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ABSTRACT

Calves are born with a physically and metabolically
underdeveloped rumen and initially rely on milk to
meet nutrient demands for maintenance and growth.
Initiation of solid feed consumption, acquisition of
anaerobic microbes, establishment of rumen fermen-
tation, expansion of rumen in volume, differentiation
and growth of papillae, development of absorption and
metabolic pathways, maturation of salivary apparatus
and development of rumination behavior are all needed
as the calf shifts from dependence on milk to solid feed.
In nature and some production systems (e.g., most beef
calves), young ruminants obtain nutrients from milk and
fresh forages. In intensive dairying, calves are typically
fed restricted amounts of milk and weaned onto starter
feeds. Here we review the empirical work on the role
of feeding and management during the transition from
milk to solid feed in establishing the rumen ecosystem,
rumen fermentation, rumen development, rumination
behavior, and growth of dairy calves. In recent years,
several studies have illustrated the benefits of feeding
more milk and group rearing of dairy calves to take
advantage of social facilitation (e.g., housing with peers
or dam), and this review also examines the role of solid
feed on rumen development and growth of calves fed
large quantities of milk and reared under different hous-
ing situations. We conclude that the provision of high-
starch and low-fiber starter feeds may negatively affect
rumen development and that forage supplementation
is beneficial for promoting development of the gut and
rumination behavior in young calves. It is important to
note that both the physical form of starter diets and
their nutritional composition affect various aspects of
development in calves. Further research is warranted to
identify an optimal balance between physically effective
fiber and readily degradable carbohydrates in starter
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INTRODUCTION

On many dairy farms, calves are separated from their
dams at birth and reared artificially. Unfortunately,
dairy calves are at a great risk of morbidity and mor-
tality, especially during the milk-feeding period and the
weeks after weaning (USDA, 2009). Many producers
wean calves at a young age to reduce costs associated
with feeding milk or milk replacer, but calves are born
with a nonfunctional rumen and must initially rely
exclusively on milk to meet the nutrient demands of
maintenance and growth. A smooth transition from
liquid to solid feed allows calves to consume and di-
gest sufficient solid feed to support growth during and
after weaning; this transition requires the physical and
metabolic development of the rumen and coincides with
the development of the salivary apparatus, rumination
behavior, and several physiological adjustments at the
gut, hepatic, and tissue levels (Baldwin et al., 2004;
Khan et al., 2011a).

The nature of solid feed and the amount consumed
can influence rumen development. Highly palatable
“starter” feeds, containing easily fermentable carbohy-
drates, are thought to stimulate rumen development,
including changes in the epithelium of the forestomach
(Baldwin et al., 2004; Drackley, 2008). In contrast,
calves reared by their dams in extensive housing sys-
tems (e.g., cow-calf operations) and young ruminants
artificially reared in pastoral systems would not typi-
cally have access to starter feeds. Under forage-based
livestock production systems, forage quality and avail-
ability determines the need for supplementary feeds
(e.g., concentrate through creep feeding) to support
growth of young ruminants. However, in nature and
where permitted (e.g., pastoral systems or cow-calf op-
erations), milk and pasture provide the majority of the
stimulants and nutrients required for development and
growth to young ruminants.
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Table 1. List of fiber sources, their physical form, and inclusion levels in the diets of calves evaluated in some studies

Inclusion rate, Physical form Age of
Class Forage % of DM of forage calves, d Reference
Legume hay
Alfalfa hay 66.7 Pelleted 7 Addanki et al., 1966
Alfalfa hay Ad libitum Chopped 10 Anderson et al., 1982

Alfalfa hay 25-50 Ground, long 35 Bull et al., 1965

Alfalfa hay 20-70 Zitnan et al., 1998

Alfalfa hay Ad libitum Chopped 8 Castells et al., 2012

Alfalfa hay 25 Beharka et al., 1998
Grass hay

Orchardgrass Ad libitum Chopped 3 Khan et al., 2011b

Grass hay 15-30 Chopped Suarez et al., 2006a,b

Grass hay 5-15 Chopped 5 or 56 Hill et al., 2008a

Ryegrass hay, oats hay Ad libitum Chopped 8 Castells et al., 2012, 2013

Grass hay Ad libitum Chopped 6-8 Kosiorowska et al., 2011

Bromegrass hay 7.5-15 Chopped 5 Coverdale et al., 2004
Grass and legume blend

Alfalfa and timothy hay 67 3 Hibbs et al., 1956

Alfalfa and grass hay 15 van Ackeren et al., 2009

Grass legume silage 67 3 Conrad and Hibbs, 1956
Silage

Corn silage 30-60 Suarez et al., 2006a,b

Corn silage 33.7 Birth Block and Shellenberger,

1980

Corn silage, triticale silage Ad libitum 8 Castells et al., 2012
Straw

Barley, rye, wheat 5-60 Jahn et al., 1970

Barley straw 15-30 Chopped 10 Suarez et al., 2006a,b

Barley straw Ad libitum Chopped 8 Castells et al., 2012
Pasture/fresh grass

Pasture Ad libitum 4 Pounden and Hibbs, 1949

Pasture Ad libitum Conrad and Hibbs, 1956

Ryegrass Ad libitum 7 Phillips, 2004
Other fiber sources

Beet pulp 66.7 Pelleted 7 Addanki et al., 1966

Beet pulp 30.3-91.3 Ground Sudrez et al., 2006a,b

Corn cobs 56.7 Ground Conrad and Hibbs, 1956

Cottonseed hull 5-10 5 or 56 Hill et al., 2008a,b

Soybean hulls 15.5-46.4 Pelleted Suarez et al., 2006a,b

Wood pulp fines 11 Birth Block and Shellenberger,

1980
Cottonseed hull 15 2 Hill et al., 2009

To our knowledge, no review has summarized research
on the role of forage, concentrate, and feeding manage-
ment on rumen development and performance of dairy
calves during the transition from milk to solid feed. The
current paper has 3 aims; first, to review the available
literature on the role of solid feed and feeding manage-
ment in establishing rumen fermentation; second, to
understand how solid feeds affect the development of
the digestive tract and rumination behavior; and third,
to discuss how the nature of solid feed (concentrate and
forage) and feeding management affect growth of dairy
calves.

ROLE OF CONCENTRATE AND FORAGE
IN ESTABLISHING RUMEN FERMENTATION

A list of fiber sources, their physical form, and inclu-
sion levels in the diets of calves evaluated in selected
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studies is provided in Table 1. The effects of concentrate
and forage on rumen development parameters (rumen
weight and papillae growth, rumen motility and pas-
sage rate, rumen bacteria, rumen protozoa, fermenta-
tion end products, rumen pH, and buffering capacity)
are summarized in Table 2.

Anaerobic Rumen Microbial System

At birth, young ruminants possess no anaerobic
microbial population in the rumen. Establishment of
rumen microbiota is necessary for the physiological
development of the rumen and for the animal’s ability
to convert plant mass into products that can be utilized
by the animal for maintenance and production (Jami
et al., 2013). In adult ruminants, the rumen contains
a complex anaerobic microbial ecosystem comprising
various species of bacteria, protozoa, and fungi. During
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the first hours of life, the forestomach is rapidly colo-
nized by bacteria and the microbial density in the fluid
fraction of the rumen quickly reaches concentrations
as high as 10" cells /mL; strictly anaerobic bacteria be-
come predominant by the second day after birth (Fonty
et al., 1989). The establishment of a complex microbial
ecosystem is, however, a long process and depends on
many factors, including genetic background, age, man-
agement, and feeding conditions.

Under natural feeding conditions, when calves are
nursed by their mothers, they start acquiring anaerobes
from their dam, older peers, and the environment (e.g.,
contaminated pastures); in artificially reared calves, the
acquisition and establishment of the anaerobic rumen
ecosystem depends on the type of feed offered, housing,
and handling situations (Fonty et al., 1988; Beharka et
al., 1998). Previous literature has demonstrated that
at early stages of life, anaerobic acidophiles, coliforms,
lactobacilli, lactose fermenters, and some anaerobes
predominate in the rumen, and, with age, there is a
slow transition to the microflora typically found in the
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fully developed rumen (Fonty et al., 1989). Major func-
tional groups of ruminal bacteria including cellulolytic
bacteria, sulfate-reducing bacteria, and other hydrogen-
utilizing species such as methanogens can be found in
the rumen within the first week of life (Anderson et
al., 1987). Li et al. (2012a) characterized the rumen
microbiota of preruminant calves fed milk replacer us-
ing metagenomic tools. Those authors reported that ru-
men microbiota of young calves (14 d of age) displayed
a heterogeneous microbial composition and harbored
more numerous bacterial species and genera than did
older calves (42 d of age). Malmuthuge et al. (2014)
investigated the composition of the bacteria along the
gastrointestinal tract (GIT; e.g., rumen, jejunum,
ileum, cecum, and colon) of 21-d-old preweaned bull
calves using pyrosequencing to understand the segrega-
tion of bacteria between the mucosal surface and di-
gesta. Those authors described the rumen as containing
the most diverse bacterial population, consisting of 47
genera, including 16 rumen-specific genera, followed by
the large intestine and then the small intestine. These

Table 2. Summary of the effects of dietary concentrate and forage on rumen development

Parameter’ Concentrate® Forage® References

Rumen weight + ++ Tamate et al., 1962; Anderson et al., 1982; Sudarez et al., 2006b; Khan et
al., 2011b; Castells et al., 2013

Rumen volume/expansion + ++ Tamate et al., 1962; Zitnan et al., 1998; Castells et al., 2013

Papillae differentiation/growth ++ + Sander et al., 1959; Block and Shellenberger, 1980; Anderson et al., 1982;
Lesmeister and Heinrichs, 2005; Hill et al., 2009; Laarman et al., 2012;
Connor et al., 2013

Blood BHB/ketogenesis + + Laarman et al., 2012; Castells et al., 2013

Rumen motility /passage rate + ++ Tamate et al., 1962; Asai, 1973; Zitnan et al., 1998; Castells et al., 2013

Rumen bacteria Amylolytic Cellulolytic Fonty et al., 1983; Anderson et al., 1987; Minato et al., 1992; Franzolin and
Dehority, 1996; Beharka et al., 1998; Castells et al., 2013

Rumen protozoa — + Eadie, 1962; Fonty et al., 1983; Anderson et al., 1987; Minato et al., 1992;
Beharka et al., 1998

Total organic acids ++ + Anderson et al., 1982; Coverdale et al., 2004; Sudrez et al., 2006b, 2007;
Hill et al., 2009

Acetate:propionate - + Bull et al., 1965; Stobo et al., 1966; Coverdale et al., 2004, Hill et al., 2009;
Terré et al., 2013

Butyrate +-+ + Stobo et al., 1966; Zitnan et al., 1998; Coverdale et al., 2004; Lesmeister
and Heinrichs, 2005; Sudarez et al., 2006b; van Ackeren et al., 2009; Terré et
al., 2013

Lactate + Suarez et al., 2006b; Terré et al., 2013

Rumen pH — + Kay et al., 1969; Kellaway et al., 1973; Greenwood et al., 1997; Vizquez-
Anoén et al., 1993; Lesmeister and Heinrichs, 2004; Sudrez et al., 2006b;
Khan et al., 2011b; Laarman and Oba, 2011; Terré et al., 2013; Castells et
al., 2013

Buffering capacity /rumination - + Kay, 1960; Phillips, 2004; van Ackeren et al., 2009; Laarman and Oba,
2011; Castells et al., 2012, 2013; Terré et al., 2013

Rumen health/parakeratosis - + Bull et al., 1965; Kay et al., 1969; Hinders and Owen, 1965; McGavin and

Morrill, 1976; Greenwood et al., 1997; Suarez et al., 2006b; Castells et al.,
2013

"Parameters were measured (within 3 mo of age) in developing calves fed different amounts of milk or milk replacer, weaned at different ages
(4 to 8 wk of age) and housed on different bedding materials (no bedding, sawdust, and straw) individually or in groups. + = generally a posi-
tive effect on a parameter by a feed type; ++ = generally a more positive effect on a parameter by a feed compared with other feed (forage vs.
concentrate); — = generally a negative effect on a parameter by feed type.

*Concentrate = grain-based mashed, pelleted, textured, and crumbed feeds.

3F0rage = fresh, dried, or fermented grasses and legumes, fibrous crop residues (hulls, straw, cobs).
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results were similar to those of Li et al. (2012a), who
reported 45 bacterial genera belonging to 15 differ-
ent phyla in the rumen of milk-fed calves. Jami et al.
(2013) also reported a diverse rumen bacterial com-
munity in 1- to 3-d-old calves, which was dominated
by Streptococcus species. Although the rumen contents
of adult cattle fed a grain-based diet were reported to
contain more Prevotella than Bacteroides (i et al.,
2012b), young calves fed whole milk or milk replacer
mainly contained Bacteroides (Li et al., 2012a; Jami et
al., 2013). Malmuthuge et al. (2014) reported similar
levels of Prevotella (15.1%) and Bacteroides (15.8%) in
21-d-old dairy calves and suggested that starter feed
intake contributes to the development of the rumen
microbiome that adult cattle need to ferment plant
polysaccharides. Most studies undertaken on the rumen
microbiome of young calves do not evaluate the different
fractions of the rumen contents; however, Malmuthuge
et al. (2014) provided a comparison between the rumen
digesta- and mucosa-associated communities. These au-
thors argued that studies based only on rumen contents
fail to adequately describe the rumen microbiome of
calves. For example, they and others have described
more Bacteroidetes and fewer Firmicutes in the rumens
of preweaned calves than in adult ruminants (Chen et
al., 2011; Li et al., 2012b; Malmuthuge et al., 2014).
Collectively, the above literature indicates that younger
calves harbor a more diverse microbial population in
the rumen than older calves, and age, weaning, and
initiation of solid feed consumption affect the composi-
tion of rumen microbes. Furthermore, understanding
the rumen digesta- and mucosa-associated microbial
communities is needed to define the establishment and
role of rumen microbiota in developing calves.
Advances in microbiology, molecular and genomic
tools offer an opportunity to study the development
of microbiome (digesta plus epimural) in young calves
under different management, housing and dietary
conditions. The effect of weaning strategies, nature
(physical form and chemical composition), and amount
of solid feed eaten may be particularly important. For
instance, the type of solid feed and feeding regimen are
important factors influencing the rumen microbiome.
In isolated calves, some rumen microorganisms typi-
cally found in adult cattle fail to become established for
many weeks and even months after birth (Anderson et
al., 1982; Minato et al., 1992; Franzolin and Dehority,
1996). Under many commercial dairying conditions, the
transition from milk to solid feed (weaning) typically
occurs before the full microbial colonization of the ru-
men is complete (Fonty et al., 1983). A gradual decline
in facultative anaerobic population and a slow increase
in the number of anaerobic bacteria in early-weaned
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calves has been attributed to increased consumption of
starter feed and starch (Anderson et al., 1987). Greater
amylolytic and lower cellulolytic bacterial counts in
calves (Table 2) fed a ground diet (1 mm) compared
with those fed diets containing long particles (0.64-cm-
long forage and rolled grains) was reported by Beharka
et al. (1998). Depressed cellulolytic bacterial counts in
calves fed a ground high-starch diet could be attributed
to a low ruminal pH (Franzolin and Dehority, 1996).
More recent work from our own laboratories conducted
over the last 5 yr has indicated that dietary (i.e., provi-
sion of a forage source) and management factors (e.g.,
gradual weaning, grouping, social learning, and social
facilitation) can promote solid feed intake (e.g., Bach
et al., 2010; Khan et al., 2011b; de Paula Vieira et al.,
2012; Costa et al., 2015) in young calves. For example,
provision of chopped grass hay improves solid feed intake
during weaning and stabilizes the rumen pH in young
calves (Khan et al., 2011b; Castells et al., 2012, 2013).
Pair-housed calves begin to ingest solid feed sooner and
eat more solid feed during the milk-feeding phase com-
pared with calves housed individually (de Paula Vieira
et al., 2010), and individually housed calves that are
commingled preweaning (when milk is decreased) have
higher solid feed consumption than calves that remain
isolated (Bach et al., 2010). Furthermore, calves paired
soon after birth began to consume solid feed earlier than
late-paired (43 d of age) and individually housed calves,
likely contributing to the increased weight gains (Costa
et al., 2015). Greater solid feed intake and decreased
latency to eat novel feeds was found in calves reared in
complex social housing (calves housed with cows and
other calves) versus those reared individually (Costa et
al., 2014). These dietary and management factors that
affect the solid feed consumption in developing calves
likely also affect the establishment of the rumen mi-
crobiome. Social housing conditions, where calves are
kept with older peers or their dams (de Paula Vieira
et al., 2010; Costa et al., 2014), may also affect the
rumen microbiome directly through inoculation. Some
European work (Abecia et al., 2014) has assessed the
effects of natural rearing (with mother) versus artificial
feeding (milk replacer) in goat kids on colonization of
the rumen by the 3 main microbial groups over the first
4 wk of life. Those authors reported that feeding man-
agement before weaning (natural vs. artificial) had a
pronounced effect on microbial colonization and rumen
fermentation. The same research group demonstrated
that feeding forage versus concentrate around weaning
modified the rumen bacterial population of lambs and
that the effect persisted for more than 4 mo (Yénez-Ruiz
et al., 2010), even after all lambs were on the same diet.
A recent review (Yanez et al., 2015) further describes
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potential mechanisms involved in establishing rumen
microbiota early in life. From the above literature, we
can conclude that the nature of solid feed (e.g., forage
and concentrate), weaning method, and management
factors (e.g., grouping with peers or dam) may affect
foraging skills, feeding behavior, and inoculation of the
GIT, and promote initiation of solid feed consumption,
all of which could affect the microbiome in developing
calves. We encourage integrated research efforts involv-
ing animal management, nutrition, and microbiology to
more clearly elucidate the factors affecting the rumen
microbiome in calves.

Acquisition and establishment of anaerobic protozoa
and fungi have received little or no attention in young
ruminants. Below, we provide a summary of the work
conducted in developing calves to study establishment
of anaerobic protozoa during transition. Anaerobic pro-
tozoa are far less numerous than bacteria in the rumen,
but due to their greater size they represent a volume
nearly equal to that of bacteria in the mature rumen.
Minato et al. (1992) reported that protozoa colonized
the rumen of calves about 8 wk of age. Numbers and
types of protozoa are markedly affected by diet (Table
2), and the variability among protozoa populations
tends to be greater than that of bacterial populations.
Ciliate protozoa fail to establish unless bacterial com-
munities had previously colonized the rumen (Fonty et
al., 1988). Rumen protozoa were absent in individually
housed calves weaned at different ages (Anderson et al.,
1987) and fed diets differing in particle size (Beharka
et al., 1998). Low rumen pH was largely responsible for
the failure of ciliates to become established in calves
provided all-concentrate diets (Eadie, 1962). Thus, de-
layed establishment of protozoa in the rumen of calves
may be partly attributed to high grain feeding (no for-
age) and an acidic environment of the rumen (Beharka
et al., 1998; Minato et al., 1992; Franzolin and Dehor-
ity, 1996). We encourage further studies to understand
the establishment of anaerobic protozoa and fungi in
developing calves under different management and di-
etary situations.

Recent studies on the rumen microbiome in adult
cattle have demonstrated that the rumen “core micro-
biome” is variable among animals and remains stable
regardless of the differences in adult diets or host genet-
ics (Jami and Mizrahi, 2012; Petri et al., 2012). Others
have shown that despite swapping of ruminal con-
tents (Weimer et al., 2010) or inducing acidosis in cows
(Petri et al., 2013), the core microbiome is resistant
to change. Collectively, these studies demonstrate that
the core rumen microbiome is variable across animals
and surprisingly stable within an animal tested under
different diets and feeding situations. We suggest that
the period when calves transition from liquid to solid
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feed may provide a window for microbial programming
to manipulate the core rumen microbiome.

Ruminal Fermentation End Products

Acquisition of microbial populations and the pres-
ence of suitable substrates (i.e., liquid and solid organic
matter) triggers fermentation activity in the rumen.
Fermentation end products can be found in the rumen
of calves as early as the second week of age (Beharka et
al., 1998). Suérez et al. (2006b) reported that ruminal
VFA concentrations in calves (8 wk of age) fed concen-
trate diets were close to the range normally observed
in adult ruminants (120 to 160 mM, Bergman, 1990)
and to those observed in roughage-supplemented calves
(~120 mM, Vazquez-Anén et al., 1993; ~150 mM,
Zitnan et al., 1998). However, after calves start consum-
ing solid feed, the level and physical-chemical nature
of available substrate affects rumen microbial diversity
and subsequent fermentation patterns (Lesmeister and
Heinrichs, 2004). Concentrate diets generally favor
starch digesters in the rumen and tend to result in
increased butyrate and propionate molar proportions
at the expense of acetate (Schwartzkopf-Genswein et
al., 2003; Table 2). In contrast, forage intake promotes
cellulolytic microbial growth and results in increased
molar proportions of acetate in the rumen (Zitnan et
al., 1998). In summary, rumen fermentation starts at
a very young age and VFA concentrations increase
with increasing solid feed intake. Rapidly fermentable
dietary carbohydrates (e.g., sugars and starch) yield
more butyrate and propionate at the expense of ac-
etate in the rumen, whereas the incorporation of slowly
degradable carbohydrate (e.g., fiber) reverses this ef-
fect. It is important to note that the effect of various
carbohydrate fractions (sugars, starch, forage fiber, or
nonforage fiber) on rumen VFA concentration or com-
position in young calves is not clearly described in the
literature. Furthermore, it has been argued that the
concentration of VFA in the rumen is not appropriate
for use as an indicator of ruminal fermentation, given
the great variability in volume of rumen digesta liquid
(Hall et al., 2015). We urge additional research focused
on defining the requirements of various carbohydrate
and protein fractions needed within calf starter diets,
considering both dietary (e.g., nutrient fractionation)
and animal factors (e.g., absorption and passage rate),
on rumen fermentation and animal performance.

Starch sources, their dietary level, and type of process-
ing affect rumen VFA yield and composition. Amount
of starch eaten, starch granule size (1 to 38 pm), shape
(lenticular, polyhedric, or spherical), and interactions
between amylose and surface compounds can alter the
rate of enzymatic digestion of cereals, consequently af-
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fecting VFA concentration in mature (Bergman, 1990)
and developing (Hill et al., 2008a,b; Khan et al., 2008)
ruminants. Processing of grains (e.g., steam flaking,
steam-rolling, dry-rolling, and grinding) can fracture
the seed pericarp, disrupt the starch-protein matrix,
and increase the surface area for enzymatic action and
enhance fermentation rate (Huntington, 1997), likely
reducing rumen pH in calves (Lesmeister and Hein-
richs, 2004). Although the available literature indicates
that processing can be used to vary the rate of starch
fermentation in the rumen, it is not clear how different
starch sources and processing affect starch digestion
and contribute to meeting the energy requirements of
developing calves.

Rumen fermentation patterns in developing calves
can be affected by source, level, and processing of
dietary forage (Sudrez et al., 2006b; Castells et al.,
2013; Terré et al., 2013) and grains (Lesmeister and
Heinrichs, 2004; Khan et al., 2008). Terré et al. (2013)
found higher molar proportions of acetate and propio-
nate and lower butyrate and valerate in the rumen of
forage-fed calves compared with calves that received
no forage. Previously, Cline et al. (1958) described a
positive relationship between microbial growth and an
increase in the rate of valerate utilization. The lower
rumen valerate molar proportion observed by Terré et
al. (2013) in forage-supplemented calves may indicate
cellulolytic bacterial proliferation. Sudrez et al. (2006b)
demonstrated greater acetate and lower propionate
concentrations with the inclusion of straw in the diet.
Others (Zitnan et al., 1998) reported similar shifts
in rumen fermentation pattern with the inclusion of
dietary forage. It is not clear whether the increased
acetate molar proportions in the rumen are due to the
inclusion of dietary forage or an increase in rumen pH,
but work on continuous culture fermentors indicated
that a combination of both pH and type of substrate
were responsible for the fermentation pattern and con-
centration of particular VFA in the rumen (Calsamiglia
et al., 2008). Accumulation of ruminal fermentation
end products increases osmolality, causing the death
of certain bacteria and inhibiting feed intake (Carter
and Grovum, 1990). Thus, feeding diets to young calves
that result in a vigorous fermentation (i.e., highly fer-
mentable carbohydrates) may compromise intake and
ultimately performance.

Ruminal pH

Ruminal pH is crucial for normal rumen develop-
ment, rumen fermentation, and overall calf health.
Generally, rumen fluid pH is influenced by the rate of
fermentation and absorption of VFA, which in turn are
affected by passage rate of digesta and the buffering
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capacity of the rumen contents (Williams et al., 1987).
General effects of concentrate and forage on rumen
pH and buffering capacity are described in Table 2. In
artificially reared calves, rumen pH is highly variable,
influencing the rumen microbial ecosystem (Penner
and Oba, 2009; Laarman and Oba, 2011). Increased
acidity has a detrimental effect on certain rumen mi-
croorganisms. Low pH has important implications for
the composition of the microbial community, often
resulting in an undesired population shift and ineffi-
cient digestion of feed (Penner and Oba, 2009). Low
pH also decreases rumen motility (Krause and Oetzel,
2005) and increases keratinization of the papillae (Bull
et al., 1965), resulting in decreased blood flow to the
rumen mucosa and reduced VFA absorption (Hinders
and Owen, 1965). Ruminal acidosis can also cause liver
abscesses in calves (Bull et al., 1965; Kay et al., 1969)
and may lead to permanent damage to the rumen wall.
Available studies demonstrate the negative effects of
low rumen pH on performance and health of developing
calves. However, the severity of rumen acidosis caused
by different types of solid feeds, weaning method, and
feeding management is not yet clear.

Subacute ruminal acidosis (pH <5.8 for 3 h/d) is
well studied in feedlot cattle (e.g., Schwartzkopf-
Genswein et al., 2003) and dairy cows (e.g., Krause
and Oetzel, 2005) but has received scant attention in
the young calf. Many dietary factors, including source
of grain cereal, level and processing, roughage source,
feed particle length, feeding method, intake level, pro-
tein quality and level, postprandial time, and dietary
buffers, affect the ruminal pH (Williams et al., 1987;
Krause and Oetzel, 2005). Ruminal acidosis is perhaps
more likely in young calves due to their relatively low
production of saliva (Kay 1960), a natural buffer for
the rumen. Furthermore, when the rumen epithelium
is still underdeveloped, production of VFA may exceed
the absorptive capacity of the epithelium, causing the
rumen pH to fall (Williams et al., 1987). This is likely
exacerbated in calves consuming concentrate diets
containing processed grains (Lesmeister and Heinrichs
2004; Laarman and Oba, 2011). Rapid fermentation of
processed cereal grains may also result in high propor-
tions of lactate (a much stronger acid than VFA) in
the rumen. A negative correlation between rumen VFA
concentration and rumen pH in developing calves has
been reported (Castells et al., 2013; Terré et al., 2013).
Interestingly, Terré et al. (2013) found a stronger nega-
tive correlation between rumen VFA and rumen pH in
forage-supplemented calves than in those fed starter
feed only. Those authors showed that when rumen pH
was >b5.1, rumen VFA concentrations and rumen pH
were linearly correlated; however, when rumen pH was
<5.1, this relationship waned, implying that other fac-
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tors such as lactic acid may be influencing rumen pH
at that stage.

Unfortunately, the majority of studies to date (Tables
1 and 2) evaluating rumen pH in calves have sampled
rumen fluid at only a single time point between 1 and
12 h after feeding; this approach does not take into
consideration diurnal variation or the length and extent
of ruminal acidotic conditions. Continuous measure-
ment of ruminal pH in developing calves provides a
much clearer picture. Laarman and Oba (2011), using
electronic probes that enabled continuous monitoring,
reported rumen pH <5.8 for approximately 4 h/d in
calves fed milk and a starter feed. Similarly, Kristensen
et al. (2007) fed varying amounts of milk (3.1 to 3.8
L/d) to 5-wk-old rumen-cannulated calves and reported
that, regardless of treatment, the duration of ruminal
pH <6.2 exceeded 12 h/d, and found no correlation
between a barley-based concentrate and severity of
ruminal pH depression with concentrate intakes above
20 g of DM/d. Recently, Wood et al. (2015) reported
that the duration of rumen pH <5.5 increased after
weaning relative to preweaning, possibly contributing
to increased permeability in the rumen. They also
argued that higher intake of rapidly fermentable car-
bohydrates at weaning can induce ruminal acidosis and
may increase the concentration of antigens such as LPS
in the digesta and challenge the integrity of the rumen
epithelium. When taken together, these studies provide
some evidence that weaning method and consumption
of rapidly fermentable carbohydrates before weaning
can disposes calves to rumen acidosis and associated
anomalies. We suggest more work to understand the
dynamics of rumen pH in developing calves and its as-
sociation with the type of solid feed consumed, weaning
method, and feeding management using continuous
measurement methods.

Inclusion of forage or fibrous materials that do not
ferment rapidly (e.g., soyhulls) may be beneficial in
raising and stabilizing pH in the rumen. Dietary fiber
buffers the gastrointestinal tract via the fiber matrix
and the stimulatory effect of fiber on rumination and
salivation (McBurney et al., 1983). The inclusion of
dietary fiber through forage supplementation increases
rumen pH in both preweaned and weaned calves (Khan
et al., 2011b; Castells et al., 2012). Laarman and Oba
(2011) reported that hay intake was negatively corre-
lated with the severity of SARA with a breakpoint of
0.080 kg/d, suggesting that consumption of even small
amounts of hay mitigates rumen acidosis in calves. Cas-
tells et al. (2013) also reported increased expression of
a VFA transporter (mono-carboxylate transporter 1) in
the rumen epithelium of milk-fed calves that had ac-
cess to forage compared with calves fed pelleted starter
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feed only. The increased expression might aid in the
maintenance of rumen pH by promoting absorption
of protonated VFA (Graham et al., 2007). The effects
of the physical form of starter diets and inclusion of
various fiber sources (e.g., forage and nonforage) to
increase dietary NDF contents on rumen pH and fer-
mentation profile have been examined in several studies
(Sudrez et al., 2006a,b; Porter et al., 2007; Hill et al.,
2009). Collectively, the results indicate that the physi-
cal form and particle size distribution of the starter are
more important than fiber level in improving rumen
fermentation and initiating rumination (Porter et al.,
2007). However, this finding has now been questioned
by Terré et al. (2013), who found that forage provi-
sion, not just increased fiber content in the concentrate,
was required to increase rumen pH around weaning.
It is important to note that fiber sources, whether of
forage or nonforage origin, differ in their effectiveness
at stimulating chewing activity and saliva production
in adult cattle (Allen, 1997; Mertens, 1997; Zebeli et
al., 2012). Unfortunately, for calf diets, the amount
of forage or nonforage NDF required to develop and
stimulate rumination, saliva production, and stabilizing
rumen pH is not clearly defined. Although the asso-
ciation between rumen fermentation acid load and the
requirement for fiber has been extensively reviewed (see
Mertens, 1997; Zebeli et al., 2012) and requirements
for physically effective NDF (peNDF) are well defined
for adult cattle, an optimal balance between physically
effective fiber and readily degradable carbohydrates to
support healthy rumen development and fermentation
in the young calf is not yet clear. The above literature
collectively demonstrates that forage provision posi-
tively affects rumen functions and rumen pH in calves;
however, available studies are inconclusive in defining
the exact amount, source, method, and timings of for-
age provision to calves.

Rumen Buffering and Salivary Functions

The salivary gland in ruminants provides continuous
fluid and buffering for normal rumen function. Saliva
flow is affected by eating and chewing, but the parotid
gland has little ability to produce saliva in calves be-
fore 4 wk of age (Kay, 1960). Dietary concentrates are
often eaten at a faster rate, require less chewing and
regurgitation, and thus foster less saliva compared with
forages (Yang and Beauchemin, 2006). Jasaitis et al.
(1987) demonstrated that the buffering capacity of
feeds varies considerably; grains have low capacity, low-
protein grass roughages have intermediate capacity,
and high-protein roughages, such as legumes, have the
greatest buffering capacity. Sudrez et al. (2006a,b) ex-
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amined the inclusion of different roughages in veal calf
diets; these diets failed to maintain rumen buffering,
even at pH values close to optimal buffering capacity
(pH 5.0). The authors partly attributed this failure to
low saliva secretion because of underdeveloped salivary
glands in calves. In summary, it appears that both age
and dietary factors (e.g., initiation of feed intake, feed
particle size, and associated regurgitation) affect the
development of the salivary gland and saliva produc-
tion in young calves.

The particle size of forage or feed sorting can play role
in ruminal pH dynamics; increased particle size length
will increase time spent eating and time spent rumi-
nating (van Ackeren et al., 2009). Large particle size
promotes salivary flow to the rumen through greater
mastication and rumination (Hibbs et al., 1956). Given
that, in mature dairy cows, salivary buffer flow is esti-
mated to neutralize 30% of all protons produced in the
rumen (Allen, 1997), changes in salivary buffer flow
rate caused by variable hay consumption (Laarman
and Oba, 2011) or feed sorting (Costa et al., 2016a)
likely play an important role in influencing rumen pH
in calves. Furthermore, domestic ruminants balance
their intake of high-energy grain components with
forage that helps buffer the rumen against the acidic
by-products of carbohydrate fermentation (Krause and
Oetzel, 2006). Miller-Cushon and DeVries (2011) found
that calves fed either concentrate or hay during weaning
selectively consumed the familiar feed when switched
to a mixed ration. Provision of solid feed during pre-
weaning to calves as separate components (forage and
concentrate) compared with that offered as a mixed
ration reduces the extent of feed sorting after weaning
(Miller-Cushon et al., 2013). In a recent study, Costa
et al. (2016a) demonstrated that calves offered TMR
and concentrate throughout the milk-feeding period
preferentially consumed long particles from the TMR
after weaning. When offered only TMR postweaning,
calves preferentially consumed fine particles contained
within the TMR. These results indicate that young
calves are able to sort a TMR and can modify their
sorting behavior in response to changes in feed offered.
Costa et al. (2016a) also argue that sorting for longer
particles is evidence that calves are motivated to con-
sume forage when offered supplementary concentrate.
Calves provided forage have increased rumination
times (Phillips, 2004; Castells et al., 2012); however,
feed sorting might affect the development of rumina-
tion behavior and could challenge the developing calves
to stabilize their rumen pH. The available literature
provides little guidance in terms of understanding the
effects of various types of forages and amount of fiber
on the development of rumination, salivary function,
and rumen buffering.
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ROLE OF CONCENTRATE AND FORAGE
IN GUT DEVELOPMENT

The reticulorumen is underdeveloped at birth and
requires extensive morphological changes and physi-
ological adjustments before a calf is able to thrive on
solid feed (Baldwin et al., 2004). Rumen development
involves acquisition and establishment of a microbial
ecosystem, muscularization, and vascularization of the
wall, papillary development, and initiation of rumi-
nation and rumen motility. In the milk-fed calf, this
process has received considerable interest. Early work
investigated the effects of providing different diets on
ruminal development (see Brownlee, 1956) and, in the
years following, several studies recognized that initia-
tion of solid feed intake and composition could affect
various aspects of development (Tamate et al., 1962;
Sutton et al., 1963). Since then, numerous studies have
explored the relationship between rumen development
and the physical-chemical nature of solid feeds (e.g.,
Sudrez et al., 2006a,b; Hill et al., 2009). One study
(Connor et al., 2013) showed that transition from liquid
to solid feed alters the expression of more than 900
gene transcripts. These gene transcripts are involved in
lipid metabolism, cell morphology and death, cellular
growth and proliferation, molecular transport, and the
cell cycle.

Generally, the start of anaerobic fermentation trig-
gers metabolic development of the rumen. The presence
of fermentation end products (i.e., VFA) in the rumen
provides chemical stimuli required for epithelial prolif-
eration (Flatt et al., 1958; Sander et al., 1959). Sutton
et al. (1963) proposed that low rumen pH affects VFA
absorption and acts as a catalyst inducing papillae dif-
ferentiation. Differentiation and growth of squamous
epithelial cells promotes papillae length and width and
thickness of the interior ruminal wall (Baldwin et al.,
2004). The rank of growth stimulatory activity of VFA
(butyrate > acetate > propionate) follows the order in
which they are metabolized by the rumen epithelium
(Bergman, 1990). Increased blood flow through the
rumen wall (Sander et al., 1959), along with a direct
effect of butyrate and propionate (Galfi et al., 1991)
on gene expression, is proposed to trigger papillae
differentiation. Ruminal VFA concentrations, as well
as early and extended exposure to VFA, are thought
to induce the expression of genes (acetoacetyl-CoA
thiolase;  3-hydroxy-3methylglutaryl-CoA  synthase;
B-hydroxybutyrate dehydrogenase) responsible for ru-
men epithelial cell differentiation and metabolic activ-
ity (Baldwin et al., 2004; Connor et al., 2013).

Butyrate is believed to be the main stimulatory VFA
for ruminal epithelial development (Flatt et al., 1958;
Sander et al., 1959; Baldwin et al., 2004), and this is
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the main reason why grain-based starter feeds are often
recommended for the milk-fed calf. Extensive efforts
have focused on improving ruminal starch digestibility
by grain processing methods (e.g., cracking, crimping,
and flaking). Unfortunately, consuming starter feeds
containing a high proportion of grains with small par-
ticle sizes increases lactic acid production, lowers ru-
men pH, and reduces rumen microbial diversity (Kay et
al., 1969; Greenwood et al., 1997). The development of
the rumen mucosa is positively affected by rumen VFA
concentrations but negatively by rumen lactate concen-
trations (Sudrez et al., 2006b). Other negative effects
(including clumping of papillae, acidosis, rumenitis,
and parakeratosis of rumen epithelium) of providing
grain-based feeds have been reported in calves (Kay et
al., 1969; Sudrez et al., 2006a,b; Castells et al., 2013).
Increased keratinization, in conjunction with low pH,
reduces the activity of rumen papillae needed to absorb
VFA (McGavin and Morrill, 1976; Greenwood et al.,
1997).

It is important to note that under natural rearing
conditions, particularly when young ruminants are
kept on pasture with their dams, most nutrients and
stimulants for rumen development are derived from
fresh forages and milk. For example, Knott et al.
(2005) demonstrated a functional and well-developed
rumen at 60 d of age in both muskoxen and reindeer
calves consuming arctic plants. Large particle size and
bulk of forage provide physical stimuli to enhance ru-
men motility, muscularization, and rumen volume in
calves (Table 2). Physical stimulation through forage
consumption has been shown to result in increased ru-
men weight (Tamate et al., 1962; Khan et al., 2011b;
Kosiorowska et al., 2011). Other work has shown that
calves fed chopped hay had 10% more muscle and 10%
less mucosa in the rumen wall than calves fed concen-
trate only (Nocek et al., 1984). The benefits of feeding
forage on total rumen weight and gene expression were
shown by Castells et al. (2013), who reported increased
expression of mono-carboxylate transporter isoform 1
(MCT1) in calves provided forage; MCT1 is involved in
the absorption of lactate, acetate, and protons from the
rumen epithelium into the bloodstream (Graham et al.,
2007). Castells et al. (2013) further explained that due
to the enhanced proton export, intracellular pH likely
increased, and MCT1 may have improved absorption
of VFA from the lumen into the epithelium by simple
diffusion of protonated short-chain fatty acids and the
short-chain fatty acids/HCOj; exchange. Similarly, in-
creased expression of MCT1 and decreased expression
of Na*/H" exchanger, isoform 3 (NHES) was reported
by Laarman et al. (2012) in calves fed a starter feed,
hay, and milk. Connor et al. (2014) demonstrated that
grain feeding at weaning activates molecular pathways
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in rumen epithelium primarily related to the cell cycle,
which appear to be regulated by transcription fac-
tors, including forkhead box protein O1 (FOXO1) and
transforming growth factor-31 (TGFB1). Hay feeding
at weaning activates gene pathways participating in
energy production, in which estrogen-related receptor
a (ESRRA), likely in conjunction with peroxisome
proliferator-activated receptors (PPAR), may play a
prominent role in fatty acid absorption and metabo-
lism. Furthermore, TGFB1 and ESRRA were identified
as likely transcriptional regulators of rumen epithelial
development and energy metabolism, respectively, and
are potential targets for modulation of rumen develop-
ment and function in the growing calf. These studies
provide evidence that rumen metabolic development is
driven by the provision of both dietary forage and con-
centrates, and dietary forage is important to promote
the physical development of the rumen. It is important
to mention here that most of the studies illustrating
molecular changes in the rumen and gut of developing
calves have studied only a limited number of genes of
interest; evaluation of global changes in gene expression
occurring in the rumen and gut during transitioning to
solid feed is required to better understand mucosal de-
velopment, epithelial cell proliferation, cell metabolism,
and gut functions (see Connor et al., 2014).

Dietary forage likely contributes to the development
of the digestive tract more than just by providing bulk
and scratch to increase physical capacity, volume, and
motility. For example, providing roughage to calves can
reduce plaque formation, improving the macroscopic
appearance of the rumen wall (Sudrez et al., 2006b).
Anomalies (e.g., ruminal acidosis, depressed intake,
papillae branching, and parakeratosis of the rumen)
associated with high grain feeding in young calves can
be avoided by feeding forage (Greenwood et al., 1997;
Laarman and Oba, 2011). Kristensen et al. (2007) sug-
gested that digestible fiber in a calf diet can replace
barley and wheat starch, and this approach can pre-
vent SARA. Intestinal inflammation associated with
dietary adaptation in ruminants is well documented
and attributed to increased VFA production, SARA,
and LPS from gram-negative bacteria in the rumen
(Gozho et al., 2006; Penner et al., 2011). Connor et
al. (2013) proposed that solid feed, particularly hay,
stimulates TRIM40 (tripartite motif containing 40)
mRNA expression, protecting the epithelial mucosa
from inflammation via inhibition of NF-kB (nuclear
factor kappa-light-chain-enhancer of activated B cells)
activity. Taken together, these studies indicate that di-
etary forage can promote rumen development and help
maintain gut health in developing calves.

It is important to note that almost all studies to
date on GIT development in calves have been focused
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primarily on promoting solid feed intake at the expense
of milk allowance (Khan et al., 2011a). However, im-
proved development of the small intestine in calves
fed whole milk (versus those fed a milk replacer) and
positive correlations between small intestine and reticu-
lorumen weights were reported by Gorka et al. (2011).
Furthermore, both the quality and amount of liquid
feeds appear to affect gastrointestinal development in
calves (Goérka et al., 2011; Naeem et al., 2012). For ex-
ample, provision of more nutrients through liquid feed
to developing calves induced changes in mRNA expres-
sion of proteins (e.g., peroxisome proliferator-activated
receptor-0) involved in promoting growth of ruminal
epithelium (Naeem et al., 2012). This study also found
that the expression of genes involved in cellular pro-
liferation (INSR, FOXO1, and AKT3) was greater in
calves fed high amounts of liquid feed and corresponded
to increased serum insulin concentrations. Shen et al.
(2004) found greater IGF-1 concentrations in plasma,
increased papillae size and surface area of rumen epi-
thelium, and an enhanced net flux of Na" across the
isolated rumen epithelium in goat kids fed high energy
levels. Thus, we conclude from the evidence presented
above that rumen development is driven not only by
the presence of VFA and bulk in the rumen, but also
by the nutrients supplied from liquid feed, and that the
development of the rumen and the small intestine are
linked. Therefore, it is important to adequately bal-
ance the provision of liquid and solid feed (both from
concentrate and roughage) to maximize nutrient intake
and gut development.

ROLE OF DIET IN THE DEVELOPMENT
OF RUMINATION BEHAVIOR

Rumination refers to a process of regurgitation of
ingested feed from the reticulorumen into the mouth,
where the bolus is masticated, mixed with saliva for
30 to 60 s, and then swallowed again. Rumination
is absent in newborn ruminants and development of
rumination behavior is critical in stabilizing rumen
fermentation (rumen pH and particle size of digesta)
and rumen emptying (Baldwin et al., 2004). Generally,
rumination increases the surface area of ingested feed
by decreasing the particle size and thus reduces the lag
time to fermentation, and increases the digestion and
passage rate of digesta from the rumen. Furthermore,
rumination results in a continuous supply of fluids and
buffers (sodium bicarbonate) into the rumen that aid in
neutralizing the acid produced during the fermentation
process and thus helps to maintain rumen pH required
for normal rumen function.

Development of rumination in calves is affected by
age and solid feed consumption (Asai, 1973; Quigley
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et al., 1992). Once solid feed consumption is initiated,
calves start ruminating, as young as 3 wk of age (Quig-
ley et al., 1992; Morisse et al., 2000; Khan et al., 2008).
Development of rumen motility is essential for the ini-
tiation and regulation of regurgitation. Calves display
weak reticulorumen movements before the initiation
of solid feed intake, but regular, strong cyclic contrac-
tions increase as calves age and begin to consume solids
(Asai, 1973). Calves fed both concentrates and rough-
age were shown by Asai (1973) to have active biphasic
movements of the reticulorumen beginning between 6
and 8 wk of life. The available literature indicates that
the presence of forage bulk and fermentation end prod-
ucts in the rumen is needed to initiate the development
of these biphasic movements essential for regurgitation,
digesta flow, and removal of fermentation waste from
rumen.

Rumination time and solid feed intake are highly
correlated for young dairy calves (Swanson and Harris,
1958), with rumination time increasing after weaning
with increasing solid feed intake (Hepola et al., 2008).
Rumination time tends to level out at approximately
5 h/d (Swanson and Harris, 1958; Margerison et al.,
2002; Hepola et al., 2008). Longer and more frequent
rumination was observed in calves raised in groups com-
pared with those individually housed (Phillips, 2004),
likely due to earlier initiation and greater consump-
tion of solid feed in the grouped calves (Hepola et al.,
2008; Bach et al., 2010; de Paula Vieira et al., 2010).
In summary, the available literature to date indicates
that initiation of solid feed and the amount eaten are
the primary factors in initiating rumen motility and
thereby regurgitation in calves.

Carbohydrate fractions (starch and fiber) and
particle length of the diet are considered important
factors affecting rumination in cattle (Schadt et al.,
2012). Porter et al. (2007) demonstrated that calves
fed a texturized calf starter feed began ruminating by
4 wk of age and spent 21% of their time ruminating.
In comparison, calves fed a pelleted starter feed did
not begin ruminating until wk 6 and spent only 9%
of the time ruminating. Hodgson (1971) reported that
12-wk-old calves fed dried long grass alone ruminated
about 7.5 h/d compared with only 2 h/d in calves fed
pelleted grass. van Ackeren et al. (2009) found that
calves receiving a low-fiber TMR (26.2% NDF) spent
less time chewing compared with calves fed a high-fiber
TMR (31.3% NDF). Moreover, in the same study, a
tendency was noted for a reduced number of rumina-
tion chews and rumination bouts for calves fed low-
fiber diets. The stimulation of rumination associated
with forage intake (Table 2) may also promote and
accelerate rumen development (Williams et al., 1987;
Williams and Frost, 1992), allowing calves to make use
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of forages at an earlier age. Two recent studies (Castells
et al., 2012; Terré et al., 2013) have reported increased
rumination time in calves fed a pelleted starter feed
plus a forage source compared with those fed a pelleted
starter feed alone, regardless of the amount of fiber
in the pelleted starter feed. Previous work has shown
that the time spent ruminating is greater in calves pro-
vided grass compared with those provided only starter
feed (~5.5 vs. 4.2 h/d) at 7 wk of age (Phillips, 2004).
These results indicate that solid feed consumption, feed
particle size, and type of solid feed (e.g., concentrate,
forage, TMR) all affect the development of rumination
behavior. Management decisions (e.g., weaning age and
method, amount of milk, and social facilitation) that
affect solid feed intake, including the provision of forage
(Khan et al., 2012; Costa et al., 2014), can affect the
development of rumination behavior. Dairy cattle are
eventually transitioned to high-forage diets, and delays
in the ability of calves to process these diets may result
in poor performance.

GROWTH PERFORMANCE OF CALVES

Effect of Composition and Physical Form
of Starter Feed

Commercial starter feeds are pelleted, mashed, or
textured, with the latter consisting of a mix of coarsely
rolled or ground grains, whole grains, and some pellets.
Collectively, these ingredients are intended to provide
the energy, protein, minerals, and vitamins needed to
meet the nutrient requirements of the young calf. Spe-
cial attention is placed on the palatability of starter
feeds to foster intake (Sander et al., 1959; Tamate et
al., 1962; Montoro and Bach, 2012). Research on im-
proving starter feeds has focused on different sources
and inclusion levels of carbohydrates (e.g., Maiga et al.,
1994; Khan et al., 2008; Hill et al., 2008a,b), processing
techniques (e.g., Abdelgadir and Morrill 1995; Lesmeis-
ter and Heinrichs, 2005; Bateman et al., 2009), their
physical form (e.g., Franklin et al., 2003; Coverdale et
al., 2004; Bach et al., 2007), and the potential benefits
of including feed additives in starter feeds (e.g., Bun-
ting et al., 2000; Gérka et al., 2011; Terré et al., 2015).

Corn, rice, barley, wheat, oats, and sorghum are com-
monly used as starch sources in calf starter feeds. Maiga
et al. (1994) fed calves pelleted diets containing corn,
barley, and whey, and found the highest BW gains in
calves fed corn. Khan et al. (2007) fed calves pelleted
starter feeds containing equal amounts of starch from
corn, oats, barley, or wheat and reported that calves
on the corn diet consumed more solid feed (starter feed
and hay) and gained more weight than calves fed the
barley, oats, or wheat diet. Replacing corn in starter
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feeds with molasses, sucrose, or soybean hulls reduced
postweaning BW gain by 10 to 14% (Hill et al., 2008b),
but replacing corn with whole oats did not reduce
BW gain, suggesting that oats may be an acceptable
substitute for corn. Differences in physical-chemical
attributes of corn, barley, oats, and wheat could alter
the rate of enzymatic digestion (Svihus et al., 2005).
Slow rates of digestion increase the proportion of starch
bypassing the rumen (Svihus et al., 2005), and the site
of starch digestion along the gastrointestinal tract may
affect performance and feed efficiency. The available
information to date indicates that starch sources and
how they are processed can change the rate of starch
fermentation and site of starch digestion; however, fur-
ther studies are required to quantify such effects and
how they affect calf performance.

Soybean meal, canola meal, cottonseed meal, sun-
flower seed meal, linseed meal, and corn gluten meal
are commonly used as protein sources in calf starter
diets. Commercial calf starter feeds are recommended
to contain 18% CP on a DM basis (NRC, 2001) with
no apparent growth advantage observed when protein
levels were increased above 22% (Akayezu et al., 1994;
Hill et al., 2007). Soybean meal is the most commonly
used protein source in calf starter feed (Drackley, 2008).
Other vegetable protein sources such as rapeseed meal
(Schrama et al., 1986), cottonseed meal (Hollon et al.,
1958), sunflower meal (Stake et al., 1973), and corn
gluten meal (Terui et al., 1996) have also been stud-
ied; however, in general, replacement of soybean meal
with other protein sources reduces intake and BW gain
(Schrama et al., 1986), likely due to the presence of an-
tinutritional factors, relatively poor amino acid profiles,
and lower palatability of different oilseed meals com-
pared with soybean. Suarez-Mena et al. (2011) evalu-
ated corn dried distillers grains with solubles (DDGS)
in starter diets and reported decreased BW gain (6 to
10%) and decreased DM digestibility by 10% in 7-wk-
old calves with the inclusion of 39 to 49% DDGS in
their diets. Whether lower inclusion rates (e.g., <20%
DDGS) might be more safely included in starter feeds
remains to be seen.

In general, the fat content of starter feeds is low
(~3-4%); higher levels are generally associated with re-
duced intake and depressed weight gains (Doppenberg
and Palmquist, 1991). However, Hill et al. (2009) found
that supplementing ruminally inert fat to a corn and
soybean meal-based diet resulted in increased weight
gain and improved feed efficiency. Recently, Araujo et
al. (2014) compared the performance of calves offered
either restricted amounts (4 L/d) of milk replacer or
6 L/d along with either a low-fat (4.1%) or a high-
fat (11.2%) starter feed. The authors reported that,
when offering 6 L/d of milk replacer, feeding a high-fat
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starter feed was beneficial for BW gain after weaning,
mainly due to higher energy intakes after weaning.

Processing of ingredients can alter the rumen fermen-
tation pattern and passage rate of digesta (Huntington,
1997), thereby affecting solid feed consumption in
young calves (Lesmeister and Heinrichs, 2004; Bateman
et al., 2009). Mechanical and chemical modifications
during feed processing increase the surface area for
fermentation and improve starch digestibility of grains
(Huntington, 1997; Lesmeister and Heinrichs, 2004).
Starch availability is typically greatest when adult
cattle are provided steam-flaked grains, followed by
finely ground, and then dry-rolled grains, and is lowest
in whole grains (Huntington, 1997); no information is
available for calves although feed intake is generally de-
pressed in calves offered starter feeds with fine particles
(Kertz et al., 1979; Bateman et al., 2009). Results from
Porter et al. (2007) and Hill et al. (2008a) suggest that
starter feeds should contain more than 75% of particles
>1,190 pm in length, and there is evidence that starter
feeds with large amounts of fine particles depress solid
feed intake and BW gain relative to feeding textured
starter feeds (Bateman et al., 2009). Unfortunately,
“textured” is poorly defined in the literature and it is
not clear what specific attributes of textured feed are
beneficial.

Many studies (e.g., Owen and Larson, 1986; Bach et
al., 2007; Porter et al., 2007; Hill et al., 2008a) have
evaluated the effects of the physical form (e.g., mashed,
pelleted, and textured) of the starter feed on intake and
growth, but results of these studies have been inconsis-
tent for young calves. For example, Bach et al. (2007)
and Porter et al. (2007) reported greater solid feed
consumption in calves fed coarse versus pelleted starter
feeds. In contrast, Bateman et al. (2009) observed no
differences in intake when comparing a pelleted starter
feed with a textured starter feed. Such differences
among studies may be attributed to the differences
in processing methods and variation in the physical-
chemical structure of starter feeds among studies.

Effect of Forage Supplementation

For the past 2 decades, forage feeding has not been
recommended for dairy calves during the prewean-
ing period. However, when allowed access to pasture,
calves begin nibbling grass within the first few weeks
of life (Tedeschi and Fox, 2009). Herbivores use sight,
smell, and taste to locate nutritious plants (Mirza and
Provenza, 1990, 1994). Interactions with the mother
(Mirza and Provenza, 1990) and peers combined
with the consequences of feed ingestion (Mirza and
Provenza, 1994) help young ruminants select forage
efficiently at an early age. Studies on beef calves have
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shown that forage consumption is influenced by the
amount of suckled milk and by the availability and
quality of available forage (Wright and Russel, 1987).
As occurs with starter feeds, forage intake per unit of
BW is greater for calves receiving reduced quantities
of milk (Tedeschi and Fox, 2009). The above literature
indicates that young calves can start consuming forage
at a very young age, they learn foraging skills from
their peers, and intake of forage increases with reduced
milk supply around weaning.

On many commercial dairy farms, calves are pro-
vided ad libitum access to starter feed during the first
few months of life with little or no access to forage.
Calves are then typically switched to restricted starter
feed and free-choice forage in the weeks after weaning
(Drackley, 2008). In pastoral systems, dairy calves are
fed a variety of solid feeds during milk-feeding phase
and then weaned onto pasture. Heifers reared on a con-
centrate-only diet before weaning eat less forage after
weaning compared with calves reared on a forage plus
concentrate before weaning (Khan et al., 2012), likely
due to differences in abilities to ingest, accommodate,
and digest forage. Miller-Cushon et al. (2013) reported
that exposure to a ration containing finely ground for-
age can increase feed sorting when calves are later fed a
ration containing coarsely chopped forage. The nature
of solid feed (e.g., provision of forage, feed particle size,
and feeding method) provided to calves early in life can
affect foraging ability, forage intake, feed sorting, and
feeding behavior after weaning.

Individually reared calves may be reluctant to ac-
cept forages. Food neophobia refers to avoidance and
reluctance to taste unfamiliar foods and is well known
in ruminants (Chapple and Lynch, 1986). Costa et al.
(2014) found that rearing calves in social groups helps
to reduce food neophobia. Furthermore, early socializa-
tion during the milk-feeding phase improves solid feed
consumption (including forage intake) and helps transi-
tion calves to new social and feeding environments (de
Paula Vieira et al., 2010, 2012). These effects of social
housing on feeding behavior are consistent with data
indicating that individual housing results in cognitive
deficits and heightened responses to novelty (Gaillard
et al., 2014; Meagher et al., 2015). Delayed acceptance
of new food items can be a welfare and production
concern, as dairy cattle are often exposed to new feed
types. Individual rearing may reduce the calf’s ability
to adapt to changes in feed and perhaps other changes
in their environment (Costa et al., 2014). A recent
study by Costa et al. (2016b) investigated whether be-
ing grouped with experienced dairy cows would affect
the development of grazing behaviors in naive animals.
This study demonstrated that providing heifers with
pasture-experienced social companions when first in-
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troduced to pasture promotes a more rapid onset of
grazing and helped improve the transition to pasture.
Together, these results indicate that individual housing
is not ideal in preparing the growing calf for dietary
transitions.

Numerous studies (Hibbs et al., 1956; Leibholz, 1975;
Hill et al., 2008a,b) have argued that feeding forage
(hay or straw) to preweaned dairy heifers reduces
starter feed and overall DM consumption. Collectively,
these studies suggest that low fermentation rates of
fibrous material in the rumen increase gut fill and thus
reduce intake of the more energy-dense starter feed.
However, others (Kincaid, 1980; Phillips 2004; Sudrez
et al., 2006a; Castells et al., 2012) reported either an
increase in starter feed intake or no effect on DMI
with the inclusion of forage. Coverdale et al. (2004)
found that inclusion of forage increased total DMI in
calves through positive effects on ruminal environment
(pH and acid load). Sudrez et al. (2006a) substituted
concentrate for different roughage (dried hay, silage,
straw) in the diets of calves and concluded that sub-
stitution of part (30% of total DM) of the concentrate
with roughage did not affect DMI. Khan et al. (2011b)
demonstrated that provision of chopped hay to calves
fed high volumes of milk at an early age promoted solid
feed intake and did not affect empty BW gain. Fur-
thermore, early exposure to hay promoted forage and
nutrient consumption after weaning, compared with
calves receiving no forage (Khan et al., 2012). Montoro
et al. (2013) fed a mixed ration containing (on a DM
basis) 90% crumb starter concentrate with either 10%
coarsely chopped (3 to 4 cm) grass hay or 10% finely
ground (2 mm) grass hay, and observed greater feed
consumption and feed efficiency in calves fed coarse for-
age than those fed fine forage. Furthermore, heifers fed
a starter feed and hay before weaning consumed more
feed, were taller, and had smaller bellies after weaning
than calves that had previously received starter feed
alone (Khan et al., 2012).

Castells et al. (2012) evaluated inclusion of various
forages in the diets of young calves and found that
the provision of chopped grass hay or grass silage
improved intake and gains without impairing nutrient
digestibility and gain-to-feed ratio. The highest intake
of starter feed and overall performance was obtained
when chopped oat hay, chopped barley straw, or triti-
cale silage was offered ad libitum from 2 wk of age
until weaning. These benefits were not observed when
calves were fed chopped alfalfa ad libitum along with a
pelleted starter feed, perhaps because calves consumed
much more forage (14% of total solid DM vs. 4% when
fed chopped oats hay; Castells et al., 2012, 2013). To-
gether, these results indicate that forage supplementa-
tion can promote total solid feed consumption and true
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BW gain in calves, but highly palatable forages (i.e.,
fresh grass) or low digestible forage (i.e., straw) may
depress starter feed intake and BW gain, and increase
gut fill.

There have been concerns about the potential con-
founding effects of gut fill when introducing forages to
young calves (i.e., apparent gains could be driven by
differences in gut fill). For instance, Stobo et al. (1966)
limited starter feed and offered hay at different propor-
tions (from 4 to 61% of total solid feed intake) and
reported an increase in gut fill from 24 to 33% of total
BW, with increasing amounts of total solid feed. Simi-
larly, Strozinski and Chandler (1971) and Jahn et al.
(1970) reported an increase in gut fill from about 7 to
10% and 20 to 24% when feeding 0 to 5% or 60 to 90%
inclusion of hay in the diet of calves, respectively. In-
terestingly (and contrary to what would be expected a
priori), provision of chopped oat hay to calves improved
rumen passage rate and tended to improve ADG over
time, without increasing gut fill (in fact, gut fill was
reduced by feeding oat straw) compared with feeding
only a pelleted starter feed (Castells et al., 2013). The
increased passage rate is largely explained by increased
total DMI (about 23% more than the intake observed
in calves fed the pelleted starter feed only; Castells et
al., 2012, 2013). Providing forage during the milk feed-
ing period may bring additional benefits. For instance,
access to forage reduces the frequency of calves licking
their buckets and pens, vocalization, the time spent
investigating their pen (Phillips, 2004), and stereotypic
behaviors (Castells et al., 2012; Terré et al., 2013).
Thus, gut fill in calves appears to differ with the type
of forage provided and the amount eaten; however,
future work addressing the role of dietary forage and
fiber sources for young ruminants will help to further
understanding of the links between diet composition,
passage rate of digesta, gut fill, and performance.

IMPLICATIONS

Under conventional milk feeding systems, calves are
provided restricted amounts of milk and weaned onto
textured or pelleted starter feeds offered ad libitum
until a few weeks after weaning. The high grain intake
supplies rapidly fermentable carbohydrates that yield
propionate and butyrate and initiate rumen papillae
differentiation. Introducing forage during the prewean-
ing period has long been discouraged, as forage is less
energy dense and thought to displace concentrate in-
take and shift rumen fermentation in favor of acetate,
potentially delaying rumen papillae differentiation.
However, grain-based starter feeds prompt the produc-
tion of VFA, build lactic acid, and reduce the rumen
pH in young calves, promoting conditions that result in
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decreased blood flow to the rumen wall and reduced ru-
men motility, which combined can cause hyperkeratosis
and parakeratosis of ruminal epithelium. The provision
of high-starch and low-fiber starter feeds to young
calves may also delay the development of rumination.

The results of recent research suggest that providing
access to forage does not necessarily reduce starter feed
intake or impede BW gain. Rather, inclusion of dietary
forage may help by maintaining a higher rumen pH
by promoting rumination and salivary secretion. Un-
derstanding the salivary gland development and role
of dietary forage in buffering the rumen of calves are
important areas for future research. Furthermore, we
speculate that the period when calves transition from
liquid to solid feed provides a window for microbial
programming to manipulate the rumen microbiome. It
is important to note that both the physical form of
starter diets and their chemical composition can affect
development in calves. Further research is required to
identify an optimal balance between physically effective
fiber and readily degradable carbohydrates in calf di-
ets to support development of healthy gut and rumen,
rumination behavior, and growth in young milk calves.

Intensive feeding programs, feeding relatively large
quantities of milk (e.g., 20% of BW or ~8 L/d for Hol-
stein calves), and gradual weaning can improve feed
efficiency, reduce incidence of disease, provide greater
opportunity to express natural behaviors, and poten-
tially improve future lactation performance (Khan et
al., 2011a; Soberon et al., 2012; Soberon and Van Am-
burgh, 2013). However, Bach (2012) suggested that it
is likely the total nutrient supply (from both milk and
solid feed), rather than total amount of milk offered,
that explains the improvements in milk yield at adult-
hood. Thus, with increasing interest in feeding high
volumes of milk early in life, it is important to reex-
amine the role of different types of solid feed, including
forage and concentrates, on the microbial, metabolic,
and physical development of the gastrointestinal tract.
Almost all studies to date on the effects of forage on
rumen development have been carried out on calves
fed restricted amounts of milk; more work is required
to develop solid feed management programs for calves
provided higher quantities of milk before weaning.
Furthermore, the economic and welfare effects of dif-
ferent feeding practices, and the long-term consequence
on animal productivity and the environment should be
considered when devising feeding recommendation for
sustainable dairy production.
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