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ABSTRACT Positive relationships between age, sexually selected traits, and male reproductive success have
been reported for a number of polygynous ungulates; however, relatively little is known about the factors
influencing male reproductive success in ungulate species whose mating system is characterized by tending-
bond behaviors. Broad interest in the genetic consequences of selective harvest supports a greater
understanding of the role of these factors as determinants of male reproductive success in important game
species (e.g., white-tailed deer [Odocoileus virginianus]), that exhibit tending-bond behaviors. We
investigated male reproductive success in white-tailed deer across a range of sex ratios and age structures using
a known population of deer housed in a 175-ha enclosure in central Alabama, USA. We measured age,
annual antler size, and annual body size of male white-tailed deer and assigned paternity to 143 known-age
offspring during 2007–2014. Reproductive success was attributed to a high proportion of males during each
of the 6 breeding seasons. Our most supported model indicated that annual body size and antler size of
the individual were positively associated with annual male breeding success. The effects of annual antler size
were sensitive to changes in mean male age of the herd, with antler size having the greatest effect on male
reproductive success under older male age structures. Young (�1.5 yr) males reproduced most frequently
when male age structure was youngest (which correlated with female-biased sex ratios in this population).
Our results suggest that male age structure and sex ratio played a key role in establishing patterns of male
reproductive success in white-tailed deer. Management practices that encourage balanced adult sex ratios and
older male age structures (e.g., Quality Deer Management) may promote a highly competitive environment
where sexually selected traits are of increased importance to male breeding success. However, the ability of
managers to alter herd genetics in a positive or negative direction through selective harvest is limited in white-
tailed deer because of the high proportion of reproducing males. � 2016 The Wildlife Society.
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Selection theory suggests that sexual size dimorphism and
secondary sexual characteristics (e.g., antlers, horns, tusks) are
evolved and perpetuated in some mammals as a result of
reproductive advantages (Geist 1966, Andersson 1994).
Competition among males for access to mates is fundamental
to sexual selection, and, consequently, variables that shape the
competitive environment (e.g., duration of breeding season,
population density) are important influences of sexually
selected traits (Andersson 1994, Gosden and Svensson 2008,
Martin et al. 2016). Polygynous ungulate mating systems
frequently are characterized by short breeding seasons and
intense competition among males for mates, and the selective

pressures that arise under these conditions are thought to have
contributed to the high level of sexual dimorphism and large
horns and antlers found in many of these species (Clutton-
Brock et al. 1979, Hendrick and Temeles 1989, Coltman
et al. 2002, Mysterud et al. 2003, Ciuti and Apollonio 2016).
Positive relationships between male reproductive success,
body size, and horn and antler size have been reported for
numerous ungulate species, including red deer (Cervus
elaphus), fallow deer (Dama dama), and bighorn sheep
(Ovis canadensis; Clutton-Brock et al. 1988; McElligott et al.
2001; Coltman et al. 2002; Kruuk et al. 2002, 2014). Physical
traits are correlated with age in many ungulate species,
and, as such, male reproductive success generally is higher
for prime-aged males than young or senescent individuals
(Festa-Bianchet 2012).
The relative importanceof age,body size, andantler andhorn

size as determinants of male reproductive success varies
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between ungulate species (Clutton-Brock et al. 1988, Hogg
and Forbes 1997, Coltman et al. 1999,McElligott et al. 2001,
Willisch et al. 2012). Male polygynous ungulates exhibit a
variety ofmateguardingbehaviors, including resourcedefense,
harem defense, lekking, and tending, and the adopted
behaviors influence the role of male traits in reproduction
(Hogg 1987, Clutton-Brock et al. 1988, Clutton-Brock 1989,
Marino 2012, Ciuti and Apollonio 2016). For example,
reproductive success in populations of red deer that exhibit
harem-defense behaviors is almost entirely restricted to a
relatively small group of prime-aged, harem-holding males
that have large bodies and antlers (Clutton-Brock et al. 1988,
Pemberton et al. 1992), whereas reproductive success is
attributed toa larger groupofmalespossessingavarietyofbody
andhorn sizes in bighorn sheep that employ tending, coursing,
and blocking behaviors (Hogg 1984, Hogg and Forbes 1997).
A tending bond is a mate-guarding behavior where males

search out and guard, or tend, individual females that are
receptive until breeding is complete or they are displaced by a
rival (Hirth 1977, Mooring and Penedo 2014). A number of
ungulates are described as primarily using tending-bond
behaviors during mate guarding, including moose (Alces alces;
Bowyer et al. 2011), desert mule deer (Odocoileus hemionus
crooki; Kucera 1978), American bison (Bison bison bison;
Roden et al. 2003), eland antelope (Tragelaphus oryx;
Bro-Jørgensen and Beeston 2015), and white-tailed deer
(Odocoileus virginianus; Marchington and Hirth 1984).
White-tailed deer are the most studied ungulate that
primarily employs a tending-bond mating system; however,
relatively little is known about factors influencing male
reproductive success in this species despite their importance
as a game species (DeYoung et al. 2002, 2009; Sorin 2004;
Jones et al. 2011; Turner et al. 2016). The peak breeding
period for this species typically is short (�3 weeks) in
temperate regions of their range, and males tend a single
receptive female for 24–48 hours in attempts to secure
breeding rights (Knox et al. 1988, Hewitt 2011). The
available studies of male breeding success in white-tailed deer
have reported that reproduction is spread among a larger
group of sires than is typical of ungulates that defend
territories or groups of females, presumably because of the
obligations of tending and frequently wide distribution of
females (Sorin 2004, DeYoung et al. 2009, Turner et al.
2016). Male reproductive success in white-tailed deer has
been positively associated with age, with individuals�3 years
of age being responsible for the majority of offspring in
multiple studies; however, younger males (1.5–2.5 yr) have
been reported to make significant reproductive contributions
under a variety of demographic conditions (Sorin 2004,
DeYoung et al. 2009, Turner et al. 2016). Occurrences of
multiple paternity in the same litter have been reported in
populations of white-tailed deer, which further supports the
concept that a high proportion of males participates in
reproduction (DeYoung et al. 2002, Sorin 2004).
Previous investigations of male reproductive success in

white-tailed deer have focused almost exclusively on the
influence of age (Sorin 2004, DeYoung et al. 2009, Turner
et al. 2016). Although insightful, the scope of many of these

studies has been limited by uncertainties associated with field
aging techniques that force individuals to be grouped into
general age classes (Gee et al. 2002, DeYoung et al. 2009).
Further, few studies have considered physical traits (i.e., body
size, antler size) that are closely correlated with age, and it is
possible that these unmeasured factors are influencing much
of the reported positive associations between age and
breeding success (Stewart et al. 2000, McElligott et al.
2001, DeYoung et al. 2009, Pelletier and Festa-Bianchet
2006, Jones et al. 2011). A single study of captive deer
investigating the role of body mass in male breeding success
suggested that body mass, although important, did not fully
explain male breeding success in white-tailed deer (Jones
et al. 2011). The importance of antlers to male breeding
success in white-tailed deer has received scant attention
despite the known importance of weaponry in establishing
dominance hierarchies and during intraspecific compet-
itions for mates in other ungulate species (Geist 1966,
Barrette and Vandal 1990, Andersson 1994, McElligott
et al. 1998).
Greater understanding of male reproductive success is of

interest from a variety of applied and theoretical perspectives;
however, knowledge related to this subject is critically
important for management of game species where male
harvest often is related to heritable phenotypic traits
(Marchington andHirth 1984, Harris et al. 2002). Prolonged
phenotype-based selective harvest of trophy (i.e., possessing
large or other highly desirable antler characteristics) males has
been linked to declines in genetic diversity and male quality in
ungulates (Hartl et al. 1991, Coltman et al. 2003, Pigeon et al.
2016, Pozo et al. 2016), and these findings raise concerns
regarding the influence of selective harvest practices on
population fitness. Conversely, popular white-tailed deer
management practices, including selective harvest (i.e., cull-
ing) of inferior (i.e., possessing small or other undesirable
antler characteristics) males and selective harvest to promote
balanced adult sex ratio and older male age structures (e.g.,
QualityDeerManagement), are often implemented under the
expectation that desired demographic conditions will allow
older, larger antleredmales to have higher reproductive success
despite limited evidence in support of these ideas (Woods et al.
1996, Turner et al. 2016). Improved knowledge of patterns of
male reproductive success in white-tailed deer would allow for
the development of management policies that give greater
consideration to long-term genetic implications of selective
harvest practices.
We conducted an investigation of the factors influencing

male breeding success in an enclosed population of white-
tailed deer to better understand reproductive patterns in this
species and others with similar breeding ecology. We used
genetic-based parentage assignments with detailed informa-
tion about potential sires, including age, antler size, and body
size, to evaluate the relative influences of these factors on
annual male breeding success. We conducted this project
over multiple years, under a variety of sex ratios and male age
structures, which allowed us to simultaneously investigate
how changes in demography interacted with male traits to
influence annual breeding success.
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STUDY AREA

We conducted this study at Auburn University’s Deer
Research Facility, which was located in the Piedmont region
of east-central Alabama, USA (Neuman et al. 2016). The
facility was constructed in October 2007 and consisted of
174 ha enclosed by a 2.6-m steel fence designed to inhibit
deer movements. The enclosed population comprised wild
animals captured during construction and their descendants.
White-tailed deer bred during mid-December to mid-
February, with peak conception at approximately January 18.
The population size was regulated during the project largely
via natural and capture-related mortalities. A number (10–15
individuals) of young-of-the-year deer were captured and
released outside the facility at approximately 6 months of age
each year to further control deer density andmaintain desired
numbers of individuals across age classes.
Vegetation was approximately 40% open fields maintained

for hay production; 13% bottomland hardwoods (oak [Quercus
spp.]); 26% mature, naturally regenerated mixed hardwoods
(oak and hickory [Carya spp.]) and loblolly pine (Pinus taeda);
11%early regenerated thicket areas consisting primarily of rose
(Rubus spp.), sweetgum (Liquidambar styraciflua), eastern red
cedar (Juniperus virginina), and Chinese privet (Ligustrun
sinense); and 10% 10–15-year-old loblolly pine. A second-
order creek bisected the property and provided a stable source
of water year-round. Three feeders provided a 16–18%
extruded protein feed (Record Rack1, Nutrena Feeds,
Minneapolis, MN) available ad libitum. Four timed feeders
each provided deer approximately 2 kg/day of corn during
periods when we were actively capturing deer each year. Two,
0.8-ha fenced plots were planted annually in various warm and
cool season forages as part of other ongoing research projects.
Deer were allowed to rotationally graze fenced forage plots at
regular intervals throughoutmuchof each year as prescribed by
projects.

METHODS

Field Methods
We chemically immobilized and captured adult (�6 months)
deer over 7 trapping seasons (�1 Oct–1 Jul) from 2007–2014.
All methods were approved by the Auburn University
Institutional Animal Care and Use Committee (2008-1417,
2008-1421, 2010-1785, 2011-1971, and 2013-2372), and
followed the American Society of Mammalogists’ guidelines
(Sikes and Gannon 2011). Deer were immobilized using a
combined intramuscular injection of Telazol1 (Fort Dodge
Animal Health, Fort Dodge, IA; 100mg/ml given at a rate of
4.5mg/kg) and xylazine (Lloyd Laboratories, Shenandoah,
IA; 100mg/ml given at a rate of 2.2mg/kg) followed by
reversal with the antagonist Tolazine1 (Lloyd Laboratories;
100mg/ml given at a rate of 6.6mg/kg;Miller et al. 2004).We
delivered chemical immobilization using cartridge-fired dart
guns (Pneu-Dart, Williamsport, PA) equipped with night
vision scopes and transmitter darts at feeders (Saalfeld and
Ditchkoff 2007).
At initial capture, we recorded sex and aged animals using

tooth wear and replacement (Severinghaus 1949). We gave

animals a unique 3-digit identification number that was
displayed on visible ear tags and freeze branded individuals
on the front shoulder and hind quarter.We took an ear notch
sample for genetic analysis and stored samples at�788C.We
used measurements of chest girth (i.e., measured immedi-
ately posterior to the front legs), hind foot length (i.e., the
tip of the hoof to the posterior end of the tuber calcis), and
body length (i.e., tip of the nose to the base of the tail dorsally
hugging the skull and spine) to provide an estimate of
body size (Ditchkoff et al. 2001a). We chose not to measure
body mass because sampling occurred over prolonged periods
that included the breeding season, and body mass is highly
variable in male deer during these periods because of
increased energy expenditures and fasting associated with
breeding activities (Ditchkoff et al. 2001a).
We measured hardened antlers according to the Boone and

Crockett scoring system (Nesbitt et al. 2009), which includes
measurements of beam and tine length, antler beam
circumference, and inside spread between antlers. We did
not deduct for differences in antler asymmetry as is standard
in net Boone and Crockett scores but rather recorded gross
Boone and Crockett score to account for total antler
development. Gross Boone and Crockett score is widely
accepted as a standard measure of antler development and is
an accurate predictor of antler size when using antler mass as
standard (Strickland et al. 2013).
Vegetative characteristics and the relatively large size of the

facility did not provide an environmentwhere itwaspossible to
view all animals at all times; therefore, we used a combination
ofmethods to estimatedeer abundance, adult sex ratio, and age
structure.We placed infrared-triggered cameras at feeders and
random sites baited with corn during 14 days each February
andused the collected images ofmarked and unmarked deer to
estimate deer abundance using mark-recapture methods
(Overton 1969, Jacobson et al. 1997). These data were used
in conjunction with field observations, and capture and
mortality records to determine final population demographic
estimates.We consideredmarked individuals not observed for
2years tobedead tocurbapotentially ever-growingpopulation
of dead but unrecovered animals.

Genetic Analysis and Parentage Assignment
We sent ear notch samples to DNA Solutions (Oklahoma
City, OK) for microsatellite analysis of genetic samples for 14
loci (i.e., Cervid1, BM6506, N, INRA011, BM6438, O,
BL25, K, Q, D, OarFCB193, P, L, S; Anderson et al. 2002,
Meredith et al. 2005). We used FSTAT (Goudet 1995,
2001) to estimate allelic richness (El Mousadik and Petit
1996), gene diversity (Nei 1987), and the inbreeding
coefficient (FIS; Weir and Cockerham 1984). We used FIS

values to test for possible departures from assumptions
regarding Hardy–Weinberg equilibrium (i.e., 1,400 random
permutations of alleles) and evaluated genetic disequilibrium
among loci (i.e., 9,100 randompermutations of genotypes) for
the population.We used a Bonferroni correction to correct for
multiple comparisons (Rice 1989).
Our sampling methods did not provide us the opportunity

to obtain genetic samples from in-utero fetuses or offspring
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that perished prior to 6 months of age. Consequently, annual
male breeding success in our investigation focused on the
number of offspring produced that reached�6months of age
(i.e., recruited individuals). We assigned parentage only to
animals initially captured at �1.5 years with a high
probability of being aged correctly in an effort to maintain
a high level of certainty in offspring cohorts (Gee et al. 2002).
We included all deer �6 months of age that were present
during each breeding season as candidate parents.
We inserted vaginal implant transmitters (VITs; M3930,

Advanced Telemetry Systems, Isanti, MN) in adult females
captured after the breeding season during 2010–2013 to
facilitate capture of newborn fawns with a known parent
(Saalfeld and Ditchkoff 2007). We used these known-parent
offspring to blindly validate parentage assignments and
empirically verify an assumed genotyping error of 1%
(Kalinowski et al. 2007). We excluded neonates captured
with the aid of VITs that did not survive to 6 months of age
from use in further analyses to maintain consistency in our
sampling methods.
We used the likelihood-ratio method in the computer

programCERVUS 3.0 to assign parentage using a parent pair
analysis (Marshall et al. 1998, Slate et al. 2000, Jones and
Arden 2003, Kalinowski et al. 2007). We conducted
independent allele frequency analyses and simulations for
each of the 6 annual groups of candidate parents and offspring.
We used simulations (i.e., 10,000 iterations) to determine
critical levels of the delta statistic, which we used to estimate
confidence of parentage assignments. We used population
demographic parameters in simulations as previously described;
however, we conservatively set the proportion of animals
sampled at�90% for all groups of candidate parents, regardless
of estimates, as a precautionary measure to limit inflated
reliability of assignments. We assigned parentage to both
candidate parents of the most likely parent-offspring trios with
�4 mismatching loci when the delta statistic reached a
minimum95% reliability threshold.Wealso assigned candidate
sires paternity in instances where the individual delta statistic
reached the 95% level and the pair contained�2 mismatching
loci, but the trio failed to reach the 95% level because of
mismatches between the dam and offspring.

Statistical Analyses
The number of annual paternity assignments attributed to
individualmales during each year of the project represented an
individual’s annual breeding success. We determined the
average age ofmales�6monthsof age in breeding populations
for each of the 6 associated breeding seasons, and we used
annual mean male age to empirically account for the observed
changes in population demographics. We anticipated that
changes in important demographic parameters (i.e., deer
density, adult sex ratio, and M age structure) would be highly
correlated, and we chose male age structure to represent these
collective changes in an effort reduce redundant effects in our
models. We used Program R (version 3.0.2, www.r-project.
org, accessed 1 Mar 2014) to conduct a principal component
analysis (PCA) of the 3 body measurements (i.e., chest girth,
hind foot length, body length) to generate a single termused to

represent an individual’s annual body size; we standardized
(i.e., subtracted �x and divided by SD) the 3 morphometrics
prior to PCA analyses. We used gross Boone and Crockett
antler scores to represent an individual’s annual antler size, and
the known or estimated age of an individual during the
corresponding year to represent age; we standardized antler
score and age data prior to analyses. We calculated variance
inflation factors (VIFs) and pairwise correlation coefficients
among age, annual antler size, and annual body size to evaluate
collinearity in these data.
We used age, annual antler size, and annual body size to

build an a priori set of candidate models that reflected
biological hypotheses related to their influences on the
number of annual paternity assignments attributed to males
(Burnham and Anderson 2002). We used drop tests prior to
developing our list of models to evaluate support for
inclusion of quadratic effects for predictors (Murtaugh
2008). All models included a random term to control for the
presence of individual males in the breeding population
across multiple years. We also included annual mean male
age in all models (except the null model) to account for the
observed changes in population demographics. Our set of
models were based on the following hypotheses: 1) null
model; 2) individual trait models (i.e., no. annual paternity
assignments was related to a single measured trait); 3)
individual trait� demographic models (i.e., no. annual
paternity assignments was related to a single measured trait;
however, the relationship between the trait and no. annual
paternity assignments varied with the observed changes in
population demographics); 4) multiple traits models (i.e., no.
annual paternity assignments was related to multiple
measured traits); 5) multiple traits� demographic models
(i.e., no. annual paternity assignments was related to multiple
measured traits; however, relationships between the traits
and no. annual paternity assignments varied along with the
observed changes in population demographics).
We used a generalized mixed-effects regression in Program

R (package glmmTMB) to evaluate candidate models. We
tested for the presence of overdispersion in the dataset and
selected the appropriate family of error distribution (i.e.,
Poisson, negative binomial) based upon our findings. We
evaluated our data for zero-inflation and selected model
specifications accordingly. We used Akaike’s Information
Criterion adjusted for sample size (AICc) to rank competitive
models, and we considered our most supported models to be
those with DAICc values �2 units (Arnold 2010).

RESULTS

We captured 262 (139 F, 123 M) individual deer during
December 2007–March 2014. Collective population moni-
toring efforts indicated that >90% of the adult deer
population was captured during the project. Annual breeding
populations were largely (50–83%) composed of animals
initially captured at �2.5 years of age, resulting in an overall
high level of confidence in age estimates. Uncertainties in
ages were largely associated with the oldest group of deer that
were estimated to be >2.5 years during the 2007–2008
breeding season. Natural mortality of marked adult deer was
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low (<10% annually), and there were few (<10% of all
captured individuals) instances where we assumed marked
deer dead without physical evidence.
Abundances of deer increased over the first 4 years of the

study, and then remained relatively constant (Table 1). Adult
sex ratio and age structure progressively changed throughout
the study to include a greater proportion of males and older
individuals. Changes in male age structure were large, with
annual mean male age increasing 1.12 times from 2007–2008
to 2012–2013.
We recorded measurements for 120 male deer�1.5 years of

age (n¼ 59 individuals) captured during the project. We
captured and measured >50% of potential sires during each
year, with the exception of 2007–2008 when we captured
14% of these individuals. In general, antler and body size of
males progressively increased with age until 5.5 years, after
which they remained relatively constant or slightly declined
prior to death (Table 2).

Parentage Assignment
Evaluation of loci revealed significant departures from
Hardy–Weinberg equilibrium at 3 of 14 loci (i.e., Q, D, P)
and we removed these loci prior to parentage analysis
(Table 3). Of the 11 loci used in parentage analysis, 12 of 55
pairwise comparisons were significant for linkage disequi-
librium (loci Cervid and INRA01, Cervid and BL25, Cervid
and S, L and INRA01, L and O, L and S, BM6506 and N,
BM6438 and N, BL25 and N, K and N, S and N, OAR and
S; P< 0.05 after Bonferroni corrections for multiple tests).
We retained all remaining 11 loci despite observed genotypic
linkages because linkages at this level were not likely to alter

parentage assignments (Sorin 2004). More than 98% of all
genotyped individuals had complete genotypes.
We captured 37 known-parent offspring from 24 adult

females using VITs during 2010–2013. We assigned
maternity to all known-parent offspring at the 95% level,
and 36 of 37 were assigned to the correct dam. Mean annual
genotyping error in samples from known-parent offspring
(�x¼ 0.011, SE¼ 0.005) was similar to the assumed 1% rate
frequently used in simulations.
We assigned paternity at the 95% level to 143 of 157 tested

offspring, and most (87%) of these were assigned paternity as
part of a parent-pair-offspring trio (Table 4). We assigned
paternity to a relatively high proportion of available offspring
surviving to�6 months of age during each year of the project
according to population estimates (�x¼ 69� 4.06 [SE] %).
We assigned a parent pair to 27 sets of twins and 2 sets of
triplets, and assigned paternity to 2 males in 13 of the 27 sets
of twins and 1 of the triplet sets. Multiple males from a wide

Table 1. White-tailed deer population demographics by breeding season, Auburn University Captive Deer Research Facility, Alabama, USA.

Metric 2007–2008 2008–2009 2009–2010 2010–2011 2011–2012 2012–2013

Total deer 70 86 100 125 124 119
M 25 40 48 62 67 63
0.5a 11 16 14 21 16 13
1.5 8 10 13 11 12 11
2.5 3 8 9 12 11 9
3.5 3 3 6 8 11 9
4.5 0 3 3 6 8 8
5.5 0 0 3 2 6 7
6.5 0 0 0 2 2 4
7.5 0 0 0 0 1 1
8.5 0 0 0 0 0 1

F 45 46 52 63 57 56
0.5 16 8 14 13 13 10
1.5 7 14 5 14 11 13
2.5 8 5 13 5 9 9
3.5 8 7 5 12 3 3
4.5 4 6 6 5 9 3
5.5 1 4 5 6 4 8
6.5 0 1 2 4 5 4
7.5 1 0 1 2 2 3
8.5 0 1 0 1 1 2
9.5 0 0 1 0 0 1
10.5 0 0 0 1 0 0

Deer/km2 40 49 58 72 71 68
Sex ratio (M:F) 1:1.8 1:1.2 1:1.1 1:1.0 1:0.9 1:0.9
�x M ageb 1.42 1.68 2.08 2.19 2.81 3.07

a Age class (years).
b Calculated using males �6 months of age.

Table 2. Mean (�SE) gross Boone and Crockett antlers scores (GBCS)
and body measurements by age class for male white-tailed deer, Auburn
University Deer Research Facility, Alabama, USA, 2007–2013.

GBCS
(cm)

Body length
(cm)

Hind foot
length (cm)

Chest girth
(cm)

Age (yr) n �x SE n �x SE n �x SE n �x SE

1.5 33 79 4.6 36 128 1.4 36 42 0.3 36 79 0.8
2.5 21 193 8.1 26 139 1.2 26 43 0.3 26 86 1.3
3.5 35 241 6.1 21 149 1.6 21 44 0.3 21 91 1.2
4.5 24 287 7.9 17 151 1.9 17 44 0.4 17 96 1.2
5.5 14 318 8.6 12 151 2.0 12 45 0.4 12 98 1.6
6.5þ 10 290 11.2 7 151 3.0 7 43 0.7 7 96 2.3
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range of available age classes regularly sired offspring, with an
average of 47� 5.18% of candidate sires �2.5 years of age
producing offspring on an annual basis (Fig. 1). Although
numerous males were responsible for offspring each year, we
observed occurrences of high annual reproductive success for
select individual males. For example, a 4.5-year-old male
fathered 32% of offspring assigned paternity in 2010. Males
�1.5 years of age sired 55% of offspring assigned paternity in
2008; however, males of these ages sired relatively fewer
offspring in subsequent years (�x¼ 8� 1.3% of offspring
assigned parentage).

Factors Influencing Annual Male Breeding Success
The PCA analysis of the 3 measured body variables indicated
that they were highly correlated; component 1 used to
represent annual body size in our analysis accounted for
76.2% of the variance in our data. Estimates of collinearity
among age, annual body size, and annual antler size were
moderate to high (VIF: sire age¼ 3.96, body size¼ 3.14,
gross Boone and Crockett antler score¼ 5.98).
Drop tests indicated support for inclusion of a quadratic

effort for age in our set of candidate models; however, results
did not support inclusion of quadratic effects for body size or
antler score as evidenced by AICc scores (Table 5). We found
evidence of slight overdispersion in our dataset when testing

our global model with a Poisson distribution (Pearson
statistic: residual degrees of freedom¼ 1.68). In consider-
ation to these findings, we used negative binomial
distributions for all tested models. The fit of the global
model (AICc¼ 213.1) was not improved by accounting for
zero-inflation (AICc¼ 215.1) and, as such, we did not
address zero-inflation in our models.
Our most supported model (model 19) indicated that

annual body size and annual antler size were positively
associated with annual male breeding success (Tables 6 and 7;
Figs. 2 and 3). The relationship between annual antler
size and annual male breeding success varied along with the
observed changes in annual male mean age (our covariate
representing population structure). Our findings suggested
that lower deer density, female-skewed sex ratios, and
younger male age structures provided increased opportunities
for males of all antler sizes to reproduce, whereas
reproduction was largely limited to males with the largest
antlers under opposing demographic conditions. In one of
the additional highly supported models (model 3), body size
remained influential to annual male breeding success, but the
effects of annual antler size were not included in the model.
The final highly supported model (model 10) attributed
annual male breeding success to annual body size and annual
antler size; however, there was no evidence that effects of
these predictors were influenced by the observed changes in
demographics.

DISCUSSION

Although age, antler size, and body size were, as expected,
highly collinear formales in the study population, our analyses
provided insight into the relative importance of these factors as
determinants of reproductive success.Multicollinearity among
predictors can overinflate the standard errors of the
coefficients, making it difficult to determine their importance
(Graham 2003); however, multicollinearity in our data did not
appear to be problematic in our analyses. Our results
demonstrated that annual reproductive success was positively
related to the body size and antler size of male white-tailed
deer. Body size has been identified as a reliable predictor of
male reproductive effort in numerous ungulate species
(Clutton-Brock et al. 1988, P�elabon et al. 1999, McElligott
et al. 2001, Mysterud et al. 2004, Johnson et al. 2007). In
species, such as white-tailed deer, where males greatly reduce
food intake during the breeding season and actively pursue and
tend females for prolonged periods of time, large body size
could provide significant competitive advantages. Males with
larger body size are capable of storing greater amounts of total
energy reserves than smaller counterparts and an increasing
proportion of body mass is stored as fat (Lindstedt and Boyce
1985). The large volume of high quality energy reserves may
help these individualsmaintain good body condition, which in
turn may positively affect social dominance, reproductive
effort, and ultimately reproductive success. Large body size
may also positively affect male reproductive success in
white-tailed deer via post-copulatory competitive advantages
because sperm volume per ejaculate has been directly related to
body size in other species (Møller 1991). Post-copulatory

Table 3. White-tailed deer population genetics information, Auburn
University Captive Deer Research Facility, Alabama, USA, 2007–2013.

Locus Samples
Allelic
richness

Gene
diversity FIS Pa

Cervid 261 14 0.879 �0.002 0.585
L 261 9 0.773 �0.001 0.554
BM6506 262 12 0.890 �0.029 0.929
N 262 13 0.875 0.044 0.032
INRA01 262 5 0.322 �0.042 0.846
BM6438 262 9 0.822 0.011 0.376
O 262 8 0.692 �0.031 0.841
BL25 262 5 0.516 0.061 0.091
K 262 4 0.153 �0.022 0.752
Qb 261 14 0.842 0.136 <0.001
Db 261 10 0.765 0.188 <0.001
OAR 262 12 0.821 �0.013 0.716
Pb 258 8 0.814 0.176 <0.001
S 262 16 0.895 �0.019 0.854

a P value of test for deficit of heterozygotes. Indicative adjusted nominal
level (5%) is 0.004.

b Loci excluded from parentage analysis because evidence of significant
deviance from Hardy–Weinberg equilibrium.

Table 4. Summary of annual sampling of white-tailed deer offspring,
Auburn University Deer Research Facility, Alabama, 2007–2013.

Year Estimateda Testedb Assignedc

2007–2008 28 22 20
2008–2009 30 24 24
2009–2010 40 30 28
2010–2011 36 28 19
2011–2012 33 30 25
2012–2013 44 32 27

a Number of estimated offspring according to monitoring efforts as of
1 March 2016.

b Number of known-age individuals tested for parentage.
c Number of tested offspring assigned paternity at 95% level.
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Figure 1. Strip plots of annual number of offspring produced by individual white-tailed deer males in relation to age for the 2007–2008 (a), 2008–2009 (b),
2009–2010 (c), 2010–2011 (d), 2011–2012 (e), and 2012–2013 (f) breeding seasons, Auburn University Deer Research Facility, Alabama, USA.

Table 5. Candidate models used to investigate relationships between number of annual paternity assignments for individual white-tailed deer and male age,
annual antler size, and annual body size, Auburn University Captive Deer Research Facility, Alabama, USA, 2007–2013.

Model category Model Parametersa

Null 1 1þR
Individual trait 2 Age2þMþR

3 BodyþMþR
4 AntlerþMþR

Individual trait� demographic 5 Age2þ age2�MþMþR
6 Bodyþ body�MþMþR
7 Antlerþ antler�MþMþR

Multiple traits 8 Age2þ bodyþMþR
9 Age2þ antlerþMþR

10 Bodyþ antlerþMþR
11 Age2þ bodyþ antlerþMþR

Multiple traits� demographic 12 Age2þ bodyþ age2�MþMþR
13 Age2þ bodyþ body�MþMþR
14 Age2þ bodyþ body�Mþ age2�MþMþR
15 Age2þ antlerþ age2�MþMþR
16 Age2þ antlerþ antler�MþMþR
17 Age2þ antlerþ age2�Mþ antler�MþMþR
18 Bodyþ antlerþ body�MþMþR
19 Bodyþ antlerþ antler�MþMþR
20 Bodyþ antlerþ body�Mþ antler�MþMþR
21 Age2þ bodyþ antlerþ age2�MþMþR
22 Age2þ bodyþ antlerþ body�MþMþR
23 Age2þ bodyþ antlerþ antler�MþMþR
24 Age2þ bodyþ antlerþ age2�Mþ body�MþMþR
25 Age2þ bodyþ antlerþ age2�Mþ antler�MþMþR
26 Age2þ bodyþ antlerþ body�Mþ antler�MþMþR
27 Age2þ bodyþ antlerþ age2�Mþ body�Mþ antler�MþMþR

a Parameters include annual body size (body), annual antler size (antler), annual mean male age of the herd (M), and a random term for individual males (R).
Linear and quadratic effects are included wherever age2 is used.
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advantages may be of particular importance to white-tailed
deer given the relatively high rates of multiple paternity (i.e.,
offspring in a litter are attributed to>1M) reported in this and
other captive studies (Sorin 2004, DeYoung et al. 2006).
Although female mate choice generally is poorly understood,
female preference of large-bodied males is an additional
possible explanation for high reproductive success for this
group of males (Clutton-Brock et al. 1989, Byers et al. 1994).
The evolution and persistence of nutritionally costly

secondary sexual characteristics in male ungulates inherently
implies an associated reproductive advantage (Geist 1966,
Johnson et al. 2007). Antler size is recognized by male
ungulates and affects behavior (Bubenik 1983), and our
results indicate that antler size played a role in determining
annual male reproductive success in white-tailed deer.
However, our findings indicated that the strength of the
positive relationship between antler size and annual
reproductive success was sensitive to herd characteristics,
with antler size gaining importance as male age structure
shifted to contain greater numbers of older males. Antlers
serve a variety of purposes in male reproduction, including
weaponry during direct intraspecific competition for access
to females (Andersson 1994) and visual cues used to assess
rival males prior to direct confrontations (Clutton-Brock
1979, McElligott et al. 1998). The competitive environment
for access to females is shaped by deer abundance and male
age structure (Clutton-Brock et al. 1997, DeYoung et al.

2009, Martin et al. 2016), and it is possible that female-
skewed adult sex ratios and relatively young male age
structures present during the early years of the project
provided an environment of low contest competition among
males for mates, thereby diminishing the role of antler size in
male reproductive success. Young males of many ungulate
species favor reproductive tactics that are less reliant upon
exertion of physical dominance, such as sneaking (kleptog-
omy) and coursing (Sinervo and Lively 1996, Hogg and
Forbes 1997, Sorin 2004, Isvaran 2005, Willisch et al. 2012),
and, as such, the role of antlers, and other weaponry, in
reproduction may be diminished when females are readily
available and most potential sires do not favor fighting tactics
during reproductive efforts. Conversely, the abundance of
prime males and the balanced to male-skewed sex ratios
observed during later years in this study likely provided an
environment of intense contest competition for breeding
opportunities, which may have resulted in an increased
importance of antler size under these conditions.
Our findings regarding the relative importance of body size

and antler size to male reproductive success in white-tailed
deer are supported by findings in other polygynous ungulate
species (Andersson 1994, Coltman et al. 1999, McElligott
et al. 2001, Pelletier and Festa-Bianchet 2006). For example,
antler breakage in tule elk (Cervus elaphus nannodes) had no
effect on male–male assessment, fighting success, or harem-
holding status (Johnson et al. 2007), which is contrary to
what would be expected if antler characteristics were a robust
determinant of male reproduction. Studies of bighorn sheep
demonstrated that horn length was of little importance to
reproductive success for subordinate males that primarily
acquired breeding opportunities via coursing tactics but
became increasingly important for older males that
frequently used tending behaviors (Hogg and Forbes
1997, Coltman et al. 2002). Large body size might have
been a more consistent predictor of reproductive success than
antler size in our study because large physical size conferred
reproductive advantages, not only for males that gained
breeding opportunities through contest competitions but
also to those using alternative tactics. Endurance is important
to reproductive success for males using searching and
coursing tactics to acquire breeding opportunities, and large
body size would logically allow for these individuals to store
more energy reserves for these activities (Hogg 1984,

Table 6. Candidate model selection results for examination of relationships between number of annual paternity assignments for individual white-tailed deer
and male age, annual antler size, and annual body size, Auburn University Captive Deer Research Facility, Alabama, USA, 2007–2013. We present only the
null model and those with corrected Akaike’s Information Criterion (AICc) weight (wi) � 0.05.

Model Parametersa df DAICc wi

19 Bodyþ antlerþ antler�MþMþR 7 0.00 0.23
3 BodyþMþR 5 0.70 0.16
10 Bodyþ antlerþMþR 6 1.30 0.12
20 Bodyþ antlerþ body�Mþ antler�MþMþR 8 2.10 0.08
6 Bodyþ body�MþMþR 6 2.50 0.06
18 Bodyþ antlerþ body�MþMþR 7 2.70 0.06
8 Age2þ bodyþMþR 7 2.80 0.05
1 1þR 2 125.43 0.00

a Parameters include annual body size (body), annual antler size (antler), annual mean male age of the herd (M), and a random term for individual males (R).
Linear and quadratic effects are included wherever age2 is used.

Table 7. Summary of fixed effect estimates for supported models
(difference in corrected Akaike’s Information Criterion [DAICc] � 2.0)
of male white-tailed deer reproduction, Auburn University Captive Deer
Research Facility, Alabama, USA, 2007–2013.

Model AICc Parametersa b SE Pb

19 205.9 Body 1.52 1.19 0.014
Antler 1.72 1.35 0.706
M �1.66 1.21 0.008
Antler�M 1.37 1.17 0.045

3 206.6 Body 1.87 1.13 <0.001
M �1.26 1.15 0.094

10 207.2 Body 1.56 1.20 0.014
Antler 1.43 1.33 0.206
M �1.36 1.17 0.048

a Parameters include annual body size (body), annual antler size (antler),
and annual mean male age of the herd (M).

b Alpha value for significance¼ 0.05.
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Lindstedt and Boyce 1985). Alternatively, antler size may
only provide significant reproductive advantages for males
that use fighting tactics to control access to mates, or if a
preference for large antler males exists among females.
Age frequently has been used to group candidate sires when

evaluatingmale breeding success because of the relative ease of
collecting age data and large volume of reported information
describing positive relationships between age, dominance
status, and reproductive success (Owen-Smith 1993, Komers
et al. 1997, Ditchkoff et al. 2001b, DeYoung et al. 2009,
Willisch and Neuhaus 2010). Age may also be used as a
surrogate forother behavioral factors, such as experience (Jones
et al. 2011). Research suggests that factors that are highly
correlated with age (e.g., body and antler size)may account for
much of the positive relationship between age and male
reproductive success inungulates (McElligott et al. 2001).Our
top supported models did not include age as a factor
influencing male breeding success in the study population,
which lends further credibility to the idea that the physical
correlates of age are influencing the reported associations. The
lack of a significant relationship between age and male
breeding success after controlling for important physical
correlates also suggests that age-related experience didnot play
a large role in determining annual male reproduction in our
herd. Nonetheless, age remains useful as a broad means for
evaluatingmale reproductive potential in circumstances where
measurements of correlated physical variables are not possible,
so long as limitations to inferences are acknowledged.
Previous research has suggested that highly synchronous

estrous and wide spatial distribution of female white-
tailed deer creates an environment where it is difficult
for a specific age class of males, let alone individuals,
to monopolize breeding (DeYoung et al. 2009, Turner et al.

2016). Life-history theory suggests that age-related repro-
ductive effort is dependent upon growth and survival, with
age at first reproduction being younger for fast growth-low
survival species than slow growing-longer lived species
(Stearns 1992). White-tailed deer are considered to have
faster growth and lower annual survival than many other
large mammals, and as such reproductive effort in young
males is predicted to be higher than in slower growing-longer
lived ungulates (e.g., red deer; Geist 1998, Nussey et al. 2009,
Festa-Bianchet 2012, Willisch et al. 2012). We observed
patterns of reproductive success in agreement with these
theories in the studied population, with numerous males of
all ages, including young-of-the-year, successfully producing
offspring across a range of herd characteristics. These
findings logically support the concept that male white-tailed
deer employ multiple mating tactics, including but not
limited to tending, to successfully secure breeding oppor-
tunities, and the adopted mating tactics may be age
dependent as demonstrated in other ungulates (Hogg and
Forbes 1997, Coltman et al. 2002, Willisch et al. 2012).
Female-skewed sex ratios and young male age structures
appeared to provide increased breeding opportunities for
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Figure 2. Predicted relationship between male white-tailed deer body size
(principal component analysis [PCA] scores¼ body length, chest girth, hind
foot length) and annual number of offspring at an annual average male age of
2.16 years and gross Boone and Crockett antler score (GBCS) of 220 cm,
Auburn University Deer Research Facility, Alabama, USA, 2007–2013. We
determined estimates using a generalized linear mixed model with negative
binomial distribution. Values of average male age and GBCS used in
the predictive model represented mean observed values. Dashed lines
indicate 95% confidence interval.
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Figure 3. Predicted relationship between male white-tailed deer antler size
(i.e., gross Boone and Crockett antler score [GBCS]) and annual number of
offspring at annual average male ages of 1.42 years (a) and 3.07 years (b),
Auburn University Deer Research Facility, Alabama, USA, 2007–2013.
Values of annual average male age represent the minimum and maximum
observed in the population during the project. We determined estimates
using a generalized linear mixed model with a negative binomial
distribution. Body size was fixed at the mean observed value for the
predictive model. Dashed lines indicate 95% confidence interval.
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subordinate males likely using alternative mating tactics,
presumably because of relatively low encounter rates among
competitors (Crowley et al. 1991). Reproductive success was
reduced for young males under conditions where prime-aged
males were more abundant and sex ratios were more
balanced, likely as a result of increased levels of contest
competition for mates. Sexual selection intensity is directly
related to the competitive environment, and our results
provide some evidence that the intensity of competition, and
consequently sexual selection, may have been greater under
demographic conditions where prime competitors were more
abundant (Martin et al. 2016). These results have important
implications for management of game species (e.g., white-
tailed deer) that are often selectively harvested on the basis of
heritable phenotypic traits (Mysterud 2011, Pigeon et al.
2016). Management for demographic conditions where
prime-aged males are relatively abundant and sex ratios
are balanced may contribute to the promotion of desirable
sexually selected traits through increased male contest
competitions; however, these effects are likely moderated
in species such as white-tailed deer where annual reproduc-
tion is distributed among a relatively large proportion of
males across a range of demographic conditions.
Previous research of a free ranging white-tailed deer

population in South Carolina reported that 28% of male
fawns were sexually mature (Peles et al. 2000), and a
minimum of 12.5% of captive male fawns successfully bred in
a study conducted in Louisiana (Schultz and Johnson 1992);
however, breeding by young-of-the-year males in our study
represents, to our knowledge, the first documented occur-
rence of male white-tailed deer fawns breeding in a semi-
natural environment. Although breeding by male fawns is a
known possibility, the implications of our findings prompted
us to more critically investigate the events. The 2 most likely
scenarios that could result in a male fawn erroneously being
assigned as a sire would occur if the male fawn is the offspring
of a true father, and the true father is not included as a
candidate sire, or themale fawn is a previous-litter full sibling
of the tested offspring (Jones and Arden 2003). The first
scenario is unlikely because paternities had been assigned for
all fawn sires, and we excluded the fathers of male fawn sires
in the assignments. We reviewed our parentage assignments
to determine if fawn sires and associated offspring shared a
dam in an effort to investigate the potential for the second
presented source of error. We found no evidence for errors of
this type; none of the fawn sires and associated offspring
shared a dam. We acknowledge the potential for some of the
identified breeding by male fawns to be the result of
analytical errors; however, the conservative methods used to
assign parentage and high level of sampling of candidate
parents limited these errors and support our finding that male
fawns participated in breeding over the course of the study.
Peles et al. (2000) reported that body mass and kidney fat

index were positively associated with presence of testicular
spermatozoa in fawns, which indicates that overall condition
may be important in timing of puberty in male fawns. Body
condition influences reproductive rates in female fawns
(Sauer 1984), and a study conducted under relatively similar

conditions reported that young male white-tailed deer mated
almost exclusively with young females (Sorin 2004). Our
findings were similar within the 2 known-age parent pairs
where a male fawn was identified as the sire, with the parent
pairs consisting of a male and female fawn in one instance
and a male fawn and yearling female in the other. High
quality natural and planted forages and supplemental feed
were available to deer in our study year-round, providing an
environment where puberty in young deer was under little, if
any, immediate nutritional constraints. Consequently, results
from our study related to reproductive success of male fawns
may not accurately reflect patterns of reproduction in
environments with greater nutritional limitations.
We observed relatively high rates of polyandry during the

study, further verifying that multiple paternities occur in this
species and are common across a range of demographic
conditions. Various ideas have been proposed to account for
polyandry in white-tailed deer, including sneaking of males
while the initial tending male is warding off competitors,
failure of sires to tend a female the entire duration of estrus,
and female behavior related to mate choice (Clutton-Brock
et al. 1979, Sinervo and Lively 1996). Perhaps the most
widely accepted explanation for multiple paternities is a
displacement hypothesis, where a younger male tending a
receptive female is displaced by a more dominant male
(Marchington and Hirth 1984). Twelve of the 13 instances
of multiple paternity identified in our study involved males
with �1 year difference in estimated ages, which may lend
support to the displacement of young males by older, more
dominant males as a plausible mechanism; however, it is
difficult to determine if these patterns were attributed to
chance alone because the group of breeding males was
extremely diverse in terms of age.

MANAGEMENT IMPLICATIONS

Our study highlights the importance of body size and antler
size to male reproductive success in white-tailed deer, with
antler size playing an increasingly important role as the herd
shifted to contain a balanced adult sex ratio and older male
age structure. Reproduction was not, however, monopolized
by the group of males with the largest antler and body size
under any of the observed conditions. Age-related repro-
ductive skew was influenced by herd demographics, with
young males being responsible for more offspring under the
most female-biased sex ratios and youngest male age
structures. Our results imply that management practices
that promote balanced adult sex ratios and older male age
structures (e.g., Quality Deer Management) may foster a
highly competitive environment where breeding by younger
and smaller antlered males is under greater restrictions. As a
result, the intensity of sexual selection in male white-tailed
deer is potentially increased under these management
practices, which may have positive long-term genetic
implications for heritable phenotypic traits. However, the
genetic effects, whether positive or negative, of selective
harvest will likely be limited in species such as white-tailed
deer where reproductive success frequently is attributed to a
high proportion of males.
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