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Simple Summary: This review aims to provide a comprehensive evaluation of the nutritional
management strategies that may increase a calf’s susceptibility to morbidity and mortality, the
efficacy and sustainability of antibiotics as a tool for managing calf health and welfare, and the
potential for direct-fed microbials (DFM) as an alternative therapy for promoting calf wellbeing. The
first line of intervention for improving calf welfare should be the optimization of the nutritional
management strategies that are employed. Thereafter, additives that support the development of the
growing calf can be further investigated. The literature reviewed indicates that there is an increased
research interest in the administration of DFMs to pre-weaned calves.

Abstract: The priority for calf rearing has been to maintain good health and welfare in order to
promote and sustain future production. However, there have been numerous reports of undesirable
levels of morbidity and mortality amongst pre-weaned calves. This may be mitigated or exacerbated
by nutritional management practices. Some areas of concern include colostrum feeding, utiliza-
tion of waste milk, and restrictive milk feeding regimes. Antibiotics may be prescribed at lethal or
sub-inhibitory doses to treat or prevent disease. However, extensive antibiotic use may disrupt the
gastrointestinal microbiota and aid in expanding the antibiotic resistant gene pool. In an attempt to
reduce the use of antibiotics, there is a demand to find alternative performance enhancers. Direct-fed
microbials, also known as probiotics, may comply with this role. A DFM consists of live microorgan-
isms that are biologically active and able to confer health benefits onto the host. Lactic acid bacteria
have been the most frequently investigated; however, this field of research has expanded to include
spore-forming bacteria and live yeast preparations. This review aims to provide a comprehensive
evaluation of the nutritional management strategies that may increase a calf’s susceptibility to mor-
bidity and mortality, the efficacy and sustainability of antibiotics as a tool for managing calf health
and welfare, and the potential for DFMs as a supportive strategy for promoting calf wellbeing.

Keywords: pre-weaned calf; morbidity and mortality; calf welfare; nutritional management; antibiotics;
direct-fed microbials; probiotics

1. Introduction

Within the dairy industry, female calves are destined to become replacement heifers;
therefore, the priority is to maintain good health and welfare in these animals to preserve
them for good milk production in the future. The male calves are generally sold soon
after birth, to be reared for veal or beef, and the aim is for them to have good growth
and minimal health complications [1]. However, there have been numerous reports of
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undesirable levels of morbidity and mortality amongst pre-weaned calves. As a result,
there has been a heightened interest in the management of these animals from birth until
weaning. All aspects of traditional calf rearing have been under scrutiny to determine the
consequences that it may have on calf performance, particularly health and growth [2] and,
subsequently, future production and profitability [3].

In dairy-production systems, the pre-weaning phase is considered to be the time from
birth until the calf is completely weaned off of milk or milk replacer. An industry target
for weaning is usually at 8 weeks of age or at the time at which calves double their birth
weight [4]. It has been found that improved health and growth during this time period has,
in fact, significant effects on life-long health and production [3]. This was demonstrated in
the studies of Raeth-Knight et al. [5] and Soberon et al. [6], which found that an increased
growth rate during the pre-weaning phase was associated with a decreased age at first
calving and increased milk production during the first lactation, respectively. Additionally,
Soberon et al. [6] found that calves receiving antibiotic treatments for respiratory disease
had a significantly lower yield in milk production in the first lactation.

The pre-weaning period is considered to be a critical period in which calves are excep-
tionally susceptible to diseases [7]. This is attributed to the fact that calves are confronted
with the challenges of a naïve immune system [8] and an immature digestive tract [9].
During this time, the risk of morbidity and mortality may be increased or diminished
by calf management strategies [3]. Although different aspects of calf management have
been investigated in the past years (i.e., housing, bedding, etc.), nutritional management
strategies are still considered to be crucial, since they have the potential of programming the
calf, i.e., the manner of colostrum and milk feeding can greatly influence the development
of immunity, growth, and gut maturation [9,10].

Morbidity and mortality statistics are commonly used parameters to gauge the stan-
dard of calf rearing and animal welfare [11]. As a benchmark, the Dairy Calf and Heifer
Association [12] has set the target of reducing morbidity and mortality to 25% and 5%,
respectively. However, globally, these levels of morbidity and mortality are still not
achieved [13,14]. In calf studies, the United States Department of Agriculture (USDA)
is frequently cited for their estimates of pre-weaned calf morbidity and mortality, which are
derived by their National Animal Health Monitoring System (NAHMS). National estimates
for these parameters were last reported in 1992 [15] and 2007 [16]. In these two studies,
morbidity was reported at 36.1 and 38.5%, respectively, and mortality was reported at
8.4 and 7.8%, respectively. In 2014, another study was published that consisted of a calf
component, which looked at calf morbidity and mortality in dairy operations in 13 of the
major dairy States. In this study, morbidity and mortality estimates were 33.8 and 5%,
respectively [13]. Digestive diseases and disorders remain the most common reported
cause of morbidity and mortality, accounting for approximately 56% of all sick calves and
32% of all deaths [3].

Probiotics have been reviewed for their modes of action [17] and effects on cat-
tle health and production [18]. Specific yeast additives and derivatives [19] and, in
particular, the Saccharomyces genus [20] have also been reviewed to determine animal
responses and health. Furthermore, live yeast additives have already been reviewed
for their effect on the rumen microbiota and, subsequently, ruminant health and pro-
duction [21]. In the context of calf nutrition, probiotics (including live yeast strains),
prebiotics, and oligosaccharides have recently been reviewed for their effect on calf
growth and health [1,22]. In another review, the effects of yeast additives, live yeast,
and yeast cultures on pre-weaned calf performance were investigated. Although probi-
otics have already been reviewed, these papers did not investigate other management
practices that may influence calf performance and welfare. Therefore, the purpose of
this review was to evaluate literature to (1) determine if on-farm nutritional manage-
ment practices may jeopardize calf health and welfare, (2) understand the effects of
antibiotic administration strategies on calf performance, and (3) determine if DFMs
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can ameliorate calf welfare and reduce antibiotic administration by improving overall
calf health and performance.

2. Implications of Calf Nutritional Management on Welfare

A calf’s susceptibility to morbidity and mortality may be mitigated or exacerbated
by a number of management factors that are applied over three main developmental
periods, namely the in utero, neonatal, and pre-weaning phases [10,23]. Poor manage-
ment of any of these phases can have negative implications on calf health by increasing
the incidences of disease, such as diarrhea and bovine respiratory disease [24]. The
incidence of disease may be difficult to avoid if the dam or calf have been mismanaged
during either of the first two phases. However, calf welfare during the pre-weaning
phase is also considered to be one of the main factors associated with morbidity and
mortality [25]. According to the globally accepted “five freedoms” [26] and the European
Welfare Quality® protocol, adequate calf welfare encompasses good health; comfort;
adequate nutrition for maintenance and growth; the ability to express natural behavior;
and the absence of pain, fear, and distress [27]. As previously acknowledged, calves are
highly susceptible to diseases, in particular digestive disorders. Therefore during the
pre-weaning phase, calves are constantly at risk of having a compromised welfare status
due to digestive diseases and disorders [28].

However, digestive diseases can be mitigated by the nutritional management of the
calf [29]. With this being said, from birth, the nutritional management of the calf includes
fast diet transitions [30]. Therefore, one area of concern includes the management of
the liquid diet of calves, i.e., colostral and post-colostral. This includes the provision of
colostrum, utilization of waste milk, and restrictive feeding [31].

2.1. Colostrum

The most conspicuous factor influencing calf morbidity and mortality is the suc-
cessful acquisition of passive immunity [32,33]. According to Lora et al. [34] the rate
of failure of passive immunity (FPI) is likely to influence the occurrence of digestive
diseases amongst pre-weaned calves. Calf studies within the last two decades report FPI
rates ranging from 12.1 to 19.1% [35,36], as opposed to an older survey, which reported a
rate of 40% [15]. However, Fischer et al. [29] suspect that the most recent statistics are
not a true reflection of the actual rate of FPI because only healthy calves were evaluated.
In reality, the rate of FPI may be much higher and might explain why there is still a
high proportion of pre-weaned calf morbidities and mortalities caused by digestive
diseases. This may motivate further investigation into colostrum management to ensure
that digestive diseases are lowered.

It is already well known that feeding colostrum is associated with achieving suc-
cessful passive immunity (SPI) [29]. After the ingestion of colostrum, immunoglobulins
are actively absorbed from the small intestine and into blood circulation by pinocy-
tosis [37]. The acquired immunoglobulins, predominantly immunoglobulin G (IgG),
provide immunocompetence and protect the calf from disease [38]. Therefore, colostrum
management may be regarded as the first step in preventing digestive diseases. Optimal
IgG absorption encompasses the method and timing of colostrum feeding and the vol-
ume and quality of colostrum based on the IgG concentration and bacterial count [39].
Gut closure appears to be the greatest threat for preventing the absorption of IgG from
the small intestine.

Until recently, it was recommend that calves should ingest colostrum before gut
closure [40], which was considered to be at 24 h after birth [41]. However, Fischer et al. [42]
demonstrated that the time for optimal IgG absorption is shorter than was popularly
believed and that colostrum should be provided immediately after birth and not beyond
6 h post-partum. In addition to timing, the volume of colostrum fed should be taken
into account. According to Godden et al. [43], it is preferable to feed larger volumes of
colostrum, because it allows for a greater mass of immunoglobulins to be delivered to the
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small intestine to be absorbed. In order to manage the timing and volume offered, the
method of colostrum feeding has to be considered [39].

The method of colostrum feeding is an incremental factor in providing a sufficient
concentration of IgG to the intestinal lumen within the critical time frame. Allowing calves
to suckle has been discouraged. This is largely due to the fact that there is a greater chance
of delayed suckling and colostrum consumption [31]. However, according to the Nation
Animal Health Monitoring System (NAHMS) [13], only a minority, approximately 17%, of
calves are left to suckle. Therefore, rates of FPI and digestives diseases cannot be solely
attributed to calves suckling. Although the manual feeding of colostrum, by a nipple
bottle, bucket, or esophageal tube, is considered to be more desirable, there are additional
factors to take into account. For instance, the volume of colostrum provided should be
considered. When feeding small volumes of colostrum, it is preferable to utilize a nipple
bottle or bucket to ensure that all of the milk reached the abomasum and intestines. If larger
volumes of milk are provided, then it may also be appropriate to use an esophageal feeder,
where a portion of the milk will enter the reticulorumen and will be delayed in reaching
the abomasums [43].

According to the authors Godden et al. [37], the quality of colostrum, including IgG
concentration and bacterial count, is also important for the active absorption of maternal
immunoglobulins. There are several available strategies for optimizing the quality of
colostrum. In particular, it is suggested that, excluding the dam effect (age, parity, and
breed), other factors, such as the length of the dry period, season of calving, vaccinal
status of the dam, and nutrition during the periparturient period, can affect the colostrum
IgG concentration. However, these factors are relevant to the management of the dam as
opposed to the newborn calf. Therefore, more focus will be given to management practices
that can be applied if there is a shortage of high-quality colostrum and the influence of the
bacterial count on colostrum quality.

In case there is a shortage of colostrum with sufficient concentrations of IgG, there
are various management strategies that can be utilized. According to Cardoso et al. [44],
this the use of colostrum supplements and replacers. One strategy not mentioned
in the aforementioned review, but often used at the farm-level to overcome the is-
sue of poor-quality colostrum is the use of high-quality colostrum from other cows
within the farm. This can be easily achieved by storing surplus high-quality colostrum
produced by other cows at −20 ◦C, which can then be used after thawing to feed
newborn calves.

Another factor that may influence SPI is the colostral bacterial count. It is postulated
that the bacterial contamination of colostrum may interfere with IgG absorption, and
this may occur because colostral antibodies bind to bacteria [45]. Unacceptably high
levels of bacteria, more than 100,000 colony-forming-units (CFU)/mL total plate count or
100,000 CFU/mL total coliform count, may bind to IgG and hinder absorption [37]. On
the farm, colostrum contamination can be prevented by practicing good hygiene during
collection and feeding, prohibiting prolonged exposure to ambient temperatures, and in
some cases by appropriate heat treatment of colostrum. Heat treatment should not damage
the IgG molecules; therefore, it is advisable to use a lower temperature for a longer time
(i.e., 60 ◦C for 60 min) [37].

Based on the most recent literature of colostrum management, it is advised that
calves should be provided with colostrum consisting of no less than 50 g/L of IgG at a
volume of approximately 8.5–10% of the birth weight within 2 h after birth [37,46]. If these
recommendations are met, it is likely to reduce the risk of an FPI.

Although, FPI has been regarded to be the main reason for the high occurrence
of digestive diseases in calves, there may be another factor that is equivocally import;
this includes the bacterial colonization of the intestines [47]. The composition of the
intestinal bacterial community has been shown to be correlated with the incidence of
diarrhea. Calves that have a higher proportion of fecalibacterium in the feces during the
first week of life have been shown to have a lower occurrence of diarrhea [48]. Therefore,
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colostrum-management strategies for promoting SPI should also be reviewed for the
influence that they have on the bacterial colonization in the gut. It is possible that
colostrum may provide two equivocally important protective mechanisms, SPI and
microbial colonization.

2.2. Waste Milk

Unsalable milk is often used to describe the term “waste milk”. It may consist of
low-quality colostrum, transition milk, and milk from morbid cows consisting of high
somatic cell counts or antibiotic residues [49]. Waste milk may be utilized as the liquid
diet for pre-weaned calves, because it is deemed to be economically favorable. However,
milk derived from infected cows may increase the risk of pathogen transmission, posing
a direct threat to calf health [31]. In an attempt to minimize the pathogen load, it is prefer-
able to pasteurize waste milk before feeding it to calves. In some cases, this has been
successful in eliminating Mycobacterium paratuberculosis and Mycoplasma species [50,51];
however, others have reported that it is not completely effective in destroying pathogenic
organisms [52]. Alternatively, ultraviolet light treatment may also be used to control the
bacterial count in waste milk; however, it is not able to completely eliminate the presence
of pathogens [53]. The antibiotic residues that may be present in waste milk can also
have an impact on calf health and welfare. Trace amounts of antibiotics in the calves’
diet may disrupt the microbiota in the gastrointestinal tract (GIT), thereby negating
the physiological and immunological development of the calf [49]. Due to the risk of
pathogen transmission [31] and exposure to antibiotic residues [49], it is recommended
that waste milk should not be fed to pre-weaned calves. However, it appears to remain a
common practice in the dairy industry; in a nationwide study conducted in the United
States, it was found that 40.1% of calves were fed whole or waste milk [54]. Whereas, a
smaller study conducted in Chile found that 51.7% of the calves that were included were
fed unpasteurized waste milk [55].

However, the term waste milk is often used ambiguously, without clarifying its
composition, i.e., transition milk or mastitic milk. It may be helpful to refer to these
two types of unsalable milk separately, since they are likely different in composition
and the effect that they will have on calves. Transition milk is the milk produced by
the cow on the second to sixth milking after producing colostrum. Transition milk is
unique in that it differs from colostrum and mature milk, containing an intermediary
amount of bioactive compounds [29], such as of sialylated oligosaccharides [56] and insulin-
like growth factor 1 [57]. Transition milk may be beneficial in assisting with the early
development and maturation of the GIT; however, there is currently no evidence to support
this idea [29].

2.3. Post-Colostral Milk Feeding Strategies

There is a lot of variation in calf nutritional management between different farms;
differences are usually present in the feed composition and plane of nutrition [58]. Tradi-
tionally, calves have been fed according to a restrictive milk feeding regime, which allows
only the daily provision of restricted amounts of whole milk or milk replacer solids (10% of
birth weight) [59]. The reasoning is that if calves consume less milk, they will consume more
grain and forage, thereby promoting earlier rumen development and greater post-weaning
growth [60]. The development of the rumen is an important part of the GIT maturation in
calves and is considered to be important for upholding good welfare [61]. However, it has
been found that the consumption of solid feed in the first three weeks of life is negligible
and that digestion may be impaired due to an underdeveloped rumen [14]. This may put
calves in restrictive feeding regimes at risk of being underfed. Upon reviewing literature
on calf feeding strategies, Khan, et al. [60] found that in order to improve calf performance
and welfare, it may be more beneficial to provide milk volume at 20% of their body weight
per day (dry solids at 2% of their body weight per day).
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Underfeeding calves is likely to infringe directly on welfare by imposing distress due
to hunger [62]. The presence of stress may enhance or suppress immunity. Enhanced im-
munity is likely to occur in the presence of a short-term acute stressor. Whereas prolonged
chronic stress may induce a continuous glucocorticoid release, which may depress the
activity of the immune system and increase disease susceptibility [63]. It is unclear whether
or not restrictive feeding would illicit an acute or chronic stress response in calves. How-
ever, it has been found that calves receiving lower planes of milk during the pre-weaning
phase have elevated neutrophil L-selectin protein concentrations, which may indicate that
their immune system was more active [64]. It is speculated that the increased activity of
the immune system was related to non-nutritive suckling and exposure to environmental
microorganisms as opposed to the presence of stress [64].

Feeding higher planes of milk has been shown to positively improve growth
during the pre-weaning phase [65]. However, some calves have been shown to have
a loose fecal consistency [66]. In another study, calves that were provided with non-
restricted quantities of milk also appeared to have a loose fecal consistency; however,
no difference in fecal dry matter between the calves on a restrictive and non-restrictive
diet was observed [67]. It is possible that calves receiving more milk only appeared
to have loose feces, due to the greater provision of fluids [68], but did not in fact
have any GI infection. The authors suggest that fecal scores cannot be used alone in
determining the status of GI health. When implementing an intensive milk feeding
protocol for the purpose of promoting early growth, dietary protein and energy should
be taken into consideration. It may not be appropriate to simply increase the volume
of a conventional milk replacer meant for a restrictive milk feeding protocol, because it
might result in insufficient protein for lean tissue growth and the excess energy, which
may be converted to fat [58].

The prevention of calf morbidity and mortality should start with the implemen-
tation of a nutritional management program that ensures the successful acquisition of
passive immunity, prevents excessive exposure to pathogens, minimizes disturbances in
the gastrointestinal (GI) microbiota, and promotes satiety by meeting the appropriate
nutritional requirements. If these milestones are achieved, it is likely to promote calf
welfare by improving health, providing adequate nutrition, encouraging natural feeding
behavior, and reducing the occurrence of distress. There are additional management
strategies that may be utilized to further assist in controlling or preventing morbidity
and mortality. This may include a sound antibiotic treatment program for infectious dis-
eases and the administration of DFMs to further aid in preventing pathogen overgrowth
and microbial disturbances.

3. Antibiotics

Antibiotics have been frequently used as a tool for managing calf health. Histor-
ically, it was commonly used for prophylactics, a mode of antibiotic administration
that allows sub-inhibitory doses to promote health and growth, thereby preventing
the occurrence of disease. This was first established during the 1950s, in which dif-
ferent types of tetracycline antibiotics were highly beneficial for improving growth
and health [53]. Thereafter, it was also found that a combination of oxytetracycline
hydrochloride and neomycin sulphate supplemented to the liquid diet of calves was
beneficial for promoting calf performance [32,69,70]. Alternatively, producers would
also use unsalable waste milk, consisting of antibiotic residues, as a more economical
and convenient liquid diet for calves [71,72]. The antibiotic residues consisted primar-
ily of penicillin, cephalosporin, and tilmicosin. Antibiotics are also frequently used to
treat infectious diseases; on some farms, all of the calves with respiratory symptoms
and three quarters of the calves with diarrhea receive treatment [73]. In calf rearing,
macrolides, florfenicol, penicillin, and fluroquinolones are commonly used to treat and
prevent bovine respiratory disease (BRD) [74]. Conversely, diarrheic calves are com-
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monly treated with broad-spectrum β-lactam antibiotics, i.e., amoxicillin, potentiated
sulfonamides, and cephalosporins [75].

Although some of the pioneer studies have reported that prophylactic antibiotic
programs are beneficial for improving growth and health, not all these results were in
fact statistically significant [70,72]. Furthermore, therapeutic and sub-therapeutic doses
of oxytetracycline hydrochloride alone or in combination with neomycin sulphate have
shown no improvement in starter intake, growth, and the incidence of diarrhea [76–78]. It is
worth noting that intestinal infections that are accompanied with diarrhea, may be caused
by various enteric pathogens including viruses, bacteria and protozoa [79]. Therefore, due
to the nature of the infection (i.e., viral or protozoan), milk replacer supplemented with
antibiotics may be ineffective in controlling the incidence of the intestinal disease [77].
In addition to this, studies looking at the effect of antibiotics commonly found in waste
milk have also found no improvement in these parameters [80,81]. In some cases, calves
receiving these drugs have experienced a reduction in growth and an increase in diarrhea
incidences [32,49].

Although antibiotics were widely regarded as an optional performance enhancer for
pre-weaned calves [82], the results from these studies do not provide enough evidence to
suggest that they are suitable for that role.

The possible growth-promoting effects of antibiotics have been attributed to mecha-
nisms that modify the GI microbiota [81]. This includes inhibiting pathogen growth and
infectious diseases, diminishing the presence of growth-depressing microbial metabo-
lites, reducing the amount of nutrients utilized by commensal microbes and, subse-
quently, dissipating the thickness of the GI tract, allowing for improved nutrient absorp-
tion [83]. However, there is speculation that this may actually have negative implications
on calf health due to disruptions in the GI microbiota, leaving permanent changes in the
community structure [49]. For instance, a commonly used broad-spectrum antibiotic,
oxytetracycline, has been shown to significantly reduce the abundance of Lactobacilli in
the GIT [84]. The resident GI microbial community has a mutualistic relationship with
the host and has been shown to be a crucial constituent in the development of local and
systemic immunity [85].

In calf studies, therapeutic and non-therapeutic doses of antibiotics have been shown
to have no effect on community structure and species diversity [76]. Conversely, calves
receiving waste milk with antibiotic residues have had distinctly different microbial com-
munities, although most of the differences were only at the genus-level [80]. Contrary to
this, Penati et al. [49] observed that antibiotic residues in waste milk had a detrimental
effect on microbial richness and diversity, to the extent that they disrupted the community
structure at the phylum-level. The greater degree of dysbiosis may have been due to
higher antibiotic concentrations. It appears that antibiotic residues in waste milk, which
are unregulated and frequently differ in concentration, may pose a greater risk of dysbiosis
in the GI microbiota of calves. However, it is unclear if metaphylactic and prophylactic
antibiotic administration has the same effect. Additionally, the GI microbiota consists of
various microorganisms, apart from bacteria, such as viruses, fungi, and protozoa. It may
be important to investigate if changes in the bacterial community may cause any changes
in the community structure of these organisms [49].

Several studies have expressed concerns over the occurrence of antibiotic-resistant
genes in calves receiving antibiotics. Langford et al. [71] found that increasing concentra-
tions of penicillin residues in milk subsequently increased the level of resistance amongst
the fecal bacteria. Resistant bacteria were stable and persistent in the microbial community,
even after receiving untreated milk for four consecutive days. It has also been found that
treating sick calves with cephalosporin and the prophylactic addition of oxytetracycline
hydrochloride and neomycin sulphate to milk replacer significantly increases the level of
resistance in the fecal E. coli community. In addition to this, the E. coli community also
showed resistance to multiple antimicrobials that were not even used on the experimental
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farm [86]. This suggests that the prophylactic use of antibiotics does increase the abundance
of antibiotic-resistant bacteria.

These findings on antibiotic-resistant genes do support research efforts to reduce the
use of antibiotics in the dairy industry. According to Gomez et al. [75], there are three
strategies for reducing antibiotic use, that is by (1) preventing disease, (2) reducing the
total mass of antibiotics used, and (3) refining antibiotic stewardship. As mentioned before,
the second point is already in practice, since there is already a global movement towards
reducing the use of antibiotics for prophylactics (as a performance enhancer). However,
the first and third points do need to be further addressed. It is apparent that not all
farms utilize a sound antibiotic program for the treatment of diseases. This may result in
antibiotics being used excessively or incorrectly (i.e., incorrect drug or dose). This may be
prevented by utilizing an antibiotic protocol that targets specific disease signs in calves.
In terms of disease prevention, the influence of nutritional management practices has
already been discussed to some extent in this review. However, it is also worth noting that
housing and hygiene also play an important role. Additionally, preventing disease and
improving health creates an opportunity to further investigate supportive strategies, such
as DFM administration.

4. Direct-Fed Microbials (Probiotics)

When looking at the mammalian GIT, the mucosal layer and resident microbiota are
together incremental in preventing infection [87]. The microbial community resides in
close proximity with the mucosa, and under the right circumstances, a mutualistic rela-
tionship exists between these two entities [88]. The microbiota assist the host in digesting
feed, combating pathogens, and in regulating the mucosal immune system [87,89]. The
mucosal layer regulates the GIT conditions by monitoring the activities of the epithelial
and immune cells; in doing so, it assists in maintaining a favorable environment for a
stable microflora [90]. Any dysfunction in either of these systems is likely to disrupt this
symbiosis and ameliorate the local defense mechanisms of the host, increasing the risk
of local and systemic infections [87]. Prophylaxis through intervention of the mucosa
may be inaccessible; however, the microbiota is more pliable and may be manipulated by
various external and internal factors [91,92]. Therefore, strategies which improve gut health
by the way of manipulating the GIT microflora [84] are of interest for improving overall
calf health.

At maturity, the GI microbiota accommodates a diverse ecosystem of microorganisms,
including bacteria, viruses, fungi, archaea, and protozoa, with bacteria being the most
abundant [92,93]. However, during infancy it is less complex and has to undergo continuous
changes in composition during the first months of life [84]. It is often during this transitional
state in which the microbiota are less resilient to disruptions that may cause a dysbiosis [49].
Dysbiosis is likely to increase the risk of pathogens colonizing the GIT and cause enteric
infections [18]. As a result, calves are frequently predisposed to diarrhea, which also
puts them at risk of diminished digestion and absorption of nutrients and compromised
growth [94]. Mechanisms for manipulating and stabilizing the intestinal microbiota have
become a focus point [29]. Live microbial additives, such as DFMs, may have the potential
to fulfill this role.

A DFM consists of live microorganisms that may improve the health of the host
when administered in sufficient doses [95], this may include prokaryotic or eukaryotic
organisms, such as bacteria or yeast [96]. It is recommended that a DFM should contain
a sufficient number of viable microorganisms; this should be no less than the suggested
minimum level (SML) of 106 CFU/mL or g [97]. Furthermore, an ideal DFM should be
non-toxic and non-pathogenic, able to tolerate gastric acid, inhibit pathogen growth,
and enhance the defense mechanisms of the immune system [17]. Lactic acid bacteria,
consisting of the genera Lactobacillus, Bifidobacterium, and Enterococcus (Table 1), have
been the most frequently investigated as DFMs due to their natural presence in a healthy
GI microbiota [98]. However, this field of research has expanded to include foreign
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microorganisms, namely some spore-forming Bacillus species- and Saccharomyces-based
live yeast preparations (Table 1).

Different DFMs may have different modes of action [1], and these mechanisms may
not be attributed to an entire species but instead are unique to given strains within a
species [89]. Lactic acid bacteria are commonly characterized by strains that exert a
competitive pressure on pathogens by utilizing available nutrients, occupying epithelial
binding sites and lowering the intestinal pH. Alternatively, some strains of the Bacillus
genus inhibit pathogens by producing antimicrobials and non-toxic spores, which stimu-
late the immune system [98]. Strains of live yeast, which are significantly larger in size
than bacteria, are also able to promote a protective barrier by preventing pathogens from
colonizing the epithelial mucosa. Additionally, strains of S. cerevisiae var. boulardii have
been shown to neutralize toxins and stimulate a pro-inflammatory response in the event
of a bacterial infection [96].

In calf studies, it was commonly perceived that there was incongruent evidence for the
efficacy of DFM administration. Some researchers would report positive results, whereas
others would find no significant effects [99]. However, a recent systematic review by
Alawneh, et al. [22] has shown that there is sufficient evidence to suggest that DFMs are
able to improve pre-weaned calf performance; however, there is still not enough evidence
to suggest that they promote health by enhancing the immune system or stabilizing the
microbiota. Discrepancies in results are often attributed to differences in the health status
of the maternal herd and calf-management practices, all of which are critical constituents in
promoting calf performance [100]. Microbial properties (Table 1), including strain, dosage,
and form of administration, are also considered to alter the success of the DFM [99]. As
previously mentioned, the microbial properties are specific to the strain, not species [89].
For example, the species L. acidophilus is commonly considered to be a DFM [77], but not
all strains of L. acidophilus necessarily exert a probiotic effect. Therefore, it is also important
for researchers to specify the strain that is being investigated in order to improve the
consistency between studies.

Table 1. DFMs that have been investigated for effects on calf performance, listed in chronological order.

Direct-Fed
Microbial Source CFU/g or mL Per Calf per Day Calves/

Group
Calf Starter

Consumption Weight Gain Health

Multistrain:
L. acidophilus,
L. lactis, and

B. subtilis

ND
2.2 × 109,
2.2 × 106,
1.1 × 109

10 g 28 NS NS NS [101]

B. subtilis ND 1.24 × 1010 10 g 28 NS NS NS [101]

Multistrain:
L. acidophilus and

Streptococcus
faecium

ND 1 × 109 1 g T1: 53
T2: 25 NS NS NS [102]

L. acidophilus ND 5 × 107 1 mL 20 NS ↑ Average
daily gain ** NS [103]

Multistrain:
L. acidolphilus,

B. subtilis,
B. licheniformis, and

L. lactis

ND 3.3 × 108 10 g (7 days)
5 g (18 days) 14 NS NS NS [104]

L. acidolphilus ND 2 × 1010 10 g 14 NS NS NS [104]
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Table 1. Cont.

Direct-Fed
Microbial Source CFU/g or mL Per Calf per Day Calves/

Group
Calf Starter

Consumption Weight Gain Health

Multistrain:
L. acidophilus W55,
L. salivarius W57,
L. paracasei spp.
Paracasei W56,

L. plantarum W59,
Lactococcus lactis

W58, and
Enterococcus faecium

W54.

NCS 1 × 109 cfu/kg
of BW

T1 & T2: 45 mL
T3 & T4: 45, 50,
60 and 80 mL

T1: 72
T2: 31
T3: 24
T4: 24

↑ Feed
efficiency * ↑Weight gain * NS [105]

Multistrain:
L. sanfranciscensis,

L. bifermentans,
L. viridescens,

L. confuses,
L. kefiri

or L. reuteri,
L. fermentum

CS 1 × 109 45, 50, 60 and 80
mL

T3: 24
T4: 24

↑ Feed
efficiency * ↑Weight gain *

↓ Incidence
and duration
of diarrhea **

[105]

Saccharomyces
cerevisiae CNCM

I-1077
NCS 10 × 109 0.5 g 13

↑ Starter DM
intake and feed

efficiency **

↑Weight
gain **

↓ Days with
diarrhea [106]

S. boulardii CNCM
I-1079 NCS 10 × 109 0.5 g 13 NS NS ↓ Days with

diarrhea [106]

S. cerevisiae CNCM
I-1077 NCS 2 × 1010 1 g 8 ↑ Starter DM

intake ** NS NS [107]

S. boulardii CNCM
I-1079 NCS 2 × 1010 1 g 8 NS NS NS [107]

Bacillus
licheniformis and
Bacillus subtilis

NCS 1.28 × 109/kg
In the milk

replacer powder:
400 g/t

32 ↑ Starter DM
intake **

↑Weight
gain ** NS [100]

Multistrain: L. casei
DSPV 318T,

L. salivarius DSPV
315T, and

Pediococcus
acidilactici DSPV

006T

CS 1 × 109 kg/
calf/day

40 mL 18 NS NS NS [99]

Multistrain: L. casei
DSPV 318T,

L. salivarius DSPV
315T, and

Pediococcus
acidilactici DSPV

006T

CS 1 × 109 kg
BW/calf/day

40 mL 8 ↑ Starter DM
intake **

↑ Average
daily gain **

↓ Fecal
consistency

index **
[108]

B. subtilis natto NCS 1 × 1010 10 mL 6 ↑ Feed
efficiency **

↑ Average
daily gain ** [109]

B. lichenformis and
B. subtilis NCS 1 × 109 20 NS NS NS [98]

Multistrain:
L. acidophilus,

L. casei,
Bifidobacterium
bifidium, and

Enterococcus faecium

ND 2 × 108 2 g 8 NS

↑ Final body
weight **
↑ Final wither
height and hip

height **
↑ Final body

weight **

[110]



Dairy 2022, 3 658

Table 1. Cont.

Direct-Fed
Microbial Source CFU/g or mL Per Calf per Day Calves/

Group
Calf Starter

Consumption Weight Gain Health

Multistrain:
L. acidophilus PTCC
1643, L. rhamnosus
PTCC 1637, L. casei

PTCC 1608, and
L. delbrueckii
PTCC 1333

NCS 2 × 108 2 g 8 NS
↑ Final wither
height and hip

height **
[110]

Multistrain:
L. johnsonii
CRL1693,
L. murinus
CRL1695,

L. mucosae CRL1696,
and L. salivarius

CRL1702

CS 1 × 109 10 mL 26

↓Mortalities **
↓Antibiotic

treatments **
↑Health
index**

[111]

Multistrain:
Pediococcus
acidilactici,

Enterococcus faecium,
L. acidophilus,

L. casei,
Bifidobacterium

bifidum

ND 43.4 × 109 4 g 100 NS ↓ Duration
of diarrhea ** [112]

S. boulardii CNCM
I-1079

NCS 1 × 109 5 g 42 NS NS

↓ Severity of
diarrhea **
↓ Antibiotic

treatments **

[30]

S. boulardii CNCM
I-1079

NCS 2 × 1010
Low: 0.5 g

Medium: 1 g
High: 2 g

4 ↑ Starter DM
intake ** NS ↓ Fecal scores

** [113]

S. boulardii CNCM
I-1079

10 × 1010 5 g 80 NS NS NS

[114]
20 × 1010 10 g 80 NS ↑Weight

gain ** NS

Multistrain:
B. subtilis (DSMZ

5750),
B. licheniformis

(DSMZ 5749), and
Enterococcus faecium.

NCS
3.2 × 1010,

3.2 × 1010 and
5 × 1010 Per kg

20 g 8 NS NS NS [115]

Multistrain:
L. sporogenes,

Enterococcus faecalis,
and Bifidobacterium

bifidum

ND 4.1 × 107 3 g 40 ↑ Average
daily gain ** NS [116]

Multistrain: L. casei
PKM B/00103,

L. salivarius PKM
B/00102, L. sakei
PKM B/00101.

CS 1 × 1011 250 mg 11 NS NS ↓ Severity of
diarrhea *** [117]

T: trial; CS: calf-specific; NCS: not calf-specific; ND: not determined or not described; NS: not significant;
* (0.05 < p < 0.1); ** (p < 0.05); *** (p < 0.0001); ↑: increase; ↓: decrease.

Upon evaluating the literature, it is evident that lactic acid bacteria (LAB) were the
first microorganisms of interest, in particular, the species L. acidophilus. It appears, that
the earliest studies reported incongruent effects of DFMs on calf-performance parame-
ters. For example, when 10 g of a multistrain LAB probioitic was reconstituted in milk,
no effects on calf performance were observed [101]. However, it is unclear if this dosage
was for the entire treatment group or individual calves. If it was the former, then it could
mean the calves received considerably lower doses as opposed to some of the more
recent studies. Since the dosage is an important requirement determining the efficacy of
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a DFM, this should be taken into account. Alternatively, a significant improvement in
average daily gain was found when calves were fed L. acidophilus [103]. However, when
L. acidophilus was fed at a higher dose, no significant effects were reported [102,104].
These discrepancies could be due to the use of a medicated milk replacer, consisting
of oxytetracycline and neomycin sulphate, or waste milk. Oxytetracycline is a broad
spectrum antibiotic, and it has been shown to significantly reduce the abundance of
Lactobacilli in the GIT of calves [118]; therefore, it is possible that it intereferes with the
efficacy of the L. acidophilus DFM. In the aforementioned studies, the strain of the mi-
croorganisms was often not specified, and it is unclear how the various microorganisms
were selected. As previously suggested, this might explain why DFMs appear to have
incongruent results.

In more modern studies, after the year 2000, many of the LAB DFMs consisted
of multiple species and strains. A majority of these studies have reported a positive
improvement in calf performance; however, there are two studies where no improve-
ment was found [99,104]. It is worth noting that in one of these studies, the calves
were provided with a medicated milk replacer [104]. Several studies have reported an
attenuation in the intensity of diarrhea [105,108,111,112,117], which may suggest that
some strains of LAB are effective in maintaining a stable microflora, thereby preventing
enteric infections [119]. Four of these studies utilized strains that were isolated from
calf fecal samples. This may support the idea that host-specific strains have a greater
probiotic effect than non-host- specific strains. This idea was further investigated by
Timmerman et al. [105], where a host-specific and non-host-specific DFM were fed to
calves. The non-host-specific DFM was able to reduce the incidence of severe diarrhea;
however, unlike the host-specific DFM, it was unable to reduce the incidence of mild
nutritional diarrhea [105].

Additionally, growth and intake were also influenced by LAB DFMs. In some cases,
ADG was improved [105,108,116], or alternatively, final body weight, whither, and hip
height were improved [110]. Starter dry matter intake [108] and feed efficiency were also
improved [105].

A DFM product consisting of B. subtillus and B. licheninformis has been shown to
significantly increase starter feed and energy intake [100]. However, this DFM has not
shown any improvement in feed efficiency [98,100]. Alternatively, a different type of
Bacillus DFMs, consisting of B. subtilis natto, significantly enhanced feed efficiency. The
improvement in feed efficiency was associated with better growth, and this was also
correlated with an earlier weaning age. Additionally, increased levels of serum IgG and
interferon-γ were observed [109]. This may suggest that the non-toxic spores may have
the ability to stimulate cell-mediated immunity. It is worth noting that the stimulation of
the immune system is expected to reduce an animal’s growth potential and subsequently
feed efficiency [88]. However, this was not the case in the aforementioned study. There
are few studies which demonstrate a significant effect on the occurrence of diarrhea,
except for two studies in which a multi-strain Bacillus DFM and a single-strain DFM
(B. amyloliquefaciens) reduced the occurrence and the number of days with diarrhea,
respectively [109,115].

In comparison to bacterial DFMs, there are relatively fewer studies on yeast-based
DFMs. There are several calf studies which investigated the use of a yeast culture (YC);
however, those which utilized a live yeast additive are sparse. It is important to distin-
guish between a YC and a live yeast additive, such as an active dry yeast (ADY) [120].
An ADY is the most commonly used live yeast additive. It contains a high number of
viable fermentable cells, approximately 15 to 25 billion CFU/g, in which the metabolic
activity is preserved, and therefore, it meets the minimum requirements of a DFM (SML of
106 CFU/mL or g) [19,97]. Viable yeast products, such as an ADY, are used as an inoculant
to produce a YC. Therefore, after fermentation is complete, there may be some residual
viable cells in the product; however, it is unlikely that it meets the suggested minimum
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level of a DFM. As a result, a yeast culture cannot be classified as a DFM; however, it may
be considered to be a prebiotic [82,105].

It appears that these two types of yeast additives are not always clearly differentiated,
since YC supplements are often erroneously referred to as DFMs [105]. In this review, only
live yeast additives, i.e., ADYs, were considered to be a DFM and were investigated.

In calf nutrition, two strains of Sacharomyces cerevisiae origin have been of interest,
namely the Pasteur Institute CNCMI-1077 of S. cerevisiae and the Pasteur Institute CNCMI-
1079 of S. cerevisiae var. boulardii. The Pasteur Institute CNCMI-1077 strain has been
established as suitable feed additive in ruminant nutrition [107] for its ability to promote
an increased DMI, rumen pH, and volatile fatty acids and organic matter digestibility in
dairy cattle receiving high concentrate diets [21,121]. In pre-weaned calves, this is the first
strain of live yeast to be investigated, and it has been shown to successfully promote DMI,
body weight gain, feed efficiency, and plasma glucose levels [106]. Alternatively, in another
study, it did not have a significant effect on body weight gain and feed efficiency. It did,
however, significantly increase rumen ammonia N, propionate, and butyrate [107]. This
strain appears to positively modify rumen fermentation, although it is unclear to what
extent it may also impact calf performance.

It appears that the research interest has moved towards the Pasteur Institute CNCMI-
1079 strain of S. cerevisiae var. boulardii.

A few emerging studies have focused on the use of Saccharomyces cerevisiae var. boulardii
due to its reputation as an anti-diarrheal treatment in humans and animals [20,122].
Galvão et al. [106] and Villot et al. [30] observed that S. cerevisiae var. boulardii, containing
the Pasteur institute CNCM-1077 strain, diminished the duration or severity of diarrhea,
respectively. This was also accompanied by a reduction in the administration of antibi-
otic treatments. Furthermore, it has also been found that this particular strain assists
diarrheic calves in maintaining the same dry matter intake (DMI) and growth rate as the
non-diarrheic calves [30]. These results may be associated with the ability of the Pasteur
Institute CNCMI-1079 strain to promote a stable microbiota consisting of beneficial LAB.
This was observed by one study in which a greater proportion of Lactobacilli were found
in the feces of calves; this may suggest that the growth of Lactobacilli in the GIT was
promoted [123]. Additionally, Fomenky et al. [124] observed that this strain enhanced
neutrophil activity, including phagocytosis and oxidative burst capacity. As mentioned
before with the Bacillus-based DFM, an immune response is expected to reduce calf growth
and feed efficiency [88]. If this strain does have the potential to stimulate innate immunity,
then the maintained DMI and growth of diarrheic calves, as observed by Villot et al. [30],
may be of interest.

A majority of the papers that were reviewed looked at the effect of supplementing
the DFM to milk or milk replacer. This feeding protocol is used for the purpose of target-
ing intestinal health in pre-ruminant calves [18]. However, there is potential for DFMs
to also be utilized as an additive for promoting rumen development in calves. DFMs,
such as Megasphaera elsdenii, are used in ruminant nutrition for the purpose of improving
rumen fermentation [18]. This particular DFM has been shown to improve feed intake
and rumen development in pre-weaned calves [125]. The Pasteur Institute CNCMI-1077
strain of S. cerevisiae has also been shown to increase DMI, feed efficiency [106], and
volatile fatty acid production [107]. Studies targeting rumen development have sup-
plemented the calf starter feed with a DFM. Therefore, it appears that there are two
distinct roles for DFMs in calf nutrition, and each requires different feeding protocols
and DFM strains. We suggest that DFM protocols should be refined and specialized to
target intestinal health in pre-ruminant calves and rumen development in the ruminant
calves. It is likely that the DFMs that encourage starter intake and rumen development
will become increasingly important, especially due to an increase in the popularity of
enhanced milk feeding regimes.
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In general, it appears that the different types of DFMs have the potential to bring
about similar improvements in calf performance, although it may be achieved through
different modes of action. Lactic acid bacteria seem to stabilize the resident microflora,
which subsequently influences the health, growth, and vivacity of the calf. Alterna-
tively, the Bacillus-based DFMs utilize non-toxic spores, which have been shown to
stimulate cell-mediated immunity and promote calf performance, i.e., feed intake, feed
efficiency, and growth. The yeast-based DFMs are dynamic and have been shown to
stimulate innate immunity and promote Lactobacilli growth in the GIT, which has been
shown to assist diarrheic calves in maintaining the same DMI and growth rate as non-
diarrheic calves. It is of interest that Bacillus- and S. cerevisiae var. boulardii-based DFMs
have been shown to promote immune responses and either maintain or even promote
calf performance.

It is frequently suggested that the positive effects of DFMs are only visible when
calves are stressed or under poor management conditions. However, although some
current management practices in intensive farms may exacerbate stress, the pre-weaning
period will always be a considerably stressful time. This may be due to exposure to
the exutero environment after birth [67], dam separation, rapidly changing diets, and
early weaning. Although a number of studies have shown that DFMs are able to support
calves during stress exposure, such as heat stress [113] and FPI [106], DFMs should not
be seen as a supportive therapy for calves that are poorly managed. Instead, DFMs
should be seen as an additional measure to support calf performance during an already
challenging time period. As a recommendation, DFMs should be administered as soon as
possible, before the onset of disease or infections, in order to be efficiently utilized [100].
Some studies suggest that it may be beneficial to start administration as soon as the first
colostrum meal [103,116,117].

5. Conclusions

High levels of morbidity and mortality diminish the welfare of pre-weaned calves.
Nutritional management strategies may exacerbate digestive diseases and infringe on calf
welfare if they result in FPI, exposure to harmful pathogens, antibiotic residues, and distress.
The first line of intervention for improving calf welfare should be the improvement of
the nutritional management strategies that are employed. Although, the concept of SPI
is well understood, the true proportion of calves that receive SPI is not clearly defined.
This should be elucidated to help understand if it could be linked with the high levels
of digestive diseases in calves. Furthermore, colostrum should also be considered for its
role in the colonization of the GIT. Waste milk is considered to be unfavorable for calves;
however, transition milk may be beneficial for the development of the GIT. Numerous
studies suggest that calves should be fed non-restrictive milk diets in order to promote
growth and health. Although antibiotics have been traditionally viewed as a viable growth
promoter or performance enhancer for calves, there is in fact insufficient evidence to suggest
that it is an effective performance-enhancer. Additionally due to the risk associated with
antibiotic-resistant bacteria, antibiotic stewardship should be improved so that it can be
preserved for the therapeutic treatment of infectious diseases. Alternatively, different types
of DFMs may be suitable for promoting calf performance and GI health. Multi-strain DFMs,
especially those of calf origin, and live yeast additives have shown similar improvements
in fecal scores, growth, and feed efficiency. Direct-fed microbials have been shown to be
especially beneficial for calves exposed to stress; however, DFMs should not be simply
seen as a supportive therapy for calves that are poorly managed. Instead DFMs should be
viewed as an additional measure to support calves during a challenging developmental
period. There is potential for this field to be refined to develop specialized feeding protocols
to target pre-ruminant and ruminant calves.
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