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Abstract

Ž .Our understanding of insulin-like growth factor-I IGF-I in cervids has been limited mostly to its effects on antler
Ž . Ž . Ž . Ždevelopment in red deer Cer�us elaphus , roe deer Capreolus capreolus , fallow deer Dama dama , and pudu Pudu

.puda . Although IGF-I has been found to play a critical role in reproductive function of other mammals, its role in
reproduction of deer is unknown. The objectives of the present study were to determine if serum levels of IGF-I change
during the breeding season, assess whether age influences serum IGF-I, compare levels of IGF-I measured during and
following the breeding season, and determine if IGF-I is associated with body and antler characteristics in free-ranging

Ž .adult, male white-tailed deer Odocoileus �irginianus . We collected serum and morphometric data from hunter-harvested
and captured white-tailed deer to investigate these objectives. Mean level of serum IGF-I during the breeding season

Ž .was 63.6 ng�ml and was greatest in deer between 2.5 and 5.5 years old 57.4�79.9 ng�ml . Levels of serum IGF-I
decreased by approximately 40% as the breeding season progressed, but levels were less in deer following the breeding

Ž .season 34.6 ng�ml . Both body and antler size were associated positively with IGF-I when controlling for age. Serum
testosterone was also associated positively with IGF-I. Levels of serum testosterone during the breeding season

Ž . Ž .generally increased with age from 4.82 1.5 years old to 18.79 ng�dl 5.5 years old , but decreased thereafter. These
data suggest that IGF-I may be an important hormone in breeding, male white-tailed deer. � 2001 Elsevier Science Inc.
All rights reserved.
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1. Introduction

Ž .Insulin-like growth factor-I IGF-I is a 7.5-kDa
hormone that is regulated by growth hormone

Žand is functionally similar to proinsulin Froesch
et al., 1985; Rechler and Nissley, 1985; Jones and

.Clemmons, 1995 . In addition to its metabolic
effects, IGF-I has been implicated to play an
important role in reproduction of numerous
species because of its effects on gonadal steroido-

Žgenesis Lin, 1995; Spicer and Echternkamp, 1995;
.Lin et al., 1998 . By acting on Leydig cells, IGF-I

directly stimulates gonadotropin-induced testos-
Žterone formation Lin et al., 1986; Lin, 1995; Le

.Roy et al., 1999 and potentially influences repro-
ductive behavior and success. Although produc-
tion of testosterone, the most common andro-
genic hormone in male deer, has been linked to

ŽIGF-I secretion Horikawa et al., 1989; Adam et
.al., 1995 , the relationship between IGF-I and

testosterone levels during the breeding season in
male deer has not been determined.

While antlers and body size are important de-
terminants of breeding success in male cervids
Ž .Clutton-Brock et al., 1982 , the importance of
testosterone in driving behavioral changes such as
aggressiveness cannot be underestimated. Ulti-
mately, IGF-I may indirectly influence breeding
success in male cervids via its influence on circu-
lating levels of testosterone and subsequent ef-

Ž .fects on behavior Bartos et al., 1998 . In captiveˇ
reindeer, systemic concentrations of IGF-I peaked

Ž .during the rut Bubenik et al., 1998 , however, in
Ž .another captive cervid, the pudu Pudu puda ,

seasonal concentrations of IGF-I in males were at
Ža minimum during the breeding season Bartos etˇ

.al., 1998 . A positive relationship between serum
concentrations of IGF-I and antler growth in

Žcaptive roe deer Capreolus capreolus; Schams et
. Žal., 1992 and fallow deer Dama dama; Bartos etˇ
.al., 2000 has been reported. However, changes in

IGF-I concentrations during the breeding season
in wild, free-ranging deer and associations with
antler size have not been reported. Levels of
IGF-I during the breeding season could also ef-
fect reproductive success by influencing an indi-

Žvidual’s ability to build muscle mass Douglas et
.al., 1991; Oddy and Owens, 1996 . Male cervids

increase muscle mass prior to the breeding sea-
Žson in preparation for intrasexual combat Verme

.and Ullrey, 1984 , an important component of the
mate selection process in cervids. However, an

association between systemic IGF-I levels and
muscle mass in free-ranging male cervids has not
been established to date.

Numerous studies have documented genotypic
effects on systemic levels of IGF-I in domestic

Žlivestock Echternkamp et al., 1990; Spicer et al.,
.1993; Simpson et al., 1994, 1997 . If there is a

genetic basis for systemic levels of IGF-I, and
IGF-I indirectly influences reproductive success
in male deer, then IGF-I should be investigated
to determine its influence on life-history strate-
gies and breeding success. Because little informa-
tion is available regarding systemic levels of IGF-I

Žin adult, male white-tailed deer Odocoileus �ir-
.ginianus from a free-ranging population, the pre-

sent experiment was conducted to determine if:
Ž .1 systemic concentrations of IGF-I are associ-
ated with serum testosterone in adult, male

Ž .white-tailed deer during the breeding season; 2
concentrations of serum IGF-I in adult, male
white-tailed deer change during or following the

Ž .breeding season; 3 levels of IGF-I are affected
Ž .by age in male deer; and 4 levels of IGF-I

during the breeding season are associated with
select morphometric measures.

2. Materials and methods

Our study population consisted of white-tailed
deer at the McAlester Army Ammunition Plant
Ž .McAAP in southeastern Oklahoma. The
McAAP herd had been managed using quality

Ždeer objectives since 1989 Ditchkoff et al., 1996,
. Ž1997 and thus had a large proportion �50%;

. ŽDitchkoff et al., 2000 of mature males �3.5
.years old for sampling. Predominant vegetation

types at McAAP are meadows of native prairie
Žgrass Andropogon �irginicus, A. gerardii, and

.Schizachyrium scoparium bisected by brushy
Ždraws Ulmus alata, Symphoricarpos orbiculatus,

.Prunus angustifolia, and Diospyros �irginiana , oak
Ž .Quercus nigra, Q. shumardii bottoms, and post

Ž . Ž .oak Q. stellata �blackjack oak Q. marilandica
uplands. The study area is further described by

Ž .Ditchkoff et al. 1996, 1997 .
We collected data from hunter harvested deer

Žduring 8 October�16 November 1994�1996 n�
.263 and deer captured using drop-nets during

Ž .December�January 1994�1996 n � 80 . Most
births of white-tailed deer at McAAP occur in

Ž .late May or early June Caire et al., 1989 indicat-
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ing that most breeding takes place during early
ŽNovember 200-day gestation period; Armstrong,

.1950 . However, fawns may appear in early May
Žmid-October conception; W.R. Starry, McAAP

.Land Manager, personal communication and thus
we loosely define the breeding season as a period
from early October to late November. Antlers
were measured according to the Boone and
Crockett scoring system described by Nesbitt and

Ž .Wright 1981 . Boone and Crockett score is a
trophy scoring system where scores for each antler
are summed together with the inside spread
Ž .greatest distance between the main beams to
obtain an overall estimate of antler development.
This system measures length of each tine, length
of the main beam, and circumferences around the

Žmain beam at the base of the antler basal cir-
. Žcumference and between successive tines not to

.exceed 4 circumferences for each antler . We did
not measure length of all tines during 1994 so we
could not calculate antler scores during that year.
We measured chest girth, skull length, right
hind-foot length, and body length to the nearest
0.1 cm on each animal. Field-dressed carcass mass
was measured to the nearest 0.5 kg on those deer
harvested by hunters. Deer were aged by tooth

Ž .wear and eruption Severinghaus, 1949 .
We collected blood from the thoracic cavity of

hunter-harvested deer and from captured deer via
jugular venipuncture into 10-ml evacuated

Žserum-separating tubes SST; Becton Dickinson
.Vacutainer Systems, Rutherford, NJ, USA .

Serum was separated by centrifugation within 6 h
of collection and stored at �85�C. Concentra-
tions of serum IGF-I were determined by acid-

Ž .ethanol extraction 16 h at 4�C radioimmunoas-
Žsay previously described Echternkamp et al.,

.1990; Suttie et al., 1991a,b and validated for deer
serum. We used recombinant human�bovine
IGF-I as the standard which differs from cervine

ŽIGF-I by only two amino acids Moore et al.,
.1993 . The inter- and intra-assay CV were 4.7 and

5.2%, respectively.
Serum testosterone levels were assayed with a

Ždirect RIA procedure Coat-A-Count Testos-
terone, Diagnostics Products Corporation, Los

.Angeles, CA, USA . Following the Coat-A-Count
methodology, we added 50 �l of serum and 1.0 ml
of 125I testosterone to antibody-labeled tubes
prior to incubation for 3 h at 37�C. Each Coat-A-
Count tube was pre-labeled with monoclonal anti-
bodies to testosterone. Following incubation,

samples were thoroughly aspirated and radioactiv-
ity of tubes was counted in a gamma counter.
Each sample was assayed in duplicate and sam-
ples with error �5% were reanalyzed. This assay
is sensitive to testosterone concentrations �4
ng�dl, and interassay percentage CV is 5�12%.

We compared serum IGF-I and testosterone
during the breeding season among age classes

Ž .using analysis of covariance ANCOVA with date
of sampling as a covariate to control for time
effects. We originally tested for a year effect in all
analyses, but because year was not significant
Ž .P�0.05 we dropped it from the models. We
tested for changes in IGF-I and testosterone con-
centrations during the breeding season by catego-
rizing date of sampling into 1-week intervals and
using an ANCOVA with week as a main effect
and age as a covariate. We made multiple com-
parisons using least square means. We used mul-
tiple regression to determine if measures of body
size were associated with IGF-I when controlling
for age. We used analysis of variance with age
and season as main effects to test for seasonal
Ž .breeding vs. post-breeding differences in IGF-I
and testosterone. When appropriate, multiple
comparisons were made using Fisher’s Least

Ž . ŽSquares Differences LSD Procedure Hicks,
.1993 . We tested for associations between serum

concentrations of IGF-I and testosterone during
and following the breeding season using simple
correlations. All analyses were performed using

Žthe Statistical Analysis System SAS Institute Inc.,
.1990 .

3. Results

During the breeding season, IGF-I concentra-
tions ranged from 5.81 to 224.9 ng�ml with and

Žoverall mean concentration of 63.6 ng�ml n�
.189; S.E.�2.5 with greatest concentrations tend-

ing to occur in deer from 2.5 to 5.5 years of age.
During the breeding season, we found that young
Ž . Ž .1.5 years old and old �6.5 years old adult
males had lower levels of IGF-I than males 2.5,

Ž .3.5 and 5.5 years old Fig. 1 . Least square means
Ž .of IGF-I of 1.5-year-old P�0.291 and �6.5-

Ž .year-old P�0.331 deer did not differ from 4.5-
Ž .year-old deer. Serum IGF-I was less P�0.001

Žin deer following the breeding season n�65;
.mean�34.6; S.E.�2.0 than during the breeding

season, and we found that 3.5- and 4.5-year-old
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Fig. 1. Mean serum IGF-I and testosterone of different age
classes of male white-tailed deer during and following the
breeding season. Breeding season means without a common

Ž .capital letter are different P�0.05 , and post-breeding sea-
son means without a common lower case letter are different
Ž .P�0.05 . Numbers in parentheses are sample sizes.

Ž .deer had greater P�0.05 serum IGF-I than
1.5-year-old deer.

Ž .Serum IGF-I tended to decrease P�0.001 by
Žapproximately 40% during the breeding season 6

.October�17 November when controlling for age
Ž .with ANCOVA Fig. 2 . Multiple regression mod-

Ž 2els suggested that field-dressed body mass R �
. Ž 2 .0.23 and antler score R �0.12 had a positive

Ž .P�0.05 association with IGF-I concentration
during the breeding season when including age in

Ž .the model Table 1 . Chest girth, skull length,
mean teste mass, and inside spread of antlers,

Žwhile tending to be positively associated P �
.0.05 with IGF-I concentration in multiple regres-

Ž . 2sion analyses, had low �0.08 values of R .

Body length and hind foot length were not re-
Ž .lated P�0.117 to IGF-I concentration during

the breeding season.
Serum testosterone was correlated positively

Ž .r�0.39; d.f.�200; P�0.001 with serum IGF-I
Ž .during the breeding season Fig. 3 . This positive

Žcorrelation was also found within 1.5- r�0.26;
.d.f.�94; P�0.012 and 2.5-year-old age classes

Ž .r�0.55; d.f.�51; P�0.001 , but not present
Žamong groups of deer that were 3.5 r�0.13;

. Žd.f.�28; P�0.519 , 4.5 r�0.39; d.f.�14; P�
. Ž0.168 , or �5.5 years old r�0.11; d.f.�13; P�
.0.719 . Serum testosterone was also correlated

Ž .positively r � 0.28; d.f.� 58; P � 0.034 with
serum IGF-I following the breeding season, but
we did not detect associations between testos-

Fig. 2. Least square means of serum IGF-I and testosterone
of male white-tailed deer during different weeks of the breed-
ing season. Bars without a common letter are statistically

Ž .different P�0.05 based upon an analysis of covariance with
age as a covariate. Numbers in parentheses are sample sizes.
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Table 1
Relationships between measures of body and antler size, and serum IGF-I concentrations of adult, male white-tailed deer during the
breeding season using multiple regressions to control for age effects

Ž .Body size Body or antler size Age years Intercept
measure 2Est. S.E. P Est. S.E. P Est. S.E. P r

aBody size measurements
Body mass 1.20 0.16 0.001 �12.8 2.4 0.001 �24.4 12.4 0.051 0.232
Chest girth 0.04 0.02 0.009 �0.6 1.8 0.741 26.7 14.2 0.061 0.038
Skull length 0.25 0.06 0.001 �1.8 1.8 0.326 �6.8 18.1 0.707 0.078
Body length 0.00 0.03 0.878 0.6 1.8 0.733 61.6 6.1 0.001 0.001
Hind foot length 0.01 0.04 0.728 0.6 1.7 0.713 56.6 15.9 0.001 0.002
Teste mass 0.62 0.30 0.044 �1.2 2.0 0.569 41.3 10.5 0.001 0.028

bAntler size measurements
Antler score 0.52 0.12 0.001 �9.7 2.9 0.001 52.7 6.6 0.001 0.122
Inside spread 1.05 0.33 0.002 �5.0 2.5 0.044 47.9 7.3 0.001 0.058

aUnits for body mass are kilograms; for teste mass are grams; and for all lengths are centimeters.
b Ž .Units for antler measurements are inches because the Nesbitt and Wright 1981 scoring system for antlers uses inches.

Ž .terone and IGF-I P�0.05 within age groups
during this period. Serum testosterone was great-

Ž .est P�0.05 among 3.5- and 5.5-year-old deer
Ž .during the breeding season and lowest P�0.05

Ž .among 1.5-year-old deer Fig. 1 . Testosterone
Ž .levels decreased P�0.008 up to 90% following

the breeding season and tended to be lowest
among deer that were 1.5 and �6.5 years old.
During the breeding season, testosterone levels

Ž .increased P�0.05 until the end of October and
Ž .decreased during November Fig. 2 .

4. Discussion

Our data indicate that age influences circulat-
ing levels of IGF-I in adult, male white-tailed
deer during the breeding season. Male deer that
were 2.5�5.5 years old had greater levels of IGF-I

Ž . Žthan young 1.5 years old and old �6.5 years
.old adult males. While this trend has not been

examined among cervids, these data corroborate
evidence suggesting that IGF-I decreases in aged
individuals among all animal species studied to

Ždate including humans Zadik et al., 1985; Ghigo
. Ž .et al., 1996 and rats Tanaka et al., 1996 . While

our data does not provide a physiological explana-
tion for the observed decrease of IGF-I with age,
it does suggest that senescence may begin as early
as 6.5 years old in white-tailed deer. An earlier
study on seasonal changes in reproductive hor-

Fig. 3. Associations between serum IGF-I and testosterone in
male white-tailed deer during and following the breeding
season.
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mones indicates that the prime age of male
white-tailed deer from boreal populations is ap-

Žproximately 5�7 years Bubenik and Schams,
.1986 , and a recent study of mortality in free-

ranging ungulates has suggested that senescence
Ž .does occur by 8 years Loison et al., 1999 .

Mean levels of IGF-I in our study decreased
throughout the breeding season, possibly because
of declining nutrition, changing photoperiod, and
exhaustion from breeding activities. Nutrition has
been found to significantly affect circulating lev-

Žels of IGF-I in both free-ranging Adam et al.,
.1995; Webster et al., 1996 and domestic ungu-

Ž .lates Richards et al., 1995; Bossis et al., 1999 . As
the breeding season progresses, adult, male
white-tailed deer typically spend less time forag-
ing and more time involved in breeding activities
Ž .Marchinton and Hirth, 1984 . As a result, male
deer can become chronically undernourished dur-
ing the breeding season, often enough that rates
of mortality in reproductively active males in-

Žcrease following the breeding season Klein and
Olson, 1960; Clutton-Brock et al., 1982; Ditchkoff,

.2000 . Indices of kidney and back fat in our deer
Ždecreased during the breeding season S.S.

.Ditchkoff, unpublished data , suggesting that
these animals tended to be in a negative state of
energy balance. Levels of IGF-I also decreased
after the breeding season, following expected pat-
terns of nutrition as well. Although foraging time
increases among male white-tailed deer following

Žthe breeding season Marchinton and Hirth,
.1984 , nutritional value of potential forages is

Žlowest during this season winter; Waller et al.,
.1972 . As a result, we would expect levels of

IGF-I to be lowest during winter because of poor
nutrition. Contrary to our data, Bubenik et al.
Ž .1998 found that IGF-I levels did not decrease in
captive male reindeer following the breeding sea-
son, possibly because of supplemental feed. Pho-
toperiod has also been shown to be associated
positively with concentrations of IGF-I in male

Ž .reindeer Rangifer tarandus; Suttie et al., 1991b
Ž .and dairy cows Dahl et al., 1997 and, therefore,

may have also contributed to the decrease in
IGF-I during and following the breeding season.

Body size and antler development were associ-
ated positively with concentration of IGF-I in
serum during the breeding season. While not all
measures of body size or antler development de-
monstrated this relationship, body mass and antler
score, the best overall measures of body and

antler development, both accounted for signifi-
cant variation in IGF-I concentrations when con-
trolling for age. Similar relationships were re-

Ž .ported by Suttie et al. 1991a who found strong
positive associations between measures of body
and antler size and concentrations of IGF-I in

Ž .yearling red deer stags. Matthews et al. 1988
documented that transgenic mice expressing IGF-
I had greater body mass than controls, suggesting
that IGF-I probably does influence body size
Ž .Suttie et al., 1991a . Similarly, IGF-I has been
directly associated with development of antlers in

Žred deer Suttie et al., 1989; Suttie and Fennessy,
. Ž .1992 , fallow deer Bartos et al., 2000 , and roeˇ
Ž .deer Schams et al., 1992 , although this takes

place prior to the breeding season when our data
were collected.

Serum testosterone was associated positively
with concentrations of IGF-I, suggesting that
IGF-I may have some function in male white-
tailed deer during the breeding season. Previous

Ž .studies with red deer Adam et al., 1995 have
reported associations between production of
testosterone and IGF-I secretion, and IGF-I has
been shown to promote testosterone production

Žby acting on Leydig cells Lin et al., 1986; Lin,
.1995; Le Roy et al., 1999 . Mean levels of serum

testosterone increased during the breeding sea-
son until late October, approximately 1�2 weeks
before the peak of the rut. This is similar to

Ž .patterns reported by Miller et al. 1987 and
Ž .McMillin et al. 1974 for captive white-tailed

Ž .deer, and Mirarchi et al. 1978 for captive and
wild white-tailed deer. Testosterone tends to peak
and then decline prior to the peak of the breed-
ing season, which is important for promoting ag-
gressive behavior in males and establishing domi-

Žnance during intrasexual competition Lincoln and
.Guinness, 1973; Monfort et al., 1993 , ultimately

acting to enhance reproductive success. If IGF-I
does influence testosterone production in male
deer, then the importance of IGF-I in the breed-
ing male cervid cannot be understated due to the
manner in which testosterone influences breeding
success.

Although this is the first report for mean levels
of IGF-I in serum of adult, male white-tailed
deer, these values were within the range of previ-
ously published values for captive deer species
ŽSuttie et al., 1989, 1991a; Suttie and Fennessy,
1992; Enright et al., 1994; Adam et al., 1995;
Webster et al., 1996; Reyes et al., 1997; Bartos etˇ
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.al., 1998; Bubenik et al., 1998 . In addition, our
data provide patterns of IGF-I for free-ranging,
adult, male white-tailed deer during the breeding
season and document age, temporal, and morpho-
metric relationships with levels of IGF-I. Because
concentration of testosterone in the serum was
associated positively with IGF-I, it is possible that
IGF-I could play an indirect role in the breeding
male cervid. While previous authors have hy-
pothesized that IGF-I plays an important role in

Žreproduction in other species Lin, 1995; Lin et
.al., 1998 , further work is needed to elucidate any

potential role that IGF-I may have in reproduc-
tion of male deer.
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