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Introduc on

is important, it is also crucial to ensure that heifers
calve with an adequate body weight (BW). Evidence
from the literature (Hoﬀman and Funk, 1992; Bach
and Ahedo, 2008) suggest that age at first calving has
li le correla on with milk produc on during the first
lacta on provided AFC is above 22 months, and BW
seems to have a larger eﬀect on milk produc on than
age. Bach and Ahedo (2008) showed that for every
70 kg of BW at calving, an increase of 1,000 kg of milk
yield during the first 305 d of the first lacta on could
be, on average, expected. Therefore, a reasonable
target for raising dairy heifers under intensive condions would be achieving a first calving between 22
and 24 months with a BW about 650 kg, or assuming
an 11% loss in BW a er parturi on, a BW a er calving of about 580 kg.

Improving performance and profits of dairy enterprises focuses typically on feeding and managing the
lacta ng herd. However, this approach o en results
in a less-than-desirable a en on to decisions pertaining to calves and heifers. This less-than-desirable
a en on to calves and heifers is likely to be one
the most important reasons behind the astonishing
failure rate of the new products of the dairy industry
(i.e. heifers a er first calving). Several studies report
that between 9 and 17% of the heifers that reach
first calving do not finish the first lacta on (Bach,
2011; Sherwin et al., 2016). This figure is due to many
aspects, but basically, it is related to a combina on
of inadequate nutri on and rearing prac ces coupled
with lack of suﬃcient on-farm informa on to properly manage young stock. Contrarily to the situa on
in lacta ng cows, where management is based on
records of milk yield, milk composi on, feed intake,
body condi on, etc..., the most common situa on
in heifer rearing is that management is based on
“feeling” rather than being based on methodic data
collec on and record keeping. This ar cle will review
several nutri onal aspects aimed at improving performance of calves through nutri on and management with special emphasis on poten al long-term
eﬀects on produc vity and health.

Thus, the ques on becomes what is the best growth
curve to achieve 650 BW at 22 months. Most producers believe that the most expensive rearing period
of calves is between birth and weaning (due to high
feed costs and labor intensive procedures). This is
partly true: the cost of each kilogram of feed (either
starter concentrate or milk replacer) is, in many
occasions, the greatest among the feeds in a farm.
However, this does not directly imply that the return on the investment associated with pre-weaned
calves are the greatest. The goal when rearing calves
is to achieve 650 kg at 22 months of age, thus, calves
need to put about 540 kg (580 kg of final BW minus
40 kg of BW at birth) of true BW (not accoun ng for
the placenta and the baby calf they will carry during the last 9 months). Ironically, and despite that
the unit cost of starter feed and milk replacer (MR)
are high, every kilogram of BW achieved during the
first 2 months of life is less expensive that a kilogram deposited when the heifer is 18 to 20 months
of age. The reason for this is that feed eﬃciency
(the propor on of feed that is converted into BW) is
greatest (about 60%) during the first 2 months and
lowest during the last months of pregnancy (about
7%). Thus, the high eﬃciency of conversion of MR
and starter feeds oﬀsets their high costs, and growing fast during the 2 months is more economically
advantageous than postponing the deposi on of
these kilograms during the last phase of the rearing
period (despite unitary feed cost are fairly low at that

Economic Consequences of Calf Rearing
Raising dairy replacements properly may represent
important economic savings and lead to a reduced
environmental impact of the dairy enterprise.As an
example, a dairy herd milking 100 cows, can generate
an anual net-profit of ~10,000 $US just by reducing age at first carving (AFC) from 28 to 24 months.
Genera ng the same economic profit through improvements in milk produc on, with 100 cows, would
require to increase average daily milk yield by at least
6-7 kg per cow and day. Both target (decrease AFC
or increase milk produc on) are doable, but the first
one is much easier and plausible to a ain that the
la er; however, in many instances producers and
consultants strive to increase a couple of liters milk
yield whereas much greater profits could be gathered by decreasing AFC. Nevertheless, not only age
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stage). More important, the most economically efficient growth during the rearing process occurs a er
weaning, when calves can u lize solid feed (rela vely
inexpensive at that age) with feed eﬃciencies around
30% (Bach et al., 2017b).

(i.e., vitamin B12 and folic acid) during pregnancy
has an eﬀect of the epigenome of the oﬀspring, and
the changes in methyla on pa ern of the oﬀspring
diﬀers between daughters born to heifers compared
with daughters born to lacta ng cows (Figure 1).
However, we do not yet know whether these changes
exert a posi ve or nega ve influence in performance
at adulthood. Jacometo et al. (2016) reported that
supplemen ng lacta ng dams with methionine (a
methyl-donor) resulted in calves that underwent
a faster matura on of gluconeogenesis and fa y
acid oxida on in the liver, which would be advantageous for adap ng to the metabolic demands of
extra-uterine life. On the other hand, the long-term
eﬀects associated with greater planes of nutri on
could also be mediated by non-epigene c changes.
For instance, feeding a MR rich in linolenic acid (1.5%
of the total DM) compared with a regular MR (providing 0.45% of linolenic acid) modified the expression of hepa c genes, including genes predicted to
decrease infec ons and to increase lipid u liza on
and protein synthesis (Garcia et al., 2016). However,
whether these changes were just a result of diﬀerences in metabolic pathways or a consequence of
epigene c changes (which would then have a sustained response) was not determined in that study,
but it is likely that the observed eﬀects were a result
of both, metabolic ac vity and some changes in the
epigenome. Geifer et al. (2017) hypothesized that
increased planes of nutri on during the pre-weaning
period enhances the responsiveness of the mammary
ssue to mammogenic s mulus as they reported an
increase in the expression of estrogen receptors in
the mammary gland of animals fed increased planes
of nutri on compared with tradi onally-fed calves.

Performance at Adulthood as Aﬀected by Plane of
Nutri on Early in Life
Before birth
It is well established that nutri on represents one
of the greatest environmental determinants of an
individual’s health and metabolic ac vity, and that
it is likely that today’s cow, with high milk yield but
also reproduc ve and metabolic challenges, is not
only a consequence of gene c selec on, but also the
result of the way her dam was fed and the way she
was fed early a er birth (Bach, 2012). However, the
mechanisms involved in orchestra ng the interacon between nutri on and gene c and epigene c
modifica ons is fairly unknown, and thus the potenal long-term eﬀects of nutri on through modificaons of gene expression are o en overlooked.
Figure 1. Cluster analysis of CpG sites diﬀeren ally
methylated (P < 0.01) in the oﬀspring born to lactating (A) dams or heifers (B) that received a supplementa on of methyl donors or a placebo during
early pregnancy. Control lacta ng dams received a
placebo, whereas MET dams received weekly administra ons of 200 mg of folic acid and 20 mg of vitamin
B12. Control heifers received a placebo, whereas
MET dams received weekly administra ons of 100
mg of folic acid and 10 mg of vitamin B12. (Adapted
from Bach et al., 2017a)
A)

B)

Liquid Feeding
Right a er birth, we must ensure that the newborn
calf receives an adequate amount of an bodies and
nutrients to avoid illness during the early stages of
life. Most emphasis in colostrum has been placed on
immunity and we have o en forgo en that colostrum provides a large amount of nutrients (mainly
protein and fat). Calves, only receive colostrum 2 or
3 mes and then they are moved to whole milk or
MR with a substan al reduc on in nutrient supply. To
par ally compensate for this diﬀerence, some producers are increasing the DM of MR by using dilu on
rates of 15% rather than the tradi onal 12.5% (similar to the solid contents of milk). However, the relave propor on of nutrients oﬀered in MR s ll diﬀers
quite dras cally from that found in whole milk, and
there is some controversy about the op mal rela ve
propor on of nutrients in MR. For instance, Hill et al.
(2006) concluded op mal concentra on of protein
and fat in MR should be approximately 26% CP and
17% fat, which was later corroborated by Hill et al.

There is evidence that providing high planes of nutrion in calves results in posi ve long-term eﬀects
on produc on (Bach, 2012; Soberon et al, 2012;
Gelsinger et al., 2016). Furthermore, two prospecve studies indicated that growth rate early in life
is posi vely correlated with survivability to second
lacta on (Bach, 2011; Heinrichs and Heinrichs,
2011). However, whether these changes are due to
epigene c modifica ons is currently unknown. It is
likely that supplementa on of methyl donors during
pregnancy may have an influence in the regula ng
epigene c marks. Some recent evidence (Bach et al.,
2017a) shows that supplementa on of methyl donors
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(2009b) who reported a linear decrease in average
daily gain (ADG) as the CP of MR decreased from 27
to 25 and 23% while maintaining fat content fixed at
17%. Daniels et al. (2009) reported no diﬀerences in
growth rate between 5 and 9 weeks of calves oﬀered
950 g/d of a MR containing either 28% CP and 20%
fat of 28% CP and 25% fat although calves oﬀered
the 27:28 MR tended to grow more between weeks 5
and 7 than those fed the 28:20 MR. Similarly, Morrison et al. (2009) compared one MR providing 21% CP
and 18% with one providing 27% CP and 17% fat and
reported no diﬀerence in ADG between calves fed
either 5 or 10 l/d of each MR, and Hill et al. (2009a)
reported no diﬀerences between calves fed a MR
containing 27% CP and 20% fat or 27% CP and 17%
fat. A poten al reason for the lack of response to
increased fat or protein supply through the MR could
be, in part (other reasons could include inadequate
amino acid or fa y acid profile, poor diges bility of
the ingredients used), changes in solid feed intake,
but, Hill et al. (2009a) reported that calves fed a MR
containing 27% CP and 31% fat achieved equivalent
solid feed intakes than calves consuming a MR containing 27% CP and 17% fat, but surprisingly, calves
fed the high-fat MR had a lower ADG compared with
those fed the one containing 17% fat. In a former
study, Hill et al. (2007) had already reported that
adding energy in MR via lactose or CP, but not via
fat, improved ADG. However, oﬀering MR with about
27% MR and about 17% fat results in an oversupply
of lactose (>45%). Lactose, diﬀerently from fat, is
vigorously fermented by intes nal bacteria and may
represent a risk for diarrhea.

Figure 2. Dry feed intake during the first 42 d of the
study as aﬀected by the level of milk replacer (MR).
Open circles denote 8 L of MR/d and solid circles
depict 6 L of MR/d. Asterisks indicate days of study
when dry feed consump on diﬀered (P < 0.05)
between MR allowances. Adapted from Bach et al.
(2013b).

Solid Feeding
Some schools of thought have proposed that the posi ve eﬀects on future milk produc on observed when
providing high planes of nutri on early life could
only be achieved by providing increased amounts
of MR (Soberon et al., 2012). However, Bach et al.
(2012) and more recently (Gelsinger et al., 2016)
have described that nutrients supplied from liquid or
solid feeding are equally eﬀec ve in inducing posi ve
long-term eﬀects in milk produc on. Thus, fostering solid feed intake should be a pivotal objec ve for
any rearing program mainly because 1) it will help in
improving nutrient supply and growth, 2) will contribute to increase milk produc on in the future, 3) will
enhance rumen development, and 4) will facilitate
the weaning process. Calves fed high milk allowances
tend to struggle during transi on onto solid feed, and
part of the growth advantage achieved before weaning may be lost due to (1) diminished consump on of
nutrients, and (2) reduced diges bility. Early dry feed
consump on fosters early rumen microbial development, resul ng in a greater rumen metabolic ac vity
(Anderson et al., 1987). Thus, the high level of MR in
calves following an enhanced growth feeding program, may delay the start of dry feed consump on,
and consequently, it may delay rumen development
making it diﬃcult to wean calves and maintain rapid
growth rates. This may have important economic
consequences (in addi on to some poten al health

Based on economic arguments and empirical evidence of increased longevity and produc vity associated with improved growth rates early in life, the
industry is now providing larger amounts nutrients to
sustain rapid growth rates (>850 g/d) during the first
2 months by mainly oﬀering larger volumes of milk
or MR. An “ideal” feeding program for calves could
probably consist on feeding 6 l/d at 15% (900 g/d of
solids) along with a highly palatable starter feed and
some chopped high-fiber forage (see below). Oﬀering
8 l/d may foster increased growth rates early in life
but is likely to compromise intake of starter (Bach et
al., 2013b; Figure 2) and if fed twice daily may foster
insulin resistance in calves (Bach et al., 2013a). Nevertheless, concerns about incurring in long-las ng
detrimental eﬀects due to insulin resistance seem
unlikely as Yunta et al. (2015) showed that a er 20
d a er weaning there were no diﬀerences in insulin
sensi vity among calves fed 4, 6, o 8 L/d of MR during the first 2 months of life.
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issues). Average daily gain right a er weaning is the
most profitable one during the en re rearing period
of a heifer, and in addi on, ADG during the late phase
of weaning transi on (between 160 and 230 d of age)
is posi vely correlated with future milk produc on
(Bach and Ahedo, 2008).

low fiber content of the complete starter should be
avoided (Jahn et al., 1970; Thomas and Hinks, 1982).
But, later, in the 70’s the concept of textured starter
was introduced (Warner et al., 1973). It was then assumed that with textured starters no addi onal feeding of forage was needed. However, several authors
(Kincaid, 1980; Thomas and Hinks, 1992; Phillips
2004; Suárez et al., 2007; Castells et al., 2012) have
reported either an increase in starter intake or no
eﬀect on total feed consump on with the inclusion
of dietary forage. Castells et al. (2012) oﬀered an 18%
NDF and 19.5% CP pelleted starter in conjunc on
with diﬀerent sources of chopped forage to young
dairy calves, and reported that feeding chopped grass
hay or straw improved total dry feed intake and rate
of growth, without impairing nutrient diges bility
and gain to feed ra o. In contrast, when the forage
was alfalfa hay, these benefits were not observed.
Several studies (Hill et al., 2008) have argued that
feeding forage (hay and straw) to pre-weaned dairy
heifers reduces starter and overall dry ma er consump on. It is important to note that, in the studies
by Castells et al. (2012, 2013), when calves were fed
ad libitum chopped alfalfa hay, forage intake was 14%
of total solid feed intake, whereas when calves were
oﬀered chopped oats hay, forage consump on did
not surpass 4% of total solid feed intake. Nevertheless, some nutri on consultants do not advocate for
forage feeding and propose feeding texturized starter
feeds, but their success will depend on 1) the scraping ability of the starter feed, and 2) the amount of
solid feed consumed by the calf. If calves consume
large amounts of starter feed, even a texturized starter feed may fail providing suﬃcient scraping ac vity
in the rumen. Thus, from a prac cal point of view and
to remove uncertainty, feeding high-fiber (>60 %NDF)
chopped forage along with a starter feed is likely to
result inadequate growing performance. Lastly, an
important considera on regarding feeding chopped
forage to calves, is that it needs to be well and consistently chopped at about 2.5 cm in length and despite
the fact that it must be high in fiber (>60%NDF) it
must be of high quality (i.e., free of molds, mycotoxins and other impuri es).

There are several strategies to improve starter feed
intake and suppor ng greater ADG early in life. One
strategy consists of including ‘palatable’ ingredients
in the formula on of the starter. Miller-Cushon et al.
(2014) evaluated the palatability of several energy
and protein ingredients concluded that corn gluten
feed and corn gluten meal should be avoided, and
wheat, sorghum, corn, soybean meal should be
priori zed to increase palatability of starters. Oats,
which are commonly included in starters, were found
to have low palatability, and thus their inclusion in
formula on of starter should not be forced, and if
possible it should be avoided. In terms of nutrients, a
good starter should contain 18% CP and 3.2 Mcal/kg
of metabolizable energy, although starters containing 20% or more CP may have some benefits right
a er weaning when rearing calves in intensified milk
regimes to provide suﬃcient metabolizable protein
and ensure amino acids do not limit growth. In fact,
Stamey et al. (2012) reported increased solid feed
intake around weaning (with ~300 g diﬀerence in DM
intake at weaning) when comparing calves fed ~900
g/d of solids from a MR with 28.5% CP and 15% fat
and a starter feed containing 25.5% CP compared
with one containing 20% CP. However, when oﬀering
restricted amounts of milk, feeding starter feeds with
>22% CP (DM basis) provides no addi onal advantage
in growth (Akayezu et al., 1994). Thus, it seems that
with large milk allowances, calves may benefit from
increased CP supply via starter feed. Lastly, it may
seem logical to limit starch content to avoid acidosis,
but the calf actually needs starch, not only for rumen
development (as its fermenta on will generate large
amounts of vola le fa y acids that s mulate papillae growth), but also to provide energy to sustain
growth. Thus, inclusion of low levels of starch in
starter feeds is not recommended. In general, feeding
starter feeds containing between 30 and 35% starch
should be adequate (Bach et al., 2017b).

Weaning Calves
With the introduc on of enhanced feeding programs,
which consist of feeding large volumes of milk or
even providing milk ad libitum, calves depend less on
starter feed intake to meet their nutrient needs, and
solid feed intake generally represents about <60%
of total feed intake the week preceding weaning. In
other words, with some enhanced feeding programs,
calves are weaned with solid feed intakes around
500 g/d (Terré et al., 2007), which makes it impossible for the calf to maintain adequate ADG during
the first weeks of transi on. This growth slump has 3

Several studies (Khan et al. 2011; Castells et al.,
201; Castells et al., 2013; Montoro et al., 2013) have
shown that an eﬀec ve method to foster solid feed
intake of calves, contrary to what it has been tradi onally recommended, is to provide ad libitum
access to poor quality (nutri onally) chopped straw
or chopped grass hay. In the last century, it was
believed that feeding a fiber source to young dairy
calves was necessary because it improved rumen
health and that if no forage was provided to calves,
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main consequences: 1) poten al reduc on of milking performance at adulthood; 2) increased risk for
disease, especially bovine respiratory disease (BRD);
and 3) economic loss. Heinrichs and Heinrichs (2011)
reported that milk yield during first lacta on was
posi vely correlated with the amount of solid feed
consumed by calves at weaning (among other factors), and Ollive et al. (2012) reported that fecal
scores improved faster among calves challenged with
Cryptosporidium parvum and receiving a high plane
of nutri on compared with calves on a low plane
of nutri on. Lastly, given that feed eﬃciency and
growth poten al are high and feed cost is rela vely
low during the transi on, this represents the most
profitable period to foster BW accre on and development. The aim should be achieving an ADG in the
week following weaning greater >1.2 kg/d, and thus
calves should not be weaned un l they are consuming at least 2.0 kg/d of starter feed (Figure 3).

Figure 3. Rela onship between solid feed intake
the week preceding weaning and average daily gain
the week a er weaning (Adapted from Bach et al.,
2017b).

Lastly, an important aspect of weaning calves is the
way they are socialized. Dairy calves have tradi onally been reared individually, with the main purpose
of stemming the spread of disease, a growing body
of literature suggests several benefits of social housing in which two or more calves are housed together.
Social housing allows for normal social development
of the calf, and calves reared in groups respond to
novel social situa ons with less fear and reac vity
(de Paula Vieira et al., 2012). Social housing has been
shown to encourage a greater solid feed meal frequency and intake before and during weaning (Bach
et al., 2010; de Paula Vieira et al., 2010), may support greater ADG and reduce stress (de Paula Vieira
et al., 2010) through weaning, and might reduce the
severity of BRD (Bach et al., 2010). Similarly, grouping
calves either at weaning me or during preweaning
(Bach et al., 2010), when milk oﬀer is reduced, can
result in increased feed intakes and performance.
Similarly, social housing at 1 week of age has been
reported (Costa et al., 2015) to support greater
intake and growth compared with calves grouped
at 6 weeks of age; other studies also report similar
results when providing social contact to calves before
3 weeks of age when feeding rela vely large amounts
(~1.0 kg/d) of milk (Jensen et al., 2015).

Summary
Rearing costs represent a large investment for dairy
producers. Implemen ng adequate rearing programs
not only should result in op mal rearing cost but it
should also ensure maximum return on the investment through improved produc vity and longevity.
There exists substan al evidence that generous
growth during the first 2 months of life results in
improved milk performance at adulthood, and ironically, calves that grow faster early in life are commonly less expensive at first calving than those that
grow more slowly.
This rapid growth can be achieved by providing about
~1 kg of milk powder per day along with a highly
palatable pelleted starter feed fed next to free access
to a chopped (~2.5 cm) high-fiber (>60% NDF) grass
hay or straw.
Fostering growth right a er weaning is highly desirable to lower rearing costs. For this reason, the
weaning program must avoid the common growth
slump that occurs when feeding generous amounts
of milk. Thus, calves should no be weaned un l they
consume at least 2 kg/d of starter feed. Also, calves
benefit from being weaned in groups rather than in
individual hutches, and this should be moved into
group housing as early as possible (ideally around 21
d at the latest).

92

References

Daniels, K. M., A. V. Capuco, M. L. McGilliard, R. E.
James, and R. M. Akers. 2009. Eﬀects of milk replacer formula on on measures of mammary growth
and composi on in Holstein heifers. J. Dairy Sci.
92:5937–5950.
de Paula Vieira, A., M. A. G. von Keyserlingk, and D.
M. Weary. 2010. Eﬀects of pair versus single housing on performance and behavior of dairy calves
before and a er weaning from milk. J. Dairy Sci.
93:3079–3085.
Garcia, M., L.F. Greco, A.L. Lock, E. Block, J.E.P. Santos, W.W. Thatcher, and C.R. Staples. 2016. Supplementa on of essen al fa y acids to Holstein calves
during late uterine life and first month of life alters
hepa c fa y acid profile and gene expression. J.
Dairy Sci. 99:7085–7101.
Geiger, A. J., C. L .M. Parsons, and R. M. Akers. 2017.
Feeding an enhanced diet to Holstein heifers during
the preweaning period alters steroid receptor expression and increases cellular prolifera on. J. Dairy
Sci. 100:8534–8543. doi:10.3168/jds.2017-12791.
Gelsinger, S. L., A. J. Heinrichs, and C. M. Jones.
2016. A meta-analysis of the eﬀects of preweaned
calf nutri on and growth on first-lacta on performance1. J. Dairy Sci. 99:6206–6214. doi:10.3168/
jds.2015-10744.
Heinrichs A. J., and B. S. Heinrichs. 2011. A prospecve study of calf factors aﬀec ng first-lacta on
and life me milk produc on and age of cows when
removed from the herd. J. Dairy Sci. 94:336–341.
Hill, T. M., H. G. Bateman, J. M. Aldrich, and R. L.
Schlo erbeck. 2008. Eﬀects of the amount of
chopped hay or co onseed hulls in a textured calf
starter on young calf performance. J. Dairy Sci.
91:2684–2693.
Hill, T. M., and J. M. Aldrich. 2006. Eﬀects of feeding
rate and concentra ons of protein and fat of milk
replacers fed to neonatal calves. Prof. Anim. Sci.
22:374-381.
Hill, T. M., H. G. Bateman II, J. M. Aldrich, and R. L.
Schlo erbeck. 2007. Eﬀects of the feeding rate of
high protein calf milk replacers. Prof. Anim. Sci.
23:649-655.
Hill, T. M., H. G. Bateman II, J. M. Aldrich, and R. L.
Schlo erbeck. 2009a. Eﬀect of consistent of nutrient intake from milk and milk replacer on dairy calf
performance. Prof. Anim. Sci. 25:85-92.
Hill, T. M., H. G. Bateman II, J. M. Aldrich, and R. L.
Schlo erbeck. 2009b. Op mizing nutrient ra os in
milk replacers for calves less than five weeks of age.
J. Dairy Sci. 92:3281–3291. doi:10.3168/jds.20081750.
Hoﬀman, P. C., and D. A. Funk. 1992. Applied dynamics of dairy re- placement growth and management.
J. Dairy Sci. 75:2504–2516.
Jacometo, C.B., Z. Zhou, D. Luchini, E. Trevisi, M. N.
Correa, and J. J. Loor. 2016. Maternal rumen-pro-

Anderson, K. L., T. G. Nagaraja, J. L. Morrill, T. B.
Avery, S. J. Galitzer, and J. E. Boyer. 1987. Ruminal
microbial development in conven onally or earlyweaned calves. J. Anim. Sci. 64:1215–1226.
Akayezu, J. M., J. G. Linn, D. E. O erby, W. P. Hansen,
and D. G. Johnson. 1994. Evalua on of calf starters
containing diﬀerent amounts of crude protein for
growth of Holstein calves. J. Dairy Sci. 77:1882–
1889.
Bach A. 2011. Associa ons between several aspects
of heifer development and dairy cow survivability
to second lacta on. J. Dairy Sci. 94:1052–1057.
Bach, A., M. A. Khan, and E. K. Miller-Cushon. 2017b.
Managing and feeding the calf through weaning. In:
Large Dairy Herd Management. 3rd Edi on. Ed. D.
Beede. American Dairy Science Associa on. Pages
421-430.
Bach, A., A. Aris, and I. Guasch. 2017a. Consequences
of supplying methyl donors during pregnancy on
the methylome of the oﬀspring from lacta ng
and non-lacta ng dairy ca le. PLoS ONE 12(12):
e0189581. h ps://doi.org/10.1371/journal.
pone.0189581.
Bach, A. 2012. Op mizing performance of the oﬀspring: Nourishing and managing the dam and postnatal calf for op mal lacta on, reproduc on, and
immunity. J. Anim. Sci. 90:1835-1845.
Bach, A. J. Ahedo, and A. Ferrer. 2010. Op mizing
weaning strategies of dairy replacement calves. J.
Dairy Sci. 93:413-419.
Bach, A., and J. Ahedo. 2008. Record keeping and
economics for dairy heifers. 2008. Veterinary Clinics
of North America - Food Animal Prac ce. 24:117138.
Bach, A., L. Domingo, C. Montoro, and M. Terré.
2013a. Short communica on: Insulin responsiveness is aﬀected by the level of milk replacer oﬀered
to young calves. J. Dairy Sci. 96:4634–4637.
Bach, A., M. Terré, and A. Pinto. 2013b. Performance
and health responses of dairy calves oﬀered diﬀerent milk replacer allowances. J. Dairy Sci. 96:7790–
7797.
Castells L., A. Bach, G. Araujo, C. Montoro, and M.
Terré. 2012. Eﬀect of diﬀerent forage sources on
performance and feeding behavior of Holstein
calves. J. Dairy Sci. 95:286–293.
Castells, L., A. Bach, A. Aris, and M. Terré. 2013. Effects of forage provision to young calves on rumen
fermenta on and development of the gastrointes nal tract. J. Dairy Sci. 96:5226–5236.
Costa, J. H. C., R. K. Meagher, M. A. G. von Keyserlingk, and D. M. Weary. 2015. Early pair housing
increases solid feed intake and weight gains in dairy
calves. J. Dairy Sci. 98:6381–6386.
93

tected methionine supplementa on and its eﬀect
on blood and liver biomarkers of energy metabolism, inflamma on, and oxida ve stress in neonatal Holstein calves. J. Dairy Sci. 99:6753–6763.
doi:10.3168/jds.2016-11018.
Jahn, E., P. T. Chandler, and C. E. Polan. 1970. Eﬀects
of fiber and ra o of starch to sugar on performance
of rumina ng calves. J. Dairy Sci. 53:466–474.
Jensen, M. B., L. R. Duve, and D. M. Weary. 2015. Pair
housing and enhanced milk allowance increase play
behavior and improve performance in dairy calves.
J. Dairy Sci. 98:2568–2575.
Kincaid, R. L. 1980. Alterna ve methods of feeding
alfalfa to calves. J. Dairy Sci. 63:91–94.
Miller-Cushon, E. K., C. Montoro, I. R. Ipharraguerre,
A. Bach. 2014. Dietary preference in dairy calves for
feed ingredients high in energy and protein. J. Dairy
Sci. In press.
Montoro, C. E. K. Miller-Cushon, T. J. DeVries, and
A. Bach. 2013. Eﬀect of physical form of forage on
performance, feeding behavior, and diges bility of
Holstein calves. J. Dairy Sci. 96:1117-1124.
Morrison, S.J., H.C.F. Wicks, R.J. Fallon, J. Twigge,
L.E.R. Dawson, A.R.G. Wylie, and A.F. Carson. 2009.
Eﬀects of feeding level and protein content of milk
replacer on the performance of dairy herd replacements. Animal. 3:1570–1579.
Ollive , T. L., D. V. Nydam, T. C. Linden, D. D. Bowman, and M. E. Van Amburgh. 2012. Eﬀect of
nutri onal plane on health and performance in
dairy calves a er experimental infec on with
Cryptosporidium parvum. J. Am. Vet. Med. Assoc.
241:1514–1520.
Phillips, C. J. C. 2004. The eﬀects of forage provision
and group size on the behavior of calves. J. Dairy
Sci. 87:1380–1388.
Sherwin, V. E., C. D. Hudson, A. Henderson, and M. J.
Green. 2016. The associa on between age at first
calving and survival of first lacta on heifers within
dairy herds. Animal. 10: 1877-1882.
Soberon F., E. Raﬀrenato, R. W. Evere , and M. E. Van
Amburgh. 2012. Preweaning milk replacer intake
and eﬀects on long-term produc vity of dairy
calves. J. Dairy Sci. 95:783–793.
Stamey, J. A., N. A. Janovick, A. F. Kertz, and J. K.
Drackley. 2012. Influence of starter protein content
on growth of dairy calves in an enhanced early nutri on program. J. Dairy Sci. 95:3327–3336
Suárez, B.J., C.G. Van Reenen, N. Stockhofe, J. Dijkstra, and W.J.J. Gerrits. 2007. Eﬀect of roughage
source and roughage to concentrate ra o on animal performance and rumen development in veal
calves. J. Dairy Sci. 90:2390–2403.
Terré, M., M. Devant, A. Bach. 2007. Eﬀect of level of
milk replacer fed to Holstein calves on performance
during the preweaning period and starter diges bility at weaning. Livestock Sci. 110:82-88.

Thomas, D. B., and C. E. Hinks. 1982. The eﬀect of
changing the physical form of roughage on the
performance of the early-weaned calf. Anim. Prod.
35:375-384.
Warner, R. G., J. C. Porter, and T. S. Slack. 1973. Calf
starter formula on for neonatal calves fed no hay.
Pages 116-122 in Proc. Cornell Nutr. Cornell University, Ithaca, NY.
Yunta, C., M. Terré, and A. Bach. 2015. Short- and
medium-term changes in performance and metabolism of dairy calves oﬀered diﬀerent amounts of
milk replacers. Livestock Sci. 181:249–255.

94

