0.31

2 vs 1 0.99 0.72 1.36 0.95
3 vs 1 1.20 0.60 2.40 0.61

1 The Spring season, second parity and calving ease score 1 were the base classes of birth season, dam parity and
dam calving ease score, respectively. The results of herd-birth year are not shown.

4. Discussion

The involuntary culling and mortality rates of dairy calves and replacement heifers have been
reported to vary across countries and dairy cattle populations. In the population used for the current
study, dairy calves were usually weaned at 2 months of age, and the pre-weaning mortality rate was
5.5%, which is within the range reported in the literature. For instance, the calf mortality within
the first month of life were 3.1%–3.4% in Danish [15] and UK [2] Holstein populations, while in the
US, the mortality of pre-weaning Holstein calves was 7.8% [7]. The mortality rate of 12.9% for dairy
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calves up to yearling age is also within the ranges reported in the literature for worldwide dairy
populations (3.7%–22.5%) [16,17]. Approximately 21.2% of dairy calves and heifers failed to reach first
calving, which is substantially higher compared to other reports (e.g., 14.5%) [18]. Furthermore, there
was an unfavorable increase trend on mortality of dairy calves and replacement heifers over time in
Chinese Holstein population. The calf and replacement heifer survival between day 3 and the start of
productive life should be given more attention, especially for genetically select animals with better
genetic merit for survival traits.

Many factors have caused mortality of dairy calves and replacement heifers, including calf-related
diseases, heifer fertility disorders and farm management factors. In this study, censored and voluntary
culling records were removed from the datasets. Therefore, the mortality rates reported here represent
involuntary culling in Chinese Holstein calves and replacement heifers. Due to poor data management
and insufficient attention paid on data recording, culling/death reason were not always available
for each animal, especially in early records. In general, the 2 most frequent causes of mortality are
digestive [19,20] and respiratory diseases [21], in which diarrhea and pneumonia accounts for the
majority of death cases [9,20,22]. In this study, diseases associated with the digestive, respiratory and
circulatory systems were the main culling reasons, which is consistent with the findings reported in
other studies. In the US Holstein cattle population, scours, diarrhea, and other digestive problems
were the key causes of pre-weaning calf mortality, followed by respiratory diseases. For weaned
calves, respiratory disease was the largest mortality reason in the US population [9]. Pritchard et al. [1]
reported that a large number of heifers were culled due to been considered unsuitable as breeding
replacement, failure to conceive and other reproduction disorders, which is in agreement with our
findings. The median death age of calves or replacement heifers due to digestive system diseases,
diseases of respiratory or circulatory systems, and reproductive disorders were 84, 101, and 891 days,
respectively. Furthermore, the main causes of mortality were different over these years in calves and
replacement heifers. The fertility recession and more attention on epidemic prevention may respectively
result in increase/decrease trends of culling/death proportion of reproductive disorders/infectious
diseases over these years.

Considering the impacts of management differences across herds and a likely interaction with
birth year, the effect of herd was included in the statistical model as a combined effect (herd-birth year)
with birth year of the calf in current study. Herd-birth year significantly impacted all survival traits
consistent with Norberg et al. [8]. Birth season and dam parity significantly impacted all survival traits,
which is in agreement with results reported by Norberg et al. [8] and Gulliksen et al. [16]. During
Summer and Fall, animals can be under heat stress in the main dairy farming areas in China (including
the herds in the current study). The calves that experience maternal heat stress during late gestation
have been reported to have reduced survival rate before puberty [23]. Dairy producers can plan the
calving accordingly in order to reduce calving mortality rates and/or implement other mitigation
approaches. Furthermore, Henderson et al. [24] and Ring et al. [25] reported that dam calving ease
score was an important risk factor of mortality, especially within the first 182 days of life. According to
them, the calves and heifers born from increased calving ease score were more likely to die in early life
stages. This is likely due to the stress suffered by calves during birth. The dam calving ease score had
no statistically significant impact on the survival traits analyzed here, which may be related a small
data size in current study. These information from risk factors will help farmers to reduce mortality
rate of calves by implementing better management practices in their herds. In addition, the influence
of the risk factors identified here will be important effects to be included in the statistical models for
genetic evaluation for survival traits in dairy calves and replacement heifers.

Survival traits defined at different life periods during replacement heifer development may enable
selection against certain diseases commonly prevalent during those life stages [1]. Three survival traits
were defined in this study aiming to describe the likelihood of death (or survival) during pre-weaning
period, day 61 to yearling and yearling to the first calving. Survival trait at early life of the calf (Sur1)
may enable indirect selection against diseases related to the digestive, respiratory, and circulatory
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systems, which were the two most frequent mortality reason categories. The survival traits at different
life stages, defined in this study, can be used to genetically improve the mortality rates of dairy calf
and replacement heifers, and the results from the current study laid the foundation for establishing the
statistical models for genetic evaluations. The next step will be the estimation of genetic parameters
(heritability and genetic correlations) for the survival traits defined in this study.

5. Conclusions

The combined mortality rate of dairy calves and replacement heifers in Chinese Holstein cattle
was 21.2% and an unfavorable trend on dairy calves and replacement heifer’ mortality was observed.
Diseases related with digestive (e.g., diarrhea), respiratory (e.g., pneumonia) and circulatory systems,
and reproductive disorders (infertility based on non-return rate) were the main death reason categories.
Herd-birth year, birth season, and parity of dam had significant effects on the survival traits of dairy
calves and replacement heifers. Survival traits in dairy cattle from birth to first calving are important
breeding goals to be incorporated into dairy genetic selection schemes.
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Simple Summary: Heat stress causes significant negative responses in the dairy industry. The
objective of this study was to assess the effect of heat stress on the autophagy and apoptosis of the
rumen, abomasum, duodenum, liver and kidney in calves. The results showed that heat stress could
increase the autophagy and apoptosis of the kidney, duodenum and abomasum. However, heat
stress had no effect on the autophagy and apoptosis of the liver. In cows, most studies of autophagy
and apoptosis have only focused on mammary remodeling. Our results provide new knowledge
regarding autophagy and autophagy in calf heat stress management.

Abstract: The objective of this study was to assess the effect of heat stress on the autophagy and
apoptosis of the rumen, abomasum, duodenum, liver and kidney in calves. Two groups of Holstein
male calves were selected with similar birth weights and health conditions. Heat stress (HT): Six
calves (birth weight 42.2 ± 2.3) were raised from July 15 to August 19. Cooling (CL): Six calves
(birth weight 41.5 ± 3.1 kg) were raised from April 10 to May 15. All the calves were euthanized
following captive bolt gun stunning at 35 d of age. The expression of protein 1 light chain 3-II
(LC3-II) and caspase3 in the rumen, abomasum, duodenum, liver and kidney were determined by
western blotting. In addition, other possible relevant serum biochemical parameters were evaluated.
Significant differences were observed in alkaline phosphatase (ALP), albumin (ALB) and glucose
(Glu). The results showed that heat stress could increase the autophagy and apoptosis of the kidney,
duodenum and abomasum. However, heat stress had no effect on the autophagy and apoptosis of
the liver. Additionally, the expression of caspase-3 in the rumen in HT was significantly lower than
that in CL. In conclusion, the effects of heat stress on autophagy and apoptosis are organ-specific. The
results provide knowledge regarding autophagy and autophagy in calf heat stress management.

Keywords: autophagy; apoptosis; heat stress; calf

1. Introduction

Heat stress causes significant negative responses in the dairy industry. Heat stress is caused
by excessive temperature conditions that cannot be compensated for by the temperature regulation
mechanism of cows. The temperature regulation ability is weaker for young calves than for adult
cows, with an upper end of about 29 ◦C, and heat stress is considered to occur at temperatures greater
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than 32 ◦C and 60% humidity [1]. Extensive research has shown the diminution of liver enzyme
activities and kidney functions in cows during heat stress [2,3]. In rats and pigs, heat stress apparently
promotes intestinal mucosal damage due to reduced intestinal blood flow and tissue hyperthermia [4,5].
The reduced blood flow of the digestive tract is probably harmful to the barrier function integrity of
rumen [6].

Autophagy and apoptosis are universal mechanisms that regulate gut homeostasis and reduce
digestive tract damage [7,8]. When cells are under stress, autophagy and apoptosis are activated [9].
Autophagy is a specific protein degradation process that has been recognized as an important
mechanism for cell survival under stress conditions [10,11]. The protein 1 light chain 3-II (LC3-II) is a
useful marker of autophagic membranes and is essential for the expansion of the early autophagosome
during cellular house-keeping and autophagic cell death [12,13]. In elegans, autophagy-related genes
are transcriptionally upregulated in response to heat shock [14]. Heat stress also triggers autophagy in
different types of cells such as human alveolar basal epithelial cells and rat cardiomyocytes [15]. In vivo
apoptosis and autophagy are two forms of physiological and conserved programmed cell death [16].
Apoptosis is characterized by a series of morphological changes, including plasma membrane blebbing,
nuclear condensation, and fragmentation, all of which lead to the formation of apoptotic bodies [9]. In
general, autophagy is activated first and maintains cell homeostasis [17]. When stress is prolonged
or exceeds a threshold, apoptosis is activated [9,18]. In cows, heat stress can induce the apoptosis of
granulosa cells, as evidenced by the activation of caspase-3 [19]. Caspase-3 is an executioner caspase
which plays an important role in apoptosis [9].

In cows, most studies of autophagy and apoptosis have only focused on mammary
remodeling [20–22]. Thus far, very little attention has been paid to the role of autophagy and
apoptosis in calves. The objective of this study was to assess the effect of heat stress on the autophagy
and apoptosis of the rumen, abomasum, duodenum, liver and kidney in calves. We hypothesized that
autophagy and autophagy would be stimulated to relieve heat stress. We hope to provide knowledge
regarding autophagy and autophagy in calf heat stress management.

2. Materials and Methods

The study was conducted at the Shandong high-speed modern dairy farm in Ji Ning, Shandong,
China in 2018. Animal care and use were approved and conducted under established standards of the
Ethics Committee on animals of Shandong Agricultural University (SDAUA-2018-012).

Two groups of Holstein male calves were selected with similar birth weights and health conditions.
Heat stress (HT): Six calves (birth weight 42.2± 2.3) were raised from July 15 to August 19. Cooling (CL):
Six calves (birth weight 41.5 ± 3.1 kg) were raised from April 10 to May 15. Calves were individually
housed in 1.5 × 3.4 m pens inside a naturally ventilated barn with free-choice water and solid feed. The
HT calves were housed in the same pens and were only provided with shade. The relative humidity
and air temperature of each pen were recorded at 7 days before euthanasia. The temperature humidity
index (THI) of the HT and CL groups were calculated as described previously [23]. In the HT group,
the average THI was 85.08, whereas the average the THI was 63.49 in the CL group. All the calves
were provided with 4 L of colostrum within 2 hours from birth. From the next day, calves were fed 6 L
of whole milk once daily until being euthanized. The ingredient and nutrient composition of the calf
starter is given in Table 1.

The rectal temperature and respiratory rate of each calf were recorded 3 times per day. At 35 ± 2
d of age, fifteen milliliters of blood were collected from the caudal vein using 20 ml syringes. The
samples were collected in the procoagulant tube, centrifuged at 1000× g for 15 min, and then the serum
was collected in a 1.5 ml Eppendorf tube and stored at −20 ◦C. All the calves were euthanized following
captive bolt gun stunning at 35 ± 2 d of age. After the opening of the body cavity, the samples of the
rumen, abomasum, duodenum (entire wall from 6 cm distal to the pylorus), liver and left kidney were
washed with normal saline. Then, these samples were frozen in liquid nitrogen and stored at −80 ◦C
until western blotting was performed.
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Table 1. Ingredient and nutrient composition of the experimental calves’ starter.

Items Content (% of DM)

Ingredients, % of DM
Corn grain 48
Wheat bran 12.6

Soybean meal 18.8
Extruded soybean 7
Corn gluten meal 9

Salt 0.55
Calcium carbonate 2

Dicalcium phosphate 1.15
Vitamin and trace mineral premix 1 0.9

Nutrients % of DM
DM, % 89.3
CP, % 22.13

Crude fat, % 4.32
NDF, % 17.14
ADF, % 6.62
Ca, % 1.07
P, % 0.56

ME, Mcal/kg 2.83

DM: dry matter; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; ME: metabolizable
energy.1 Premix contained (mg/kg): vitamin A, 4,035; vitamin D, 1,740; vitamin E, 39; Fe, 18; Zn, 37; Cu, 10.6; Mn,
15.3; Co, 0.12; I, 0.47; and Se, 0.35.

Briefly, the tissue samples blocks were washed with PBS (Solarbio, P1020-500ml, Beijing, China), cut
into small pieces, homogenized in PBS at 4 ◦C using a Servicebio KZ-II homogenizer, kept on ice for 0.5 h,
oscillated to ensure complete tissue cracking every 5 min, and then centrifuged (3000 × g, 10 min, 4 ◦C).
Protein concentration was detected by a bicinchoninic acid (BCA) Protein Assay Kit (G2026, Servicebio,
Wuhan, China). A Laemmli sample buffer (Bio-Rad, 1610737, Shanghai, China) was used to dilute the
sample and then boiled for 5 min. Immunoblotting was performed as previously described [24,25].
The LC3 (Sigma-Aldrich, L8918, Shanghai, China), caspase-3 (Sigma-Aldrich, C8487, Shanghai, China)
and β-actin (Sigma-Aldrich, A2066, Shanghai, China) antibodies and appropriate secondary antibodies
(Servicebio, GB23303, Wuhan, China) were applied according to the manufacturer’s guidelines. The
chemiluminescence of the bands of interest was detected with a digital G: Box imager (Syngene,
Frederick, MD, USA). Image J software (National Institutes of Health, Bethesda, MD, USA) was used to
quantify the band density. Alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), total protein (TP), albumin (ALB), glucose (Glu) and total cholesterol (TCHO) of
the serum were determined with an automatic biochemical analyzer (Type 7020, Hitachi, Tokyo, Japan).

The data were analyzed with a completely randomized design using a one-way ANOVA of SAS
8.2 (SAS Institute Inc., Cary, NC, USA). The individual calf was considered as the experimental unit.
The means were compared using Duncan’s multiple range test. Significance was declared at p < 0.05.

3. Results

In the HT group, the average THI was 85.08, whereas the average THI was 63.49 in the CL group.
It could also be seen that the rectal temperature (39.36 ± 0.26 vs. 38.31 ± 0.19 ◦C, respectively; p < 0.01)
and respiratory rate (55.17 ± 3.49 vs. 34.17 ± 2.48 breaths per minute; respectively; p < 0.01) of the
HT calves were significantly higher than the CL calves. Those data indicated that the HT calves were
exposed to heat stress, while the CL calves were not subjected to heat stress.

No differences were observed in the concentrations of ALT, AST, TP and TCHO in plasma of
two groups (Table 2). ALP and ALB in the CL group were significantly higher than that in the HT
group (p < 0.05), while the CL calves had a lower amount of serum Glu (p < 0.05). Compared with
the CL calves, the HT calves had a lower expression of LC3-II in the kidney (p < 0.05) and tended
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to have a lower expression in the duodenum, abomasum and rumen (Figure 1). The expressions of
caspase-3 in the kidney, duodenum and abomasum were elevated in the HT calves relative to the CL
calves (p < 0.01). No significant differences were found in caspase-3 expression of the liver between the
two groups (Figure 2). Interestingly, the expression of caspase-3 in the rumen in the HT group was
significantly lower than that of the CT group.

Figure 1. Effects of the temperature humidity index (THI) on the microtubule-associated protein 1 light
chain 3-II (LC3-II) expression of the liver, kidney, duodenum, abomasum and rumen in the HT and CL
calves. Treatment was as follows: (1) HT: Calves were fed from July 15 to August 19; (2) CL: Calves
were fed from April 10 to May 15. Insets depict representative blots. Values represent means ± standard
deviation Response from statistical result, p < 0.05. β-Actin was used to normalize the expression of
target proteins. The letters below the bar graph indicate different organs. Different letters above the bar
indicate differences between different groups (p < 0.05).

Table 2. Serum concentrations of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), total protein (TP), albumin (ALB), glucose (Glu) and total cholesterol
(TCHO) of the calves in the CL (cooling) and HT (heat stress) groups.

Item CL HT p-Value SEM

ALT, U/L 17.00 13.00 0.063 1.094
AST, U/L 44.78 44.98 0.959 1.908
ALP, U/L 274.99 191.16 0.082 24.229
TPB, g/L 59.48 62.79 0.490 2.261
ALB, g/L 24.36 22.75 0.007 0.334

Glu, mmol/L 4.97 6.29 0.014 0.291
TCHO, mmol/L 2.44 2.28 0.211 0.0631
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Figure 2. Effects of the THI on the caspase3 expression of the liver, kidney, duodenum, abomasum and
rumen in the HT and CL calves. Treatment was as follows: (1) HT: Calves were fed from July 15 to
August 19; (2) CL: Calves were fed from April 10 to May 15. Insets depict representative blots. Values
represent means ± standard deviation. Response from statistical result, p < 0.05. β-Actin was used to
normalize the expression of target proteins. The letters below the bar graph indicate different organs.
Different letters above the bar indicate differences between different groups (p < 0.05).

4. Discussion

In our study, the THI, rectal temperature and respiratory rate indicated that the HT calves were
exposed to significant environmental heat stress, while the CL calves did not suffer from heat stress.
The current study found that the HT group had a higher concentration of Glu than the CL group. This
result agrees with an earlier study, which showed that Glu tended to have a higher concentration in an
HT group [26]. However, a previous study found that pancreatic insulin response to Glu stimulation
and the concentration of insulin in calves were not affected by the heat stress [27,28]. It seems possible
that the high concentration of serum Glu was connected to the impaired cell metabolism and osmolarity
caused by heat stress without the change of insulin. It has been suggested that ALP plays a vital role
in bone mineralization and hepatobiliary diseases [29,30]. The low concentration of ALP in the HT
calves may impact the development of bone and hepatobiliary. ALB may be able to regulate oncotic
pressure and modulate inflammatory or immunological responses [31]. In our study, the concentration
of serum ALB was lower in the HT calves than the CL calves. Our result agrees with a previous study,
indicating that heat stress could decrease the concentration of serum ALB, which perhaps, in turn,
could impact oncotic pressure [31].

We analyzed the expression of LC3-II and caspase-3 of the HT and CL calves to assess the effect
of the THI on autophagy and apoptosis in calves. In our study, we found that different organs have
different levels of autophagy and apoptosis. All the organs in our study except liver were affected
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by heat stress. In the duodenum and abomasum, especially the kidney, the level of autophagy
and apoptosis were increased by heat stress. A previous study found that heat stress could induce
autophagy in hepatocellular carcinoma [32]. In the skeletal muscle of Sus scrofa, the markers of
autophagosome formation and autophagic activation were increased by heat stress [33]. These results
were similar to those of our study. The enhanced autophagy may be a self-protection mechanism of
organs under heat stress.

Hyperosmolarity, which is one of the consequences of heat stress, could activate several mediator
systems that may cause renal injury [34]. Calves extensively sweating results in a serious loss of water
and salt, which could lead to an increase of urine-specific gravity and osmolarity [34]. In our study, the
high concentration of Glu in the HT calves may have been due to the increase of osmotic pressure.
Additionally, the activity of aldose reductase, which can convert Glu into sorbitol and is increased by
hyper osmolarity [35]. Sorbitol can protect kidney cells from the hyperosmotic environments under
the conditions of plasma hyperosmolarity and dehydration [36,37]. Previous studies have found
that hyperosmotic stress could induce apoptosis and suppressed mammalian target of rapamycin
complex 1 (mTORC1) which could inhibit autophagy [38,39]. However, sorbitol dehydrogenase could
convert sorbitol into fructose. In the small intestine, the metabolism of fructose is associated with local
inflammation and increased intestinal permeability [40,41]. These physiological duodenal changes
probably caused the high level of apoptosis in the duodenum seen in our study.

One interesting finding was that the level of autophagy and apoptosis in the liver were not affected
by heat stress. Autophagy, which is a response to stressful conditions of the liver, could eliminate
damaged mitochondria and accumulated lipid droplets in liver [42]. Both autophagy and apoptosis
play important roles in liver injury [42]. It seems possible that the liver has a strong regulatory ability to
reduce the damage caused by heat stress. Additionally, the apoptosis level was decreased by heat stress
in the rumen. It seems that the effects of heat stress on autophagy and apoptosis are organ-specific.
Further work is required to evaluate the effect of osmotic pressure on autophagy and apoptosis. In
addition, further study should focus on the effects of heat stress on the liver.

5. Conclusions

In conclusion, heat stress could increase the level of autophagy and apoptosis of the kidney,
duodenum and abomasum. However, heat stress has no effect on the autophagy and apoptosis of the
liver. Heat stress decreased serum ALP and ALB and increased Glu concentration. In conclusion, the
effects of heat stress on autophagy and apoptosis are organ-specific. These results provide knowledge
regarding autophagy and autophagy in calf heat stress management.
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denis.kucevic@stocarstvo.edu.rs (D.K.); plavsic@gmail.com (M.P.); igor.jajic@stocarstvo.edu.rs (I.J.);
sasa.krstovic@stocarstvo.edu.rs (S.K.)

2 Faculty of Technology, University of Novi Sad, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia;
tomovic@uns.ac.rs

3 Faculty of Agriculture, University of Belgrade, Nemanjina 6, 11080 Beograd, Zemun, Serbia;
stanojevic@agrif.bg.ac.rs

* Correspondence: tamarapapovic@uns.ac.rs

Received: 28 August 2019; Accepted: 29 October 2019; Published: 9 November 2019

Simple Summary: Cattle have been selected for their adaptation to a specific environment and
productive system, in which they show, in theory, their best economical results. With appropriate
nutrition, the calf’s performance enhances during early life and improve the production limit
providing distinctive opportunities to optimize feeding strategies and increase the profitability of
beef production. There is considerable variation in fattening protocols as well as in farm conditions.
Meat quality parameters and carcass traits are the main objectives of most research carried out in the
beef production area. Optimizing meat quality parameters and carcass traits are important for farmer
profits and consumer satisfaction. According to that, at the phenotypic level, growth performance
and traits could be observed. Rearing practices are known to have an impact on cattle carcasses and
meat characteristics. The rearing practices applied after calving have an influence on the animal’s
performance at the growth period and can involve different animal properties at the beginning of the
fattening period.

Abstract: This study assessed the effects of farm management during rearing practices in the first
months of a calf’s life on growth performance and meat quality traits during the fattening period.
A total of 48 Simmental calves were divided into two groups at a commercial cattle feedlot. In the
first group were calves from the same farm and herd (n = 12 male and n = 12 female). The second
group included calves from several different herds and farms (n = 12 male and n= 12 female). Calves
were transferred to a feedlot and fed with a commercial feedlot ration at three to four months of age.
The aim was to determine if identical fattening conditions at feedlot can reduce initial calf rearing
differences between cattle during the fattening period. Bulls grew faster than heifers reaching higher
total gain and showed significantly higher slaughter weight than heifers. Meat samples of heifers
from the same herd had the highest intramuscular fat content and reddest color with significant
differences among cattle groups. The most abundant fatty acid was oleic acid (C18:1), followed by
palmitic (C16:0), stearic (C18:0), linoleic (C18:2), and myristic acid (C14:0). Meat samples of heifers
from different herds were darkest with highest content of iron (Fe) with significant differences among
cattle groups.

Keywords: heifer; bull; Simmental; fattening; management; carcass and meat quality
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1. Introduction

There is wide variation in meat production and productivity levels. Variations in these
production traits can be attributed to differences in genetic composition, nutrition, slaughter endpoints,
and gender [1,2]. The bulls grow faster and more efficiently, had a higher slaughtering proportion,
and produce leaner carcasses with a higher proportion of total meat than heifers. Therefore, the meat
from heifers compared to bulls have more dry matter and intramuscular fat, and is more tender and
acceptable [3,4]. Many studies showed that different rearing factors applied during the fattening
period have an impact on carcass or meat properties [4–6]. Further, it has been shown that rearing
management before the fattening period could impact both carcass [7–9] and meat quality traits. Hence,
the consideration of a wider period rather than the fattening period alone could be of great interest
to improve the prediction power of carcass and meat quality traits. There is considerable variation
in fattening protocols as well as in farm conditions [10]. The rearing practices applied after calving
have an influence on the animal’s performance at the growth period. These differences in performance
involve different animal properties at the beginning of the fattening period [11].

Constant dynamic changes in industry demand experts with multidisciplinary knowledge and
skills with the need to find faults in the production processes in a short time but also to react preventively
in order to enable continual process workflow [12]. Currently developed cattle identification systems
are based on electronic technologies that allow automation, instead of traditional systems based on
visual identification [13]. An automated system can work autonomously, and, if required, can be easily
integrated into the new or existing complex farm management system [13] and also improve consumer
confidence and provide assurance to buyers regarding the animal’s life history [14]. According to
topics of interest, developers of new products and services need to do thorough analysis of information
available in patent databases and to use collected information for defining future research and
development plans and market strategies [15]. Producing a product that delivers a consistently
high-quality eating experience is paramount to the beef industry to ensure consumer satisfaction [16].

Simmental cattle, a dual purpose worldwide breed common in central Europe, is usually
slaughtered between 16–18 months and 600–700 kg live weight [17]. Considering that Simmental is
the most widespread breed in Serbia (more than 70%) and because of the agro-climatic conditions,
intensive systems of fattening based on concentrates ad libitum and cereal straw, with young animals,
are the most common type of beef production systems. Calves from intensive systems are housed
indoors, weaned at an early age (two to four months) and reared with concentrate and cereal straw ad
libitum, when their diet is switched to concentrate [18].

Male and female calves from different farms for this research were considered together during the
fattening period under identical conditions and also their expression of the observed parameters at
the phenotypic level. We hypothesized that the different rearing practices from the first three to four
months of calf’s life can influence the characteristics of the beef carcasses and quality of produced meat.
Moreover, differences between Simmental bulls and heifers in relation to growth performance, carcasses,
and meat quality traits were significant and in agreement with our expectations that calves from the
identical rearing conditions have more similar final results and with those reported in the literature.

2. Materials and Methods

2.1. Animals and Growth Performance, Slaughter Procedures, and Carcass Quality

The investigation was conducted on 48 calves of Simmental breed produced under an intensive
rearing system at commercial beef feedlot. A total of 24 calves came from the same herd (from one
farm 12 male and 12 female) from intensive system. They were weaned early and started with four
weeks of age to be fed with concentrate (corn middlings 43%; limestone flour 25%; sunflower meal 19%;
soybean meal 10%; premix 1.5%; limestone 1%; monocalcium phosphate 1%; animal feed salt 0.5%),
and oats straw. The other 24 calves were from several different herds (from different farms including
the same number of male and female) reared in semi-intensive system with different rearing practices.
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For the fattening period, the two groups were housed at the commercial beef feedlot. Calves from the
same herd previously carried out as the first group and the second group included calves from several
other herds. They all were up from three to four months of age when transferred to feedlot and fed
a commercial feedlot ration. The adaption period was three weeks. During that, animals started to
consume ad libitum the same diet and reared under the same environmental and production regime.
The fattening period ends when bulls reached up 568 to 613 kg and heifers reached up 517 to 547 kg of
body weight.

During the fattening period, the rearing system was free, and food consisted of concentrated feeds,
hay and corn grain silage locally produced and were formulated to meet the nutrient requirements [18]
for the different growth phases. Animals had ad libitum access to water during the whole fattening
period. Changing the concentrate composition at body weight of 250–300 kg (from all the way through
to and finish phase of fattening) was a correction associated with declining ratio of protein to energy
connected with age. The cattle were fed ad libitum a total mixed ration (TMR) composed of corn grain
and maize silage (70%) and concentrate (30% in total, including: Corn middlings 4.3%; sunflower meal
70%; limestone flour 15%; premix 3%; limestone 3%; monocalcium phosphate 3%; animal feed salt
1.5%).

Data for each animal included initial weight (kg), total gain (kg), slaughter weight (kg), fattening
period (days), and slaughter age (days) which were recorded systematically. Individual calves weights
were measured using a heavy duty scale with accuracy ± 0.5 kg (initial weight) at the beginning and
the end of the fattening period prior to slaughter. An estimated total gain during the fattening period
was calculated between the initial weight and at slaughter weight. When the target slaughter age was
achieved, the cattle were slaughtered in the slaughterhouse.

2.2. Slaughter Procedures

From feedlot to slaughterhouse, cattle were transported unmixed in early morning hours and
after transport, which took about 3 h (farms are 60 km far from the slaughterhouse), animals were
rested for about 2 h in the abattoir. The animals were rested by isolating them from noise and human
activity during the lairage period. All the cattle were slaughtered according to routine procedures of
the slaughterhouse. Carcasses were conventionally chilled for 24 h in a chiller at 0–4 ◦C. After chilling,
M. longissimus lumborum (LL) was removed from the right side of each carcass, in the area between the
sixth and seventh rib to determine meat quality. The meat samples were trimmed of visible adipose
and connective tissue. Physical and sensory characteristics were measured on fresh or cooked beef.
Samples for chemical analysis (approximately 250 g) were taken after the homogenization of the LL;
they were vacuum packaged in polyethylene bags and stored at −40 ◦C until analysis.

2.3. Carcass Quality Traits Evaluation

The carcass quality was characterized by: Hot carcass weight (HCW), dressing percentage (ratio
between hot carcass weight and live weight before slaughter, in %), and conformation score. Carcass
conformation was graded under the EU beef carcass classification (SEUROP) scheme. After slaughtering
of the animals, their carcass weighing and muscle development evaluation was done [19]. Beef carcass
conformations are defined with the EUROP scale, represented by the letters E, U, R, O, and P (class S is
used only in countries where there is a basis for its use—double muscled cattle). The scoring consists
of a visual assessment of carcass muscling where carcasses graded as E have the most muscularity, and
this decreases through to P which have the least muscularity (muscle development). At the same time,
the degree of fat cover of the carcasses was based on visual evaluation numerically scored from 1 =
very low to 5 = very high, according to the same European classification [19].
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2.4. Meat Quality Measurements

2.4.1. Physical and Sensory Quality Measurements

The pH value was measured in the center of LL muscles at 24 h (pH24 h) post-mortem [20,21].
Samples for color measurements were taken from the central part of all muscles, perpendicularly to
the long axis of LL, after 60 min of blooming [22]; the minimum thickness of samples was 2.5 cm.
The instrumental color was determined using Minolta Chroma Meter CR-400 (Minolta Co., Ltd., Osaka,
Japan) using D-65 lighting, a 2◦ standard observer angle and an 8 mm aperture in the measuring
head. The CIE L*a*b* color coordinates [23] were lightness (L*), redness (a*), yellowness (b*), C*
(chroma—saturation index; C* = (a*2 + b*2)1/2), h (hue angle; h = arctangent (b*/a*)), and λ (dominant
wavelength (nm)) [23–25]. Water-holding capacity (WHC) was determined as free water (exudative
juice) using the filter paper press method [21,26,27]. The cooking loss was determined by the method
as described by Tomović et al. [28]. Samples of cooked meat, after cooking loss determination, were
used for objective determination of tenderness [28,29]. Tenderness was measured as the shear force (N)
using Warner–Bratzler shear machine (Model SD—50 of 50 lb or 222 N capacity, John Chatillon & Sons,
New York, NY, USA) as described by Senk et al. [12]. The sensory analyses were performed by an
eight-member panel. Samples for sensory evaluation were taken perpendicularly to the long axis of
LL; the minimum thickness was 2.54 cm. Panelists evaluated color using sets of [25] official color (1 =
extremely bright cherry-red to 8 = extremely dark red) and marbling [30] (1 = slight to 7 =moderately
abundant) standards.

2.4.2. Proximate and Mineral Composition

Moisture [31], protein (nitrogen× 6.25; [32]), total fat [33], and total ash [34] contents of muscles were
determined according to methods recommended by the International Organization for Standardization.
The minerals contents of the meat (calcium (Ca), sodium (Na), magnesium (Mg), iron (Fe), zinc (Zn),
and copper (Cu)) were determined by the flame atomic absorption spectrometry as described in detail
described by Tomović et al. [35] after mineralization by dry ashing [34]. Phosphorus (P) was determined
by the standard spectrophotometric method [36]. All analyses were performed in duplicate.

2.4.3. Fatty Acids Composition

Meat samples of 5 g were dried at the temperature of 105 ◦C. Then, samples were quantitatively
transferred into an extraction cartridge, and petroleum ether extraction was run for 5 h in the Soxhlet
extractor [37,38]. The methyl esters of the fat extracted were formed according to the method described
by Yurchenko et al. [39]. Fatty acids methyl esters were identified by comparing the retention times of
fatty acid methyl ester peaks from samples with those of standards obtained from Supelco (Supelco
C4-C24 Even Carbon for saturated: C14, C16, C18, and Supelco Fame Mix GLC-10 for unsaturated
fatty acids: C18:1, C18:2). Chromatographic analysis of the methyl esters was carried out with a gas
chromatograph GC-2010 Plus, Shimadzu, equipped with a flame ionization detector and autosampler
AOC-20i, Capillary Column InterCap WAX (length 30 m, inner diameter 0.25 mm, film thickness
0.25 μm). Analysis of the standard mixture of methyl esters was carried out using reference probe
sample of 0.6 μL at split ratio 40:1. The injector and detector temperatures were 260 ◦C, and the analysis
was performed in isothermal conditions at 200 ◦C. Helium was applied as carrier gas with flow rate of
3 mL/min.

2.5. Statistical Analysis

All data are presented as mean and standard deviation (SD). Data were studied by two-way
factorial ANOVA (gender and group) and Post-Hoc test (Duncan’s multiple range test) was used to
characterize statistically significant differences at the level p < 0.05 between analyzed groups within
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the Statistica software package (ver. 13 StatSoft, Inc. 2016, Kraków, Poland). The two-way factorial
model equation used for the evaluation was as follows:

Yijkl = μ + Fi + Gj + Ik + eijk (1)

where: Yijkl, the value of the tested traits (dependent variable); μ, average mean value of the dependent
variable; Fi, fixed effect of the group (i = 1,2); Gj, fixed effect of the gender (j = 1,2); Ik, interaction group
x gender; eijk, other random effects.

3. Results and Discussion

3.1. Growth Performance

In this study, weights were recorded at the beginning and at the end of the fattening period.
Despite the fact that calves came from different herds, there were no significant differences between two
groups in initial weight at the start of the fattening period which is presented in Table 1. The average
of days spent in a feedlot for the second group of cattle from different herds was significantly longer
compared to the first group of cattle which were from the same herd. It is well known that the optimal
slaughter ages and weights vary widely among cattle breed types depending on how rapidly they
mature, which is characterized by fat deposition during the “finishing” period [1]. In this research,
the group had significant influence at the slaughter age (p < 0.001). Considering slaughter age, the bulls
and heifers from the second group were older (512.2 and 530.3 days, respectively) than those from the
first group (491.6 days). Moreover, cattle from the second group spent a longer period in the feedlot,
which can be explained by the fact that the calves from different herds brought to the same feedlot took
a longer period to adapt at the beginning, especially the females.

There was interaction between gender and group for total gain during the fattening period
(p < 0.001), with bulls achieving higher total gain than heifers. In our study, heifers from the second
group achieved lowest total gains and slaughter weight (383 and 518 kg) during the fattening period in
comparison with the rest of the animals. Likewise, heifers from the second group spent the longest
period at the feedlot (456.8 days) which corresponded to the above-mentioned claim that calves from
different herds with different rearing practices should take a longer period to adapt.

Table 1. Growth performance per groups and gender of Simmental cattle fattened in a feedlot.

Parameter

1st Group
(Same Herd)

2nd Group
(Different Herds)

p-Values

Male Female Male Female Group Gender Group × Gender

IW (kg) 142.4 ± 23.2 145.0 ± 9.4 148.3 ± 17.1 135.1 ± 11.6 0.672 0.262 0.099
TG (kg) 426.3 b ± 33.8 402.5 c ± 25.9 465.4 a ± 23.2 382.8 c ± 31.0 0.250 <0.001 <0.001
SW (kg) 568.8 b ± 35.3 547.5 b ± 24.8 613.8 a ± 31.78 517.9 c ± 24.2 0.369 <0.001 <0.001

DIF (days) 416.3 b ± 19.9 410.7 b ± 16.7 421.8 b ± 17.5 456.8 a ± 12.9 <0.001 <0.001 <0.001
SA (days) 491.6 b ± 27.6 491.7 b ± 14.5 512.2 ab ± 43.3 530.3 a ± 9.9 <0.001 0.253 0.257

IW = initial weight (at start of the fattening period); TG = total gain during the fattening period; SW = slaughter
weight; DIF = days in feedlot; SA = slaughter age. a,b,c Row means with different superscript differ in significance at
p < 0.05.

A higher total gain of bulls compared to heifers here resulted in higher slaughter weight of bulls.
Similarly, Bureš et al. [3] found a higher slaughter weight for bulls compared to heifers 18 months old,
fattened in quite identical husbandry conditions. These results are in accordance with data obtained
by Kaminiecki et al. [40] for Charolais x Simmental crossbreeds bulls.

3.2. Carcass Quality Traits Evaluation

The carcass quality traits of cattle are shown in Table 2. Hot carcass weights from bulls (354 and
379 kg) were significantly higher than from heifers (327 and 309 kg) in the first and second group,
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respectively (p < 0.001). Our results for the carcass weight were lower than those [41] published
for Simmental bulls and higher for the dressing percentage [1,17]. The effect of nutrition efficiency
increased with slaughter weight due to the interaction between the total gain during the fattening
period and the slaughter weight which resulted in higher values of the carcass weight and dressing
percentage. Moreover, Herva et al. [42] concluded that carcass fat content was increased when carcasses
were heavier, and when a daily gain was higher.

Table 2. Carcass quality traits evaluation for investigated groups of Simmental cattle.

Parameter

1st Group
(calves from the Same Herd)

2nd Group
(Calves from the Different

Herds)
p-Values

Male Female Male Female Group Gender Group × Gender

HCW (kg) 354.0 b ± 18.5 327.9 c ± 16.7 379.4 a ± 23.4 309.7 c ± 39.1 0.634 <0.001 <0.001
Dressing (%) 62.3 ± 1.7 59.9 ± 1.5 61.8 ± 1.2 59.7 ± 6.2 0.726 0.271 0.877

Conformation 2.8 ± 0.4 2.6 ± 0.4 2.8 ± 0.4 2.5 ± 0.4 0.869 0.141 0.620
Fat cover 4.0 a ± 0.4 3.8 ab ± 0.2 4.0 a ± 0.2 3.6 b ± 0.4 0.394 <0.001 0.204

HCW = hot Carcass weight; Dressing = dressing percentage; Conformation = conformation scores, EUROP
classification scales from E = 5 excellent; U = 4 very good; R = 3 good; O = 2 fair; P = 1 poor; Fat cover = fat cover
scores, EUROP classification scales from 1 = low; 2 = slight; 3 = average; 4 = high and 5 = very high. a,b,c Row means
with different superscript differ in significance at p < 0.05.

Group, gender, and their interaction did not significantly affect the dressing and conformation
traits evaluation (p > 0.27). Kaminiecki et al. [40] found that Simmental × Charolais crossbreeds
produced a dressing percentage of 58.5% while [43] reported that carcass dressing percentage was
higher in heavier animals, which could result from higher carcass fatness. Both studies were in
accordance with our results. Higher final weights of bulls in our trial resulted higher hot carcass
weight compared to heifers, however the dressing percentage was not affected. Fat cover scores were
significantly influenced by gender. Usually females start to deposit fat earlier than males. In addition,
the males were intact (with their testicles), so they should be leaner than heifers. The results regarding
fat cover evaluated indicate that most animals belonged between score three and four. Regarding
conformation, the majority of cattle carcasses were classified as class R. Bulls showed significantly
higher scores of fat cover (4) than heifers (3.8 and 3.6). Our results for bulls were in accordance
with results obtained by Chambaz et al. [44] for Simmental steers (conformation score 3.7 which
present U class and fatness score 4.1). According to Monteils et al. [8] irrespective of a cattle category,
the higher carcass conformation and higher carcass fat cover were found related to increased hot
dressing percentage. Interestingly, in each analyzed cattle group in our research, among the carcasses
classified to a higher slaughter weight, a higher grade (conformation, fat cover) was recorded.

3.3. Physical and Sensory Quality Measurements

The data of the Simmental cattle showed variations in the properties of interest referring to
physical and sensory traits depending on the examined effects (Table 3). In the present study, pH24

value was significantly influenced by the gender, but all mean pH24 values fell in a very narrow range
with 5.44 (heifers) to 5.50 (bulls) which was in accordance with the results obtained by Pilarcyk [45] for
Simmental bulls (pH24 5.52). Meat of high quality has pH at the range of 5.4–5.6, but meat of a higher
pH value can be characterized by gummy structure, increased water-holding capacity, and decreased
specific taste [4]. We found that an interaction effect between the group and gender was found for
all instrumental color parameters (p < 0.001). All instrumental color parameters showed significant
differences between cattle. Significantly paler (lightest color, higher L*) numerical CIEL* mean values
were found in meat samples from bulls on the second group (39.76) and the lowest (darkest color) was
found in meat samples from heifers at the same group (37.73).
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Table 3. Physical and sensory quality measurements of fresh and cooked M. longissimus lumborum from
investigated groups of Simmental cattle.

Parameter

1st Group
(Same Herd)

2nd Group
(Different Herds)

p-Values

Male Female Male Female Group Gender Group × Gender

pH24 5.50 a ± 0.04 5.45 ab ± 0.02 5.50 a ± 0.04 5.44 b ± 0.10 0.817 <0.001 0.817
L* 38.22 bc ± 1.32 39.02 ab ± 1.57 39.76 a ± 1.89 37.73 c ± 1.04 0.780 0.157 <0.001
a* 19.60 c ± 1.02 22.13 a ± 1.11 20.79 b ± 1.00 19.81 bc ± 2.01 0.158 0.054 <0.001
b* 8.84 b ± 0.83 10.16 a ± 0.89 9.90 a ± 0.70 8.42 b ± 1.05 0.192 0.756 <0.001
C* 21.51 c ± 1.23 24.36 a ± 1.37 23.03 b ± 1.16 21.53 c ± 2.23 0.158 0.141 <0.001
h 24.20 b ± 1.29 24.54 ab ± 0.86 25.42 a ± 0.94 22.93 c ± 1.13 0.523 <0.001 <0.001

λ (nm) 609.16 b ± 1.90 609.34 b ± 1.08 607.60 c ± 1.35 611.47 a ± 1.97 0.546 <0.001 <0.001
WHC-M (cm2) 4.10 b ± 0.45 3.98 b ± 0.19 4.64 a ± 0.46 4.25 b ± 0.39 <0.001 <0.001 0.244
WHC–T (cm2) 11.37 a ± 0.40 11.15 ab ± 0.33 11.42 a ± 0.42 11.03 b ± 0.33 0.744 <0.001 0.432

WHC–RZ (cm2) 7.26 a ± 0.59 7.18 ab ± 0.44 6.78 b ± 0.52 6.79 b ± 0.53 <0.001 0.805 0.763
WHC-M/RZ 0.57 b ± 0.10 0.56 b ± 0.06 0.70 a ± 0.12 0.63 ab ± 0.10 <0.001 0.190 0.396
WHC-M/T 0.36 b ± 0.04 0.36 b ± 0.02 0.41 a ± 0.04 0.39 ab ± 0.04 <0.001 0.232 0.413

Cooking loss
(%)

38.34 a ± 1.75 33.93 b ± 1.46 37.17 a ± 1.83 33.30 b ± 2.24 0.099 <0.001 0.610

WBSF (N) 56.03 b ± 6.65 52.98 bc ± 3.96 61.02 a ± 6.76 50.13 c ± 5.34 0.526 <0.001 <0.001
Color sensoric

(1–8)
4.50 ± 1.15 4.50 ± 0.60 4.50 ± 0.83 4.54 ± 0.58 0.930 0.930 0.930

Marbling
scores (1–7)

4.08 a ± 1.00 3.25 b ± 0.45 3.00 b ± 0.74 4.17 a ± 0.83 0.713 0.464 <0.001

L* = a measure of darkness/lightness (higher value indicates a lighter color); a* = a measure of redness (higher value
indicates a redder color); b* = a measure of yellowness (higher value indicates a more yellow color); C* = saturation
index (higher values indicates greater saturation of red); h = hue angle (lower values indicates a redder color); λ =
dominant wavelength; WHC-M = surface of the pressed meat film; WHC-T = surface of the wet area on the filter
paper; WHC-RZ =WHC-T–WHC-M, a bigger WHC-M/T = ratio indicates a better WHC; CL = cooking loss; WBSF
=Warner–Bratzler shear force; a,b,c Row means with different superscript differ in significance at p < 0.05.

Furthermore, meat of heifers from the first group had the reddest color (CIEa* value was 22.13). As
well, heifers from the first group also had the significantly highest CIEb* value (10.16). Brighter color
of meat from heifers as compared with meat from bulls could be due to the increased fat disposition
content of heifers as fat increases brightness of meat color and fiber type as well [4]. Concomitant,
heifers from the first group had significantly highest values of CIEC* (24.36). Bulls from the second
group had significantly higher value for the h (hue angle) (25.42) and the lower value of λ (dominant
wavelength) (607.60 nm) than the rest of the animals. A lower L* value and yellowness b* were found
in the meat of older cattle (heifers from the second group) whereas hue angle (h) was similar for all
animals, which was in accordance with [46].

WHC (M/T cooking losses) was influenced by the group. Cattle from the second group had better
WHC (M/T = 0.41 for bulls and 0.39 for heifers, a bigger M/T ratio indicating a better WHC) than
cattle from the first group (M/T = 0.36, for both). If more water is retained in the muscle/myofibrillar
structure, generally a product with a higher sensory tenderness and juiciness is obtained [14].

Gender significantly affected the cooking loss (p < 0.001). Bulls showed higher content of cooking
loss (38.34% and 37.17%) than heifers (33.93% and 33.30%). Moreover, cattle from the first group had
higher content than cattle from the second group comparing in total. Values for cooking loss in our
study were similar to the results of Scollan et al. [41] for crossbred Charolais ×White Holstein-Friesian
bulls (34.53%). Significant effect of gender and interaction between group and gender was found
for WBSF. Bulls showed significantly higher WBSF value (56.03 and 61.02 N) than heifers (52.98 and
50.13 N) for the first and second group, respectively. Weglarz [4] found that comparing meat from bulls
and heifers, heifer meat appeared slightly more tender, which must have been related to the higher
content of intramuscular fat. A slightly lower Warner–Blatzer shear force values than those in our
study, were reported by Bureš and Barton [47] for Fleckvieh bulls (49.8 N) and for Simmental bulls
(48.19 N) [48]. Beef from cattle with a high intramuscular fat level often has a lower shear force [49],
which is in accordance with results from our study. The color sensory attribute of the meat samples
did not differ significantly between the cattle groups (p > 0.05). Scollan et al. [41] demonstrated
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that the meat from lighter and younger animals was significantly more tender, however with larger
variation within WBSF values. Marbling score is being used as an indirect mean for meat sensory
quality assessment [50]. There was an interaction effect between group and gender for marbling score.
Marbling score was significantly highest (p < 0.05) for the heifers at the second group (4.17) than the
other animals.

3.4. Proximate and Mineral Composition

The proximate composition of meat samples from Simmental cattle are shown in Table 4. We found
an interaction effect between the group and gender for moisture content (p < 0.001) where the bulls
had higher moisture contents (73.21% to 74.54%) than heifers (up 72.11% to 72.24%) for the first and
second group, respectively. Proximate composition, except protein was influenced mainly by the
gender. No differences were found in the content of protein among meat samples from two groups.
As expected, the protein content was in agreement with some earlier investigations [39,43].

Table 4. Proximate composition (%) of fresh M. longissimus lumborum from investigated groups of
Simmental cattle.

Parameter

1st Group
(same herd)

2nd Group
(different herds)

p-Values

Male Female Male Female Group Gender Group × Gender

Moisture 73.21 b ± 0.94 72.24 bc ± 0.99 74.54 a ± 1.32 72.11 c ± 1.43 0.086 <0.001 <0.001
Protein 21.32 ± 0.45 21.07 ± 0.72 21.18 ± 0.27 21.38 ± 0.68 0.625 0.868 0.165

Total fat (IMF) 4.38 ab ± 1.30 5.40 a ± 1.59 3.00 b ± 1.37 5.19 a ± 1.68 0.071 <0.001 0.185
Total ash 1.04 c ± 0.04 1.14 a ± 0.03 1.08 b ± 0.06 1.13 ab ± 0.07 0.254 <0.001 0.088

IMF = intramuscular fat. a,b,c Row means with different superscript differ in significance at p < 0.05.

Gender significantly affected (p < 0.001) content of total fat and total ash. However, the content
of total fat was the most variable inside the investigated groups. Total fat content was significantly
higher for heifers (ranged between 5.19% to 5.40%) and lower for bulls (3.00% to 4.38%) at the first and
second group, respectively. According to the results of Weglarz [10] that are comparable to ours, meat
from bulls had higher moisture and significantly lower fat and total ash content in comparison with
meat from heifers. Content of total ash was significantly higher for heifers (1.13%) than for bulls (from
1.04% to 1.08%) which was in accordance with total ash content reported by Pilarczyk et al. [45] and
Monteils et al. [43].

An overview of obtained results for the mineral composition of meat samples are presented in
Table 5. Gender affected the content of phosphorus, calcium, iron, and zinc in the meat samples
(p < 0.001). Phosphorous was the most abundant mineral in fresh meat samples. As shown in Table 6,
the content of phosphorous was significantly higher for the bulls (152.28 and 157.97 mg/100g) than
for heifers (106.91 and 110.26 mg/100g) from the first and second group, respectively. Accordingly,
bulls showed significantly higher content of calcium than heifers. Interaction effect between group and
gender was found to be significant for magnesium content. The highest magnesium content was found
in the meat samples for bulls from the first group (24.61 mg/100g). All investigated effects (group,
gender, and their interaction) significantly affected (p < 0.001) the content of iron and zinc. Heifers
showed significantly higher content of iron compared to bulls with significant differences among cattle
groups. Heifers from the second group had a significantly higher content of iron in meat samples
(2.46 mg/100g) in regard to rest animals. According to Domaradzki et al. [50] a similar variation those
to ours in the content of minerals of young Simmental bulls is reported.

There were noticeable significant differences between investigated groups for the content of zinc,
where the highest content of zinc was found for bulls from the first group (6.26 mg/100g) and the
lowest for bulls from the second group (5.21 mg/100g). Investigated effects did not significantly affect
sodium and copper content in meat samples, and there were no differences between groups. Nogalski
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et al. [51] said that breed is a significant factor determining the content of minerals in the muscles of
cattle raised under the same conditions.

Table 5. Mineral composition (mg/100g) of fresh M. longissimus lumborum from investigated groups of
Simmental cattle.

Parameter

1st Group
(Same Herd)

2nd Group
(Different Herds)

p-Values

Male Female Male Female Group Gender Group × Gender

P
152.28 a ±

14.92 106.91 b ± 5.37 157.97 a ± 8.15 110.26 b ±
11.96

0.152 <0.001 0.708

Ca 4.99 a ± 0.64 4.02 c ± 0.86 4.76 ab ± 0.73 4.23 bc ± 1.05 0.978 <0.001 0.366
Na 51.90a ± 4.01 48.06 b ± 5.62 47.67 b ± 2.56 47.50 b ± 3.73 0.050 0.099 0.130
Mg 24.61 a ± 1.98 22.07 bc ± 1.33 21.03 c ± 3.20 23.78 ab ± 1.94 0.153 0.869 <0.001
Fe 1.89 b ± 0.18 2.09 b ± 0.36 1.91 b ± 0.24 2.46 a ± 0.34 <0.001 <0.001 <0.001
Zn 6.26 a ± 0.89 5.26 b ± 0.50 5.21 b ± 0.62 5.35 b ± 0.57 <0.001 <0.001 <0.001
Cu 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.921 0.370 0.728

P = phosphorus; Ca = calcium; Na = sodium; Mg =magnesium; Fe = iron; Zn = zinc; Cu = copper. a,b,c Row means
with different superscript differ in significance at p < 0.05.

Table 6. Fatty acid composition (g/100g fat) of fresh M. longissimus lumborum from investigated groups
of Simmental cattle.

Parameter

1st Group
(same herd)

2nd Group
(different herds)

p-Values

Male Female Male Female Group Gender Group × Gender

C14:0 2.56 a ± 0.39 2.18 b ± 0.26 2.29 ab ± 0.29 2.54 ab ± 0.65 0.723 0.594 <0.001
C16:0 25.03 a ± 1.33 24.23 ab ± 1.18 23.32 b ± 1.68 25.36 a ± 1.43 0.483 0.137 <0.001
C18:0 19.28 a ± 1.92 16.37 c ± 1.69 18.50 ab ± 3.52 17.06 bc ± 1.52 0.944 <0.001 0.274
C18:1 42.21 bc ± 1.45 44.98 a ± 2.86 40.26 c ± 2.14 42.75 b ± 2.97 <0.001 <0.001 0.844
C18:2 4.01 a ± 0.37 3.09 b ± 0.70 4.08 a ± 0.53 3.13 b ± 0.41 0.722 <0.001 0.885
∑

SFAs 46.88 a ± 1.59 42.68 b ± 1.91 44.11 b ± 4.39 44.00 b ± 2.10 0.362 <0.001 <0.001
∑

UFAs 46.39 ab ± 1.33 47.83 a ± 2.36 44.84 b ± 1.55 45.38 b ± 3.04 <0.001 0.123 0.476
∑

OFAs 6.74 b ± 1.75 9.49 a ± 3.41 11.05 a ± 3.98 10.62 a ± 3.57 <0.001 0.226 0.101

SFAs = saturated fatty acids (myristic acid—C14:0, palmitic acid—C16:0, stearic acid—C18:0); UFAs = unsaturated
fatty acids (oleic acid—C18:1, linoleic acid—C18:2); OFAs = other fatty acid. a,b,c Row means with different
superscript differ in significance at p < 0.05.

3.5. Fatty Acids Composition

The results for the fatty acid profile of meat samples for investigated groups are presented in
Table 6. In general, the most abundant fatty acid was oleic acid (C18:1) with g/100g fat up 40.26 to 42.21
for bulls and 42.75 to 44.98 g/100g fat for heifers, followed by palmitic (C16:0), stearic (C18:0), linoleic
(C18:2), and myristic acid (C14:0). Gender significantly affected oleic acid (C18:1) content (p < 0.001)
where the heifers had significantly higher oleic acid (C18:1) content (44.98 and 42.75 g/100g fat) than
bulls (42.21 and 40.26 g/100g fat). Gender also significantly affected stearic acid (C18:0) composition,
where bulls had significantly higher content of stearic acid (C18:0) (19.28 and 18.50 g/100g fat) than
heifers (16.37 and 17.06 g/100g fat). Results reported by Monteils et al. [43] for oleic acid (C18:1) and
linoleic acid (C18:2) were lower compared to our results. In the research of [43], a higher IMF content
of meat was associated with a considerable increase in MUFAs concentrations and a decrease in PUFAs
levels which could result from feeding grass silage ad libitum. The interaction between the group
and gender had significant influence on saturated fatty acids (p < 0.001), such as myristic acid (C14:0)
and palmitic acid (C16:0). Content of myristic acid (C14:0) was significantly higher for bulls at the
first group (2.56 g/100g fat) and significantly lower for the bulls at the same group (2.18 g/100g fat). A
difference between investigated animals for palmitic acid (C16:0) content was significant. Similarly, the
heifers from the second group had the highest palmitic acid (25.36 g/100g fat) content, while the lowest
palmitic acid content was obtained for bulls from the same group (23.32 g/100g fat). Results obtained
in studies by [6,43,52] were similar to ours.
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De Smet et al. [53] found that an increased fat content of bovine meat was paralleled by increased
proportions of SFAs and MUFAs, and a decreased proportion of PUFAs. Therefore, it is known that FA
composition is mainly affected by rearing and feeding conditions. Feed composition is known to be
one of the most important factors influencing fatty acids composition in beef. Some researchers [34,35]
demonstrated that when animals were grown at the same rate, muscles from cattle which had a high
grass intake had a higher PUFA/SFA ratio and a lower n-6/n-3 PUFA ratio in comparison with muscles
from cattle fed concentrates. Cattle with a high potential for lean beef production are frequently
fattened on concentrate diets, which may be unfavorable for the n-6/n-3 polyunsaturated fatty acids
ratio in meat. The reason for this is the fact that the fat in concentrates contains higher levels of C18:2n-6.
Introducing forage in the diet of beef cattle should enhance the n-3 fatty acid concentrations since
forages are a good source of C18:3n-3 [43].

4. Conclusions

The results from this research suggested that a fattening period of around 400 days is more
than sufficient to eliminate differences which can be caused by the different rearing system and farm
management for calves before the fattening. Therefore, more uniform values for most of the examined
traits were achieved within the first group where the cattle for the fattening were from the same herd.
So, the group had significant effect on the age of slaughter, where the cattle from the second group spent
significantly longer time there and were older than the cattle from the first group. This can be explained
by the fact that the calves from different herds took a longer period to adapt, especially the female
population. Rearing practices and the production system might modify some of the characteristics of
commercial beef, especially those associated with fat. Moreover, variability of rearing factors could
make difficulties to simultaneously analyze their impacts on the carcass and the meat. Slaughter
traits such as quality of meat samples may vary depending on the combinations of rearing practices
utilised. For the future investigation in addition, it would be necessary to collect breeding data on
female and male cattle with more detailed rearing practices before the fattening period to refine the
characterization of management system with a shorter period of fattening.
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and fatty acid profile of muscle from Aberdeen Angus, Charolais, Simmental, and Hereford bulls. Czech J.
Anim. Sci. 2006, 51, 279–284.
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Simple Summary: Weaning calves from liquid to solid feed can be a stressful event in their life and
can affect growth, development and welfare. It is commonly done at the age of 7 to 8 weeks on dairy
farms, but weaning at a greater age could potentially reduce the associated stress. Therefore, it might
improve growth rates and enable a smooth transition to an adult liver metabolism. To confirm this
hypothesis this study evaluated the effect of two different weaning ages (7 vs. 17 weeks of age)
on female Holstein calves. Furthermore, the effect of mothers’ parity was analyzed (primiparous
vs. multiparouos). Primiparous cows were often immature and still developing during their first
pregnancy. This can lead to negative intrauterine conditions and result in long-term changes in
the calf’s metabolism. Late-weaned calves consumed high amounts of concentrate feed before
weaning despite their high milk replacer intake, indicating the maturation of their rumen. In addition,
they experienced a smooth transition to an adult liver metabolism as reflected by steady plasma
glucose and cholesterol concentrations. Later weaning corrected the reduced growth of calves born to
primiparous cows as well, indicating that those particularly benefitted from late weaning. All benefits
were indicated by slower changes of blood metabolites and higher growth rates, which might lead to
better health and productivity in their subsequent lifetime.

Abstract: Development of calves depends on prenatal and postnatal conditions. Primiparous cows
were still maturing during pregnancy, which can lead to negative intrauterine conditions and affect
the calf’s metabolism. It is hypothesized that weaning calves at higher maturity has positive effects
due to reduced metabolic stress. We aimed to evaluate effects of mothers’ parity and calves’ weaning
age on growth performance and blood metabolites. Fifty-nine female Holstein calves (38.8 ± 5.3 kg
birth weight, about 8 days old) were used in a 2 × 2 factorial experiment with factors weaning age (7 vs.
17 weeks) and parity of mother (primiparous vs. multiparous cows). Calves were randomly assigned
one of these four groups. Live weight, live weight gain and morphometry increased over time and
were greater in calves weaned later. Metabolic indicators except total protein were interactively
affected by time and weaning age. Leptin remained low in early-weaned calves born to primiparous
cows, while it increased in the other groups. The results suggest that weaning more mature calves has
a positive effect on body growth, and calves born to primiparous cows particularly benefit from this
weaning regimen. It also enables a smooth transition from liquid to solid feed, which might reduce
the associated stress of weaning.

Keywords: weaning age; Holstein calves; growth; milk replacer; metabolism; development
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1. Introduction

Calves are born as functional monogastric animals that rely on nutrients from milk or milk
replacer (MR) [1,2]. Therefore, weaning is a vital event in the young ruminant’s life, as it means that
lactose and milk fat are no longer available as main sources for energy metabolism. The change from
functional monogastric to ruminant not only relies on volatile fatty acids (VFA) production in the
rumen to supply energy, but also on well-functioning endocrine and biochemical features such as
ruminant-specific insulin homeostasis and hepatic gluconeogenesis. Thus, weaning causes stress [3,4],
and could affect animal welfare, growth, development and future performance [5–7]. Calf mortality was
high (5%–9%) in the last decades [8,9]. For economic reasons the preweaning period was substantially
shortened in dairy cow production systems [10]. In the USA and Canada, the typical weaning age was
6–8 weeks [9,11]. Early weaning was introduced to promote the early intake of concentrate feed and
hay, which are cheaper feeds than milk or MR. Therefore, feeding strategies for dairy calves focused on
increasing the capacity for solid feed and accelerating the development of the forestomach system.
In scientific studies, only a few variables such as beta-hydroxybutyrate in the plasma and rumen
epithelium growth are used to indicate this [1,2]. A suggested potential benefit of early weaning was a
faster rumen development [12], whereas the maturity of other parts of the gastrointestinal tract and
organs like the liver was not considered. Therefore, little research was done about weaning calves
older than 14 weeks [13].

Weaning calves which are more mature was discussed to have many benefits for the growth
and development of dairy calves. It has been associated with greater live weight gain (LWG) and
improved gastrointestinal development at the time of weaning [5]. For the first 56 days of life, feed
efficiency (gain: feed ratio) tended to be greater for calves that were fed milk compared to grain [14].
The utilization of solid feed (corn silage, wheat straw, concentrate) for growth increased until 27 weeks
of age [15].

Considering the great impact of weaning on dairy calves, it is crucial to find an optimal age for it.
In this study, the optimal age denotes sufficient maturity in all organ and tissue functions, and not only
in the ruminal digestion of solid feed. In fact, we define maturity for weaning as the capacity of all
organs to fulfill the digestive and metabolic needs for changing to a ruminant status.

In the present study, early weaning was conducted at the age of 7 weeks, as this is a common
management decision taken on dairy farms [9,11]. As opposed to that, late weaning was executed at
the age of 17 weeks, because the reticulorumen volume of calves reaches adult proportions of 23 to
36 L/100 kg of ingesta-free body weight at 12 to 16 weeks [16].

The prenatal period as well as the early postnatal period are critical stages of development at which
metabolic imprinting may occur and have great impact on health and performance in adult life [17].
Opsomer et al. [18] concluded in their review article that the parity of the mother could have a major
impact, as older cows are lactating and heifers are still growing during pregnancy. Older cows tended
to give birth to larger calves [19]. As birth weight was associated with improved glucose metabolism
in humans in adulthood [20], mother’s parity can influence the calf in the long-term. In most studies
on calf development, the authors did not consider this parity of the mother as a potential influencing
factor of development. Furthermore, few studies examined post-weaning development in female
calves for a longer period.

The present study aimed to determine the influence of mother’s parity and calves’ weaning age on
growth, energy and protein metabolism and on endocrine regulators. Growth performance and weight
gain was evaluated by morphometric measures, and metabolic maturity was assessed by insulin, leptin
and adiponectin as regulators of organ maturation. Since energy and protein metabolism are crucial
for growth and development, indicators such as glucose, beta-hydroxybutyrate (BHB), non-esterified
fatty acids (NEFA), cholesterol, urea and total protein were measured by spectrophotometric methods.

To assess metabolic imprinting as well as economic aspects, these animals were monitored in an
ongoing observational study.
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2. Materials and Methods

In accordance with the German Animal Welfare Act, pertaining to the protection of experimental
animals and approved by The Lower Saxony State Office for Consumer Protection and Food Safety
(LAVES), Oldenburg, Germany, the present trial was carried out at the experimental station of
the Institute of Animal Nutrition, Friedrich-Loeffler-Institute (FLI), Brunswick, Germany (file No.:
33.19-42502-04-15/1858).

2.1. Animals, Housing, and Diets

Female German Holstein calves (n = 59) were studied from day of birth until day 149 ± 2
(mean ± standard deviation (SD)) of life. All calves originated from one established herd of Holstein
cows and were born within a seasonal calving period of three months (October–December). They were
all vaccinated with inactive Mannheimia haemolytica serotype A1 and A6, parainfluenza3 vaccine
and bovine respiratory syncytial virus (Bovigrip® RSP plus, MSD Animal Health, Unterschleißheim,
Germany) in weeks 5 and 9 of age, against Trichophyton in weeks 6 and 8 of age with live attenuate
vaccine (Bovilis® Ringvac, MSD Animal Health, Unterschleißheim, Germany) and against blue tongue
disease (BTV) (Zulvac 8, Zoetis Belgium SA, Louvain-la-Neuve, Belgium) in weeks 11 and 15 of age.

Calves were weighed with an electronic scale directly after birth and received 3 L of colostrum
through a nipple bucket within 2 h after birth. The quality of colostrum was evaluated using a
colostrum densimeter (Wahl GmbH, Dietmannsried, Germany) and had to be greater than 1035 g/L,
otherwise colostrum from another cow from the same herd was used. They were moved 2–3 h after
birth into straw-bedded single hutches and were fed twice with three liters of pooled herd milk each
day. The pre-experimental feeding period for neonatal calves was done according to standard dairy
management practice at the experimental station. In detail, starting at the age of three days, milk
replacer (MR) (NOLAC GmbH, Zeven, Germany, Table 1) was mixed with the pooled herd milk,
with gradually increasing amounts from 0.3 kg MR powder/d (third day of life) to 0.9 kg MR/d (fifth
day of life), while the maximum of 6 L liquid feed with a concentration of 150 g/L MR was available
(Table 2). Calves entered the study at a mean age of 8 ± 1.9 days and 44.5 ± 5.2 kg of live weight
and moved into straw-bedded stables with MR and concentrate self-feeding systems (Förster-Technik
GmbH, Engen, Baden-Württemberg, Germany). Differential feeding and monitoring of feed intake
were achieved using a transponder in the calf’s ear. They were randomly allocated to either early
weaning at 7 weeks of age (early-weaned calves from multiparous cows (earlyMC)/early-weaned
calves from primiparous cows (earlyPC)) or late weaning at 17 weeks of age (late-weaned calves from
multiparous cows (lateMC)/late-weaned calves from primiparous cows (latePC)) group considering
an equal allocation of calves from primiparous cows (PC) and calves from multiparous cows (MC).
Our experimental trial started with 0.9 kg MR powder/d, which were available for all calves for the
first five experimental days. MR was increased gradually within the next five days (experimental
days 6 to 10) from 0.9 kg MR powder/d to 1.35 kg MR powder/d, and remained at this level until
the beginning of the weaning period (early-weaned group = day 28, late-weaned group = day 98).
Concentration of MR was continuously at 150 g MR powder/L over the complete experimental time,
and a maximum of 9 L liquid feed was available (Table 2). Over the entire trial, all calves received hay
and water ad libitum and had access to a maximum of 2 kg concentrate feed per day until weaning.
With the start of weaning at experimental day 98, the amount of concentrate feed was reduced to 1 kg/d
according to standardized dairy management practice at the experimental station. During weaning,
the milk replacer was gradually reduced within 14 days from 1.35 kg/d to 0.3 kg/d. Post-weaning
calves were moved to another barn and received hay and a total mixed ration (TMR) consisting of
48% grass, 32% maize silage and 20% concentrate feed.

The ingredients of MR powder and concentrate feed are shown in Table 1. Composition of
concentrate feed, roughage, milk replacer and TMR were determined according to the suggestions of
the Association of German Agricultural Analysis and Research Centers [21] (Table 3).
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Table 1. Ingredients of milk replacer (MR) powder and concentrate feed.

Ingredients of MR Powder Ingredients of Concentrate Feed

Component g/kg Component g/kg

Skimmed milk powder 320 Soybean meal 300
Sweet whey powder 198 Oat 305

Vegetable fat 140 Barley 180
Whey powder 102 Wheat 170

Whole milk powder 100 Soy bean oil 15
Buttermilk powder 100 Minerals and vitamins * 20

Minerals and vitamins 40 Calcium carbonate 10

* Ingredients per kg feed: 160 g Ca; 80 g P; 100 g Na; 30 g Mg; 1000 mg Fe; 800 mg Cu; 6000 mg Zn; 50 mg I; 50 mg
Se; 30 mg Co; 800,000 IU vitamin A; 80,000 IU vitamin D3; 1000 mg vitamin E.

Table 2. Feeding regimen before and during experiment.

Experi-mental
Day

Age in Days
MR Powder (g/L)

Available Volume of Liquid Feed
per Day (L)

Available MR Powder per Day
(kg)

Early
Weaned

Late
Weaned

Early Weaned Late Weaned Early Weaned Late Weaned

1–3 * 0 0 6 6 0 0

3–5 150 150 6 6
Gradually

increased from
0.3 to 0.9

Gradually
increased from

0.3 to 0.9
6 until start of
experiment ** 150 150 6 6 0.9 0.9

1 to 5 150 150 6 6 0.9 0.9

6 to 10 150 150
Gradually

increased from
6 to 9

Gradually
increased from 6

to 9

Gradually
increased from

0.9 to 1.35

Gradually
increased from

0.9 to 1.35
11 to 28 150 150 9 9 1.35 1.35

29 to 42 150 150
Gradually

decreased from
9 to 2

9
Gradually

decreased from
1.35 to 0.3

1.35

42 to 98 0 150 0 9 0 1.35

99 to 112 0 150 0
Gradually

decreased from
9 to 2

0
Gradually

decreased from
1.35 to 0.3

113 to 140 0 0 0 0 0 0

* 3 L of colostrum within 2 h after birth; pooled herd milk in the first three days of life. ** start of experiment at mean
age of 8 ± 1.9 days, ranging from 6–12 days, one animal of earlyMC was 18 days old when entering the experiment.

Table 3. Ingredients of concentrate feed, roughage, milk replacer and total mixed ration (TMR).

Feed DM %
XA

g/kg T
XP g/kg

T
XL g/kg

T
XF g/kg

T
NDF

g/kg T
ADF

g/kg T
Starch
g/kg T

Sugar
g/kg T

concentrate feed 86.84 63.21 232.31 47.64 68.63 199.09 82.61 363.67 48.32
roughage 86.06 66.61 98.28 22.05 326.74 660.53 365.18

milk replacer 96.98 79.12 248.56 182.63
TMR 39.29 43.75 81.22 35.35 217.76 426.36 244.81 301.51

All ingredients were assessed by Weender analysis. Dry matter (DM), crude ash (XA), crude protein (XP) and crude
fat (XL) were analyzed in all feedstuff. Crude fiber (XF), neutral detergent fiber (NDF) and acid detergent fiber
(ADF) were analyzed in the solid feed. In concentrate feed and TMR starch was analyzed and in concentrate feed
additionally sugar was analyzed.

2.2. Morphometry of Calves

Concerning morphometry, the hip height, withers height, back length, body length and heart girth
were determined as shown in Table 4 at days 1, 7, 14, 28, 42, 56, 70, 84, 98, 112, 126 and 140 of this trial.
Hip and withers height were measured with a folding rule, the other measurements were taken with a
measuring tape. Live weight (LW) was recorded on day of birth, and also on days 1, 28, 42, 70, 98, 112
and 140 with an electronic scale. Live weight gain (LWG) in kg per day was calculated from this data
by dividing the weight gain between our sample days through the number of days between sampling.
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Table 4. Morphometry of calves.

Measure Definition

Withers height From floor to dorsal process of first thoracic vertebra
Hip height From floor to sacrum
Back length From dorsal process of first thoracic vertebra to sacrum
Body length From shoulder joint to ischium
Heart girth Behind front leg

Definition of morphometry.

2.3. Collection and Analysis of Blood Samples

Blood samples of each individual animal were taken on experimental days 1, 28, 42, 70, 98, 112
and 140 by jugular venipuncture and collected in serum and ethylenediaminetetraacetic acid (EDTA)
plasma tubes (10 mL tubes; Sarstedt, Nuembrecht, Germany). Serum tubes were incubated for 30 min
at 30 ◦C. After centrifugation at 3000× g for 15 min at 15 ◦C, serum and plasma aliquots were stored at
−80 ◦C for subsequent analyses. Serum leptin concentrations were determined using a competitive
enzyme immunoassay according to Sauerwein et al. [22]. Adiponectin concentrations were analyzed
in serum with an indirect competitive bovine specific enzyme-linked immunosorbent assay (ELISA)
according to Mielenz et al. [23]. Analyses of serum concentrations of beta-hydroxybutyrate (BHB),
non-esterified fatty acids (NEFA), cholesterol, urea, total protein and glucose were done by an automatic
analyzing system, based on spectrometric measures (Eurolyser, Type VET CCA, Salzburg, Austria).
Insulin concentration in plasma was analyzed with a bovine insulin ELISA (Mercodia, Sweden).

2.4. Statistical Analysis

Live weight (LW), live weight gain (LWG), hip and withers height, body length, heart girth,
back length, serum glucose, beta-hydroxybutyrate (BHB), non-esterified fatty acids (NEFA), leptin
concentrations and plasma insulin concentrations were presented as least squares means (LSMeans) and
standard errors (SEs) which were evaluated by repeated measures using the PROC MIXED procedure
in SAS (V 9.4., SAS Institute Inc., Cary, NC, USA), and employing a restricted maximum likelihood
model (REML). The model included a fixed factor of time, weaning age, parity of the mother and their
interactions while the time was taken into consideration by a “REPEATED” statement. Best fitting
covariance structures (compound symmetry, autoregressive and unstructured) was tested and used,
based on the Akaike Information Criterion (AICC). Significant effects were further tested with the
Tukey–Kramer procedure using the piecewise differentiable (PDIFF) procedure. Visualization and
correlations computed as Pearson correlation coefficients were done using GraphPad Prism 6.0
(GraphPad software, San Diego, CA, USA). For all statistical tests, p < 0.05 was the level of significance.
For visualization, the measurements on serial time points were interpolated linearly.

3. Results

Multiparous cows were 1592 ± 805 days (Mean ± SD) old when they gave birth to MC. Their mean
lactation number was 1.875 ± 0.074 lactations (Mean ± SD). The age of primiparous cows was
710 ± 67 days (Mean ± SD) at calving. Birth weight of PC was 37.9 ± 4 kg (Mean ± SD) and birth
weight of MC was 39.6 ± 6 kg (Mean ± SD).

3.1. Feed Intake

There was no difference in feed intake between calves from multiparous (MC) and primiparous
cows (PC) in both weaning groups. Therefore, all data from calves of one weaning group were
combined for the visualization of feed intake patterns in early and late weaned calves (Figure 1).
Both groups had the same MR intake for the first 28 days of trial. Early-weaned calves consumed
11,288 g MR DM on average during their weaning period (days 28–42) whereas late-weaned calves
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consumed 7182 g MR DM on average during their weaning (days 98–112). Thus, the MR intake during
weaning was lower for late-weaned calves compared to early-weaned calves. Early-weaned calves
consumed their whole MR allowance until weaning, whereas late-weaned calves reduced their MR
intake earlier than they had to. Both weaning groups started to consume concentrate feed around day
21 of trial. Early-weaned calves increased their concentrate feed intake during their weaning period.
Late-weaned calves also increased their intake until day 63 of the trial and then consumed between
1500 and 1700 g concentrate DM/day until weaning. Late-weaned calves increased their roughage
intake when the MR supply was reduced, whereas early-weaned calves started to consume roughage
when weaning was already done (data not shown).

Figure 1. Milk replacer (MR) and concentrate feed intake in g dry matter/d for early-weaned calves
(a) and late-weaned calves (b). Early-weaned calves (n = 24) were weaned gradually between days
28 and 42 of trial. Late-weaned calves (n = 28) were weaned gradually between days 98 and 112 of
trial. Amount of concentrate feed was limited to 1 kg/d after weaning for early-weaned calves and
during weaning period of late-weaned calves. Data shown as means ± the standard error of the mean
(SEM) evaluated with GraphPad Prism 6. Due to technical problems, not all calves could be included
in monitoring feed intake.

3.2. Morphometry

Morphometric variables increased over time (p < 0.001) and were greater in late-weaned calves.
Interactions between time and weaning group were also observed to be highly significant for LW,
withers and hip height (p < 0.001), heart girth (p < 0.01) and body length (p < 0.05; Figure 2). LW was
greater for all calves in the late-weaned group from day 70 until the end of trial (Figure 2a). On day
140 the mean live weight of early-weaned calves was 164.1 kg ± 3.65 kg, whereas that of late-weaned
calves was 186.1 ± 3.88 kg (p = 0.009). LWG (Figure 2b) was strongly influenced by the weaning age
(p < 0.001). Additionally, a significant interaction between time and weaning age was found (p < 0.001).
Late-weaned calves had a significantly higher LWG from day 42 until day 98 of our trial (p < 0.05).
Withers height differed significantly between late- and early-weaned calves on day 84 (p = 0.014) and
day 140 (p < 0.001). Hip height differed significantly between the weaning groups from day 56 until
day 84 (p < 0.05) and on day 140 (p < 0.001; Figure 2c,d). Late-weaned calves had a greater heart girth
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from day 84 onwards (p < 0.05; Figure 2f). Body length was significantly lower for early-weaned calves
at the end of trial on day 126 and day 140 (p < 0.01). Back length was the only morphometric variable
influenced by parity of the mother as indicated by an interaction between parity and weaning age
(p = 0.011). EarlyPC had significantly lower back length than earlyMC (p < 0.001), whereas it did not
differ in the parity groups of late-weaned calves (Figure 2e).

p-Values

Parameters Time (T) Parity (P) Weaning Age (W) T × P T ×W P ×W T × P ×W

Live weight <0.001 0.396 <0.001 0.685 <0.001 0.099 0.453
LWG <0.001 0.422 <0.001 0.221 <0.001 0.325 0.556

Withers height <0.001 0.419 0.005 0.444 <0.001 0.436 0.659
Hip height <0.001 0.365 0.002 0.233 <0.001 0.364 0.985
Back length <0.001 0.035 0.008 0.481 0.560 0.011 0.129
Heart girth <0.001 0.122 0.004 0.899 <0.001 0.537 0.530
Body length <0.001 0.791 0.023 0.140 0.005 0.116 0.217

Figure 2. Morphometry of calves. Shown are live weight (a), live weight gain (LWG) (b), withers (c),
heart girth (d), hip height (e) and back length (f). Early-weaned calves were weaned gradually between
days 28 and 42 of the trial. Late-weaned calves were weaned gradually between days 98 and 112 of the
trial. Data shown as LSmeans ± SEM, early-weaned calves from multiparous cows (earlyMC) n = 16,
late-weaned calves from multiparous cows (lateMC) n = 16, early-weaned calves from primiparous
cows (earlyPC) n = 15, late-weaned calves from primiparous cows (latePC) n = 12.

3.3. Blood Parameters

Time had a significant effect on all measured variables in the blood (p < 0.001) and there was
an interaction of time and weaning age observed for all variables except total protein (Figures 3
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and 4). On day 70, which was between the two weaning periods, the two weaning groups
differed highly significant in their serum glucose concentration (p < 0.001, Figure 3a). Blood glucose
concentration increased significantly from day 70 to day 112 in the early-weaned calves (p = 0.014).
Insulin concentration dropped on days 98 and 112 in early-weaned calves and stayed below those
insulin concentrations of late-weaned calves during the rest of the trial until day 140 (Figure 3b).
Total protein concentration in calves (Figure 3c) was influenced by mother’s parity (p = 0.021) and was
higher in MCs. Urea concentration (Figure 3d) in late-weaned calves increased constantly up to day 98
and started to drop to the initial level during weaning. In early-weaned calves, it increased during
weaning and decreased afterwards. Therefore, they reached lower urea concentrations after weaning
than late-weaned calves from day 42 until day 98 (p < 0.001).

p-Values

Parameters Time (T) Parity (P) Weaning Age (W) T × P T ×W P ×W T × P ×W

insulin <0.001 0.654 0.089 0.790 <0.001 0.448 0.080
glucose <0.001 0.224 <0.001 0.538 <0.001 0.620 0.781

total protein <0.001 0.021 0.779 0.229 0.140 0.597 0.714
urea <0.001 0.318 <0.001 0.064 <0.001 0.532 0.464

Figure 3. Blood concentrations of the glucose (a), insulin (b), total protein (c) and urea (d) of calves.
Early-weaned calves were weaned gradually between days 28 and 42 of the trial. Late-weaned calves
were weaned gradually between days 98 and 112 of this trial. Data shown as LSmeans ± SEM,
early-weaned calves from multiparous cows (earlyMC) n = 16, late-weaned calves from multiparous
cows (lateMC) n = 16, early-weaned calves from primiparous cows (earlyPC) n = 15, late-weaned calves
from primiparous cows (latePC) n = 12.

Cholesterol concentrations increased similarly in all groups from day 1 to day 28. After weaning,
it decreased in the early-weaned calves from day 28 to day 70 (p < 0.001). Therefore, they showed
lower cholesterol concentrations than late-weaned calves until day 112 (p < 0.01). From day 70 to
day 140 it increased significantly in early-weaned calves (p = 0.011; Figure 4a). NEFA concentrations
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decreased with weaning in early-weaned calves. Therefore, late-weaned calves had higher NEFA
concentrations on day 70 (p = 0.001; Figure 4b). The serum BHB concentration increased after weaning
for the early-weaned calves (day 42–70, p < 0.001), whereas it remained low in the late-weaned
calves and increased after their weaning period (day 112–140; p < 0.001). As a result, a significant
difference in serum BHB concentration was observed between the weaning groups on day 70 (p = 0.001;
Figure 4c). After day 70, BHB concentration decreased until day 140 in early-weaned calves (p < 0.001).
BHB concentration was negatively correlated with glucose concentration when all treatments and
time points were considered collectively (p = 0.0001; r = −0.1895). Serum leptin concentration showed
a significant interaction of weaning age and time (p < 0.001), and was also influenced by parity of
the mother (p < 0.05). Serum leptin concentration increased from day 28 to day 140 in late-weaned
calves (p = 0.008), whereas no significant increase was found in early-weaned calves (Figure 4d).
Calves’ plasma leptin concentrations correlated positively with the lactation number of the mother
(p = 0.0015; r = 0.4177; data not shown). All measured blood metabolites except insulin (Figure 3a),
total protein (Figure 3c) and NEFA (Figure 4b) were affected by weaning age. Weaning age did not
affect Adiponectin concentrations, but there were significant effects of time (p < 0.001) and interaction
between time and parity (p = 0.031; data not shown).

p-Values

Parameters Time (T) Parity (P) Weaning Age (W) T × P T ×W P ×W T × P ×W

cholesterol <0.001 0.995 <0.001 0.990 <0.001 0.327 0.344
NEFA <0.001 0.766 0.072 0.737 <0.001 0.735 0.440
BHB <0.001 0.225 0.026 0.540 <0.001 0.685 0.511

leptin <0.001 0.025 <0.001 0.448 <0.05 0.100 0.115

Figure 4. Indicators for lipid metabolism of calves. Shown are cholesterol (a), non-esterified fatty acids
(NEFA) (b), beta-hydroxybutyrate (BHB) (c) and leptin (d). Early-weaned calves were weaned gradually
between days 28 and 42 of this trial. Late-weaned calves were weaned gradually between days 98 and
112 of this same trial. Data shown as LSmeans ± SEM, early-weaned calves from multiparous cows
(earlyMC) n = 16, late-weaned calves from multiparous cows (lateMC) n = 16, early-weaned calves
from primiparous cows (earlyPC) n = 15, late-weaned calves from primiparous cows (latePC) n = 12.
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4. Discussion

This study assessed the impact of two different weaning ages. Furthermore, calves were grouped
according to their mother’s parity. Precisely, calves born to primiparous and born to multiparous cows
were allocated to both weaning groups. To assess the effect of weaning age, a high-quality MR was
used, consisting mostly of milk components (Table 2). One liter of MR contained the same amount of
protein as whole milk (36.13 g XP/L MR vs. 35 g XP/L whole milk). The amount of MR powder used in
literature ranges from 0.383 kg per day to 1.49 kg per day [24], thus the calves in the present study
received a high amount of MR, which was quite similar to an ad libitum intake [25]. Voluntary DM
intake/day from MR was lower than 1300 g/day in the first 8 weeks of life [26], which was the maximum
allowance in the current study. Therefore, the effects of weaning age were assessed under sufficient
milk-derived energy and nutrient supply, and not negatively influenced by a low amount and quality
of MR.

4.1. Feed Intake

Data from computer-controlled mangers for roughage were not shown as there were technical
problems with recognizing the individual calf, precluding data collection. As expected, MR intake
was not different in the four groups during the first 28 days of trial when MR allowance was the
same for all calves. Afterwards, MR intake followed the regimen of weaning. However, the pattern
of voluntary solid feed intake over time varied between the weaning groups. Late-weaned calves
consumed concentrate feed—despite consumption of the full amount of MR and even before MR supply
was reduced, which led to a greater concentrate feed intake at the beginning of their weaning compared
to the early-weaned group. This was in line with previous findings [5,13]. Later weaning (12.7 weeks)
resulted in concentrate feed intake before weaning (close to 0.5 kg/d), whereas early-weaned calves
(6.7 weeks) did not increase their concentrate intake before weaning started [13]. Eckert et al. [5]
observed the same feed intake pattern for calves that were weaned with 6 or 8 weeks, with calves
weaned later consuming more concentrate feed 1 week pre- and post-weaning. Male calves permitted
to choose their preferred feed between MR and different solid feed components started to consume
concentrate feed at the age of 49 days [26]. Despite the high MR allowance, calves consumed solid feed
as observed in the present study. As milk production in the first lactation was associated with a higher
intake of grain and forage at weaning [7], voluntary solid feed intake before weaning can be a potential
benefit for later life production. Higher starter intake was related to a higher weight gain during
weaning [13]. Late-weaned calves probably consumed more energy until their weaning, as they had a
higher concentrate feed intake and still consumed MR. This was associated with the higher growth rates
of late-weaned calves (Figure 2). This also indicates that even though the late-weaned calves had a high
MR supply for 15 weeks, they started to consume solid feed and their rumen probably started to develop
and to maturate. They even restricted their MR intake during the weaning period voluntarily more
than they had to, which might indicate the ability of mature organs to function ruminant-specifically.

It is proposed that solid feed was digested in the rumen as indicated by several rumen development
parameters (Schwarzkopf et al., unpublished data). This indicated a development of rumen digestive
functions despite high MR intake. Besides gastrointestinal development, however, liquid feeding
in addition to voluntary solid feed intake over 17 weeks in the early life of calves might also be
of advantage for other body functions and endocrine regulatory processes, as demonstrated in the
following sections.

4.2. Morphometry of Calves

Weaning calves at a more mature developmental stage (17 weeks of life) resulted in increased
LWG and higher LW (Figure 2). This was also demonstrated by several other studies [5,27,28].
The reticulorumen reached its adult proportions at the age of 12 to 16 weeks [16]. Additionally,
the utilization of solid feed for body growth increased with age. Berends et al. [15] adjusted the quantity
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of MR for male calves to achieve the same weight gain across different solid feed levels. This way, they
measured an increasing utilization of solid feed until the age of 27 weeks. If this was a sign of maturity
and a proper function, it could be an explanation why later-weaned calves had a greater live weight
and were able to maintain this at least 4 weeks after weaning. It could mean that the early-weaned
young ruminants were physiologically unable to use all the energy provided with solid feed, and their
preferred sources of energy remained lactose and milk fat. As promoted by early-weaning, the intake of
solid feed instead of MR also resulted in a greater need of energy for ruminal activity. Elevated muscle
work in the rumen needs energy. Furthermore, heat production through fermentation in the rumen [29]
increased the energetic need for thermoregulation. Thus, the metabolic rate for maintenance might
increase by solid feed intake. This could also be an explanation for the lower LWG in early-weaned
calves compared to the late-weaned groups. Early-weaned calves were unable to compensate the
reduced growth and could not catch up with weight, wither and hip height, body length and heart girth
at least until the age of 5 months (Figure 2, p < 0.05). Furthermore, back length showed a significant
interaction of mother’s parity and weaning age (p = 0.011), showing shorter back lengths in earlyPC.
Reduced back length is a well-known symptom of prenatal imprinting by intrauterine malnutrition in
rodents, sheep and humans [30]. Weaning late, however, was advantageous to correct the imprinted
change in body proportions, as latePC did not express shorter back lengths.

4.3. Blood Metabolites

Collection of blood samples was always in the morning between eight and ten, but it was not
controlled for feed intake. Part of the variance of serum insulin and glucose concentration could
be a result of different times of feed intake relative to sampling. In milk-fed calves, blood glucose
increased 1 h after feeding and then decreased rapidly during the next 2 h [28]. A high capacity for
hepatic gluconeogenesis is an essential metabolic feature for a ruminant due to low intestinal glucose
availability. Weaning late at 17 weeks of age resulted in a smooth transition of glucose metabolism
from lactose to endogenous glucose production by the liver without any signs of dysregulation.
In early-weaned calves, weaning led to a strong decrease in blood glucose concentration (Figure 3a), as
lactose is the most important source of glucose for young calves. Obviously, early-weaned calves were
not able to compensate the lack of dietary glucose (lactose) by hepatic gluconeogenesis. The glucose
gap was closed slowly. There was a significant increase in blood glucose concentration from day 70 to
day 112 in the early-weaned calves (p = 0.014), which indicated that liver gluconeogenetic function
maturated slowly until 4 months of age. This is in accordance with findings of other authors [27].
Calves that were weaned at the age of 5 weeks had lower blood glucose concentrations than calves
that still received MR, even 7 weeks after weaning [28].

Low blood glucose concentrations are detrimental for a developing young animal, since related
endocrine status is concomitantly changed. The decrease in glucose concentrations at early-weaning
resulted in a decrease in serum insulin concentrations. In more mature calves, the endocrine system was
smoothly adapting when weaning was done with only marginal changes in hormone concentrations.
The decrease of insulin was steeper for early-weaned calves and resulted in more abrupt changes
(Figure 3b). Therefore, weaning stress of calves was attenuated when weaned later, because it has
more time to mature and adapt. In accordance, other studies also showed that a lower intake of MR
decreased insulin and insulin like growth factor 1 (IGF1) concentrations in calves [24,31,32]. Therefore,
a catabolic status was most likely established in early-weaned calves, as insulin and IGF1 are the
strongest anabolic hormones.

Consequently, lipolysis and proteolysis most likely were promoted to gain energy and produce
precursors for gluconeogenesis. The catabolic state, however, was not able to increase glucose
concentrations for several weeks in early-weaned calves. Both pathways led to an increase in ketone
bodies in blood when the oxidative capacity of mitochondria was limited [33]. The negative correlation
between glucose and BHB concentrations supported the hypothesis that BHB originated from lipolysis
and proteolysis because of glucose shortage. NEFA derived from lipolysis were used in beta-oxidation.
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Hence, the blood concentrations decreased in early-weaned calves (Figure 4b). Simultaneously,
the blood BHB concentration increased, reflecting a low capacity of hepatic oxidative phosphorylation.
Furthermore, an incomplete oxidation of amino acids could also result in a higher BHB concentration.
The decrease in cholesterol concentrations might also be linked to higher ketone body production, as the
precursor metabolite (3-Hydroxy-3-methyl-glutaryl-CoA) for cholesterol production was used for BHB
production [34]. Low insulin concentration led to a lower activation of HMG-CoA-reductase, which is
vital for cholesterol biosynthesis [35]. This might also be a reason for lower cholesterol production.
There was a significant increase in cholesterol concentration in the early-weaned groups from day
70 to day 140 of this trial (p = 0.011), which reflected that the liver was unable to produce as much
cholesterol in the young, early-weaned calves on account of later production when they were more
mature. A higher energy supply enhanced cholesterol biosynthesis in 16-week-old bull calves [36],
which is in line with our findings in late-weaned female calves that received more energy through
MR and a higher concentrate feed intake (Figure 1). Moreover, the MR is a nutritional source for
cholesterol, which is no longer available after weaning. Therefore, late-weaned calves had a constant
supply of cholesterol until day 98 of the trial. The liver of early-weaned calves was not able to produce
enough cholesterol and glucose to compensate the dietary lack through weaning for several weeks.
Possibly, these are not the only metabolic pathways that did not mature in early-weaned calves, and
other important ones were impaired, as well.

Blood BHB concentration was used as a marker for rumen development as it originated from
rumen wall ketogenesis [37]. Many authors observed a rise in blood BHB at weaning and with starter
intake [14,38]; while lower concentrations were detected in ad libitum MR fed calves (0.14 ± 0.01 mmol/L)
compared to calves fed with restricted MR (0.17 ± 0.01 mmol/L) [31]. A similar pattern was observed in
this study, as serum BHB concentrations were higher in early-weaned calves compared to late-weaned
calves still on MR feeding on day 70 (Figure 4c). But these higher concentrations declined again with age
(p < 0.001). Thus, their relevance as a marker for rumen development could be questioned. It is likely
that to some extent BHB was derived from an incomplete oxidation of nutrients, such as fatty acids and
amino acids as described above. Parts of higher NEFA concentration in late-weaned calves on day 70
might also be explained by NEFA content in MR (Figure 4). Other authors had also seen that weaning
resulted in lower NEFA concentration compared to calves that received MR [14,39]. Low glucose and
high BHB after weaning indicated that capacity of liver functions was less developed in early-weaned
calves. The increase in plasma urea concentration during weaning could have resulted from elevated
proteolysis as well. After weaning the urea concentration likely decreased because the rumen used it in
the ruminohepatic recycling of nitrogen. Another explanation might be a lack of microbial protein and
low protein sustenance. Hence, plasma urea concentrations were lower in early-weaned calves than in
late-weaned calves that still received MR and thus got enough protein for body protein turn-over.

Influence of Mother’s Parity on Early- and Late-weaned Calves

As discussed before, heifers have to allocate nutrients and energy between their own body needs
and the requirements of the fetus. This could create unfavorable conditions such as intrauterine
malnutrition for the unborn calf, which could affect them for their whole life [18]. Besides reduced
back length, a lower leptin concentration appeared to be another sign of intrauterine imprinting
by malnutrition (Figure 4d). Furthermore, the lactation number of the dams and serum leptin
concentrations in their 1-week old calves were positively correlated (p = 0.0015; r = 0.4177). Leptin plays
an important role in the onset of puberty and regulation of the immune system [40,41].

Low leptin concentration in early postnatal life was associated with a leptin resistance in later
life in rats [42]. Thus, the lower leptin concentrations in PC could indicate a potential risk factor for
a dysregulated energy metabolism and development also in later life [43]. The main effect of leptin
is a decrease in feed intake. In general, leptin concentration changes during a long-term negative
energy balance in mammalians [44]. Hence, the lower serum leptin concentrations in the PC can be
hypothesized as a sign of hunger and lack of adipose deposition.
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4.4. Implications and Perspectives

Most of the evaluated blood metabolites did not differ among the groups at the age of 5 months,
but changes occurred more abruptly for early-weaned, and slower for later-weaned calves. Hence,
early weaning may cause more postnatal metabolic stress. This experience could also lead to metabolic
imprinting and affect health and productivity in later life [20]. Kenéz et al. [6] examined a reduced
amount of MR supply during the rearing period, which sustainably affected the development and
altered the metabolism. These changes could still be seen at first lactation. So, it is possible that,
weaning age or mother’s parity will affect these animals in later life through metabolic imprinting.
The existence and quality of long-term consequences are examined in an ongoing study with the same
animals during their first and second lactation. Further research is needed to identify an optimal age
to transition from MR to solid feed and an optimal amount of MR. It is challenging to distinguish the
effect of older weaning age from the effect of an overall higher amount of MR that is consumed. Thus,
it would be advisable to conduct further research on both factors and their influence on the growth and
development of calves. Voluntary MR and solid feed intake are different in individual calves [26,45],
and should therefore be considered in further research about optimal weaning age. From this study, a
later weaning regimen can be considered as advantageous in early life with potential consequences for
later health and metabolic performance. Naturally, calves suckling their dam were weaned at the age
of 8–9 months [46,47]. This behavior might have been established through evolution, creating the best
possible outcome for calves, and should therefore be considered in re-thinking weaning regimens in
dairy calves.

5. Conclusions

Increasing weaning age to 17 weeks enables a smooth transition of physiological functions from
the pseudomonogastric status to full ruminant status in dairy calves. However, weaning at 17 weeks
of age is not only influenced by milk. The calves ingested up to 2 kg of concentrate feed, despite a high
intake of MR. Thus, body maturation was supported by both sources of energy.
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Simple Summary: Research has indicated that dairy farms often do not feed calves according to
recommended best practice, despite legislation and industry advisory efforts. This study used
interviews with dairy farmers and their advisors to investigate why farmers feed calves the way they
do. Various calf feeding practices were used by participating farmers, largely based on perceived
convenience and calf performance. Advisors were concerned that calves were commonly underfed,
which may be partly due to farmers receiving inadequate instructions for calf feeding. Our results
highlight the need for more consistent and effective recommendations for farmers regarding calf
feeding and weaning. Standard guidelines for calf milk replacers should be improved to ensure that
calves are fed enough to support basic biological functions and growth. Further research is needed to
establish best practices for weaning calves whilst supporting rumen development, health and weight
gain. All recommendations for calf feeding should facilitate the achievement of standard industry
targets including rearing replacement dairy heifers to calve by 24 months of age.

Abstract: Dairy calves must be fed appropriately to meet their nutritional needs, supporting optimal
growth and development to achieve the recommended target age at first calving (AFC) of 24 months.
Traditional restricted milk feeding practices suppress growth, contribute to negative welfare states
and may result in malnutrition and immunosuppression. Despite more recent recommendations
to increase milk allowances for pre-weaned calves, restricted feeding remains a common practice.
This study explored the rationales behind the calf feeding protocols used by dairy farmers in England.
Forty qualitative interviews (26 farmers, 14 advisors) were conducted between May 2016 and June
2017, transcribed in full, then coded into themes. Results indicate that a variety of calf feeding regimes
are used on farms, largely determined by farmers’ attitudes regarding ease of management and the
wellbeing of calves. Advisors were concerned about widespread underfeeding of calves, which may
be partially due to insufficiently clear recommendations for calf milk replacer (CMR) feeding rates.
There was also evidence of uncertainty regarding best practices for weaning calves. Collaboration
between academic research and industry is essential to establish a consensus on calf feeding standards
which support physiological function, facilitate weaning, support growth targets and ensure calf
health and welfare is protected.

Keywords: dairy calf feeding; health; welfare; nutrition; stakeholder attitudes
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1. Introduction

Dairy calves must be fed appropriately to meet their nutritional needs for optimal growth and
development. Diet must also support and reflect the development of calves’ digestive function from
the liquid-fed pre-ruminant phase through the transition into a functional ruminant [1]. There are
also financial implications since milk feeding accounts for 40% of total rearing costs from birth to
weaning, the most expensive phase of rearing replacement dairy heifers [2,3]. Calf growth rates at
least partly determine their age at first calving (AFC), with heifers calving at 23–24 months being more
cost-efficient than later calving animals [2]. The recommended target AFC of 24 months achieves
optimal economic efficiency resulting from increased lifetime fertility, survival and milk production
compared to later calving heifers [4–6].

A typical Holstein-type heifer must maintain a growth rate of about 750 g/day from birth to
achieve adequate body weight and stature to calve at 24 months [5]. The optimal protein to energy ratio
for growth in pre-weaned calves has been estimated to be approximately 11.5 g of crude protein per MJ
of metabolisable energy (ME) [7]. Approximately 325 g/day whole milk solids (2.5 L/day) or 380 g/day
calf milk replacer (CMR) (3 L/day), which contain about 22.5 MJ ME/kg and 19.5 MJ ME/kg respectively,
provide sufficient ME to meet the maintenance requirements of a 45 kg calf under thermoneutral
conditions with surplus nutrients supporting growth [1].

Traditional feeding practices provide daily milk allowances of approximately 10% of calf
bodyweight, primarily to increase solid-feed intakes to facilitate rumen development for earlier
weaning. These restricted feeding practices limit the growth potential of calves [8] and are likely
to provide insufficient energy in temperatures below 15 ◦C [9]. When calves are malnourished,
particularly in cases of insufficient energy intakes, their immunity is impaired and they are more
susceptible to disease (e.g., [10–12]). The effect of feeding higher planes of nutrition, above maintenance
requirements, on the immunocompetence of calves is less clear cut as intensive milk feeding does not
appear to affect the health and immune status of calves in a consistent manner [12,13].

However, calves will voluntarily consume over 9 L/day of milk [8,14], indicating that larger milk
meals are required to satiate calves and improve their welfare. Indeed, restricted milk feeding causes
calves to experience persistent hunger, as indicated by higher numbers of unrewarded visits to milk
feeders [14,15], more frequent and higher pitched vocalisations [16] and reduced play behaviour [17].
More recent recommendations suggest daily milk or CMR feeds should equate to 20% of calf bodyweight
to support calf growth and health [18] and a common target is to have doubled the birth weight of
calves by the time of weaning at 8 weeks of age [19]. Increasing the amount of milk or CMR fed per
day supports higher growth rates, with the weight advantage persisting post-weaning [20,21], and is
linked to developmental effects which positively affect future milk yield [22].

Despite these recommendations, once-a-day milk feeding is sometimes used on farms to reduce
labour requirements whilst achieving adequate gains in calf bodyweight [23,24]. In England,
The Welfare of Farmed Animals (England) Regulations 2007 and EU Directive 2008/119/EC on
the minimum standards for the protection of calves require calves to be fed at least twice-a-day up
to six months of age. European legislation also requires that all calves over two weeks of age must
be provided with sufficient fresh drinking water to satisfy their needs and have access to water at all
times in hot weather or if they are ill. The national legislation in England requires that all calves are
provided with sufficient fresh drinking water each day from birth. Once-a-day milk feeding in the
first month of life may contribute to abomasal disorders (abomasitis and/or bloat) in calves [25] and is
illegal since the limited intakes of solid feed during early life do not constitute a meal. Twice daily
milk feeding is necessary to meet calves’ nutritional requirements prior to 28 days of age [25,26].

Water is a key nutrient and plays a critical role in calf growth and rumen development [1] and
calves should be provided free access to clean drinking water from birth. Although calves obtain the
majority of their water intake through consumption of milk or CMR [27], this water from feed goes
directly to the abomasum. Drinking water enters and supports the development of the rumen [28] and
encourages greater intakes of starter concentrates [29], milk consumption and growth performance [30].
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Despite the research outlined above evidencing the benefits of feeding calves greater milk
allowances and offering drinking water from birth, many farms feed a restricted milk diet, and some
do not provide access to water prior to weaning [3,31]. Restricted calf feeding has been highlighted as
an area of concern in the scientific literature [31–33], suggesting that legislation and current industry
advisory efforts may have failed to assert best practice on farms. Very few studies have explored the
rationale behind the calf feeding systems adopted by farmers. The present study used qualitative
interviews to explore the practices, experiences and perspectives of participant dairy farmers and
advisors. Such social science approaches are advocated by a growing proportion of the animal health
and welfare research community e.g., [34–38]. This paper aims to explore the nuanced reasoning
behind the different pre-weaning calf feeding protocols used on English dairy farms to provide greater
holistic understanding of the wider context which might influence on-farm decisions.

2. Materials and Methods

This study employed a critical realist paradigm which asserts that subjective experiences of
phenomena and objective facts are equally important in understanding a topic within its wider
context [39]. This epistemology enabled the exploration of different perspectives regarding dairy calf
management, providing a more holistic understanding of pre-weaning calf feeding.

2.1. Data Collection

Calf management on English dairy farms was investigated through 40 in-depth semi-structured
interviews (26 with farmers, 14 with advisors) conducted between May 2016 and June 2017.
All interviews were conducted by the first author, a doctoral student who sought to investigate
human influences on calf health and welfare regarding rearing practices from birth to first calving.
Presented here are findings relating to calf feeding following the provision of colostrum, which has
been addressed in a previous paper [40].

Purposive and snowball sampling [41] was used to recruit participants from existing contacts,
veterinary practices, dairy events and conferences, and individuals suggested by interviewees.
This method yielded farmers who managed a range of dairy herd sizes and production systems
(Table 1) and advisors who tended to have a specific interest in dairy youngstock (Table 2). Interviews
were grouped according to geographical location with participants from areas of England with high
densities of dairy farms (Southwest and Midlands) and from a north-easterly area with less dairy focus
in Yorkshire.

Interviewees included 37 dairy farmers (farm managers (n = 17), farm workers (n = 9), calf rearers
(n = 8) and herd managers (n = 3)) and 14 advisors (veterinarians (n = 11), feed (n = 2) and a
veterinary pharmaceutical company representative (n = 1)). One of three interview formats were used
according to participants’ preferences: all advisors and nine farmers were interviewed individually in
a seated setting; 20 farmers participated in nine joint interviews where two to three participants were
interviewed together; and eight farmers were interviewed whilst walking around the farm.

Two separate interview topic guides were used, one for farmer interviews, the other for advisor
interviews. These guides included open-ended questions which ensured interviews remained relevant
to calf rearing whilst allowing flexibility to explore areas of most importance to participants [42] rather
than being predefined by the researchers. Farmers were asked questions about the practices used on
their farm and their opinions about how calves are reared elsewhere, whereas advisors were asked
about their main areas of concern regarding calf rearing and their role in providing information and
advice. Seven pilot interviews were conducted, four with farmers (F1, F2, F3, F4) and three with
advisors (V1, V2, N1) to ensure topic guides were suitable. Responses were useful to the research
project and only minor refinements were made to the topic guides so the pilot interviews were included
in the overall dataset.
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Table 1. Farmer participant demographics.

Interview Code, Style
Interviewee Details:

Job, Gender, Age Estimate
Farm Details: Calving Pattern, Herd Size, Farm System Location within UK

F1, Mobile Calf rearer, f, 20–30 AYR, 380, conventional Midlands

F2, Sit-down Calf rearer, f, 40–50 AB, 350, conventional Midlands

F3, Sit-down Farm hand/calf rearer, m, 20–30 AYR, 350, conventional Midlands

F4, Joint
Farm manager, m, >50
Farm hand, f, 20–30
Son/trainee vet, m, 20–30

AYR, 120, conventional Midlands

F5, Sit-down Farm manager, m, >50 AB/SB, 70, conventional Midlands

F6, Sit-down Calf rearer, f, 30–40 SB, 300, organic Midlands

F7, Mobile Farm manager/calf rearer, m, 30–40 AYR, 280, conventional Midlands

F8, Joint Farm manager, m, 40–50
Farm wife, f, 40–50 Dairy bull calf rearer, batches of 20 calves Yorkshire

F9, Mobile Farm manager, m, 40–50 AYR, 250, conventional Yorkshire

F10, Mobile Farm manager, m, >50 AB, 90, conventional Yorkshire

F11, Mobile Farm administrator, f, 30–40 AYR, 400, conventional Yorkshire

F12, Joint Farm manager, m, 40–50
Herd manager, m, 20–30 AB, 370, conventional Yorkshire

F13, Sit-down Farm manager, m, >50 SB, 600, conventional Southwest

F14, Joint Farm manager, m, >50
Calf rearer, m, 40–50 AB, 420, organic Southwest

F15, Joint Farm manager, m, 30–40
Calf rearer, m, 30–40 AYR, 120, conventional Southwest

F16, Joint Calf rearer, f, 30–40
Farm manager, m, 30–40 SB, 250, organic Southwest

F17, Joint
Farm manager, m, >50
Farm hand, m, 20–30
Farm hand, f, 20–30

Dairybull/beef calf rearer, 1400 calf places Southwest

F18, Sit-down Calf rearer, f, 20–30 AYR, 180, conventional Southwest

F19, Sit-down Farm manager, m, 30–40 AYR, 160, conventional Southwest

F20, Sit-down Farm manager, m, 30–40 AB, 330, conventional Southwest

F21, Mobile Farm manager, m, 40–50 AYR, 1200, conventional Yorkshire

F22, Mobile Herd manager, f, 20–30 AYR, 130, conventional Yorkshire

F23, Mobile Farm hand/calf rearer, m, 30–40 AB, 250, organic Southwest

F24, Sit-down Herd manager, m, 20–30 AYR, 200, conventional Southwest

F25, Joint Farm manager, m, >50
Calf rearer, m, 20–30 AYR, 350, organic Southwest

F26, Joint Farm manager, m, >50
Calf rearer, f, >50 AB, 500, conventional Southwest

Abbreviations: male (m), female (f), all-year-round calving pattern (AYR), autumn block calving pattern (AB),
and spring block calving pattern (SB).

Table 2. Advisor participant demographics.

Interview Code, Style
Interviwee Details:

Job, Gender, Age Estimate
Location within UK

N1, Sit-down Feed company salesperson, m, 40–50 Midlands
N2, Sit-down Feed company calf specialist, f, 30–40 Midlands

DR1, Sit-down Pharmaceutical company veterinary advisor, f, 30–40 Midlands
GA1, Sit-down Government veterinary advisor, f, 40–50 Southwest
V1, Sit-down Veterinary specialist in cattle health, m, 30–40 Midlands
V2, Sit-down Youngstock veterinarian, f, 20–30 Midlands
V3, Sit-down Veterinarian starting a youngstock discussion group, m, 20–30 Yorkshire
V4, Sit-down Farm veterinarian, works on beef calf rearing unit, m, 20–30 Yorkshire
V5, Sit-down Practice director and youngstock veterinarian, m, 30–40 Southwest
V6, Sit-down Youngstock veterinarian, m, 30–40 Southwest
V7, Sit-down Practice partner and farm veterinarian, f, 40–50 Southwest
V8, Sit-down Practice partner and farm veterinarian, m, >50 Southwest

V10, Sit-down Out of practice veterinarian, now feed consultant, m, 40–50 Midlands
V11, Sit-down Youngstock veterinarian, f, 30–40 Southwest

Abbreviations: male (m), female (f).

Data collection and analysis overlapped in an iterative approach so that topics raised in earlier
interviews could be further examined with later interviewees [43]. Interviews were audio recorded
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with consent and subsequently manually transcribed in full using f4transkript software (Version 6.2.5
Edu, audiotranskription.de, Marburg, Germany). Data collection ceased when it was judged that
thematic saturation was established [43], i.e., the main concepts and range of opinions relevant to calf
rearing had been identified, and no new themes were emerging.

2.2. Data Analysis

Transcripts were analysed using thematic coding which involved reading and re-reading the data
and grouping extracts into common themes [44]. Transcripts were coded in NVivo 11 for Windows
(Version 11.4.1.1064 Pro, QSR International Pty Ltd., Victoria, Australia). In first cycle coding excerpts
were arranged according to topic, personal values, and processes [43] to inform ongoing interviews and
indicate focal subjects including calf feeding. Coding was repeated to explore the topic of calf feeding
in-depth and relevant interview extracts were chosen to represent the perceptions of participants
relevant to the themes and explanations being constructed.

2.3. Ethical Approval

Prior to participation in the study, all participants gave their informed consent—specifically
for interviews to be conducted, audio recorded, transcribed, securely stored and for anonymised
interview excerpts to be used when reporting findings. The study was conducted in accordance with
the Declaration of Helsinki, and the protocol was approved by the Harper Adams University Research
Ethics Committee on 13 January 2016 under project number 75-201511.

3. Results

Average interview length was 56 min (rage 26–90 min). Most results within the theme of calf
feeding pertained to liquid feeds, with some reference to the provision of water and solid feeds in
preparation for weaning.

3.1. Milk Feeding: Amount Fed

Participating farmers fed their calves 4–8 L milk per day (10 fed whole milk, 16 fed CMR) (Table 3)
and the mixing rates, brands and composition of CMR varied. Few farmers could recollect basic details
of their CMR, including the protein and fat content. Most farmers provided the weight of CMR fed,
since “water is just the carriage to get [nutrients from CMR] into the calves” (F8 male, farm manager);
the total CMR provided ranged from 500 g–996 g per day, though some farmers referred only to the
volume of CMR fed. The majority of milk was fed in two daily feeds unless calves had access to an
automatic feeder throughout the day. One organic farm fed cold whole milk ad libitum to calves
after the first week. Two farms fed once-a-day milk to calves from 1 to 2 weeks of age and F7 used a
particularly concentrated 3 L feed once a day with a mixing rate of 300 g/L, believing that increasing
the feeding rate in this manner had improved calf health:

“Prior to the feeding regime we’re on now I generally tended to restrict milk to 4 L of milk a day, 750 g
of milk solids over two feeds, and I would get a lot more enteric disease. I’d get a lot more of all calf
health issues”.

(F7, male farm manager)
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Most farmers appreciated that a higher rate of nutrition could contribute to improved calf health
and recognised the high feed conversion efficiency for calf growth and potential impacts on future
performance. However, several participants believed that on some farms calves were not prioritised as
the focus was centred on the milking herd, and advisor participants were concerned that underfeeding
of calves was commonplace:

“The amount of people that feed once a day cold milk to calves despite the fact it’s illegal is still
quite high”.

(V2, female youngstock vet)

“I think these calves are starved [ . . . ] The number of people that feed two litres twice a day—which is
not even maintenance growth rates, especially considering the [cold] weather”.

(V3, male youngstock vet)

Farmers seemed less concerned by legislation and calf growth requirements, focusing instead on
what suited their management routine and whether calves “looked well” (F22, female herd manager).
Reasons for restricted feeding included maintenance of traditional practices, following instructions on
CMR packaging, and attempts to save money. Calf feeding protocols were usually only changed in
response to problems:

“[On the packaging] 250 g was what was recommended, so that’s what [the calves] got, but they
weren’t really doing well on it. You think “it’s disease”, or “it’s the [starter] feed” [ . . . ] it was
actually the lack of a decent amount of milk [ . . . ] You can’t hide behind saying “I’ll save a bit of
money on milk powder” [ . . . ] it’s an investment for the future”.

(F5, male farm manager)

That CMR guidelines on commercial product packaging did not provide sufficient nutrition to
meet recommended growth targets, e.g., to double the birth weight by weaning, was raised by a
veterinarian-turned-feed-consultant (V10):

“Current recommendations often to a farmer are only about 750 g of milk powder a day [ . . . ] Even if
they’re being as efficient as they possibly could, you’re only gonna get 750 g a day of growth [ . . . ]
and that’s before you factor in any cold or draughty conditions.”

Furthermore, one farmer (F15) admitted finding instructions to be unclear and fed the same milk
solids as a more dilute milk solution when attempting to increase the amount fed to calves (Table 3):

“Generally it’s just water I’ve been adding [ . . . ] because reading the instructions on the bag, it doesn’t
actually say if you’re supposed to give more powder.”

3.2. Milk Feeding: Type of Milk Fed

The majority of participant farmers (16/26) fed CMR while all participating organic farmers
(n = 5) and five conventional farmers fed whole milk (Table 3). Three participants stated that they
fed calves unpasteurised non-saleable milk, two fed pasteurised whole milk and five did not specify.
Three participants had started feeding whole milk to reduce feed costs during the 2014 downturn in
milk prices:

“I did fall out with my powder milk supplier because the price didn’t come down when milk price came
crashing down [ . . . ] so I put a pasteuriser in. It was expensive [ . . . ] but the calves are so much
better on whole milk than they are on powdered milk”.

(F13, male farm manager)
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Some farmers were very positive about the information and support provided by their feed
company representative, and most were willing to invest in “a feed that’s right” (F17, male farm
hand)—CMR, which was cost-effective rather than the cheapest available. However, what constitutes
a ‘good’ CMR was not specified, though some referred to the protein and oil content of their milk
powder. Other farmers were distrustful of salespeople and one youngstock veterinarian questioned
both farmers’ knowledge of feed components and the ethics of feed companies:

“If you look at milk powders, some of them, particularly when money was getting very tight, their
vitamin E levels suddenly crashed. I think that’s a bit naughty of them [the feed companies] because a
lot of farmers won’t really know what’s in their milk powder”.

(V11, female youngstock vet)

Several participants, particularly organic farmers, perceived feeding whole milk to be more natural
and suggested that it resulted in better calf performance, having been “designed” (F13, male farm
manager) for calf feeding. Feeding whole milk was also considered beneficial in terms of consistency
in feeding if more than one person was responsible for feeding calves. Dairy-bred bull and beef-cross
calves were either fed the same as dairy replacement heifer calves for ease of management in dual
dairy-beef systems or considered to be low-priority “milk thieves” (F10, male farm manager) which
would be quickly removed from the farm. In these cases, dairy-bred bull calves received poorer-quality
feeds, largely due to a poor market value for those calves:

“I’m rearing a calf, and it’s margin with me [ . . . ] If they put another £20 worth of milk powder into
that calf and get that heifer in-calf three months quicker that’s cheap, but for me it’s £20 directly off”.

(F8, male farm manager, rears dairy bull calves)

Although feeding waste milk may be standard practice for replacement calves on some
farms, unpasteurised non-saleable milk was more commonly fed to bull or beef-cross calves on
dairy enterprises.

“The bull calves and any beef calves, they get [ . . . ] antibiotic milk, [ . . . ] high cell count milk,
anything really because they’re not going to be around for long enough to pick up anything serious”.

(F5, male farm manager)

These non-saleable milk feeds often included milk from cows treated with antimicrobials, an area
of concern acknowledged by this farm manager:

“If you’re feeding milk from cows which have been treated with [antibiotics], you’re feeding that
antibiotic to those calves. So what problems are you creating? What resistance do you create?”.

(F19, male farm manager)

3.3. Milk Feeding: Preparation and Feeding Method

In addition to what was fed to calves, many farmers emphasised the importance of how milk was
prepared and delivered to calves. Farmers using automatic machine feeders believed calves benefited
from being able to feed throughout the day:

“If you’re bottle feeding a calf twice a day, when you feed it it’s always starving and it guzzles it really
fast. You don’t get that when they’re on machine because they’re doing it in a more natural way, as if
they were on a cow”.

(F8, female calf rearer)

Automated feeders could also help to ensure consistency of milk feeding, a fundamental principle
according to farmer participants. They could also provide farmers with flexible time as they could
check the calves when it was convenient rather than being tied to a specific feeding time.
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“If you’re really busy, you don’t have to tend the machines, two or three hours either way, it’s really
flexible [ . . . ] The milk’s always there at the right temperature, it’s well mixed, should be [hygienic] if
they’ve kept the machines clean”.

(F21, male farm manager)

However, the cost of machine-feeders prevented many farms from installing them.
Several participants stressed the need for staff to have the time and equipment available to make

calf feeding easy and simple to facilitate proper feeding. However, mixing CMR involves several
variables, including water temperature, mixing rates and timings, and if the person responsible for
calf feeding does not use measuring implements or if several people feed the calves, consistency may
suffer and affect calf performance.

“I use a thermometer and I mix at 40 ◦C and I feed at about 38 ◦C. Dad uses his finger and I couldn’t
tell you what [temperature] he feeds at [ . . . ] Then concentration, I’ve given him a scoop that’s pretty
failsafe, but when I was doing it myself I did get better results”.

(F19, male farm manager)

Teat feeding was considered beneficial by most farmers. Some had made the change from bucket
feeding and were impressed with the results, or acted on external information:

“One journal said that teat feeding over bucket feeding actually helps them grow a little quicker [ . . . ]
I’m not sure if it does, but I tried doing it anyway”.

(F3, male farm hand and calf rearer)

“[I visited a farm with stunning calves, the farmer] said whatever you do, do not feed a calf on a bucket.
It gulps it down, it gets into the wrong stomach. He said, when a calf suckles, it produces saliva, you
can see it around its mouth, that aids digestion”.

(F8, male farm manager)

However, one farm veterinarian indicated that the feeding position resulting from the angle of
teats on bar feeders may contribute to respiratory disease:

“I think calves on a bar feeder get a certain degree of aspiration pneumonia from the teats being
horizontal [ . . . ] I can’t understand why no one’s invented a calf bucket that’s got like a corner cut off
and the teat coming out on the 45◦ angle so that it forces them into a neck down, head up position
which is more natural”.

(V4, male farm vet)

Hygiene of the feeding equipment was considered important by both farmer and advisor
participants to foster good calf health.

“[Calves] are babies. You have to keep your bottles clean, disinfect everything in-between feeding each
calf on a bottle [ . . . ] even if they’re healthy calves, I always disinfect the teat”.

(F18, female calf rearer)

However, cleaning may not be done to a high standard on farms and may not be recognised as a
problem by farmers:

“[I recommended increasing] everyone’s milk that they were feeding, and everyone would say “oh
no, if I do that they scour!” [ . . . ] I think it was just general hygiene of the milk preparation and the
buckets. So when they cleaned that, adding more milk wasn’t the problem”.

(V11, female youngstock vet)
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Advisors tended to attribute lack of hygiene to farm facilities and poor availability of hot water.
Reasons given by farmers for a lack of hygiene in calf feeding included lack of perceived efficacy in
disease control and a perception that sanitation hinders the acquisition of immunity:

“Some people say you should disinfect between [feeding groups of calves], but I never have done. If one
lot gets [an infection], they usually all get it anyway”.

(F14, male calf rearer)

“Everything should be washed and sterilised with hot water after every calf’s fed. With that you’re
not giving the calf the chance to build up any immunity”.

(F16, male farm manager)

3.4. Solid Feed, Weaning and Water

A range of weaning methods were implemented by farmers, although the majority were weaning
calves at around 7–8 weeks (Table 4). Some based weaning decisions on age alone whilst others
considered calf weight or starter intakes. There was generally a negative view of early weaning practices:

“It seems to me there’s this race to wean the calves as quickly as you can. “We wean all calves at
six weeks old.” It’s unnatural. [ . . . ] You’re gonna grow better animals by just feeding them milk
for longer”.

(F16, male farm manager)

Farmers fed calves different starter feeds and forage, and used different methods for gradual
weaning. Some decreased the volume or concentration of milk fed, others decreased the number of
daily milk feeds. One farm veterinarian (V4) admitted being unsure of the ‘best’ weaning technique:

“Weaning, I don’t think there’s a right answer with that. I certainly haven’t found it yet [ . . . ] How
you reduce the milk? Some people will do it by going from two times a day to once a day. Some people
will continue twice a day, feeding smaller amounts. Some people will continue twice a day, feeding
the same amount but a lower concentration and I don’t know what the right answer is to be honest
with you.”
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Participants were aware that calves should be consuming solid feed and forage to aid rumen
development, and milk feeding practices sometimes needed to be altered to facilitate intakes of
dry starter.

“We do struggle to get roughage in them [ . . . ] We’ve had the odd post-mortem done on calves which
have been poor and we’ve had poor rumen development so it’s something we’re trying to improve on”.

(F9, male farm manager)

“We tried a kilogram [of CMR] a day, but we found that although the calves looked great at weaning
time, they didn’t wean as well. I don’t think they had room to eat as many pellets. This way [875 g/day],
they eat more pellets and it’s a more seamless weaning”.

(F10, male farm manager)

Problems encountered at weaning time included pot-bellied calves, growth checks and diarrhoea.
Some farmers had changed their practices and improved weaning, whereas others struggled to prevent
problems, despite trying several alterations in a trial-and-error approach:

“I used to wean everything at six weeks. We’d go once a day milk at five weeks and they’d be weaned
at six. But now we do twice a day feeding until six weeks and then once a day for another two weeks,
monitoring how much corn they’re eating. By eight weeks old they’re taking a lot of corn, and then we
wean them. That’s made quite a difference to the calves in that they used to be pot bellied and horrible
after weaning, but they’re not now”.

(F5, male farm manager)

“[The calves] do get very loose [at weaning] and that’s mostly when the coccidiosis kicks in [ . . . ]
I know you shouldn’t do everything all at once. They’re trying to be weaned, they’re changing the
ration, they’re introduced onto silage—that’s when they get loose. I’ve tried not giving them silage,
I’ve tried keeping them on pellets, I’ve tried putting them on rearing nuts [sooner] and they still get
loose, so it doesn’t really seem to make a lot of difference”.

(F14 male calf rearer)

Water affects calf consumption of concentrates, plays an important role in rumen development
and its provision is required under UK and EU law. However, many advisors were frustrated that
calves on many farms did not have access to fresh water.

“You can walk around quite a lot of dairy farms in the UK that the calves don’t have access to water.
The fact that it’s illegal let alone detrimental to growth rates . . . ”.

(V2, female youngstock vet)

“[Farmers will] complain to you “oh, they’re not eating much dry starter feed, your feed’s
rubbish”—you’re not really gonna want to eat dry crackers without a drink of water, are you?
They don’t realise that [calves] need fresh water for rumen development. Their milk feeds twice a
day—it doesn’t constitute free water. It doesn’t go to the rumen for rumen development—it goes to
the abomasum”.

(N2, female feed company calf specialist)

Some farmers who did not provide water to young calves believed that calves would reject their
milk feed after gorging on water, particularly if both were provided in buckets rather than milk via a
teat. Others did not realise that calves required access to free water in addition to their liquid feeds.

“One thing is that they don’t fill up on water, so when you feed them they’re hungry enough to drink
the milk. They shouldn’t really need it. It’s like a newborn baby, you don’t give them water. Apart
from warm milk, they don’t need anything else”.

(F16, female calf rearer)
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“Milk when you feed it is a fixed dry matter content and fixed fat and protein content, so you haven’t
got the element of a thirst-quenching feed for the baby calf ”.

(GA1, female government veterinary advisor)

If calves seem to be doing well, often practices are not altered and farm staffmay not have control
over management decisions.

“This is a source of contest between me and the bosses because I think they should have water all the
time, but they only feed water when they get to about a month old [ . . . ] that’s how they’ve always
done it, and the calves look really well so I can’t really tell them to do otherwise”.

(F22, female herd manager)

4. Discussion

Our results indicate that a wide variety of calf feeding regimes, primarily to rear replacement
heifers, are used on English dairy farms. Whilst participant farmers reported providing concentrates
and forage to calves, discussion in our interviews was focused on liquid feeding, particularly CMR.
Farmers’ actions concerning calf feeding practices were largely determined by their attitudes regarding
the ease of management and wellbeing of calves. Some farmers made proactive changes seeking to
achieve optimal calf performance, with several noting the benefits of feeding programmes which
promote accelerated growth. Most participants maintained the status quo, continuing historic practices,
including limiting liquid feed allowances and only making alterations in response to perceived
problems with calf health or growth rates. However, farmers may struggle to accurately assess calf
performance due to a lack of calf monitoring data [45], possibly resulting in failure to identify problems.
Calf feeding is also often regarded as a simple, childhood task that does not require discussion or
deliberation, particularly if calves are perceived to be performing well [46].

In the present study, advisors, particularly veterinarians, were concerned about widespread
underfeeding of dairy calves. Sumner and von Keyserlingk [33] found that Canadian dairy cattle
veterinarians were also concerned about calf hunger and malnutrition, suggesting that underfeeding
calves is potentially a global problem in the dairy industry in developed countries. This may,
at least in part, be due to the long-established industry standard for restricted milk feeding which
has only relatively recently been challenged to favour greater milk allowances for improved calf
performance [18,20–22] and better welfare standards [8,14]. However, it has also recently been argued
that increasing intakes of solid feed during the pre-weaning period alongside appropriate liquid
feeding (as opposed to accelerated liquid feeding programmes) offers a more cost-effective route
to achieving greater growth rates whilst also supporting rumen development and future lactation
performance [47]. This lack of consensus in the research literature is reflected by the range of milk
allowances provided by participant farmers. Farmers were providing approximately 5–6 L/day of
liquid feed to calves on average, with most feeding above the historically-favoured daily rate of 4 L/day.
However, the traditional practice of restricted milk feeding persists on many farms [3,31], including a
minority of those participating in this study. Several farmers had increased the milk allowance for
calves and perceived the change positively, largely pertaining to improved calf health. This indicates
that their previous milk ration did not provide calves with sufficient nutrition, impairing their immune
function [12,13], and increasing liquid feed allowances covered this nutritional deficit.

Contrary to the legislative requirements, once-a-day milk feeding for young calves was used on
two farms in this study. One farm was a rearing unit for dairy bull calves seeking the most time- and
cost-effective feeding method for their calves. The other farmer provided the recommended daily milk
solids to replacement heifer calves in one highly concentrated feed (30% CMR solution) and observed
improved calf health as a result. However, these perceived health benefits are again likely due to the
provision of increased nutrition compared to the previous restricted feeding programme rather than
the provision of a single, concentrated daily feed. Calves can digest large milk meals of up to 6.8 L
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(13.2% of bodyweight) without evidence of abdominal discomfort or milk entering the rumen [48].
However, large, infrequent milk meals can cause negative metabolic changes including impaired
insulin sensitivity which may negatively affect animals long-term [49]. Despite the legal requirement
to provide two liquid meals per day to calves under 28 days of age, some CMR products have been
marketed as being suitable for once-a-day feeding [25], thereby encouraging it as an acceptable protocol
on farms.

The ethics or technical competency of some animal feed companies was questioned by some of
the participants in this study. In particular, concerns were raised that recommended feeding rates
from manufacturers of CMR may not facilitate optimal growth efficiency. Calves fed high rates of
CMR can achieve growth rates of 1 kg/day [8], but a recent study showed that normal pre-weaning
feeding practices on commercial farms resulted in 70% of calves failing to achieve the recommended
growth rate of 0.7 kg/day, and 20% of those calves grew at less than 0.5 kg/day [50]. That study did
not report how the participating farms established their feeding protocols, but it is likely that current
industry standards which may not be based on the optimal physiological requirements of calves [50]
contribute to the consistent failure to meet the recommended AFC of 24 months [51]. It is imperative
that recommended feeding rates are sufficient to meet calf nutritional requirements and support growth
rates which are compatible with industry targets, and that product packaging is updated to reflect
these recommendations.

The current study also raises concerns about the clarity of the instructions provided on CMR
product packaging, as written instructions for mixing CMR with water to obtain the correct concentration
for calf feeding were misunderstood by at least one farmer in the present study. Farmers respect the
advice given by trusted feed company representatives who are familiar with their farm and the farms
of others [52] so in-person advice which can account for farm-specific rearing targets may be the best
way to facilitate optimal feeding protocols on farms. Regardless, written instructions for preparing
liquid feeds to pre-weaned calves should be easy to follow in order to support farmers who do not
accept in-person advice, and to act as a reference or reminder when mixing CMR at calf feeding.

Few participant farmers accurately measured the temperature of the liquid mix or the amount of
CMR included in the feed provided to calves. A consistent liquid diet is important for calf performance;
inconsistent provision of milk solids hinders growth, starter intake and feed efficiency [53]. Whilst most
farmers appreciated the need for consistency in calf feeding systems, it could be difficult to achieve in
practice, largely affected by the values and priorities held by the person responsible for calf feeding,
but also the time, equipment and facilities available. Despite the importance of stockmanship [54],
most studies have focused on the feeding systems employed by farms, rather than the individuals
employing them (e.g., [3,55]). This study indicated that designated calf rearers tended to be most
diligent regarding calf feeding, prioritising attention to detail including measuring the variables
affecting CMR feeding consistency. On farms where calf feeding was carried out by persons with
other responsibilities on the farm, feeding processes were more variable, possibly stemming from a
lack of time dedicated to calves and a sense of diminished responsibility compared to designated
calf rearers. Automated milk feeders were useful calf management aids for the farms that had them,
and can improve welfare due to calf socialisation and constant access to feed which is consistently
mixed and at an appropriate pre-set temperature. However, machine feeders have high upfront capital
costs, require suitable accommodation for grouping calves, and may contribute to increased disease
incidence due to the hygiene challenges presented by calves sharing a single teat [56].

Good hygiene regarding food preparation was prioritised to varying degrees on farms;
some diligently disinfected equipment between feeding each calf or pen, others did not.
This was sometimes due to pessimistic perceptions that hygiene was ineffectual in disease control,
but management problems including uncleanliness have been shown to contribute to increased rates
of diarrhoea [57,58]. Others believed sterilisation hindered the acquisition of immunity, similar to
misunderstandings previously reported in areas of colostrum management [40] and biosecurity [37].
Indifference or negative attitudes towards ensuring good hygiene are problematic since sanitary feeding
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equipment and accommodation are critical to maintaining good calf health [18,56]. Furthermore,
such attitudes may compound the restricted feeding of calves, as indicated in the literature [18] and by
a youngstock veterinarian in the present study, who revealed that farmers often associated increased
milk allowances with increased incidences of diarrhoea in calves, but cases of calf scour were more
likely to stem from poor hygiene.

In addition to the contribution of poorly sanitised feeding equipment to calf ill-health,
one veterinarian in the current study believed the angle of artificial teats on bar feeders could
cause aspiration pneumonia in calves. The authors are not aware of research investigating this issue,
since aspiration pneumonia is more commonly associated with incorrect oesophageal feeding [59,60]
but if proven, calf feeders may need to be adapted and their design improved to encourage correct
feeding position and reduce the risk of aspiration. Artificial teat feeding is recommended to allow
expression of natural sucking behaviour and aid digestion [58] through activation of the oesophageal
groove reflex which bypasses the rumen for milk to enter the abomasum. Farmer participants
appreciated this, referencing milk entering ‘the wrong stomach’ in the absence of a teat and saliva.

Feeding unpasteurised whole milk, or non-saleable milk, can also contribute to pathogenic
risk [1]. Of the nine participating farmers feeding whole milk to calves, only two stated that they
pasteurised whole milk before feeding it to calves, one of whom was using waste milk, and a further
two participants fed unpasteurised non-saleable milk. The practice of feeding milk from cows treated
with antimicrobials is also a key area of concern in relation to antibiotic resistance [61] as antibiotic
residues cannot be decreased through pasteurisation. Also, feeding milk containing antimicrobial
residues causes microbial imbalance in the gut microbiome of pre-weaned calves [62]. These issues
appear to be most common in relation to bull or beef-cross calves from dairy enterprises due to the
cost of feeding CMR or saleable milk, but some farms also fed their dairy heifers non-saleable milk
as standard practice. This could be because the up-front cost of installing a pasteuriser is considered
prohibitive or the benefits of pasteurisation and the risks of feeding non-saleable milk are not well
understood by farmers, suggesting a need for proactive advice from veterinarians.

The information interviewees provided regarding their CMR lacked detail. Whilst farmers would
refer to the need to use a ‘good’ feed, they did not provide definition. This suggests that farmers require
further guidance on calf nutrition, and it is likely that they relied heavily upon the information provided
by their feed merchant or product packaging. The current study relied only on interviewee accounts
which limited our ability to precisely assess what was fed to calves. However, detailed analyses of feed
packaging or written records were beyond the scope of the study. The interviews did provide a useful
overview of calf feeding and highlighted a potential disconnect between current recommendations
and information provided on CMR packaging as outlined above. The interviews also showed that
participants were most focused on liquid feeding of calves, with limited discussion of concentrate and
forage feeding for milk-fed calves beyond ensuring adequate intakes of dry feed prior to weaning.
Young calves are most at risk of diarrhoea and mortality [63], and there are arguably more variables and
effort involved in providing milk or CMR to calves (temperature, consistency, timing, feeding method,
hygiene) compared to providing calf starter and roughage. Participants said very little about the
post-weaning feeding of calves, attitudes which are reflected in the lack of coverage of the post-weaned
period to approximately 4–5 months of age in the research literature [64].

Participants’ main focus regarding dry feed for calves was ensuring adequate intakes to prepare
calves for weaning. All producers in this study used some form of gradual weaning, and none weaned
earlier than six weeks of age. Farmers mainly based weaning decisions on calf age, with some also
considering calf bodyweight or starter intake, recognising that calves should be consuming over
1 kg/day of dry calf starter before weaning to indicate sufficient rumen development and prevent
growth checks [1]. These practices should support gastrointestinal growth and development in dairy
calves [65]. However, not all farmers provided calves with access to water from birth, which may
negatively affect rumen development, restricting pre-weaning feed-efficiency and impeding growth
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both pre- and post-weaning [30]. This could be related to the poorly described water requirement for
calves and few published research articles which include calf water intakes [64].

Furthermore, the range of weaning practices used on farms indicates that there is a lack of
consistent guidance regarding the best way to wean calves, or if there is, it is not being consistently
implemented at farm level. Research has largely focused on the positive effects of gradual weaning
based on concentrate intakes [66] and the effect of pre-weaning milk or CMR allowances on the weaning
and post-weaning period [67]. However, participants were unsure of the best weaning methods,
largely pondering whether transition should be done by diluting milk feeds, reducing the number of
feeds, or reducing the quantity fed at each meal. Even a veterinarian who would be expected to have a
good understanding of the developing bovine digestive physiology was unsure which weaning method
was most effective. This suggests the industry requires further evidence-based recommendations for
practical methods to wean calves, particularly how to reduce milk provision to best transition calves
onto solely solid feed. Several participant farmers also reported that calf health status and growth rates
were most problematic at weaning time, suggesting their calves did not have sufficiently-developed
rumens when transitioned from milk to solid feed, or that forage intakes are insufficient to mitigate
ruminal acidosis [68] and support the establishment of diverse rumen bacteria [69]. Our results indicate
a need for further research to establish a consensus on optimal weaning techniques so that farmers can
be more effectively advised.

In summary, there is considerable variation in the calf feeding practices used on UK dairy
farms, possibly reflecting the current lack of consensus in the scientific literature regarding the most
cost-effective feeding protocols to promote growth and future performance. Although now outdated,
restricted milk feeding was the predominant recommendation for decades, and advice must be
consistent and have evident benefits at the farm level to shift mindsets away from restricted milk
feeding. Some CMR feed manufacturers may need to review their feeding recommendations in order
to better ensure calves’ nutritional needs are met. More consistent advice, for example, about the
importance of drinking water and hygiene practices regarding milk feeding, have also not stimulated
all farmers to implement best practice. In these cases, it is possible that more effective calf performance
monitoring and peer-to-peer learning may help to show farmers that their methods may not be as
efficient as they could be, thus motivating them to make improvements [46].

Farmers would also likely benefit from more input from their advisors to counter the variation and
confusion about what to feed calves and how to do it. However, it appears that the area of calf nutrition
is somewhat of a grey area in terms of advice. Veterinarians may not be focused on the calf rearing of
their dairy farm clients [33] and are often not asked by the farmers about calf feeding. It might seem
more appropriate to seek advice from trusted animal nutritionists or feed merchants [70], though some
participants in this study indicated they would be distrustful of receiving a sales pitch rather than
honest information about the best way to feed their calves. Collaboration between veterinarians and
the feed industry could help to improve the consistency of recommendations for ensuring suitable
calf nutrition. Working together, veterinarians, feed merchants and nutritionists could offer farmers
high-quality, bespoke advice about the most cost-effective nutrition and feeding systems that would
provide for the health and wellbeing of calves on individual farms.

5. Conclusions

Feeding practices on dairy farms tended to be based on perceived calf performance, and the
simplicity, efficiency and cost- or time-effectiveness of their feeding practices versus potential
alternatives. However, farmers cannot be expected to implement best practice if the recommendations
for standard feeding provide insufficient nutrition and guidance regarding weaning protocols.
The advice available to farmers on the subject of practical calf feeding needs to be improved and
communicated by advisors. In particular, the animal feed industry should make a more concerted
effort to ensure guidelines are compatible with the physiological needs of calves, facilitate weaning
and support growth targets to achieve earlier AFC.
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