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Abstract

Anthropogenic activities and climate change have dramatically altered landscapes
worldwide. The ability of species to cope and adapt to ongoing changes is likely a function of
their behavior, movements, and sensitivity to fragmentation. Greater Prairie-Chickens (GPC) are
a lek mating grouse native to the Great Plains Landscape Conservation Cooperative (GPLCC),
for which inbreeding depression and anthropogenic avoidance are a concern. The goals of my
dissertation were to: 1) identify genetic correlates of male performance which may influence
population viability under current land use practices, 2) identify GPC habitat characteristics and
delineate areas of critical GPC habitat necessary for GPC conservation, and 3) identify the
relative importance of distance and habitat quality for maintaining genetic connectivity among
spatially structured populations. First, | found male reproductive success and survival to be
positively associated with genetic diversity. Using multistate modeling in Program Mark, male
survival across the observed range of variation in number of alleles (15-22) increased more than
fourfold from 0.17 to 0.77. Second, | found 35-40% of Kansas, and 1.5 % (11,000 Km?) of the
GPLCC, were considered high-quality lek habitats. Top performing logistic models predicting
lek presence (w;=0.95) included strong effects of grassland cover and avoidance of
anthropogenic disturbance. When this model was applied to putative future landscapes based on
climate change and current land use trends over a 70-year period, | found a 27-40% reduction in
habitat area and a 137 Km southeast shift in habitat distribution. Under equilibrium conditions
we expect isolation by distance (IBD) to explain the distribution of genetic diversity. However,
if the landscape restricts dispersal, then we might observe isolation by resistance (IBR). | used
model selection procedures to choose among competing IBR or IBD models to explain the
distribution of genetic diversity among GPC populations across Kansas and the GPLCC. IBD
was never supported (R?<0.02, P>0.09). The best models for Kansas (R*=0.69, P<0.02) and for
the GPLCC (R*=0.46, P<0.02) indicated that human-mediated landscape changes have
influenced landscape permeability for dispersal. The integration of behavioral, landscape, and
genetic data provided new insights on prairie-chicken ecology, and is a powerful approach for

developing conservation strategies for sensitive species.
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Chapter 1 - INTRODUCTION

The Greater Prairie-Chicken (Tympanuchus cupido; hereafter prairie-chicken) is an upland
game-bird native to the Central Plains of the United States. Prairie-chickens have a lek mating
system, where males gather annually at display arenas, called booming grounds, and perform a
series of vocal and behavioral displays to attract mates. On each booming ground, males hold
and defend discrete territories and show high philopatry to their territory and their lek both
within and between breeding seasons, yet these territories provide no known resources
(Schroeder and Robb 1993). Female prairie-chickens visit leks only for the purpose of choosing
a mate, as male prairie-chickens provide no parental care. Typically there is high skew in male
reproductive success as females tend to repeatedly choose the same subset of males (Nooker and
Sandercock 2008). Finally, while the mechanism driving the evolution of this type of mating
system is somewhat of a mystery, one current hypothesis is that leks are located at the
intersection of necessary resources needed by females to successfully nest and fledge young, as
once a female has mated she will typically nest within 1-3 Km of the lek site (Gregory et al.
unpublished data).

The current distribution of the species has declined significantly over the past 200 years since
European settlement of the plains, putatively as a result of anthropogenic-induced changes to the
landscape in the form of conversion of grasslands for row crop agriculture, increased grazing and
ranching, and increased urban development and exurban sprawl (Knapp et al. 1998, Svedarsky et
al. 2000). Currently, prairie-chicken distribution is limited to only about 20% of its historical
range and population estimates place prairie-chicken populations at 30% of their historical
maximum (Schroeder and Robb 1993, Johnsgard 2002). The central Flint Hills eco-region of
Kansas represents the largest relatively intact tallgrass prairies left in the U.S. today (Knapp et al.
1998) and is the core of the current prairie-chicken distribution (Svedarsky et al. 2000). Despite
the general characterization of the Flint Hills as being relatively pristine prairie habitat, they have
arguably been impacted by human land use. Prairie-chicken lek count data, which are frequently
used as an indices of population status for grouse (Walsh 2004), have indicated that the Flint
Hills prairie-chicken population has declined by approximately 30% over the last 30 years

(Rogers 2008). However, while the Flint Hills, populations have been in decline, lek count data
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from the adjacent Smoky Hills eco-region of Kansas suggests that over the last 25 years prairie-
chicken populations in that region have remained stable, and over the last decade have shown an
approximate 7% population increase (Rogers 2008). While the demographic mechanism for the
Flint Hills population decline is poorly understood, it has been hypothesized that intensive
rangeland management has functionally reduced the quality of habitat within the Flint Hills, and
negatively impacted nesting and breeding success to a greater extent than the Smoky Hills
(McNew 2010).

Declining populations are of great concern for prairie-chickens as they are one of the few
species for which we have well-documented evidence for inbreeding depression (Bouzat et al.
1998). Declining populations lead to reduced population size and a smaller effective population
size, which in turn can lead to the rapid loss of genetic diversity (Nunney 1995). Reduced
genetic diversity leads to inbreeding depression if reduced genetic diversity is directly or
indirectly linked to reduced demographic performance. In addition to declining populations,
habitat fragmentation may also restrict gene flow among populations and likewise lead to
increased population isolation which further exasperates the loss of genetic diversity within the
population via the process of random genetic drift (Frankham et al. 2002). However,
characteristics of the mating system can off-set the loss of allelic diversity if some mechanism
exists such that more genetically diverse individuals produce a greater proportion of the
offspring than do more homozygous individuals (Nunney 1993). Consequently, when dealing
with conservation of a species with a propensity for inbreeding such as prairie-chickens
(Westemeir et al. 1998; but see Johnson et al. 2003), understanding the species mating system
and its genetic consequences to the population is a key consideration for effective management
of the species (Hedrick et al. 1996, Gregory et al. in review).

In addition to the mating system, the ability of prairie-chickens to use habitat and
disperse across the fragmented landscapes will also be important considerations for effective
management. Given that the Flint Hills populations are declining, their persistence may be
dependent upon immigration by individuals from the adjacent Smoky Hills eco-region where
declines have not been observed. The degree to which the landscape promotes or inhibits
dispersal will then be critically important for effective management and understanding of the
population dynamics of this species (Hanksi and Gaggiotti 2004). Moreover, identifying critical
portions of the landscape that act as corridors to movement and allow for genetic connectivity
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among populations is of tantamount conservation importance (McRae et al. 2008), as panmicitic
populations will have a functionally larger effective population size and will therefore lose
alleles to random genetic drift more slowly than isolated populations (Hartl and Clark 2007).

The goals of my dissertation were to address the complex interactions that mating system,
distribution of suitable habitat and landscape permeability to dispersal have on prairie-chicken
conservation, and evolution. In Chapter 2, using data collected on 235 prairie-chickens sampled
at five leks located ten miles southeast of Manhattan, Kansas from 2003-2006, | explore the role
of individual genetic diversity in mate choice and survival. Prairie-chickens have a classic lek
mating system where males congregate annually on display arenas to compete for females, which
is characterized by high skew in male reproductive success (Nooker and Sandercock 2008).
Thus, the potential exists for the mating system to reduce the effective population size of local
populations via the repeated selection by females of the same sub-set of available males. To
investigate the role of male genetic diversity on female mate choice, we combine observational
data on reproductive behavior with molecular genetics to examine the effects of genetic diversity
on male mating success. | also model the influence of individual male genetic diversity on male
survival and the likelihood of males to transition from non-breeders to breeders over subsequent
breeding seasons.

In Chapter 3, | use no genetic data, rather I use geospatial analysis and lek location data
from 166 lek coordinates provided by Kansas Department of Wildlife and Parks lek survey
routes conducted each year some of which date back to 1960 in an ecological niche modeling
framework to evaluate landscape suitability for chicken lek habitat across three eco-regions of
Kansas. Recognizing that animals make decisions about home ranges and space use in a
hierarchical fashion (Johnson 1980), | measure attributes associated with lek occurrence or
pseudo-absence at multiple spatial scales, create independent models predicting lek presence for
each scale, and then pool variables of top performing models at each single scale into a multi-
scale model predicting breeding habitat distribution across KS. | also argue that at a landscape
scale, breeding habitat distribution can be used as a surrogate for nesting habitat (Schroeder
1991).

Nesting and breeding habitat are not the only habitat requirements for successful prairie-
chicken conservation (Schroeder and Robb 1993). Long-term conservation will require the
delineation and preservation of dispersal habitat between demes (Westemeier et al. 1998). Under

3



equilibrium conditions, the prediction would be that gene flow between populations is a function
of the Euclidean distance between population pairs (isolation by distance; IBD; Slatkin 1993).
However, most natural landscapes are not at equilibrium, as the various land cover types pose
different levels of resistance to movement to species trying to disperse across them (isolation by
resistance; IBR; McRae 2006). In Chapter 4, | use data on 1,038 chickens, sampled at 84 leks in
Nebraska and Kansas collected from 2006-2009 to compare models of IBD to models of IBR.
However, one of the chief limitations of using resistance-based path metrics such as least cost
path modeling or circuit analysis is how to parameterize a resistance surface from available GIS
data in a biologically meaningful way (Beier et al. 2009). To solve this problem, I used
information theoretic approach to model selection and to identify the number of land cover
habitat resistance classes to include in the analysis, and then used the population genetics data to
elucidate the functional resistance of all included habitat classes in a causal modeling framework
(Cushman et al. 2006). | also tested the necessity of using this approach using simulated data.

Last, in Chapter 5 | expand the landscape analysis in Chapter 4 to a larger ecosystem, that
of the Great Plains Conservation Cooperative (GPLCC) region. This data set consists of samples
from 235 individual chickens extracted from feathers collected by state agency personnel at 98
leks across the GPLCC in 2010. The GPLCC is one of 22 US Fish and Wildlife Service strategic
habitat conservation regions used as organizational units for species conservation and
management in light of the threats of climate change. | expand our analyses to include climate
change scenarios by applying an eco-forecasting model based on current rates of grassland
conversion, human population change, and predicted global climate change over a 70-year time
period. By comparing the current habitat distribution with that of the putative future habitat
distribution, I investigated how human land use and climate change might affect the distribution
of GPC critical breeding and dispersal habitats across the GPLCC region. In summation, the
analyses of the four chapters of this dissertation are directly testing hypotheses related to how
anthropogenic alterations to the landscape might impact the long-term viability and evolutionary
potential of prairie-chickens based on attributes of the prairie-chicken mating system, habitat
requirements, and dispersal abilities. Such data will be invaluable to managers and
conservationists as they strive to implement effect management scenarios for this species;
moreover, the analytical approaches | have developed and describe here, should be amenable for
use with many other species or landscapes of conservation concern.
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Chapter 2 - GENETIC DIVERSITY DRIVES SURVIVORSHIP
AND MATING PREFERENCE IN A LEK-MATING GROUSE

Abstract

Sexual selection, particularly mate choice, places profound selective pressure on all
individuals in populations with skewed reproductive success. Previous studies of Greater
Prairie-Chickens (Tympanuchus cupido) have revealed that female mate choice is related to male
behavioral display characteristics. Males obtaining copulations displayed more frequently and
acted more aggressively toward other males. Combining observational data on aggressive
behavior, display rate, and copulations received by males at five lek sites over four years with
molecular genetics data from 11 microsatellites, we tested the influence of individual male
genetic diversity on mating success and survival. We found evidence for heterosis; males with
greater individual allelic richness displayed more frequently and acted more aggressively when
females were not present on the lek. When females were present, we found no behavioral
differences between males with different levels of diversity. Using Analysis of Variance with
orthogonal contrasts, on the individual allelic richness of males in three categories of male
reproductive success, males receiving the most copulations on a lek in a year, males receiving
some copulations but not the most on a lek each year, and unsuccessful males, we found that
genetically diverse males received more copulations than did less diverse males. Finally, using a
multistate mark recapture model, we found both annual survival and probability of transitioning
from a non-breeder to a breeder over successive years to be positively correlated with genetic
diversity. These are some of the best data that we have for a direct link between genetic

diversity, survivorship, and mate success in wild populations.

Introduction
The drivers of sexual selection have been studied by evolutionary and behavioral
biologists since Darwin observed that one sex has the power to modify the other sex (Alcock
2001). When beneficial traits such as attractiveness, longevity, or disease resistance are

associated with heterosis, the costs associated with low individual heterozygosity and the
7



benefits of high heterozygosity may promote the evolution of sexual selection based on
individual genetic diversity. Selection for heterosis differs from traditional directional sexual
selection in which genetically heritable traits are passed down to offspring (Jennions and Petrie
2000). Although genetic diversity is not a heritable trait, if females routinely choose males with
high individual genetic diversity, then their offspring will, on average, have high individual
genetic diversity and derive the benefits of heterosis. Thus, traits associated with heterosis may
cue females to the overall diversity of the male’s genetic makeup (Mays and Hill 2004).

Heterosis in natural populations is a well-studied phenomenon. For example, male red
deer (Cervus elaphus) with high genetic diversity tended to have large body mass which was
correlated with larger harems and higher fitness than males with lower diversity (Coulson et al.
1998). Female mice (Mus musculus) were more likely to mate with males of either greater
genetic diversity or those individuals less genetically similar to themselves (Roberts and Gosling
2003). Phenotypic traits such as growth rate, oxygen consumption, and survival have been
correlated with increased heterozygosity in rainbow trout (Oncorhynchus mykiss; Thelen and
Allendorf 2001). Female lesser kestrels (Falco naumanni) with greater heterozygosity laid
larger clutches and had higher hatching success than less genetically diverse individuals (Ortego
et al. 2007). Additionally, male Collared Flycatchers (Ficedula albicollis) with higher genetic
diversity had greater longevity than less diverse individuals (Merila et al. 2003). Conversely,
low genetic diversity has been correlated with inbreeding depression (reduced egg viability and
smaller clutch sizes) in both Greater Prairie-Chickens (Tympanuchus cupido) and Gunnison
Sage-Grouse (Centrocercus minimus; Westemeier et al. 1998, Stiver et al. 2008). Finally, in
Collared Flycatchers, inbreeding depression has been associated with reduced hatch rates, lower
chick skeletal mass, and lower post fledgling juvenile survival (Loeske et al. 2002).

Social mating system can impact the role of heterosis in mate choice. In socially
monogamous mating systems, female choice of males is constrained by settlement and mate
choice by other females, thus highly heterozygous males may not be available (Alcock 2001). A
classic lek mating system differs from social monogamy because female mate choice is
unconstrained by choices of other females, and consequently females can each choose the same
subset of the highest quality males (H6glund and Alatalo 1995). Therefore, male reproductive
success is driven by male/male competition and female mate choice, both of which in turn could
be influenced by genetic diversity of the male. If genetically diverse males have an advantage in
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male to male competition (heterosis), then more diverse males may have higher reproductive
success in current breeding attempts (Darwin 1876, Crow 1970, Wright 1977). If greater genetic
diversity affords males greater innate disease resistance or a longer life expectancy, then males
may gain a reproductive advantage by having more future breeding opportunities. In addition, if
mating with a more genetically diverse male reduces the risk of unmasking lethal recessive traits
in offspring (Hedrick 1994), then females that choose more diverse males would have greater
reproductive success, and evolution should favor a mechanism for female choosiness. Ironically,
while lekking may enable multiple females to choose the same high quality male and increase or
maintain genetic diversity in their offspring, skew in mating success can negatively impact the
genetic diversity of the population by reducing effective population size, which can increase
inbreeding and the risk of inbreeding depression (Nunney 1995).

Here, we test the role that male genetic diversity plays on male reproductive success and
longevity in Greater Prairie-Chickens. Greater Prairie-Chickens are a compelling model for
testing the role of male genetic diversity on mating success and longevity for several reasons.
First, prairie-chickens have a lek mating system and female mate choice ought to be
unconstrained; indeed previous behavioral studies indicate that as few as 20% of the males on a
lek site obtain > 80% of the copulations, thus making males available for multiple mating
opportunities (Nooker and Sandercock 2008). Second, because most copulations take place at
the lek, accurate estimates of male mating success can be made via observation of the lek. Third,
male Greater Prairie-Chickens show high site fidelity with regards to their lek site territories
between years (Schroeder and Robb 1993, Nooker and Sandercock 2008), so annual survival can
be estimated directly by male return rates to lek sites. Last, Greater Prairie-Chickens exhibit
pronounced inbreeding depression (Westemeier et al. 1998), so there are known costs associated
with low genetic diversity.

Assuming that genetic diversity is an important characteristic of Greater Prairie-Chicken
reproductive ecology and lekking behavior, we tested three predictions on the role of male
genetic diversity on male prairie-chicken reproductive success. First, if genetically diverse males
display hybrid vigor, then we should observe a greater rate, duration, or intensity of display on
lek sites by males with higher levels of genetic diversity. Nooker and Sandercock (2008) noted
that successful males tended to avoid mate attraction displays when females were not present and
that in general more aggressive males tended to be more successful. Presumably, a greater rate,
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duration, or intensity of aggressive behaviors being observed when females are not present on
the leks may be indicative of over dominance, if more diverse males are able to establish their
superiority over less genetically diverse males and behaviorally exclude them from mate
consideration when females are present. Second, if females have evolved a mechanism for
selecting more genetically diverse males, then males with greater genetic diversity should have
more mating opportunities or have a greater probability of transitioning from a non-breeder to a
breeder. Third, if more genetically diverse males can garner more resources and resist diseases
better, then heterosis should also confer greater survival to males with greater genetic diversity

than on those with lower genetic diversity.

Methods

Field Methods

The research performed in the present study complied with the current laws of the
countries in which they were performed and were conducted under the following research
permits: Scientific, Education or Exhibition Wildlife Permit, Kansas Department of Wildlife and
Parks (SC-118-2003, SC-068-2004, SC-078-2005, SC-072-2006), and all field protocols were
approved by the Kansas State University Institutional Animal Care and Use Committee
(Protocols 2079, 2351).

Greater Prairie-Chickens were observed on lek sites between mid-March and mid-May in
a 4-year study, 2003-2006. All leks were located on cattle-grazed pastures in Riley and Geary
Counties in northeast Kansas, USA (39° 05°N, 96° 34°W). Three leks were observed in 2003,
and we expanded our sampling effort to four leks in 2004-2005 and five leks in 2006.

Prior to behavioral observations, birds were trapped at lek sites using walk-in funnel traps
(Hamerstrom and Hamerstrom 1973, Toepfer et al. 1987), and were given a unique combination
of colored leg bands and tail markings to aid in individual identification. Morphometric
measurements of mass, tail length, pinnae length and tarsus length were measured for each bird.
Approximately 40 pL of blood was collected in 1 mL of Queen’s lysis buffer (Seutin et al. 1991)
and stored at -20°C until DNA could be extracted.
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Behavioral observations

Every other morning on average, observers in blinds located 6-m from the lek recorded
the identity of males and females visiting lek sites. Successful copulations were recorded by
behavioral cues. Following successful copulations, females vigorously shook their wings and
body feathers, preened their vent and departed the lek shortly after the copulation (Schroeder and
Robb 1993). During continuous 10-min focal observations of particular males, we tallied the
number of fights and boom vocalizations observed. Number of booms observed for each bird
was then converted into a frequency rate of number of booms per minute observed. To control

for possible effects of observer bias, observers were rotated among leks daily.

Genetic Methods

DNA was extracted from blood using Qiaquick DNeasy tissue extraction Kits (Qiagen
Inc.; Valencia, CA). Amplification via PCR took place on an Eppendorf epgradient
thermocycler (Brinkman Inc. Westbury, NY), in standard 20 uL. PCR cocktails containing: 30 ng
of template DNA, 2.5 uM MgCl, 0.2 uM dNTP's, 0.12 pg/ul BSA, 0.8 M betaine, 0.5 uM of
each forward and reverse primer, 0.2 uM of M-13 universal primers (Schuelke 2000) labeled
with a fluorescent dye (Hex or FAM; Operon Biotechnologies, Huntsville, AL) attached to the 5'
end, and 0.5 units of Go Taq Flexi Taq polymerase (Promega, Madison, WI). Samples were
amplified at 11 polymorphic microsatellite markers originally developed for use in other species
of grouse, but which had previously been successfully used in Greater Prairie-Chickens (Table
2.1). Fragment analysis was conducted using an ABI 3730, and alleles were scored using
GeneMarker 1.6 software (Applied Biosystems; Foster City, CA). Of 164 individual males,
DNA amplified at 11 loci in this analysis, we re-ran 607 samples which included all
homozygotes, and a random 15% of the heterozygotes to determine whether the error was
observer-based or biochemically based.

Population-wide measures of allelic diversity as well as tests for Hardy-Weinberg
Equilibrium (HWE) and genetic disequilibrium were carried out in Program GenePop 3.1
(Raymond and Rousset 1995). Estimates of genetic diversity can be calculated as allelic richness
(AR, total number of different alleles per individual), heterozygosity (ratio of microsatellite loci
found to be heterozygous out of the total number of microsatellite loci per individual), or d (sum

of the squared differences between the lengths in repeat units of microsatellite alleles divided by
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the number of loci; Hoglund et al 2002). We quantified AR, heterozygosity and d? for all
individuals and ran all analyses using all three estimators of genetic diversity. All trends and
significance levels were similar regardless of the method used to quantify genetic diversity.
Here we chose to report the trends with respect to AR only, because the values are normally
distributed, not bounded between 0-1, and are easily interpreted as individual genetic diversity.
AR for individuals was calculated as the total number of different alleles summed across all loci
used and was calculated using Microsoft Excel (Microsoft Corporation; Redmond, WA).
Estimates of probability of identity and probability of identity between sibs were calculated
using Program GenAlIEx 6 (Peakal and Smouse 2006). Estimates of effective population size
(Ne) were calculated following Waples (1989) method for estimating N over short time periods
as implemented in Program Neestimator (Peel et al. 2004). We tested for departures from
Hardy-Weinberg Equilibrium (HWE) using program GenAlIEXx 6, all loci were in HWE, and no
pairwise linkage disequilibrium was detected after Bonferroni corrections (« = 0.002, P > 0.7 to
P >0.02; Table 2.1).

Statistical analyses

Statistical analyses were conducted in JMP IN (Ver. 4.0.4, SAS Institute, 2001) or SAS
9.1 (SAS Institute 2003), except where otherwise noted. Sample sizes varied among analyses
because it was not possible to measure every attribute for all males. Descriptive statistics are
presented as mean = 1 SD unless otherwise indicated.

In 2006, 15 male greater prairie-chickens were implanted subcutaneously with 30 mg of
testosterone propionate to examine the role of testosterone on male lekking display behavior and
reproductive success. Testosterone implanted birds did show moderate increases in testosterone
levels over reference samples taken prior to testosterone implantation. However, testosterone
levels in implanted birds were not significantly greater than the natural variation in testosterone
levels found in the population and testosterone implantation did not alter display behaviors
beyond the natural variation in display rate (Augustine et al. in press). Moreover, of the 15
males which were implanted with testosterone, only two successfully mated after being
implanted, and both of those were also successful in prior years. Thus we retained all implanted

males in our analysis.
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With the exception of one lek were two males had equal mating success, >60% of the
observed copulations were obtained by a single male. We collectively refer to this subset of
males as primary males. A second subset of males (3-5 males per lek) received the remaining
40% of the copulations observed on each lek; we refer to this subset of males on each lek as
secondary males. The majority of the males on each lek were not observed to receive any
copulations and are referred to as unmated males. Once a male was fond to be successful, they
were removed from the cohort of unsuccessful males, even if in previous years they were
unsuccessful, likewise once a male was classified as a primary male, they were censored form
the cohort of secondary or unmated males. This was done to avoid resampling the same
individual in multiple categories and also pseudoreplication because each individual was
included in the analysis one time, despite being present in the population over multiple breeding
seasons. We compared the individual allelic richness among males in all three groups using
ANOVA with orthogonal contrasts in SAS 9.2. We also conducted a binomial logistic
regression regressing observed individual allelic richness of primary males vs. unmated males, to
determine the extent to which individual 