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ABSTRACT

Effects of Gestational Dietary Intake on Calf Growth and Early Feedlot
Performance of Offspring

by

Jose M. Gardner, Master of Science
Utah State University, 2017

Major Professor: Dr. Jerrad F. Legako
Department: Nutrition, Dietetics, and Food Science
This study determined the impacts of maternal dietary restriction during the second
trimester on offspring growth and feedlot performance. Angus influenced commercial
cows (N = 32) were naturally bred to a purebred Angus sire. For 84 days of midgestation, cows were split into maintenance (n = 15) and restricted (n = 17) groups. Cows
were stratified by initial weights (P = 0.804) and body condition score (P = 0.723).
Restricted cows were provided with lower forage biomass (1,662 kg/ha, DM) than
maintenance (2,309 kg/ha, DM), and had a mean body condition score 1.55 lower (P =
0.001) than maintenance cows and a body weight difference of 85.3 kg (P = 0.024) at the
end of the period. Dams were comingled and managed uniformly following midgestation. Calves were weaned at an average 206 days of age, and placed on a
background diet for 7 weeks before entering the feedlot phase. Cattle were penned
individually and fed a grower ration ad libitum. Calf body weight was measured at birth,
weaning, and every 28 days of the feedlot phase. Ultrasound was used to estimate back
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fat and ribeye area during the feedlot phase. Calf temperament was evaluated at weaning
and during the feedlot phase. Blood was drawn at weaning, one week prior to the feedlot
phase, and day 84 of the feeding trial for determination of glucose, insulin, insulin-like
growth factor-I, and cortisol. Calf body weight at birth, weaning, and at all points during
feeding showed no differences between treatments (P ≥ 0.245). No differences were
determined for average daily feed intake (P ≥ 0.428), average daily gain (P ≥ 0.338), gain
to feed ratio (P ≥ 0.273), ribeye area (P ≥ 0.285), or back fat (P ≥ 0.416) at any point
during the feedlot stage. Concentrations of glucose (P ≥ 0.504), insulin (P ≥ 0.224),
insulin-like growth factor-1 (P ≥ 0.107), and cortisol (P ≥ 0.709) were similar between
treatments at all points. Restricted calves had greater temperament scores at weaning (P =
0.026). This study determined little impact on calf performance during early feedlot
stages.
(54 pages)
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PUBLIC ABSTRACT

Effects of Gestational Dietary Intake on Calf Growth and Early Feedlot
Performance of Offspring
Jose M. Gardner
Fetal programming is a relatively new and quickly growing field of research in the
livestock industry. The concept of fetal programming is simply defined as the effects a
change in maternal nutritional intake has on offspring, whether it be a genetic or physical
change. The intention of this study was to specifically look at the effects of nutrient
restriction of cows during the second trimester of gestation on the growth and
performance of the resulting calves.
In this study, thirty-two cows of predominantly angus influence from the Utah state
university herd were chosen, naturally bred to a pure bred angus sire, and then allocated
into two treatments: maintenance and restricted. These groups were treated uniformly for
first and third trimesters of gestation, while in the second trimester, they were managed in
a way that the maintenance group maintained a greater level of body condition and
weight compared with the restricted group. Calf growth and performance was measured
and compared for effects of fetal programming.
Previous studies in beef found positive effects on carcass characteristics. However,
little work has been done to ensure that fetal programming is not detrimental to calves
early in life. Though this study did find that nutrient restriction resulted in more excitable
cattle, no negative effects caused by programming were found in growth and
performance of the offspring.
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INTRODUCTION

Maternal dietary intake during gestation is known to have long term effects on
carcass composition of offspring through a phenomenon known as fetal programming
(Godfrey and Barker, 2000). Recent research has shown that dietary changes during
gestation affect carcass quality and red meat yield in beef animals (Blair et al., 2013).
Reduction of maternal nutrition during periods of embryonic muscle and adipose
development causes increased adipogenesis in calves (Bispham and Gardner, 2005).
This results in advantageous phenotypic changes such as increased ratios of
intramuscular fat to subcutaneous fat (Blair et al., 2013).
Fetal programming research is a relatively new field of study, especially in
consideration of livestock performance (Du. et al. 2010). Much of the current research,
such as that done by Blair et al. (2013) or Radunz et al. (2012), focuses on overall
growth and carcass characteristics with very little emphasis put on changes during
specific periods of growth. This study will further our understanding of the effect of
dietary intake during gestation on calf growth and early feedlot performance of beef
cattle.
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HYPOTHESIS

There are differences in growth and early feedlot performance of calves born to
mothers that maintain or lose body condition during the second trimester of gestation.
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LITERATURE REVIEW
Introduction

Prenatal nutrition and environment impact fetal development, specifically muscle,
adipose, and bone tissue (Zhu et al., 2004; Tong et al., 2009; Du et al., 2010; Blair et al.,
2013; Yan et al., 2013). Ultimately, these prenatal effects may impact carcass
composition of meat animals. In certain regions gestation occurs at a time where forage
quality is quite low, and this may be exasperated because most small farms and ranches
use little supplementation for most of gestation (Thomas and Kott 1995; Enk et al.,
2001; Jensen et al., 2002; Du et al., 2010).
Differential levels of forage quality and nutrient supplementation during
gestation can have lasting postnatal effects. Godfrey and Barker (2000) define fetal
programming as the process whereby a nutritional change occurs during a critical period
of fetal devopment. Research suggests that the lowering of maternal nutrition at
midgestation may cause a change in the phenotypic development of the offspring
leading to a greater adipose to muscle ratio (Zhu et al., 2004; Du et al., 2011; Blair et
al., 2013; Yan et al., 2013).
Tissue Development and Fetal Programming
The concept of fetal programming originally developed from human
epidemiology studies that linked low birth weights and poor maternal nutrition with an
array of adult diseases (Godfrey and Barker, 2000; Du et al., 2010). Fetal programming
is the term for the effects of a change, or insult, of maternal nutrition during gestation
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on development or cell differentiation of the fetus that carries on after birth. Myogenic,
adipogenic, and fibrogenic cells all differentiate from a common mesenchymal cell (Du
et al., 2013). Skeletal muscle development is roughly categorized into embryonic, fetal,
and adult stages; the embryonic and fetal stages are commonly referred to as the
prenatal stage (Du et al., 2010; Du et al., 2013). According to Du et al. (2013),
myogenesis occurs almost entirely during the prenatal stage, with negligible post-natal
increase in muscle fiber number. Furthermore, this myogenesis is divided into two
stages: primary myogenesis during early gestation and secondary myogenesis during
mid gestation (Du et al., 2013). Primary myogenis occurs during the embryonic stage of
gestation and forms templates for further muscle cell formation (Swatland, 1973; Du et
al., 2013). In a bovine fetus, the majority of muscle cells develop during secondary
myogenesis in the fetal stage, which lasts from about the third month to the eighth
month of gestation (Du et al., 2010; Blair et al., 2013; Figure 1). In addition, the fat cell
development is thought to span the latter half of gestation and continue postnatally (Zhu
et al., 2004; Du et al., 2010; Figure 2). The sequence of adipocyte development is
commonly understood to go in the order of visceral, subcutaneous, intermuscular, and
intramuscular fat (Bonnet et al., 2010; Du et al., 2013). Adipogenesis begins midgestation and hyperplasia carries on postnatally, though sharply declining towards the
end of adolescence or around 250 days of age in cattle (Goessling et al., 2009; Du et al.,
2013). Because most livestock are slaughtered at a relatively young
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Figure 1. Effects of maternal nutrition on bovine fetal skeletal muscle development.
The dates are estimated mainly based on data from studies in sheep, rodents, and
humans and represent the progression through the various developmental stages.
Nutrient restriction during mid-gestation reduces muscle fiber numbers, whereas
restriction during late gestation reduces both muscle fiber sizes and the formation of
intramuscular adipocytes (adapted from Zhu et al., 2004; Du et al., 2010).

Figure 2. Density of multipotent cells and adipogenic potency of bovine skeletal
muscle. The dates are approximate and represent the progression through the various
developmental stages. Adipogenesis is initiated around midgestation in ruminant
animals and peaks near the term. The adipogenic potency gradually declines postnatally
because of depletion of multipotent cells (adapted from Zhu et al., 2004; Du et al.,
2010).
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age (18-30 months), adipogenesis is effectively a lifelong process affected by nutritional
intake during fetal, postnatal, and post weaning stages of life and having tremendous
implications on meat quality (Du et al., 2013)
It is understood that tissue development is controlled by a multitude of
regulatory proteins and factors such as paired box transcription factors 3 and 7, and the
myogenic regulatory factors (Du et al., 2013). One very important regulatory factor to
the development of pre-natal myogenic or adipogenic cells is the cell signaling pathway
known as Wnt signaling (Du et al., 2010). Activation of the Wnt signaling pathway,
through increased maternal nutrition approaching optimal levels, causes increases in the
presence of beta-catenin which shifts the specialization of mesenchymal stem cells
towards an increase in myogenesis and inhibited adipogenesis. Wnt signaling is,
however, downregulated during gestation when a mother is over-nourished or
undernourished (Bispham et al. 2003; Du et al. 2010). Because myogenesis occurs
before adipogenesis in fetal development, strategic control of maternal nutrient intake
during key points of gestation can be used to enhance either myogenesis or
adipogenesis (Du et al., 2010).
Adipose Deposition

Intramuscular fat, also known as marbling, contributes to both juiciness and flavor
and is crucial for the palatability of beef (Francis, 1977). Number and size of
intramuscular adipocytes determine the amount of intramuscular fat. During the fetal
stage, both skeletal muscle cells and adipocytes are derived from the same pool of
mesenchymal stem cells. A small portion of these cells in skeletal muscle differentiate
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into adipocytes and form sites for intramuscular fat accumulation that later form
marbling (Tong et al., 2009; Du et al., 2010). An increasing amount of animal and
epidemiological evidence suggests the amount of feed consumed by the mother through
pregnancy has a significant impact on fetal and later adipose tissue development
(Bispham and Gardner, 2005). Typically a higher degree of marbling, or intramuscular
fat, is correlated with a higher degree of back fat, or earlier developing subcutaneous fat
(McBee and Wiles, 1967). However, a study by Blair et al. (2014) found offspring
from cows in a negative energy state during mid-gestation finished with increased
marbling to subcutaneous fat ratio and percent intramuscular fat to subcutaneous fat
ratio as compared to offspring from positive energy mothers. Results from a study on
midgestational nutrition restriction in sheep showed an increase in fat deposition
without significant change in lean muscle mass (Zhu et al., 2006). These studies
indicate that this phenomenon occurs in more than one industry relevant livestock
species. These effects highlight potential for significant fat development alteration
during gestation that have lasting effects and can add carcass value through higher
quality grades.
Fetal Programming and Postnatal Growth

While much research has been done on fetal programming and its effects on
prenatal growth, relatively little has been done regarding the direct effects of
programming on postnatal growth, particularly in livestock (Funston et al., 2010). One
indirect effect on postnatal growth is, due to the fact that the number of muscle fibers in
an animal is generally set at birth, nearly all postnatal muscle growth occurs through an
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increase in muscle fiber size (Brameld et al., 2000; Du et al., 2013). A more direct
effect of fetal programming on postnatal growth is impacts due to animal health. Studies
have shown that offspring from late gestational nutrient restricted mothers became
susceptible to a variety of neonatal health issues including respiratory conditions,
diarrhea, cold stress, and morbidity in general (Wittum et al., 1994; Funston et al.,
2010). These issues have been directly correlated to performance issues including
significantly decreased weaning weight. In contrast, a study on early gestational nutrient
restriction in lambs found that offspring from the restricted mothers had higher birth
weights, higher immunoglobular protein concentrations in serum, and higher
survivability to weaning, all positive impacts on lamb performance (Munoz et al., 2008;
Funston et al., 2010). Gonzalez et al. (2013) found significant compensatory growth in
fetal muscle fiber diameter in beef fetuses from early gestational nutrient restricted
mothers. We can speculate that early versus late fetal nutrient change may allow for a
compensatory adaptation, similar to the aforementioned Gonzalez study, on organ and
endocrine system development in the fetus without adding any insult during skeletal
muscle development later in gestation. A study by Larson et al. (2009) in steer
performance from late gestational nutrient supplemented mothers found a multitude of
improvements in feedlot performance of the offspring as compared to offspring from
control mothers. These differences included higher weight at time of implant, higher
feed consumption, and higher weight at slaughter in offspring from supplemented
mothers (Larson et al., 2009). Steers in this same study also showed significant
differences at slaughter where offspring from supplemented cows finished with higher
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quality grades and no difference in yield grade compared with non-supplemented cows
(Larson et al., 2009). These findings imply an increase in nutrient partitioning towards
intramuscular fat resulting in an increased intramuscular fat to subcutaneous fat ratio.
Mechanisms of Postnatal Growth
It is well understood that the vast majority of postnatal skeletal muscle growth
occurs through muscle hypertrophy (Du et al., 2010; Du and Dodson, 2011). It is
obvious that nutrient intake is critical for growth, and thus understanding the
mechanisms that control intake is critical as well. Leptin, a hormone produced in
adipose tissue, is an important factor in growth, as it regulates animal appetite, and thus
nutrient intake, through creating satiation response (Hollenberg et al., 1997; Zhang et
al., 2008; Hausman et al., 2009; Mohrhauser et al., 2015) Leptin is known to increase as
fat levels in an animal increase (Delavaud et al., 2000; Jennings et al., 2010). Ghrelin is
another hormone that influences energy intake and partitioning. Ghrelin is known to
influence metabolism and fat deposition, with concentrations generally increasing with
decreased nutrient availability (Tschop et al., 2000; Patel et al., 2006; Wertz-Lutz et al.,
2006 and 2008; Jennings et al., 2010). Jennings et al. (2010) found that differing
concentrations of plasma leptin and ghrelin were associated with rate of gain in beef
animals of different body compositions. Data concerning leptin and ghrelin effects in
animals of varying body compositions has not been previously reported. Further
research is warranted as both hormones play a vital role in production efficiency
(Jennings et al., 2010). Insulin-like growth factor-I (IGF-I) is another important
hormone in the consideration of growth potential and feed efficiency (Elsasser et al.,
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1989; Blanco et al., 2009). Insulin- like growth factor-I is an indicator of nutritional
status and growth potential (Elsasser et al., 1989). Blanco et al. (2009) found that IGF-I
concentrations correlated positively with average daily gain, especially during early
stages of growth and feeding. A positive relationship was also found between IGF-I
concentration and protein deposition (Hayden et al., 1993). Johnston et al. (2001) found
that IGF-I not only positively correlated to performance measures such as weaning
weight and average daily gain, but also to carcass traits such as percent intramuscular
fat. It is possible that IGF-I concentrations could specifically be susceptible to fetal
programming effects.
Beyond understanding the effects of hormones on body composition, we must
also understand how nutrient composition affects body composition. Adipose
deposition, especially intramuscular fat, is vital for beef quality. A study by Smith and
Crouse (1984) found that glucose provides about 50-75% of acetyl units for deposition
of lipid into intramuscular fat and about 1-10% for subcutaneous fat, while acetate
provides 70-80% of acetyl units for lipid deposition into subcutaneous fat and only 1025% for intramuscular fat. Interestingly, as an animal matures, glucose becomes less
effective in intramuscular fat growth, and acetate starts to play more of a role (Smith et
al., 2014).Thus, it can be inferred that carbohydrate source, and the synthesis of the
aforementioned sugars play a crucial role in adipose accretion. Insulin and glucose
concentrations are two components of interest in this matter (Vasconcelos et al., 2009).
Higher levels of glucose leads to increased insulin secretion, which can trigger
increased marbling development in cattle (Vasconcelos et al., 2009). Schoonmaker et al.
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(2003) found that steers with increased insulin levels had an increased uptake of glucose
to the peripheral tissues. Steers with higher insulin levels were found to have higher
ultrasound marbling scores, likely a consequence of starch fermentation leading to
higher glucose levels in the peripheral tissues (Schoonmaker et al., 2003). It is also
understood that, with time, an animal can develop a resistance to insulin (Shoup 2011).
Insulin resistance is a term used to describe a body’s increased resistance to the effects
of insulin on glucose uptake into different tissues (Kahn and Flier, 2000). Gardner et al.
(2005) found that late gestational undernutrition of sheep can lead to significant
increases in insulin resistance early in life in offspring. Studies have shown that a
relationship exists between adipogenesis and insulin resistance in beef cattle, though the
mechanism is unknown (Shoup 2011).
Carcass Quality

In the consideration of carcasses, quality refers to the amount of marbling, the
texture of grain of the meat, the firmness and color of the lean, the firmness and color of
the fat, and the character of the bone. The characteristic that receives the most emphasis
is marbling, for many reasons (Marchello and Dryden, 1968). Tenderness, juiciness, and
flavor have been shown to have a direct relationship with change in quality grade of
beef (McBee and Wiles, 1967). Instrumentally measured marbling scores were very
closely related to a sensory panel’s evaluation of beef flavor (r=0.84) and there were
moderately strong correlations of marbling with panel evaluations of juiciness (r=0.67),
tenderness (r=0.63), and umami (r=0.57; Emerson et al., 2013)). In addition, the panels
overall experience satisfaction was closely correlated with the aforementioned
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characteristics as well as strongly, positively associated with the instrumental marbling
measurements (r=0.78). Thus, it can be concluded that increasing deposition of
intramuscular fat, or marbling, should have positive effects on carcass quality and
consumer acceptance of beef. As previously stated, growth and development of a beef
animal can be strategically altered via maternal nutrition during gestation. According to
Mohrhauser et al. (2015), when comparing the offspring of mothers in differing energy
status groups during midgestation, no difference was found in hot carcass weight,
dressing percent, ribeye area, marbling score, and percent intramuscular fat. This is
especially intriguing as the period in which energy status is altered coincides with what
is suggested to be the period of maximal fetal muscle development (Mohrhauser et al.,
2015). If desired marbling and marbling to back fat ratios can be achieved while other
important carcass traits can be held from negative effects, it could mean big
implications for future beef production.
Animal Temperament

As mentioned in section 3.1, carcass quality is affected by prenatal and neonatal
development. Recent studies have shown that certain beef carcass quality characteristics
correlate with animal temperament as well (Behrends et al., 2009). Growing evidence
exists in human studies that maternal micronutrient levels during gestation can have
long-term behavioral effects (Colombo et al., 2004; Zhou et al., 2006; Hibbeln et al.,
2007; Gale et al., 2008; Parsons et al., 2008; Schlotz et al., 2009;). A human study in
Spain found that iron deficiency at different points of gestation had significant effects
on offspring autonomous nervous response and even motor skills (Hernández-Martínez
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et al., 2011). Sullivan et al. (2010) found that a chronic high fat diet during pregnancy in
nonhuman primates resulted in increased anxiety levels in the offspring. While no
research could be found on fetal programming effects on behavior and temperament in
livestock, these studies lead us to speculate the same mechanisms could be involved.
Temperamental effects on animal development have been seen as early as the feedlot
stage where animals with more excitable temperaments had significantly lower average
daily gains than calmer tempered animals (Voisinet et al., 1997; Behrends et al., 2009).
Furthermore, excitable cattle tended to result in carcasses that decreased in pH more
rapidly than calmer animals (King et al., 2006). This could result in meat that is pale,
soft, and exudative; or dark, firm, and dry; either of which result in a less favorable
eating experience for consumers. King et al. (2006) also found that excitable cattle
tended to have carcasses that negatively correlated with meat tenderness. Finally,
excitable cattle showed a negative correlation in ribeye area as compared to calmer
animals (Behrends et al., 2009). Cortisol is a valid and useful biochemical marker that
can be measured to predict excitability in cattle (Grandin, 1997; von Borrell, 2001;
Möstl and Palme, 2002; Buckham Sporer et al., 2008). Furthermore, cortisol has been
found to positively correlate with certain beef cattle temperament indicators, such as
chute exit velocity and pen behavior scores (Curley et al., 2006). Animal temperament
is an underappreciated, and thus little studied aspect when considering factors that
affect carcass quality.
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MATERIALS AND METHODS
Initiation

All animal care and usage protocols (IACUC-2373) were approved by the Utah
State University Animal Care and Use Committee. Thirty-two commercial cows of
heavy Angus influence were selected from the Utah State University beef research
based on similar expected genetics. All cows were naturally bred to the same pure bred
Angus sire in order to minimize effects due to genetic variation. Cows were evaluated
for pregnancy, length of gestation, and weight and body condition score (BCS; 1 to 9, 1
= extremely emaciated and 9 = obese). BCS was determined by the same evaluator at all
time points. Weight of all animals were taken using a Digistar SW300 indicator,
Stockweigh load cells, and Wrangler alleyway platform (Digi-star LLC, Fort Atkinson,
WI). Body Condition was evaluated visually according to the parameters as described
by Richards et al. (1986) and shown in Figure 3.
Fetal Programming Phase
Overview
Prior to the 2nd trimester, cows were allocated to one of two BCS groups
(maintenance, managed with a goal of maintaining BCS of 5.0-5.5 and restricted,
managed with a goal of losing 1 BCS over an 84 day period). Groups were sorted to be
initially similar in age, weight, and BCS. Cows were weighed an evaluated for BCS at
days 0, 28, 56, and 84 of mid-gestation. Within each calving group, maintenance cows
(n = 15) were allowed to graze on approximately 54 acres of irrigated pasture and
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Body Condition Score Evaluation Parameters
Group

BCS
1

Thin
condition

2

3

Borderline
condition

4

5
Optimum
moderate
condition

6

7

Description
EMACIATED – Cow is extremely emaciated with no
palpable fat detectable over spinous processes, transverse
processes, hip bones or ribs. Tail-head and ribs project quite
prominently
POOR – Cow still appears somewhat emaciated but tail head
and ribs are less prominent. Individual spinous processes are
still rather sharp to the touch but some tissue cover exists
along the spine
THIN – Ribs are still individually identifiable but not quite
as sharp to the touch. There is obvious palpable fat along
spine and over tail-head with some tissue cover over dorsal
portion of ribs
BORDERLINE—Individual ribs are no longer visually
obvious. The spinous processes can be identified
individually on palpation but feel rounded rather than sharp.
Some fat cover over ribs, transverse processes and hip bones
MODERATE – Cow has generally good overall appearance.
Upon palpation, fat cover over ribs feel spongy and areas on
either side of tail-head now have palpable fat cover
HIGH MODERATE – Firm pressure now needs to be
applied to feel spinous processes. A high degree of fat is
palpable over ribs and around tail head
GOOD – Cow appears fleshy and obviously carries
considerable fat. Very spongy fat cover over ribs and around
tail-head. In fact “rounds” or “pones” beginning to be
obvious. Some fat around vulva and in crotch

FAT – Cow very fleshy and over-conditioned. Spinous
processes almost impossible to palpate. Cow has large fat
8
deposits over ribs, around tail-head and below vulva.
“Rounds” or “pones” are obvious
Fat
EXTREMELY FAT – Cow obviously extremely wasty and
condition
patchy and looks blocky. Tail-head and hips buried in fatty
9
tissue and “rounds” or “pones” of fat are protruding. Bone
structure no longer visible and barley palpable. Animal’s
motility may even be impaired by large fatty deposits
Figure 3. Parameters for body conditioning score evaluation. (adapted from Richards et
al. 1986)
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supplemented as needed to maintain a constant BCS according to nutrient requirements
of beef cattle (NRC, 2000). Meanwhile, restricted cows (n = 17) were held to 6.4 acres
of non-irrigated pastures and were not supplemented until the 3rd trimester, at which
point both groups were comingled and treated uniformly for the duration of gestation.
At seven weeks past comingling, both groups were once again evaluated for weight and
BCS to assess compensatory gain during recovery.

Maternal Feedstuff Nutrient Content
During the restriction and recovery phases, samples from all pastures were taken
for nutrient availability. Plant cover in each pasture was assessed by taking 5 random
readings of a 0.1-m2 Daubenmire frame (Bonham 1989). Samples were taken each
month of the growing season. Collected samples were placed in paper bags and dried in
a forced-air oven at 60oC for 48 h. Samples were subsequently ground in a Wiley mill
with a 1-mm screen, and analyzed for dry matter (Method 930.15 AOAC, 2000), neutral
detergent fiber, acid detergent fiber (Van Soest et al. 1991), and crude protein (CP)
(Method 990.03 AOAC, 2000). Total digestible nutrients were then calculated from CP
and fiber concentration based on equations by Weiss et al. (1992) as an estimate of
digestible energy content of the plant samples (Swift, 1957; NRC, 2000). Table 1 shows
results of the analyses.
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Table 1. Pasture yields and nutrient analysis of maintenance and restricted pastures.

Item
Moisture %
Dry matter %
Crude protein %
Acid detergent fiber %
Neutral detergent fiber %
Total digestible nutrients %
Pasture yield (kg/ha)

Maintenance pasture1
Wet matter
Dry matter
basis
basis
43.09
--56.91
100.00
6.21
10.91
23.77
41.76
36.30
63.80
31.52
55.38
4057.66

2309.04

Restricted pasture1
Wet matter
Dry matter
basis
basis
39.72
--60.28
100.00
8.70
14.43
18.55
30.78
29.25
48.52
40.36
66.96
2757.24

1662.08

1Maintenance

pasture was a 54 acre well-irrigated pasture grazed by the maintenance cows of the study. Restricted
pasture was a 6.4 acre poorly irrigated pasture grazed by the restricted cows of the study.

Maternal Behavioral Measurements
During days 29 through 56 of the second trimester, 6 cows each from groups
BCS1 and BCS2 were randomly selected and equipped with IceTag Sensors (Ice
Robotics, Edinburg, Scotland, UK) secured on the lateral side of the left hind leg above
the metatarsophalangeal joint (Hafla et al., 2014) in order to measure daily steps, as
well as standing and laying bouts. The tags were once again applied to 6 randomly
selected cows from each group for the duration of the recovery phase to take the same
measurements. All IceTag sensor data was downloaded using Ice Tag Analyzer
software (Ice robotics, Edinburg, Scotland, UK) and exported to a spreadsheet.
Postpartum Management
At birth, all calves’ birthdate and heart girth measurement were recorded. Heart
girth was taken by tape measure (beef weight tape, Nasco, Fort Atkinson, WI) drawn
snug around the girth of the calf just behind the shoulders. Heart girth was used to
approximate birth weight according to ratios defined in Table 2. Weights in pounds
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were then converted to kg for any further analysis. All resulting cow-calf pairs remained
within the same dietary management system as the comingled third trimester (i.e.
quality pasture with supplemental hay as needed) until weaning. All bull calves were
castrated within 3 months of birth. At approximately 75 days of age, all calves were
processed in order to take blood samples and be administered shots and vaccines. These
included a Piliguard Pinkeye-1 Trivalent vaccine (Intervet Inc., Madison, NJ) for
Conjunctivitis, an Ultrabac 8 vaccine (Zoetis Inc., Florham Park, NJ), a Bovi-Shield
Gold 5 vaccine (Zoetis Inc., Florham Park, NJ), and a Multimin 90 supplement shot
(Multimin North America Inc., Fort Collins, CO). Calves were given another dose of
Bovi-Shield Gold 5 and Ultrabac 8 at weaning.

Table 2. Index of estimated birth weights for corresponding heart girth measurements.
Table for birth weight (lb) estimated from heart girth (in)1
Inches
Pounds
Inches
Pounds
Inches
Pounds
22.5
42
27.5
67
32.5
90
23.0
45
28.0
69
33.0
92
23.5
48
28.5
71
33.5
94
24.0
50
29.0
74
34.0
96
24.5
53
29.5
76
34.5
98
25.0
55
30.0
78
35.0
101
25.5
57
30.5
80
35.5
103
26.0
60
31.0
83
36.0
105
26.5
62
31.5
85
36.5
107
27.0
65
32.0
87
37.0
110
1
Heart girth measured in inches by pulling a tape measure tight around the chest of the
calf just behind the Shoulders
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Feedlot Phase

Calves were weaned at an average of 206 days of age with a range of 156 to 227
days of age, and then transported to the Utah State University Research Feedlot
(Wellsville, UT). Upon arrival at the feedlot, calves received sequential Ralgro Implant
(Merck Animal Health, Summit, NJ) to represent common feedlot hormonal growth
promotants. Initially, calves were fed a background diet of approximately 20%
concentrate from barley, 33% alfalfa hay, and 47% corn silage on a dry matter basis for
approximately 7 weeks. The calves were then sorted into individual pens, and switched
to a grower ration. The growing ration consisted of approximately 27% barley
concentrate on a dry matter basis, along with approximately 27% alfalfa and 43% corn
silage. Additionally, 3% of the diet was a feedlot vitamin and mineral premix from
Walden Feed West (Cache Junction, UT) containing Rumensin (Elanco Animal Health,
Greenfield, IN). A summary of the nutrient content of this ration can be found in Table
3. While in the feedlot, feed was administered using a Rissler 610 TMR feed cart (E
Rissler MFG LLC., New Enterprise, PA). Feed offered and feed refused was measured
daily in order to determine the feed disappearance. Feeding was carried out similar to
the clean-bunk management system as described by Pritchard et al. (2003). Calves were
again weighed at 28, 56, and 84 days past entering the grower phase. Feed efficiency
was determined by dividing total amount of body weight gain during the 84 day
growing period by total dry matter intake for the same period.

20
Table 3. Nutrient analysis of feedlot grower ration.

Item
Moisture %
Dry matter %
Crude protein %
Acid detergent fiber %
Neutral detergent fiber %
Total digestible nutrients
%

Grower ration1
Wet matter basis
Dry matter basis
43.22
0.00
56.78
100.00
7.38
13.00
10.74
18.92
21.81
38.41
42.04

74.04

Minerals
Calcium %
0.32
0.56
Phosphorus %
0.18
0.32
Potassium %
0.78
1.38
Magnesium %
0.10
0.17
1
Grower ration was fed to calves for an 84 day “grower” period and consisted
of approximately 43% corn silage, 27% barley concentrate, 27% alfalfa hay,
and 3% vitamin and mineral premix on dry matter basis

Additionally, during the feedlot phase, an Exago Ultra Portable ultrasound with
5 cm muscle probe (Universal Imaging, Bedford Hills, NY) was used to take predictive
measurements of back fat thickness, and ribeye area at 28, 56, and 84 days of feeding.
Readings were taken between the 12th and 13th rib similar to the methods used by
Greiner et al. (2003). Blood samples were taken from the jugular vein using both
ethylenediaminetetraacetic acid-anticoagulated tubes and no additive tubes to collect
serum and plasma. These samples were taken at an average calf age of 60 days, 7 days
before starting the grower ration, and after 84 days on previously described grower
ration. Blood samples were used for serum and plasma metabolite profiling described in
section 4.6.
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Offspring Behavioral Measurements

At weaning, as well as on days 0, 28, 56, and 84 of feeding the grower ration,
calves were evaluated for a temperament score. This temperament score was calculated
using two measurements: Exit Velocity (EV; m/s) and Chute Score (CS). Exit velocity
was measured similarly to King et al. (2006), with the modification that rather than use
of infrared eyes, lines were drawn at 1 meter and 4.6 meters in front of the weigh chute.
The time it took the animal to traverse the distance between the two lines was measured
manually via stopwatch. Chute score was measured using a scoring system similar to
Grandin (1993). During restraint in the weigh chute, calf behavior was visually
evaluated and given a score of 1-5 based on the following criteria: 1: calm, no
movement; 2: restless shifting; 3: squirming occasional shaking of chute; 4: continuous
vigorous movement and shaking of chute; 5: rearing, twisting, or violently struggling
(Voisinet et al., 1997). The temperament score was calculated as the sum of the
animal’s EV and CS divided by two.
Blood Metabolite Profiling

Blood samples were analyzed to measure concentrations of the following
compounds: insulin, IGF-I, glucose, and cortisol. Insulin, and IGF-I were measured
using the following available commercially available ELISA kits that have previously
been shown to work with bovine samples: insulin (10-1201-01, Mercodia AB, Uppsala,
Sweden) and IGF-I (SG100, R&D Systems, Minneapolis, MN). Both of these assays
were performed using a Synergy H1 hybrid multi-mode microplate reader (Biotek,
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Winooski, VT, US), and concentrations were reported in micrograms per deciliter.
Glucose in plasma and cortisol in serum were both measured at the Utah State
University Veterinary Diagnostics Laboratory (Logan, UT). Glucose concentrations
were measured by an automated wet biochemistry analyzer (Dimension Xpand Plus,
Siemens Healthcare Diagnostics Inc., Newark, DE) and reported in milligrams per
deciliter. Cortisol levels were measured using an IMMULITE 1000 Immunoassay
system (Siemens Medical Solutions USA, INC., Malvern, PA) and were reported in
micrograms per liter.

Statistical Analysis

Analysis of weight and BCS for the mothers during mid-gestation and the
recovery phase used the individual mother as the experimental unit. Least square means
of weight and BCS were calculated using the general linear mixed model of procedure
of SAS® version 9.4 (SAS Institute, Cary, NC). Differences due to the main effect of
maintenance vs. restriction were considered significant at P < 0.05.
Measurements pertaining to calf growth, behavior, or performance all used each
individual calf as the experimental unit, and comparisons were made within each
individual time point. These were all analyzed using the general linear mixed model
procedure of SAS® version 9.4 (SAS Institute, Cary, NC). Calf, sex, birthdate, and pen
location were used as random effects. Differences due to the main effect of maintenance
vs. restriction were considered significant at P < 0.05.
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RESULTS AND DISCUSSION
Growth Data

Gestation Weight and Body Condition Score
Cows in maintenance and restricted groups had similar initial BW (P = 0.804;
Table 4) and BCS (P = 0.723), prior to the 84-day treatment period. At the end of this
84-day period, restricted cows were determined to have lower BW (P < 0.001) and BCS
(P < 0.001) compared with their maintenance counterparts. Seven weeks after the two
groups were comingled, their respective weights (P = 0.120) and BCS (P = 0.255) were
once again similar. This data indicates that a significant nutritional insult occurred, with
regard to the restricted group, specifically during 84 days of midgestation. During the 7
weeks of tracked recovery, the weight difference (P < 0.001) and BCS difference (P <
0.001) was significant. Interestingly, maintenance cows had a declining BCS during late
gestation while restricted BCS greatly increased. This is likely due to the seasons in
which midgestation and late gestation occurred. With midgestation occurring from
August to October and late gestation from November to February, Nutrient quality and
availability decreased for the maintenance cows while it increased for the restricted
cows during comingling. A study by Ford et al. (2007) on midgestational undernutrition
in sheep also reported maternal weights at term. In contrast to our study, mothers did
not return to similar weights by end of gestation, with restricted ewes being lighter.
With a restriction period of approximately 50 days and starting at day 28 of gestation,
Ford et al. did restrict mothers earlier and longer than our study in terms of relative
gestation length. Thus it may be possible the restriction was too great for compensatory

24
gain to overcome. Further research is warranted determine if an optimal period of
gestation for nutrient restriction exists.
Table 4. LS means of weights and body condition scores of mothers during 84 days
of mid-gestation and at seven weeks post mid-gestation.

Item

Treatment1
Maintenanc
Restricted
e

SEM

P-value2

Weight (kg)
Start of midgestation
536.57
528.26
24.474
0.804
End of midgestation
578.48
493.42
25.609
0.024
Change during
41.91
-32.15
4.738
<0.001
midgestation
7 weeks post midgestation
609.63
558.27
23.694
0.120
Change during late
31.15
69.15
3.297
<0.001
gestation
BC score3
Start of midgestation
5.47
5.31
0.332
0.723
End of midgestation
5.83
4.28
0.328
0.001
Change during
0.37
-1.03
0.139
<0.001
midgestation
7 weeks post midgestation
5.43
5.00
0.276
0.255
Change during late
-0.40
0.72
0.120
<0.001
gestation
1
Maintenance cows were allowed to graze 54 acres of irrigated pasture and
supplemented with hay for 84 days of midgestation. Restricted cows grazed 6.4
acres of non-irrigated pasture and received minimal hay for 84 days of
midgestation. Nutrient content of these pastures is defined in Table 1. For the 7
weeks post midgestation, both groups were comingled in the 54 acre maintenance
pasture.
2
Probability value of the F-test for treatment effect
3
Body condition score was evaluated visually using a scale of 1-9 where 1 is
emaciated, 5 is moderate, and 9 is extremely fat

Birth and weaning weight
Calves born to nutrient restricted mothers (restricted calves; 12 female and 6
male) showed no difference (P = 0.988; Table 5) in birth weight when compared to

25
calves born to nutrient maintained mothers (maintenance calves; 7 female and 9 male).
Calf weaning weights did not differ (P = 0.245). Studies such as Radunz et al. (2012)
and Martin et al. (2007) determined that change in maternal nutrient intake, through
differing food sources or supplementation, during late gestation could lead to significant
changes in birth weight. However, in these studies, offspring weights normalized post
adolescence. As mentioned, the period of differing nutrient intake occurred midgestation in this study, and cows returned to a similar weight (P = 0.120; Table 4) and
BCS (P = 0.255) during late gestation where diets were uniform. Therefore, it can
reasonably be inferred that compensatory growth is having a strong influence on both
the cow fetus. This seems to be consistent with the findings of a study by Gonzalez et
al. (2013). Gonzalez et al. (2013) found that fetal muscle growth differed at the end of
nutrient restriction during early and midgestation. However, realimentation of restricted
mothers resulted in similar fetal muscle fiber size between treatments by end of term
due to compensatory growth. A current concern with nutrient restriction is the
possibility of negatively effecting offspring health and productivity (Bell 2006). This
study showed that mid-gestational nutrient restriction combined with abundant late

Table 5. LS means of birth and weaning weights of maintenance and restricted
calves.
Treatment1
Maintenance Restricted
40.80
40.76

Item
SEM
P-value2
Birthweight (kg)
2.1369
0.988
Weaning weight
(kg)
242.10
228.01
8.664
0.245
1
Maintenance calves (n = 16) were born to maintenance mothers. Restricted
calves (n = 18) were born to nutrient restricted mothers.
2
Probability value of the F-test for treatment effect
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gestational nutrient availability had no adverse effects on birth or weaning weights.

Feedlot Weights
Weight gain did not differ between maintenance and restricted cattle at each time
point of the 84 day grower phase (P ≥ 0.464; Table 6). Average weight gain for this 84
day period was also determined not to differ (P = 0.815). These results are in agreement
with Radunz et al. (2012) and Shoup (2011) who found no fetal programming effect on
weights during the feedlot phase. These studies differed in dietary makeup during only
the third trimester rather than dietary restriction. However, ration nutrient analysis
shown in these aforementioned studies and Table 1 of this study show that there were

Table 6. LS means of weight in pounds of maintenance and restricted calves at 0,
28, 56, and 84 days of grower ration.
.
Treatment1
Maintenance
Restricted
Item
(kg)
(kg)
SEM
P-value2
Days on Grower
Ration3
0
282.70
269.59
14.565
0.464
28
317.30
309.63
19.109
0.694
56
344.63
336.20
18.153
0.666
84
383.25
371.50
18.348
0.567
Average weight gain4
100.15
101.37
5.260
0.815
Maintenance calves (n = 16) were born to maintenance mothers. Restricted calves
(n = 18) were born to nutrient restricted mothers.
2
Probability value of the F-test for treatment effect
3
Grower ration consisted of approximately 43% corn silage, 27% barley
concentrate, 27% alfalfa hay, and 3% vitamin and mineral premix on wet matter
basis
4
Average weight gain over the entirety of the 84-day grower period

1
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nutrient availability differences between treatments in both the cited studies and this
study.

Feed Intake, Average Daily Gain, and Gain: Feed
During the 84 days the calves were on the grower ration, average daily feed intake
(ADFI) for any given 28 day period, as well as over the entire period was similar
between treatments (P ≥ 0.428; Table 7). Additionally, average daily gain (ADG) was
similar throughout the period and overall (P ≥ 0.345). Finally, gain: feed was also
similar between treatments for each period and overall (P ≥ 0.273). These findings are
consistent with Martin et al. (2007), who studied fetal programming through differing
diets in the third trimester and found no differences in ADFI, ADG, or gain: feed.
Similarly, Shoup (2011), who studied fetal programming through differing diets and
supplementation, found ADG, feed intake, and gain: feed of the calves to be similar
between treatments. It should be noted, these two studies looked at these measurements
for the entire feedlot phase while this study only looked at the first 84 days.
Interestingly, Larson et al. (2009) found feed intake to differ over the entirety of the
feedlot phase, implying that later fetal programming may more greatly impact later
feedlot stages. According to Du et al. (2010), maternal nutrient restriction during
midgestation primarily alters muscle fiber number while late gestational restriction
affects both muscle fiber number and adipocyte deposition in a fetus. Guenther et al.
(1965) claims that the majority of skeletal development and muscle growth has occurred
by weaning and early in the feedlot phase. Furthermore, Guenther et al. (1965) claims
that feed intake is greatest during the initial portion of the feedlot phase. Compensatory
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Table 7. LS means of daily feed intake, average daily gain, and gain: feed ratio
measurements for maintenance and restricted calves during the 84 days or grower ration
(P < 0.05).

Item
Daily feed intake3
Days 0-28
Days 29-56
Days 57-84
Days 0-844
Average daily gain5
Days 0-28
Days 29-56
Days 57-84
Days 0-844
Gain : Feed6
Days 0-28
Days 29-56
Days 57-84

Treatment1
Maintenance
Restricted

SEM

P-value2

14.73
18.41
18.80

14.92
17.42
18.57

0.843
1.154
1.185

0.759
0.428
0.841

17.34

16.95

0.875

0.699

1.25
0.96
1.36

1.41
0.95
1.26

0.185
0.077
0.074

0.338
0.930
0.345

1.19

1.21

0.063

0.815

0.09
0.05
0.07

0.09
0.06
0.07

0.008
0.007
0.007

0.398
0.581
0.243

Days 0-844
0.07
0.07
0.004
0.792
Maintenance calves (n = 16) were born to maintenance mothers. Restricted calves (n =
18) were born to nutrient restricted mothers.
2
Probability value of the F-test for treatment effect
3
Daily feed intake was calculated as total food intake in kg for the given period divided
by 28 days
4
Average of the entire 84-day grower period
5
Average daily gain was calculated as total weight gain in kg for the given period
divided by 28 day
6
Gain to feed ratio was calculated as total weight gain for the given period divided by
total feed intake for the same period
1

growth is a proven phenomenon in beef cattle, especially in regards to muscle growth
(Gonzalez et al., 2013). Therefore, it was not surprising that no difference is found in
weight gain, which is driven primarily by skeletal development and muscle growth up
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to this point in calf development. Taking into consideration that this is the highest point
in daily feed intake in the calves’ lives, any differences in the calves caused by fetal
programming could likely be masked. These two factors would also explain our
findings of no difference in gain to feed ratio between treatments as well. Additionally,
it is known that leptin, an important factor in controlling long-term nutritional intake, is
produced in adipocytes (Edwards et al. 2005). When considering that adipocyte
deposition is effected by late gestational nutrient intake, this could be an explanation as
to how the findings of Larson et al. (2009) pertaining to feed intake do not contradict
the findings of this study.

Ultrasound Measurements
Ribeye area measured by ultrasound was found to be similar between treatments
at each time point (P ≥ 0.285; Table 8). Additionally, No difference was found in
ultrasound measured back fat thickness (P ≥ 0.416) between maintenance and restricted
calves. These results seem consistent with studies such as that by Blair et al. (2013),
which found no effect of midgestational dietary restriction on ribeye area or yield grade,
an indicator of back fat thickness, at harvest. Similarly, Radunz et al. (2012) and Larson
et al. (2009) found no effect of fetal programming on ribeye area or fat thickness on
adolescent cattle. Gonzalez et al. (2013) found that, at the end of midgestation, fetal
muscle fiber diameter differed between maternal nutrient restriction and control.
However, by the end of term, muscle fiber diameter had returned to similar between
treatments, implying that compensatory growth occurs as quickly as nutrient availability
allows. Considering calves had similar diets, and therefore similar nutrient availability,
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it is logical that ribeye area be similar between treatments. Guenther et al. (1965) found
that fat deposition significantly onsets towards the latter part of the feedlot phase, after
approximately 11 months of age. Given the calves in this study averaged 9 to 11 months
of age by the end of the grower phase, it is likely any possible differences in backfat
have not had time to develop.
Table 8. LS means of ultrasound measures ribeye area and back fat thickness of
maintenance and restricted calves (P < 0.05).

3

Item
Ribeye area (cm2)
Day 28
Day 56
Day 84

Treatment1
Maintenance Restricted
46.20
50.20
56.97

45.91
49.96
54.19

SEM
2.043
2.346
1.738

P-value2
0.909
0.921
0.285

Back fat thickness (mm)
Day 28
2.42
2.76
0.485
0.416
Day 56
3.08
3.38
0.508
0.602
Day 84
4.57
4.58
0.893
0.983
1
Maintenance calves (n = 16) were born to maintenance mothers. Restricted calves
(n = 18) were born to nutrient restricted mothers
2
Probability value of the F-test for treatment effect
3
Measurements were taken using a portable ultrasound and muscle probe and taken
between the 12th and 13th rib
Blood Metabolites
Glucose, IGF-I, and insulin in plasma were measured at three points in the calves’
adolescence: approximately 75 days of age, 7 days prior to the calves starting the
grower ration, and after 84 days on the grower ration. Cortisol in serum was measured
twice during the calves’ adolescence: 7 days prior to the calves starting the grower
ration, and after 84 days on the grower ration. Glucose concentrations at all three
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samplings were similar between maintenance and restricted calves (P ≥ 0.504; Table 9).
No differences were found in IGF-I concentrations between maintenance and restricted
calves at any of the sampling time points (P ≥ 0.107). Insulin concentrations in
maintenance and restricted calves were similar at all sampling time points (P ≥ 0.224).
Finally, cortisol was found to be similar between the maintenance and restricted calves
at each sampling time point (P ≥ 0.709). Ford et al. (2007) found early and
midgestational nutrient restriction resulted in increased insulin and glucose
concentrations in offspring. Gardner et al. (2005) found that late gestational
undernutrition led to increased glucose intolerance and insulin resistance in offspring.
While we found no difference in concentrations of these analytes, it is possible that
sampling more often and at different times could yield different results. Brameld et al.
(2000) found no maternal nutrition effect on IGF-1 concentrations in sheep fetuses,
which is consistent with the findings of this study. However, a review by Holt (2002)
proposes that maternal nutritional status quite likely has a significant effect on the
growth hormone – insulin-like growth factor axis of the offspring in humans. Based on
this hypothesis, similar mechanisms may be present in livestock species. Further
research is warranted to identify if maternal nutritional status in livestock is having a
direct effect on these and other growth related.
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Table 9. LS means of concentrations of glucose, IGF-I and insulin from plasma;
and cortisol from serum in maintenance and restricted calves (P < 0.05).
Treatment1
Maintenance Restricted

Item
SEM P-value2
Glucose (mg/dL)
75 days of age
134.25
130.69
6.925
0.719
7 days before grower ration
88.86
87.82
3.357
0.821
End of grower ration
73.75
76.78
3.258
0.504
IGF-1 (μg/L)
75 days of age
178.35
171.51
17.525
0.781
7 days before grower ration
73.77
100.87
12.346
0.107
End of grower ration
178.84
162.84
18.466
0.533
Insulin (μg/L)
75 days of age
0.41
0.53
0.105
0.224
7 days before grower ration
0.53
0.65
0.177
0.443
End of grower ration
0.74
0.94
0.223
0.449
Cortisol (μg/dL)
7 days before grower ration
4.42
4.47
0.776
0.939
End of grower ration
2.73
2.59
0.329
0.709
1
Maintenance calves (n = 16) were born to maintenance mothers. Restricted calves
(n = 18) were born to nutrient restricted mother
2
Probability value of the F-test for treatment effect

Behavioral Measurements

Maintenance cows were more active than restricted cows during midgestation as
shown by steps value (P = 0.003; Table 10) and motion index (P < 0.001). No
difference was found in lying bouts between treatments during midgestation (P =
0.331). During recovery, differences in motion index (P = 0.715), steps (P = 0.818), and
lying bouts (P = 0.445) were all statistically insignificant. The steps value and motion
index differences during midgestation were likely due to the differing pastures.
Considering that the maintenance pasture was 9 times larger with approximately 12
times more food available (estimated from Table 1 on a dry matter basis), it is likely
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that the restricted mothers lack of motion was due to confinement. This seems
consistent with the results of the recovery period, in which the two groups were
comingled in the same pasture, and all behavioral measurements were similar.

Table 10. LS means of maternal behavior data during mid-gestation and recovery
(P < 0.05).
Treatment1
Maintenance Restricted

Item
SEM
P-Value2
Mid-gestation
Motion Index3
14035.00
8538.26
222.410
<0.001
Steps4
3082.21
2095.27
167.650
0.003
5
Lying bouts
613.13
471.27
96.964
0.331
Recovery
Motion Index3
15040.00
14809.00
452.220
0.715
Steps4
3062.24
3029.18
102.940
0.818
5
Lying bouts
401.66
522.97
112.030
0.445
1
Maintenance cows were allowed to graze 54 acres of irrigated pasture and
supplemented with hay for 84 days of mid-gestation. Restricted cows grazed 6.4 acres
of non-irrigated pasture and received minimal hay for 84 days of mid-gestation.
Nutrient content of these pastures is defined in Table 1. For the 7 weeks post midgestation “recovery” period, both groups were comingled in the 54 acre maintenance
pasture. Tags were worn for days 29-56 of mid-gestation and all 7 weeks of recovery.
2
Probability value of the F-test for treatment effect
3
Motion index is a function of motion that describes the vigorousness of activity, or
energy expenditure during motion
4
Average total steps taken by cows during the described period
5
Average total of times cow laid down during the described period
Calf chute scores were similar between treatments at all time points (P ≥ 0.103;
Table 11). Exit velocities did not differ between groups for the first four time points (P
≥ 0.135). At day 84 on grower ration, restricted calves showed a tendency towards
faster exit velocities than the maintenance calves (P = 0.089). Finally, while no
difference was found in temperament scores of the two treatments during the grower
ration phase (P ≥ 0.256), at weaning, restricted calves had greater temperament scores
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compared with maintenance calves (P = 0.026). No research was found on the effects of
fetal programming and animal temperament. Sullivan et al. (2010) found that nonhuman
primates with high fat diets during gestation gave birth to more anxious offspring.
Additionally, Hernández-Martínez et al. (2011) found that certain mineral deficiencies
during gestation in humans effected autonomous nervous responses in children. Our
results are, however, consistent with animal temperament studies such as Behrends et
al. (2009) that found more differentiation in behavior at weaning than measurements
taken during the feedlot phase. Behrends et al. (2009) also found a negative relationship
between temperament and carcass characteristics such as ribeye area, yield grade, and
Warner-Bratzler shear force.
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Table 11. LS means of chute scores, exit velocities, and temperament scores of
maintenance and restricted calves at weaning and 0, 28, 56, & 84 days on the
grower ration (P < 0.05).
Treatment1
Maintenanc Restricte
e
d

SEM

P-value2

Chute Score3
Weaning
2.50
2.99
0.219
0.103
Day 0
2.58
2.24
0.313
0.305
Day 28
2.33
2.29
0.333
0.917
Day 56
1.76
1.74
0.261
0.931
Day 84
1.90
1.90
0.199
0.991
4
Exit Velocity (m/s)
Weaning
2.61
2.99
0.183
0.135
Day 0
2.58
3.01
0.247
0.224
Day 28
2.57
2.75
0.319
0.571
Day 56
2.39
2.70
0.320
0.312
Day 84
2.08
2.66
0.336
0.089
Temperament
Score5
Weaning
2.56
3.01
0.142
0.026
Day 0
2.60
2.66
0.236
0.851
Day 28
2.42
2.56
0.152
0.482
Day 56
1.96
2.26
0.213
0.347
Day 84
1.99
2.26
0.246
0.256
1
Maintenance calves (n = 16) were born to maintenance mothers. Restricted
calves (n = 18) were born to nutrient restricted mothers
2
Probability value of the F-test for treatment effect
3
Chute score was evaluated visually and given a score between 1 and 5, where
1 means animal was calm, no movement, and 5 means animal reared, twisted
or struggled violently.
4
Exit velocity was measured by making lines at 1 and 4.66 meters in front of
shooting and measuring how quickly the calf traversed the distance.
5
Temperament score was calculated by taking the sum of the chute score and
the exit velocity in meters per second, and dividing that sum by 2.

36
CONCLUSION

While this study identified few differences caused by midgestational nutrient
restriction, it is quite possible that the animals simply were not developed enough to
fully show any induced effects. In a study looking at age and nutritional plane effect of
development of different tissues, Guenther et al. (1965) found that as much as 87% of
skeletal muscle growth had occurred by the early portion of the feed lot phase.
Furthermore, Guenther et al. (1965) found that as high as 96% of skeletal development
had occurred by 11 months of age, and that feed efficiency was greatest in the initial
period of the feedlot phase. This steep phase of the growth curve could be masking
differences caused by our treatment that may be revealed at later stages of growth and
development. Furthermore, the similar results between treatments in growth and
performance data found in this study should help alleviate concerns raised by those,
such as a Bell (2006), who worry gestational nutrient restriction could have adverse
effects on calf health and productivity. While restricted calves were more excitable at
weaning than their maintenance counter parts, this did not cause animal handling issues,
as temperament scores between treatments became similar by the end of backgrounding.
However, special attention should be paid to see if similar correlations are found
between weaning temperament and negative carcass characteristics at harvest as those
reported by Behrends et al. (2009).
While these findings are novel and intriguing, it is also noteworthy that they are
part of a bigger story. These calves will be finished at the university feedlot and then
harvested at a local facility. Carcass data (to include hot carcass weight, dressing
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percentage, quality grade, yield grade, and ribeye area) will be collected and compared
according to treatment. Pre-rigor Muscle tissue biopsies will be taken at the harvest
facility from the posterior end of the loin in order to carry out muscle fiber typing. A
loin from each carcass will also be collected in order to carry out a descriptive sensory
panel and Warner–Bratzler shear force test. By combining the findings from this study
with this upcoming research, we will have a novel, complete picture of midgestational
fetal programming effects from gestation to harvest.
Fetal programming is a vastly growing field of research that warrants further
study in many areas. It is still a relatively novel concept, and some studies have
conflicting results. Studies such as Larson et al. (2009) have found that maternal
nutritional intake for the entirety of gestation, especially when insufficient, can have
negative effects on offspring. This study and similar studies, such as Blair et al. (2013),
reveal that maternal nutritional changes at strategic and opportune periods of gestation
can in fact avoid negative effects on offspring.

LITERATURE CITED
AOAC, 2000. Official Methods of Analysis. 17th ed. Association of Analytical
Chemists, Gaithersburn, MD.
Behrends, S. M., R. K. Miller, F. M. Rouquette, R. D. Randel, B. G. Warrington, T. D.
Forbes, T. H. Welsh, H. Lippke, J. M. Behrends, G. E. Carstens, and J. W.
Holloway. 2009. Relationship of temperament, growth, carcass characteristics
and tenderness in beef steers. Meat Sci. 81:433–438.
Bell, A.W. 2006. Prenatal programming of postnatal productivity and health of
livestock: a brief review. Anim Prod. 46:725-732.
Bispham, J., G. S. Gopalakrishnan, J. Dandrea, V. Wilson, H. Budge, D. H. Keisler, F.
Broughton Pipkin, T. Stephenson, and M. E. Symonds. 2003. "Maternal

38
endocrine adaptation throughout pregnancy to nutritional manipulation:
consequences for maternal plasma leptin and cortisol and the programming of
fetal adipose tissue development." J. Endocrinol. 144: 3575-3585.
Bispham, J., and D. Gardner. 2005. Maternal nutritional programming of fetal adipose
tissue development: differential effects on messenger ribonucleic acid abundance
for uncoupling proteins and peroxsome proliferator-activated and prolactin
receptors. J. Endocrinol. 146:3943–3949.
Blair, A. D., A. R. Mohrhauser, A. R. Taylor, K. R. Underwood, R. H. Pritchard, and
A.E. Wertz-Lutz. 2013. Pregnant cow nutrition: effect on progeny carcass and
meat characteristics. In: The Range Beef Cow Symposium XXIII, Rapid City,
South Dakota.
Blanco, M., D. Villalba, G. Ripoll, H. Sauerwein, and I. Casasus. 2009. Effects of early
weaning and breed on calf performance and carcass and meat quality in autumnborn bull calves. Livest. Sci. 120:103-15
Bonham, C.D. 1989. Measurements for terrestrial vegetation. Wiley Interscience. John
Wiley and Sons. New York, NY.
Bonnet, M., I. Cassar-Malek, Y. Chilliard, and B. Picard. 2010. Ontogenesis of muscle
and adipose tissues and their interactions in ruminants and other species. Anim.
Consort. 4:1093–1109.
Brameld, J. M., A. Mostyn, J. Dandrea, T. J. Stephenson, J. M. Dawson, P. J. Buttery,
and M. E. Symonds. 2000. Maternal nutrition alters the expression of insulin-like
growth factors in fetal sheep liver and skeletal muscle. J. Endocrinol. 167:429–
437.
Buckham Sporer. K. R., P. S. D. Weber, J. L. Burton, B. Earley, and M. A. Crowe.
2008. Transportation of young beef bulls alters circulating physiological
parameters that may be effective biomarkers of stress. J. Anim. Sci. 86:13251334.
Colombo, J., K. N. Kannass, D. J. Shaddy, S. Kundurthi, J. M. Maikranz, C. J.
Anderson, O. M. Blaga, and S. E. Carlson. 2004. Maternal DHA and the
development of attention in infancy and toddlerhood. Child Dev. 75, 1254–1267.
Curley, K. O., J. C. Paschal, T. H. Welsh, and R. D. Randel. Technical note: Exit
velocity as a measure of cattle temperament is repeatable and associated with
serum concentration of cortisol in Brahman bulls. J. Anim. Sci. 84:3100-3103.
Delavaud, C., F. Bocquier, Y. Chilliard, D. H. Keisler, A. Gertler, and G. Kann. 2000.
Plasma leptin determination in ruminants: effect of nutritional status and body
fatness on plasma leptin concentration assessed by a specific RIA in sheep. J.
Endocrinol. 165: 519-526.
Du, M., J. Tong, J. Zhao, K. R. Underwood, M. Zhu, S. P. Ford, and P. W. Nathanielsz.

39
2010. Fetal programming of skeletal muscle development in ruminant animals. J.
Anim. Sci. 88:E51–60.
Du, M., J. X. Zhao, X. Yan, Y. Huang, L. V Nicodemus, W. Yue, R. J. McCormick, and
M. J. Zhu. 2011. Fetal muscle development, mesenchymal multipotent cell
differentiation, and associated signaling pathways. J. Anim. Sci. 89:583–90.
Du, M., and M. V Dodson. 2011. Advanced techniques to enhance marbling in meat.
Control Meat Qual. 661:105–115.
Du, M., Y. Huang, A. K. Das, Q. Yang, M. S. Duarte, M. V. Dodson, and M.-J. Zhu.
2013. Manipulating mesenchymal progenitor cell differentiation to optimize
performance and carcass value of beef cattle. J. Anim. Sci. 91:1419–1427.
Edwards, L. J., J. R. McFarlane, K. G. Kauter, and I. C. McMillen. 2005. Impact of
periconceptional nutrition on maternal and fetal leptin and fetal adiposity in
singleton and twin pregnancies. Am. J. Physiol. Regul. Integr. Comp. Physiol.
288.R39-R45.
Elsasser, T. H., T. S. Rumsey, and A. C. Hammond. 1989. Influence of diet on basal
and growth hormone-stimulated plasma concentrations on IGF-1 in beef cattle. J.
Anim. Sci. 67:128-41
Emerson, M. R., D. R. Woerner, K. E. Belk, and J. D. Tatum. 2013. Effectiveness of
USDA instrument-based marbling measurements for categorizing beef carcasses
according to differences in longissimus muscle sensory attributes 1. :1024–1034.
Enk, T. A., H. O. Picton, and J. S. Williams. 2001. Factors Limiting a Bighorn Sheep
Population in Montana Following a Die off. Northwest Sci. 75.
Ford, S. P., B. W. Hess, M. M. Schwope, M. J. Nijland, J. S. Gilbert, K. A. Vonnahme,
W. J. Means, H. Han, and P. W. Nathanielsz. 2007. Maternal undernutrition
during early to mid-gestation in the ewe results in altered growth, adiposity, and
glucose tolerance in male offspring. J. Anim. Sci. 85:1285-1294.
Francis, J.J., J.R. Romans, and H.W. Norton. 1977. Consumer rating of two beef
marbling levels. J. Anim. Sci. 45, 67-70.
Funston, R. N., D. M. Larson, and K. A. Vonnahme. 2010. Effects of maternal nutrition
on conceptus growth and offspring performance: implications for beef cattle
production. J. Anim. Sci. 88:205–215.
Gale, C.R., S. M. Robinson, K. M. Godfrey, C. M. Law, W. Schlotz, F. J. O’Callaghan.
2008. Oily fish intake during pregnancy—association with lower hyperactivity
but not with higher full-scale IQ in offspring. J. Child Psychol. Psychiatry 40,
1061–1068.
Gardner, D.S., K. Tingey, B. W. M. Van Bon, S. E. Ozanne, V. Wilson, J. Dandrea,
D. H. Keisler, T. Stephenson, and M. E. Symonds. 2005. Programming of

40
glucose-insulin metabolism in adult sheep after maternal undernutrition. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 289:947-R954.
Godfrey, K., and D. Barker. 2000. Fetal nutrition and adult disease. Am. J. Clin. Nutr.
71:1344–1352.
Goessling, W., T. E. North, S. Loewer, A. M. Lord, S. Lee, C. L. Stoick-Cooper, G.
Weidinger, M. Puder, G. Q. Daley, R. T. Moon, and L. I. Zon. 2009. Genetic
Interaction of PGE2 and Wnt Signaling Regulates Developmental Specification
of Stem Cells and Regeneration. Cell 136:1136–1147.
Gonzalez, J.M., L. E. Camacho, S. M. Ebarb, K. C. Swanson, K. A. Vonnahme, A. M.
Stelzleni, and S. E. Johnson. 2013. Realimentation of nutrient restricted pregnant
beef cows supports compensatory fetal muscle growth. J. Anim. Sci. 91:47974806.
Grandin, T. 1993. Behavioral agitation during handling of cattle is persistent over time.
Appl. Anim. Behav. Sci. 36:1-9.
Grandin. T. 1997. Assessment of stress during handling and transport. J. Anim. Sci
1:249-257.
Greiner, S. P., G. H. Rouse, D. E. Wilson, L. V. Cundiff, and T. L. Wheeler. 2003. The
relationship between ultrasound measurements and carcass fat thickness and
longissimus muscle area in beef cattle. J. Anim. Sci. 81;672-682.
Guenther, J. J., D. H. Bushman, L. S. Pope, and R. D. Morrison. 1965. Growth and
development of the major carcass tissues in beef calves from weaning to
slaughter weight, with reference to the effect of plane of nutrition. J. Anim. Sci.
24:1184-1191.
Hafla, A. N., G. E. Carstens, T. D. A. Forbes, L. O. Tedeschi, J. C. Bailey, J. T. Walter,
and J. R. Johnson. 2014. Relationships between postweaning residual feed intake
in heifers and forage use , body composition , feeding behavior , physical activity
, and heart rate of pregnant beef females. J. Anim. Sci. 91:5353–5365.
Hausman, G. J., M. V. Dodson, K. Ajuwon, M. Azain, K. M. Barnes, L. L. Guan, and
W. G. Bergen. 2009. Board-invited review: the biology and regulation of
preadipocytes and adipocytes in meat animals. J. Anim. Sci. 87(4), 1218-1246.
Hayden, J. M., J. E. Williams, and R. J. Collier. 1993. Plasma growth on hormone,
insulin-like growth factor, insulin, and thyroid hormone association with body
protein and fat accretion in steers undergoing compensatory gain after dietary
energy restriction. J. Anim. Sci. 71:3327-3338
Hernández-Martínez, C., J. Canals, N. Aranda, B. Ribot, J. Escribano, and V. Arija.
2011. Effects of iron deficiency on neonatal behavior at different stages of

41
pregnancy. Early Hum. Dev. 87:165–169.
Hibbeln, J. R., J. M. Davis, C. Steer, P. Emmett, I. Rogers, C. Williams, J. Golding.
2007. Maternal seafood consumption in pregnancy and neurodevelopmental
outcomes in childhood (ALSPAC study): an observational cohort study. Lancet
369, 578–585.
Hollenberg, A. N., V. S. Susulic, J. P. Madura, B. Zhang, D. E. Moller, P. Tontonoz,
and B. B. Lowell. 1997. Functional antagonism between CCAAT/enhancer
binding protein-α and peroxisome proliferator-activated receptor-γ on the leptin
promoter. J. Biol. Chem. 272:5283-5290.
Holt, R.I. 2002. Fetal programming of the growth hormone–insulin-like growth factor
axis. Trends Endocrinol. Metab. 13:392-397.
Jennings, J. S., R. H. Pritchard, K. W. Bruns, D. H. Keisler, and A. E. Wertz-Lutz.
2010. Relationship of circulating ghrelin and leptin concentrations in beef cattle
exhibiting differences in composition of gain1. Department of Animal and Range
Sciences, 34.
Jensen, K. B., D. A. Johnson, K. H. Asay, and K. C. Olson. 2002. Seasonalaccumulated growth and forage quality of range grasses for fall and winter
grazing. 6300:329–336.
Johnston, D. J., R. M. Herd, A. Reverter, and V.H. Oddy. 2001. Heritability of IGF-1 in
beef cattle and its association with growth and carcass traits. Proc. Assoc. Adv.
Anim. Breed Genet. 14:163-166
Kahn, B. B., and J. S. Flier. 2000. Obesity and insulin resistance. J. Clin. Invest.
106:473–481.
King, D. A., C. E. Schuehle Pfeiffer, R. D. Randel, T. H. Welsh, R. A. Oliphint, B. E.
Baird, K. O. Curley, R. C. Vann, D. S. Hale, and J. W. Savell. 2006. Influence of
animal temperament and stress responsiveness on the carcass quality and beef
tenderness of feedlot cattle. Meat Sci. 74:546–556.
Larson, D. M., J. L. Martin, D. C. Adams, and R. N. Funston. 2009. Winter grazing
system and supplementation during late gestation influence performance of beef
cows and steer progeny. J. Anim. Sci. 87:1147–1155.
Marchello, J. A., and F. D. Dryden. 1968. Meat Quality is Defined. Progress. Agric.:1415.
Martin, J. L., K. A. Vonnahme, D. C. Adams, G. P. Lardy, and R. N. Funston. 2007.
Effects of dam nutrition on growth and reproductive performance of heifer
calves. J. Anim. Sci. 85:841-847.
McBee, J.L. Jr. and J. A. Wiles. 1967. Influence of Marbling and Carcass Grade on the
Physical and Chemical Characteristics of Beef. J. Anim. Sci.:701–704.
Mohrhauser, D. A., A. R. Taylor, M. G. Gonda, K. R. Underwood, R. H. Pritchard,

42
A. E. Wertz-Lutz, and A. D. Blair. 2015. The influence of maternal energy status
during mid-gestation on beef offspring tenderness, muscle characteristics, and
gene expression. Meat Sci.110:201-211.
Möstl, E. and R. Palme. 2002. Hormones as an indicator of stress. Domest. Anim.
Endocrinol. 23:67-74.
Munoz, C., A. F. Carson, M. A. McCoy, L. E. R. Dawson, N. E. Connell, and A. W.
Gordon. 2008. Nutritional status of adult ewes during early and mid-pregnancy.
1. Effects of plane of nu- trition on ewe reproduction and offspring performance
to wean- ing. Animal 2:52–63.
NRC. 2000. Nutrient requirements of beef cattle. 7th ed. Natl. Acad. Press, Washington,
DC.
Parsons, A. G., S. J. Zhou, N. J. Spurrier, and M. Makrides. 2008. Effect of iron
supplementation during pregnancy on the behaviour of children at early school
age: long-term follow-up of a randomised controlled trial. Br. J. Nutr. 99, 1133–
1139.
Patel, A. D., S. A. Stanley, K. G. Murphy, G. S. Frost, J. V. Gardiner, A. S. Kent, and
S. R. Bloom. 2006. Ghrelin stimulates insulin-induced glucose uptake in
adipocytes. Regul. Pept. 134:17-22.
Pritchard, G. I., L. P. Folkins, and W. J. Pigden. 1962. The In Vitro digestibility of
whole grasses and their parts at progressive stages of maturity. Can. J. Plant Sci.
Radunz, A. E., F. L. Fluharty, A. E. Relling, T. L. Felix, L. M. Shoup, H. N. Zerby, and
S. C. Loerch. 2012. Prepartum dietary energy source fed to beef cows: II. Effects
on progeny postnatal growth, glucose tolerance, and carcass composition. J.
Anim. Sci. 90:4962-4974.
Richards, M., J. Spitzer, and M. Warner. 1986. Effect of varying levels of postpartum
nutrition and body condition at calving on subsequent reproductive performince
in beef cattle. J. Anim. Sci. 62:300-306
Schlotz, W., and D. Phillips. 2009. Fetal origins of mental health: Evidence and
Mechanisms. Brain Behav. Immun. 23: 905-916.
Schoonmaker, J. P., M. J. Cecava, D. B. Faulkner, F. L. Fluharty, H. N. Zerby, and S.
C. Loerch. 2003. Effect of source of energy and rate of growth on performance,
carcass characteristics, ruminal fermentation, and serum glucose and insulin of
early-weaned steers. J. Anim. Sci. 81:843–855.
Shoup, L. 2011. Effects of gestational energy source on feedlot performance, glucose
tolerance, and carcass traits of progeny. The Ohio State University
Smith, S.B., and J. D. Crouse. 1984. Relative contributions of acetate, lactate, and

43
glucose to lipogenesis in bovine intramuscular and subcutaneous adipose tissue.
J. Nutr, 114: 792-800.
Smith, S. B., A. Science, B. J. Johnson, and G. W. Davis. 2014. Management of cattle
to maximize the deposition of intramuscular adipose tissue BEEF. In:
Cattlemen’s Beef Board and National Cattlemen’s Beef Association: Centenial,
CO, USA.
Sullivan, E. L., B. Grayson, D. Takahashi, N. Robertson, A. Maier, C. L. Bethea, M. S.
Smith, K. Coleman, and K. L. Grove. 2010. Chronic consumption of a high-fat
diet during pregnancy causes perturbations in the serotonergic system and
increased anxiety-like behavior in nonhuman primate offspring. J. Neurosci.
30:3826-3830.
Swatland, H.J. 1973. Muscle growth in the fetal and neonatal pig. J. Anim. Sci. 37:536545.
Swift, R. W. 1957. The caloric value of TDN. J. Anim. Sci. 16:753-756
Thomas, V. M., and R. W. Kott. 1995. A review of Montana winter range ewe nutrition
research. Sheep and Goat Research Journal.
Tong, J. F., X. Yan, M. J. Zhu, S. P. Ford, P. W. Nathanielsz, and M. Du. 2009.
Maternal obesity downregulates myogenesis and beta-catenin signaling in fetal
skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 296:E917–24.
Tschöp, M., D. L. Smiley, and M. L. Heiman. 2000. Ghrelin induces adiposity in
rodents. Nature, 407: 908-913.
Vasconcelos, J. T., J. E. Sawyer, L. O. Tedeschi, F. T. McCollum, and L. W. Greene.
2009. Effects of different growing diets on performance, carcass characteristics,
insulin sensitivity, and accretion of intramuscular and subcutaneous adipose
tissue of feedlot cattle. J. Anim. Sci. 87:1540–1547.
Van Soest, P. J., J. B. Robertson, and B. A. Lewis. 1991. Methods for Dietary Fiber,
Neutral Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal
Nutrition. J. Dairy Sci. 74:3583-3597
Voisinet, B. D., T. Grandin, J. D. Tatum, S. F. O’Connor, and J. J. Struthers. 1997.
Feedlot Cattle with Calm Temperaments Have Higher Average Daily Gains Than
Cattle with Excitable Temperaments. J. Anim. Sci. 75:892–896.
Von Borell, E. H. 2001. The biology of stress and its application to livestock housing
and transportation assessment. J. Anim. Sci. 79:E260-267.
Weiss, W. P., H. R. Conrad, and N. R. S. Pierre. 1992. A theoretically-based model for
predicting total digestible nutrient values of forages and concentrates. Anim.
Feed Sci. Technol. 39: 95-110

44

Wertz-Lutz, A. E., T. J. Knight, R. H. Pritchard, J. A. Daniel, J. A. Clapper, A. J. Smart,
and D. C. Beitz. 2006. Circulating ghrelin concentrations fluctuate relative to
nutritional status and influence feeding behavior in cattle. J. Anim. Sci. 84: 32853300.
Wertz-Lutz, A. E., J. A. Daniel, J. A. Clapper, A. Trenkle, and D. C. Beitz. 2008.
Prolonged, moderate nutrient restriction in beef cattle results in persistently
elevated circulating ghrelin concentrations. J. Anim. Sci. 86: 564-575.
Wittum, T. E., M. D. Salman, M. E. King, R. G. Mortimer, K. G. Odde, and D. L.
Morris. 1994. Individual animal and maternal risk factors for morbidity and
mortality of neonatal beef calves in Colorado, USA. Prev. Vet. Med. 19:1–13.
Yan, X., M.-J. Zhu, M. V Dodson, and M. Du. 2013. Developmental programming of
fetal skeletal muscle and adipose tissue development. J. genomics 1:29–38.
Zhang, Y., R. Proenca, M. Maffei, M. Barone, L. Leopold, and J. M. Friedman. 1994.
Positional cloning of the mouse obese gene and its human homologue. Nature,
372: 425-432.
Zhou, S. J., R. A. Gibson, C. A. Crowther, P. Baghurst, and M. Makrides. 2006. Effect
of iron supplementation during pregnancy on the intelligence quotient and
behavior of children at 4 y of age: long-term follow-up of a randomized
controlled trial. Am. J. Clin. Nutr. 83, 1112–1117.
Zhu, M. J., S. P. Ford, W. J. Means, B. W. Hess, P. W. Nathanielsz, and M. Du. 2006.
Maternal nutrient restriction affects properties of skeletal muscle in offspring. J.
Physiol. 575:241–250.
Zhu, M.-J., S. P. Ford, P. W. Nathanielsz, and M. Du. 2004. Effect of maternal nutrient
restriction in sheep on the development of fetal skeletal muscle. Biol. Reprod.
71:1968–73.

