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Abstract

Most bulls that are managed for sale as yearlings are fed high-energy diets in the post-weaning period to maximize rates of gain
in body weight. High-energy diets with adequate protein, vitamins and minerals result in a larger scrotal circumference at 1 y of age,
however, part of this increase in size is likely due to scrotal fat. It is unclear whether testis size and spermatogenesis is significantly
affected by nutritional intake in the post-weaning period.

There are indications of an effect of calthood nutrition on age at puberty and testis size. Scrotal circumference was smaller in
yearling bulls raised by first-parity dams, compared to those raised by older dams. This may have been due to lower milk production
by first-parity dams, an in utero effect, or both. The effect of reduced calfhood nutrition may be mediated through gonadotropin
secretion.

Calves destined to become later maturing bulls with smaller testes had lower amounts of LH secretion during the period of the
early gonadotropin rise (8—16 wk of age). Furthermore, augmenting circulating LH concentrations at this time by treating calves
with GnRH hastened pubertal development. In addition, FSH treatments in calthood also increased scrotal circumference and
hastened spermatogenesis. In that regard, FSH has been considered a main driver of Sertoli cell proliferation in prepubertal animals.
Since Sertoli cell multiplication ceases at 2025 wk of age in bulls, final testis size in bulls is likely determined in calfhood.

Four experiments were done to investigate the effects of calfhood nutrition on pubertal development. These studies confirmed
that superior calfhood nutrition augmented gonadotropin secretion (which is probably mediated by metabolic hormones); this
resulted in larger testes at 1y of age and an earlier onset of spermatogenesis.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In the past 10-15y, it has become common to use
yearling Bos Taurus bulls as primary breeders. In a 10-y
study conducted in a western Canadian research herd,
yearling bulls used at bull to female ratios of 1:25
achieved fertility comparable to that of 2-y-old bulls [1].
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The use of bulls at an early age reduces production costs,
shortens the generation interval and may increase genetic
gains. However, the variability of onset of puberty
(among and within breeds) has resulted in great
variability in reproductive performance of young bulls
in producer herds. Poor reproductive performance by
yearling bulls may be due partly to inadequacy in mating
ability; however, semen quality is a more important
factor. Age of puberty, and subsequently maturity, is the
main factor involved in semen quality in yearling bulls.
Therefore, the successful use of yearling bulls will
depend on production systems that hasten maturity.
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2. Effect of post-weaning nutrition

Most bulls that are managed for sale as yearlings are
fed high-energy diets in the post-weaning period to
maximize rates of gain in body weight. High-energy
diets with adequate protein, vitamins and minerals may
hasten the onset of puberty in bulls [2]. Different levels
of nutrition after weaning appear to affect the rate of
testicular growth; however, it is not clear whether age of
onset of puberty is also affected [3—7]. In one study [3],
beef bulls were fed a high-concentrate diet (high
energy) or a hay +1/2 concentrate (low energy) diet
from weaning (6 mo of age) for a 168-d test period. The
test period was divided into two periods of 77d,
separated by a 14-d adjustment period. Four dietary
regimens were fed during the test periods resulting in
energy levels of high—high, high—-low, low-high or low—
low. Those on the highest plane of nutrition had the
largest scrotal circumference (SC) which may indicate
accelerated pubertal development (Table 1). However,
this may also have been due to increased scrotal fat,
with no difference in age at puberty.

The high-high energy diet appeared to have a
detrimental effect on semen quality. However, the bulls
were only 11.5 and 13.5 mo of age when semen was
examined, a time when most bulls are still undergoing
pubertal changes in semen quality. Therefore, it was not
possible to separate the effect of immaturity from the
effects of diet on semen quality.

Pruitt et al. [4] reported that high-energy intake in the
post-weaning period, up to approximately 12 mo of age
in beef bulls, did not impair future semen quality,
provided that rations from 1 to 2 y of age did not result
in excessive fattening. Ohl et al. [5] examined the
effects of rate of gain on SC and testicular histology in
23 half-sibling beef bulls. The bulls were fed high- or
low-gain rations from 11.6 to 15.3 mo of age. At the end
of the test period, the mean SC was 34.0 and 31.7 for
high- and low-gain rations, respectively. However,
sperm morphology was not different between groups on
Days 50 and 111. Seidel et al. [6] fed two groups of
Angus bulls for 154 d, from 7 to 11 mo of age, on a diet
containing 133 and 95% of requirements for total

digestible nutrient (TDN). At the end of the feeding
period, there was a larger SC in bulls on the high-energy
ration. Interestingly, the weight of the testes recovered
at slaughter was larger for the high-energy group, but
not significantly larger, and the bulls on the high plane
of nutrition had heavier scrotal weights. Based on these
studies, we inferred that larger SC measurements at 1 y
of age in bulls fed for maximal growth were partly due
to hastened testis development and partly due to excess
fat deposition in the scrotum. In these studies, high-
energy rations in the post-weaning period did not hasten
the age at which good-quality semen was produced. In
another study [7], Angus and Hereford bulls fed a high-
energy diet (80% grain and 20% forage) from weaning
to 15 mo of age had a greater average SC at 12 mo, but
not at 15 mo, than bulls fed a medium-energy diet. Bulls
on the high-energy diet also had significantly lower
sperm outputs at 15 mo than bulls on a medium-energy
diet. Therefore, high-energy rations continued past
12 mo of age could have a detrimental effect on semen
quality, perhaps due to an increase in scrotal fat and
impaired testicular thermoregulation.

Restricted dietary protein has deleterious effects on
sexual function. In a series of experiments [8,9], beef
bulls were fed various amounts of crude protein (CP)
starting at 8, 10 or 12 mo. Bulls in the control group
received diets containing approximately 14% CP,
whereas, those in the treatment groups received
decreasing levels of protein (8, 5, and approximately
1.5% CP) for periods of 84—170 d. Testes, epididymis,
and seminal glands weights were markedly reduced in
bulls fed protein-deficient rations, and seminiferous
tubule diameter and seminiferous epithelium thickness
were smaller in bulls with a restricted protein intake.
Sperm morphology and motility were not adversely
affected until CP was reduced to 1.35%. It was
noteworthy that protein restriction was so severe in
these studies that some bulls died or were slaughtered as
they were nearly moribund; these bulls had lost
approximately 40% of their initial body weight [8,9].
In another study, body weight, SC, total sperm in
the ejaculate, and sperm motility were greater after
12—-14 mo of age in bulls receiving a high protein diet

Table 1
Effect of level of dietary energy in bulls, from 6 to 11.5 mo of age, on scrotal circumference and semen quality at the end of the test period [3]
Diet
High-high High-low Low-high Low—low
Number of bulls 21 26 25 20
Scrotal circumference (cm) 38.3 36.4 36.4 353
Abnormal sperm (%) 24.2 15.2 17.1 16.4
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(14.5%) than in bulls receiving low protein (8.5%) from
6 to 21 mo of age [10].

Based on these studies, the nutritional level after
weaning affected SC, however, it is not clear whether
the earlier attainment of larger testis size in bulls on
higher nutritional level resulted in earlier production of
good-quality semen, i.e., maturity. It appears that high-
energy intakes from weaning to 12 mo of age will not
impair semen quality in bulls at maturity; however,
there is evidence that excessive energy intake in young
bulls may result in abnormal foot growth due to
laminitis [11], as well as abnormal bone and cartilage
growth, resulting in stiffness and lameness. In addition
high-energy diets increase the risk of rumen inflamma-
tion and liver abscesses, which may lead to the
development of infection of the vesicular glands [1].

3. Effect of calfhood nutrition

There is very little information regarding the effect
of calfhood nutrition on sexual development. In a study
by Bratton et al. [2], 30 Holstein bull calves were raised
on three levels of energy from 1 to 80 wk of age. The
low, medium- and high-energy rations, were expected to
provide 60-75, 100, and 140-160% of normal require-
ments, respectively. Semen was collected at 14-d
intervals. The results are shown (Table 2).

In this study, restriction of feed intake in calves from
1 to 80 wk of age had a tremendous effect on pubertal
development. In another study, bull calves raised to
weaning age by first-parity dams (calving at 2 y of age)
had smaller testes at a year of age than those raised by
older cows [12]. Perhaps puberty is delayed by
nutritional restriction in calfhood, regardless of
adequate post-weaning nutrition.

In studies of the endocrinology of sexual develop-
ment in bulls, gonadotropin concentrations in the
prepubertal period were related to age of onset of
puberty. Sexual development can be divided into the
infantile, prepubertal, and pubertal periods, according

Table 2
Effect of level of nutrition on age of onset of puberty in Holstein bulls

[2]

Level of feed intake

Low Medium High

Age at puberty (wk) 57 49 43
Weight at puberty (kg) 255 288 330
Number of ejaculates up to 80 wk 12 14 19
Sperm per ejaculate (x10%) 2.3 3.8 3.7
60-90 d pregnancy rates 74.1 72.9 74.2

to changes in gonadotropins and testosterone concen-
trations. The infantile period is characterized by low
gonadotropin and testosterone secretion, and extends
from birth to approximately 8 wk of age. A transient
increase in gonadotropin secretion occurs from
approximately 8-20 wk of age; this has been called
the ‘early gonadotropin rise’ and characterizes the
prepubertal period. Testosterone concentrations begin
to rise during the prepubertal period. The pubertal
period corresponds to the period of accelerated
reproductive development after 20 wk of age through
puberty; during this period, gonadotropin secretions
decrease, although testosterone secretion continues to
increase [13-19].

There is evidence that calves destined to become
later maturing bulls with smaller testes have lower
amounts of LH secretion during the early gonadotropin
rise [20,21]. Furthermore, augmenting LH production
just before the early gonadotropin rise by giving calves
exogenous GnRH hastened pubertal development [22].
Bull calves were treated with GnRH every 2 h for 2 wk
from 4 to 6 wk of age. In treated calves, mean serum
testosterone and LH pulse amplitude were increased at
24 wk of age, and at 52 wk of age, treated calves had
enhanced testicular growth and spermatogenesis and a
greater number of Sertoli cells per tubule. Conversely,
when LH, FSH and testosterone production were
suppressed by treatment with Leuprolide at 6, 10 and
14 wk of age, testis weight was reduced, and there were
lower numbers of spermatids and spermatocytes at 50
of age [23].

Sertoli cells are able to support a finite number of
germinal cells [24]. A key element in seminiferous
tubule size, and therefore testis size, is the number of
Sertoli cells. In bulls, Sertoli cell multiplication ceases
at 20-25 wk of age [25]; thus final testis size would be
determined before weaning. It is noteworthy that FSH
has been considered a main driver of Sertoli cell
proliferation in prepubertal animals (rats) [26]. There-
fore, calves that achieve greater FSH output in calthood
would be expected to develop larger testes and possibly
an earlier age of puberty. In a study by Bagu et al. [25],
bull calves were treated with 3 mg LH, or 4 mg FSH
once every 2 d from 4 to 8 wk after birth. The age at
which scrotal circumference first reached >28 cm
occurred earlier in FSH-treated calves compared to
saline-treated (control) calves. Based on testicular
histology at 56 wk of age, treatment with FSH increased
numbers of Sertoli cells, elongated spermatids and
spermatocytes per seminiferous tubule. These observa-
tions were consistent with those of Bame et al. [27] in
which calves immunized against inhibin in calthood
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had increased mean serum FSH concentrations and
augmented spermatogenesis. Treatment with LH also
appeared to have stimulatory effects on testis develop-
ment; however, in this experiment, endpoints were not
significantly different than those of saline-treated
controls.

Overall, the magnitude of the early gonadotropin rise
between 6 and 20 wk of age appeared to be a critical
factor in the initiation and timing of pubertal develop-
ment in bulls.

The level of nutritional intake during the early
gonadotropin rise of development could have important
effects on age of sexual maturity by affecting Sertoli
cell multiplication. It is not clear whether the level of
nutrition intake after 20 wk of age has an additional
effect on age at onset of puberty or age at maturity (as
measured by semen quality) in yearling bulls. There is
clinical evidence of an effect of calthood nutrition on
age at puberty and testis size. In two separate reports
[12,25], scrotal circumference was smaller in yearling
bulls that were raised by first-parity dams compared to
those raised by older dams. Presumably, first-parity
dams produce less milk thus affecting pubertal
development, however, an in utero effect was also
possible.

4. The relationship of nutrition and hormonal
mechanisms

The mechanisms controlling reproduction and
energy balance are intrinsically related and have
evolved to confer reproductive advantages and guar-
antee the survival of species. The neural apparatus
designed to gauge metabolic rate and energy balance
has been called the “metabolic sensor”. This sensor
translates signals provided by circulating concentra-
tions of specific hormones into neuronal signals that
ultimately regulate the GnRH pulse generator and
control reproduction. Metabolic indicator hormones,
e.g. leptin, insulin, growth hormone (GH), and insulin-
like growth factor-I (IGF-I), may signal nutritional
status to the hypothalamus—pituitary—gonad axis and
affect sexual development [28-33].

Leptin is a recently discovered hormone that is
produced by adipose tissue and regulates feed intake
and energy balance. The crucial roles of leptin on
reproduction have been demonstrated by observation of
the ob/ob mouse, which lacks a functional leptin gene.
These mice have impaired gonadotropin secretion and
are infertile, but treatment with exogenous leptin
restored fertility [34,35]. In female cattle, acute fasting

decreased circulating leptin and LH concentrations, but
LH secretion was restored by leptin treatments [35,36].

Insulin receptors have been demonstrated in the
hypothalamus in mice; those with disrupted insulin
receptors had reduced circulating LH concentrations
and impaired spermatogenesis [37]. Insulin receptors
were also observed in the hypothalamus in rams;
increased GnRH/LH secretion promoted by improved
nutrition was accompanied by increased insulin con-
centrations in blood and cerebrospinal fluid [38].

Growth hormone and IGF-I concentrations increased
during sexual development in humans and have been
suggested to be involved in regulating GnRH secretion
[39].

Insulin and IGF-I receptors have been identified in
Leydig cells in several species [40-42] and IGF-I
receptors have also been identified in rat Sertoli cells
[43]. Insulin-like growth factor-I increased the pro-
liferation of Leydig cell precursors from immature
animals and increased the differentiation of mesench-
ymal precursors into Leydig cells when combined with
LH. Insulin and IGF-I increased in vitro basal and
stimulated testosterone secretion in a dose-dependent
manner [41,44,45]. These metabolic hormones, among
others, might be involved in the continued development
of the testis after the decline of gonadotropin
concentrations in the peripubertal period.

A series of experiments were designed to test the
hypothesis that calthood nutrition affects sexual
development in bulls. The objective of these experi-
ments was to evaluate the effects of nutrition on
endogenous metabolic hormones, gonadotropins and
testosterone concentrations, sexual development, sperm
production, and semen quality in bulls. These experi-
ments were reported in full in the PhD thesis of
Leonardo Brito, University of Saskatchewan, 2006, and
were the first to document the temporal relationships
among metabolic hormones (leptin, insulin, growth
hormone, and IGF-I), gonadotropins, and testosterone
during the entire period of sexual development in bulls.
The following paragraphs summarize the highlights of
this thesis, which is available on-line (http://library.
usask.ca/theses/available/etd-04012006-184638/).

5. Materials and methods

Angus and Angus x Charolais bull calves from first-
parity dams were weaned at 8 wk of age and were used
in four experiments to investigate the effects of
nutrition. Although calves were actually weaned at
8 wk of age for purposes of this experiment, the
common age of weaning in producer herds is at



A.D. Barth et al./Theriogenology 70 (2008) 485—494 489

approximately 26 wk of age. Therefore, for ease of
discussion, for the remainder of this paper, the term
post-weaning will refer to calves that are older than
26 wk of age, whereas the term calfhood will refer to the
period prior to 26 wk.

The four experiments were as follows:

Experiment I, the post-weaning period (27-31 to
70 wk of age).

Experiment II, calthood (10 to 26-30 wk of age)
throughout the post-weaning period.

Experiment III, feed restriction during calthood.
Experiment IV, feed supplementation during calf-
hood.

Diets were mainly composed of barley silage, rolled
barley grain and canola meal, and were balanced for
minerals and vitamins. The low-nutrition diets con-
tained no concentrate and total digestible nutrients were
adjusted in medium- and high-nutrition diets by
addition of concentrates.

In Experiment I, 40 calves received the same
medium-nutrition diet ad libitum from 8 to 26 wk of
age. After 26 wk, they received low-, medium-, or high-
nutrition diets ad libitum until 70 wk of age (proportion
of concentrate; low 0%, medium 6.6%, and high 37%).

In Experiment II, 37 calves received low-, medium-,
or high-nutrition diets ad libitum from 10 to 70 wk of
age.

In Experiment III, 44 calves received low- or
medium-nutrition diets from 10 to 26 wk of age. Bulls
in the medium-nutrition group were fed ad libitum,
whereas bulls in the low-nutrition group were fed 75%
of the amount consumed by the bulls in the medium-
nutrition group. From 27 to 70 wk of age, bulls in the
medium-nutrition group continued to receive the same
diet (medium/medium), whereas the diet was changed
to the same as that fed to the medium-nutrition group
(low/medium) or to high nutrition (low/high) for bulls
previously receiving low nutrition. Bulls were fed ad
libitum after 27 wk of age.

In Experiment IV, 33 calves received medium or high
nutrition ad libitum from 10 to 30 wk of age. From 31 to
74 wk of age, all bulls received the same medium
nutrition.

The bulls were examined every 4 wk during the
experimental period. Body weight, backfat and scrotal
circumference were measured. Once SC reached 26 cm,
semen collection (electroejaculation) was attempted
every 2 wk. Puberty was defined as the first time that an
ejaculate contained >50 x 10° spermatozoa with
>10% motile spermatozoa [46]. Following confirma-

tion of puberty, ejaculates were collected once every
4 wk and sperm morphology was determined in eosin—
nigrosin stained smears. Sexual maturity was char-
acterized by an ejaculate containing >70% morpholo-
gically normal spermatozoa [47]. Bulls were sent to
slaughter at the end of the experimental period
(approximately 16 mo of age) and the testes were
recovered and weighed.

Blood samples were collected from seven or eight
bulls from each treatment group in each experiment. In
Experiment I, single blood samples were collected every
4 wk from 26 to 70 wk of age. In Experiment II, intensive
blood sampling, every 15 min for 10 h, was done every
4 wk from 10 to 26 wk of age, and at 44 and 48 wk of age.
Gonadotropin-releasing hormone (GnRH) was adminis-
tered after the 10 h intensive sampling and blood samples
were collected every 15 min for 90 min. Additionally,
single blood samples were collected every 2 or 4 wk
during periods when intensive samplings were not
performed. In Experiment III, intensive blood sampling,
followed by GnRH challenge, was done every 4 wk from
14 to 34 wk of age and single blood samples were
collected every 4 wk during the period when intensive
sampling was not done. In Experiment IV, intensive
blood sampling followed by GnRH challenge was done
every 4 wk from 14 to 30 wk of age, and single blood
samples were collected every 4 wk during the period
when intensive sampling was not done. In Experiments
I, III, and IV, LH concentrations were determined in
serum samples obtained during the entire intensive
sampling period, and after GnRH treatment. Concentra-
tions of leptin, insulin, GH, IGF-I, FSH, and testosterone
were determined in single serum samples and pooled
samples from intensive samplings. Serum GH con-
centrations were determined only until 33 wk of age in
Experiment III and leptin and GH concentrations were
not evaluated in Experiment IV. Testosterone concen-
trations were also determined in serum samples
obtained after GnRH challenge in Experiments II,
III, and IV, and FSH concentrations were determined in
serum samples obtained after GnRH challenge in
Experiments II and III.

6. Results
6.1. Experiment 1: effect of post-weaning nutrition

The effect of nutrition on body development was
unexpected. Bulls on low nutrition were lighter than
bulls on medium nutrition, but did not differ sig-
nificantly from bulls on high nutrition. It is difficult to
explain the outcome in body weight gains; however,
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Table 3

Mean (£S.E.M.) age at puberty and maturity, testes weight, and proportion of normal sperm at 70 wk of age of age in beef bulls receiving low,

medium, and high nutrition from 26 to 70 wk of age (Experiment 1)

Low (n=14) Medium (n = 13) High (n=13)
Age at puberty (d) 301.6 + 7.7* 328.4 4+ 6.2° 299.3 + 8.0°
Age at maturity (d) 3645+ 11.0 3737+ 114 360.8 £+ 14.0
Paired testes weight (g) 618.7 £ 274 573.6 £12.7 610.8 £ 17.7
Normal sperm (%) 80.2 £6.7 80.2+5.9 80.7£9.4

*PNumbers in rows with different superscripts differ (P < 0.05).

Table 4

Mean (£S.E.M.) age at puberty and maturity, testes weight, and proportion of normal sperm at 70 wk of age in beef bulls receiving low, medium, and

high nutrition from 10 to 70 wk of age (Experiment 2)

Low (n=13) Medium (n = 12) High (n=12)
Age at puberty (d) 3269 +55 3047+ 7.4 2923+ 4.6
Age at maturity (d) 3905 +£79 3843 +6.8 3973+ 114
Paired testes weight (g) 523.9 +25.8* 552.4 +£21.1°* 6552 +£21.2°
Normal sperm (%) 76.3 + 6.0 77.5+55 72.4 £ 6.0

*PNumbers in rows with different superscripts differ (P < 0.05).

since dietary intake was ad libitum, bulls on low
nutrition might have compensated by higher feed
intake. Bulls on medium nutrition were older at puberty,
despite being generally heavier (Table 3).

6.2. Experiment 2: effect of nutrition during
calfhood and throughout post-weaning

Bulls on low nutrition were lighter, and had smaller
testes and delayed puberty when compared with bulls
on medium or high nutrition (Table 4). The early
gonadotropin rise in bulls was characterized by an
increase in LH pulse frequency, mean and basal
concentrations, and total secretion from 10 to 22—
26 wk of age. Mean FSH concentrations were also
increased during this period. Insulin-like growth
factor-I concentrations increased during the early
gonadotropin rise, suggesting a role for this hormone
in regulating the early gonadotropin rise in bulls.
Leptin and insulin concentrations only increased after
30 wk of age and therefore were not involved in
regulating GnRH secretion during the early gonado-
tropin rise.

Table 5

6.3. Experiment 3: feed restriction during calfhood,
with or without supplementation post-weaning

Bulls with restricted nutrition during calthood had a
lower early gonadotropin rise; however, there were no
differences in LH secretion among groups when rations
were changed to medium or high nutrition in the post-
weaning period. Therefore, nutrition affected the GnRH
pulse generator in the hypothalamus, during the period
of the early gonadotropin rise in bulls. Low nutrition
during calfhood delayed body and testicular develop-
ment, even after feed supplementation during the post-
weaning period. Bulls on low nutrition during calfhood
were older at puberty and had smaller testes at 16 mo of
age (Table 5). Therefore, nutrition during calthood had
long-term effects on sexual development, regardless of
the nutrition offered during the peripubertal period.

6.4. Experiment 4: effect of feed supplementation
during calfhood

In this study, bulls receiving supplemental feed
during calfhood had a greater and more sustained

Mean (+S.E.M.) age at puberty and maturity, testes weight, and proportion of normal sperm at 70 wk of age in beef bulls receiving low or medium
nutrition from 10 to 26 wk of age, and medium or high nutrition from 27 to 70 wk of age (Experiment 3)

Medium/medium (n = 15)

Low/high (n = 14) Low/medium (n = 15)

Age at puberty (d) 293.0 + 8.0°
Age at maturity (d) 366.4 £ 12.8
Paired testes weight (g) 597.4 +11.2%
Normal sperm (%) 78.1£3.5

333.7 £ 12.1° 334.0 + 8.5°

392.6 + 10.6 388.7 +10.8

547.6 + 18.6™ 503.1 +22.0°
773 +59 78.1 £3.5

**Numbers with superscripts not in common differ (P < 0.05).
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Table 6

Mean (£S.E.M.) age at puberty and maturity, testes weight, and
proportion of normal sperm at 74 wk of age in beef bulls receiving
medium or high nutrition from 10 to 30 wk of age and medium
nutrition from 31 to 74 wk of age (Experiment 4)

Medium (n = 16) High (n=17)
Age at puberty (d) 3269 +£9.3 314.1 £83
Age at maturity (d) 381.5+9.2 380.6 + 14.9
Paired testes weight (g) 5312 + 18.4° 610.5 +27.9°
Normal sperm (%) 748 £3.5 743+ 4.6

*PNumbers in rows with different superscripts differ (P < 0.05).

increase in LH pulse frequency during the period of the
early gonadotropin rise. Feed supplementation above
normally recommended levels during calfhood has-
tened body development and increased testicular mass
and sperm production at 16 mo of age (Table 6). The
beneficial effects of feed supplementation during
calfhood extended beyond the period of supplementa-
tion.

Scrotal circumference increased continuously during
the experimental period in bulls in the medium-nutrition
group, whereas SC in the high-nutrition group increased
until 66 wk of age. Although SC measurements did not
increase in the high-nutrition group at 70 and 74 wk of
age, they remained higher at those times than SC
measurements in the medium-nutrition group. Paired
testes volume increased (P < 0.05) until 66 wk of age in
both groups.

7. Discussion

In Experiment 1, post-weaning nutrition did not
result in significant weight differences, probably
because bulls receiving low and medium nutrition
compensated with greater intake. The lack in weight
differences was reflected in the lack of differences in
age at onset of puberty, SC at both 12 and 16 mo, and
testis weight at 16 mo. Most data in the literature deal
with post-weaning nutrition; there are contradictory
results regarding the effect of post-weaning nutrition on
age at onset of puberty. However, a constant observation
was that higher energy diets in the post-weaning period
result in greater SC and increased testis weight at 12—
15 mo of age. High-energy intakes in the post-weaning
period most likely result in achievement of maximum
testes size earlier, whereas low post-weaning nutrition
results in slower development of the testes. However,
within a reasonable range, post-weaning nutrition likely
does not influence testis size of mature bulls. The effect
of nutrition on age at maturity, as determined by the first
production of >70% normal sperm, has so far not been

clearly elucidated by any published studies; however, it
could be surmised that earlier onset of puberty should
lead to earlier production of good-quality semen.

These experiments clearly demonstrated that nutri-
tion during calthood affected LH secretion during the
early gonadotropin rise, with consequent effects on
sexual development. The effects of nutrition during the
post-weaning period seemed to have a much smaller
effect on sexual development, although a definitive
conclusion in that regard could not be made, since
different nutrition did not result in consistent effects on
body weight in Experiment 1. Beef bull calves are
usually nursing during calfhood and very little attention
is paid to their nutrition, whereas nutrition offered to
dairy bull calves is often sub-optimal. It is clear that
nutritional management practices during calfhood will
have greater beneficial effects on reproductive function
than management practices during the post-weaning
period in bulls.

These results demonstrated that in bulls, as in other
species and in females [29,31,32], nutrition is involved in
regulating GnRH secretion, with consequent effects on
sexual development. Gonadotropin secretion after GnRH
challenge was not consistently affected by nutrition,
indicating that the effects of nutrition may not involve the
pituitary. However, during the period of the early
gonadotropin rise in bulls, nutrition regulated the
hypothalamus—pituitary—testis axis by modulating the
GnRH pulse generator in the hypothalamus. High
nutrition during calfhood resulted in a more sustained
increase in LH pulse frequency during the early
gonadotropin rise and greater testicular development at
maturity; therefore, LH secretion during calfhood may
somehow ‘‘prime”’ testicular development and determine
maximum adult testicular size. This conclusion was also
supported by the increased paired testes weight observed
at 54 wk of age in bulls receiving multiple, exogenous
GnRH treatments during calthood [22].

Conversely, restricted nutrition during calthood
suppressed LH secretion during the early gonadotropin
rise and delayed puberty and reduced testicular
development at maturity. Similar effects have been
produced by suppressing LH secretion with prolonged
GnRH-agonist treatments during calfhood in bulls [23].
Reduced nutrition could be associated with a smaller SC
in bulls raised by first-parity dams. Bagu et al. (personal
communication) observed reduced LH secretion at 8—
20 wk of age in calves raised by first-parity dams
compared to calves raised by older cows. However, an
in utero effect on calf growth and development might
also be involved in reduced testes size and delayed
puberty in calves raised by first-parity dams.
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GnRH-stimulated LH secretion was reduced in bulls
receiving restricted calfhood nutrition in Experiment
I, indicating an effect on pituitary function in the latter
experiment. A possible explanation for these differ-
ences is the difference in design between the two
studies. In Experiment II, the group of bulls receiving
low nutrition received forage only (no concentrate), but
intake was not limited. In contrast, intake was limited in
the low-nutrition group in Experiment III. Perhaps LH
secretion is regulated not only by the availability of
nutrients, but also by the central center responsible for
the sensations of hunger and satiety located in the
hypothalamus [48]. The inhibitory effects of limited
availability of nutrients on LH secretion appeared to be
exerted only on the hypothalamus (Experiment II),
whereas the combination of limited availability of
nutrients with the hunger sensation experienced by bulls
with restricted intake in Experiment III affected both
hypothalamic and pituitary function, producing a much
more severe inhibition of LH secretion.

There were elevated FSH concentrations during the
early gonadotropin rise in these experiments. This rise
in FSH is likely also involved in earlier onset of puberty,
as treatment of calves with bFSH from 4 to 8 wk of age
hastened testicular growth, resulted in greater numbers
of Sertoli cells, and hastened spermatogenesis [25].

Circulating IGF-I concentrations increased con-
stantly during calfhood and the peripubertal period,
and only reached a plateau (or decreased slightly) when
sexual development was completed (semen quality
similar to mature bulls), indicating that IGF-I may be
involved in regulating sexual development. Increased
GnRH/LH secretion associated with high nutrition was
associated with increased IGF-I concentrations,
whereas reduced GnRH/LH secretion associated with
low nutrition was associated with decreased IGF-I
concentrations. These temporal associations strongly
argue for a regulatory role of IGF-I on GnRH secretion;
however, more studies should be conducted to
determine if IGF-I can indeed promote GnRH secretion
in bulls.

Nutrition also affected testicular steroidogenesis
(testosterone concentrations), reflecting effects on
Leydig cell number, function, or both. The increase
in physiological and GnRH-stimulated circulating
testosterone concentrations observed with age was
hastened in bulls receiving high nutrition and delayed in
bulls receiving low nutrition. Since LH and IGF-I have
crucial, complementary roles in promoting Leydig cell
proliferation, differentiation, and testosterone secretion
[49,50], the effects of nutrition on testicular steroido-
genesis were probably mediated by both LH secretion

and IGF-I concentrations. Moreover, IGF-I concentra-
tions accounted for a high proportion of the variation in
testes size, indicating that IGF-I may be a potent
testicular mitogen.

A consistent observation was that leptin, insulin, and
GH concentrations did not differ among groups during
the early gonadotropin rise and therefore could not be
involved in the differences in LH secretion produced by
different nutrition. Therefore, the role of these
hormones, if any, in regulating GnRH secretion, is
permissive. However, leptin and insulin had moderate to
good correlations with SC and paired testes volume in
Experiments I and II, indicating that these hormones
may promote testicular development.

In conclusion, reproductive function in bulls could
be maximized by providing high nutrition during
calfhood and adequate nutrition in the post-weaning
period. The results of these experiments suggest that a
target for average daily gain during calfhood should be
>1.2 kg/d. Future research that would contribute to the
understanding of the physiological mechanisms linking
nutrition and reproduction in bulls should include direct
evaluation of the effects of circulating IGF-I on GnRH/
LH secretion. Nutritional and pharmacological manip-
ulation of the early gonadotropin rise during calfhood
also warrant investigation.
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