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Introduction

Abstract

Wildlife management strategies are often designed around a population’s demo-
graphic goals, but such strategies also can inadvertently impact genetic variation.
For species like bison Bison bison, where management includes the regular
removal of individuals to maintain restricted population sizes on constrained land-
scapes, management actions can be tailored to address genetic diversity retention in
addition to simply maintaining a target population size. In this study, we provide
an assessment of alternative culling strategies for maintenance of genetic variation
in managed wildlife populations. Our primary goal was to compare the long-term
retention of genetic variation and accumulation of inbreeding among three types of
culling strategies, including one that considered genetic variation directly by mea-
suring variation at a suite of variable loci [mean allele frequency (MAF) strategy],
one that used genome-wide measures of variation [mean kinship (MK) strategy]
and one that relied solely on demographic information (sex and age; RANDOM).
To achieve this goal, we built an individual-based model, parameterized in accor-
dance with bison biology, to project levels of genetic variation and inbreeding over
time under each of the three management strategies. Our results suggest wildlife
management strategies that incorporate goals for retaining genetic variation (MAF
and MK strategies) are better suited to preserving the evolutionary potential of
wildlife populations than those that focus solely on a target size and demographic
stability (RANDOM). In particular, the MK culling strategy performed the best at
maximizing the retention of genome-wide variation. These results extend previous
work demonstrating the utility of pedigree-based mate selection strategies in cap-
tive population management, and show that such strategies maximize the retention
of genome-wide variation under culling practices as well. These models will aid in
the long-term management of bison, and can be adapted to other managed wildlife
species.

ing efforts, predator removal, culling, health care and disease
management are often undertaken at the scale of the individ-

Wildlife management is an old practice, with Egyptian hunt-
ing records dating as far back as 2500 BCE (Leopold, 1933;
Gilbert & Dodds, 2001). Today, wildlife management pro-
grams aim to maintain self-sustaining populations that are
viable over the long term. Historically, this goal has been
met by focusing on actions to maintain demographic stabil-
ity, mainly by enforcing hunting and trapping restrictions
such as bag limits or closed harvest seasons. As habitats are
increasingly altered and wildlife populations are more heav-
ily impacted by human activities, the intensity of wildlife
management has increased, with more species dependent on
regular monitoring and intervention to ensure their persis-
tence. Management practices such as moratoria, anti-poach-
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ual animal, especially for small populations.

Small, isolated populations are not only less demographi-
cally stable than large populations, but they are also more
susceptible to erosion of genetic variation by genetic drift
(Wright, 1931). In the absence of gene flow, the loss of
genetic variation through drift is not mitigated. A lack of
genetic variation not only makes a population more suscepti-
ble to inbreeding depression (Ralls, Brugger & Ballou, 1979;
Crnokrak & Roff, 1999; Keller & Waller, 2002), but also
less able to adapt to changing environmental conditions (Fal-
coner, 1981; Keller et al., 1994; Willi, Van Buskirk & Hoff-
mann, 2006; Markert ef al., 2010). Preserving genetic
variation has become a priority for management, particularly
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for small and isolated populations, in order to maintain long
term viability (McNeely et al., 1990; Lacy, 1997).

A number of different strategies exist to maintain genetic
variation in small, isolated populations. Indirect methods aim
to maximize the exchange of genetic variation from genera-
tion to generation, and include maintaining balanced sex
ratios (Komers & Curman, 2000; Harris, Wall & Allendorf,
2002; Peek et al., 2002; Wedekind, 2002), avoiding fluctua-
tions in population size over time (Caballero & Toro, 2000)
and extending mean generation length (Foose & Ballou,
1988). For example, removal or contraception of young ani-
mals results in a greater proportion of offspring born to older
females, an increase in generation time and higher retention
of genetic variation (Gross, 2000; Gross & Wang, 2005; Hai-
ler et al., 2006). These indirect approaches are typically
straightforward to implement because they do not require
genetic data to be obtained for individuals.

Management strategies can also be designed to manage
genetic variation directly. If genetic data are available for
individual animals, strategies designed to maximize the reten-
tion of alleles could maintain variation in small and isolated
populations (Wayne et al., 1986). When rare alleles are
found in individuals with underrepresented ancestry, an allele
retention strategy could preserve rare and potentially impor-
tant variation in a population (Hedrick & Miller, 1994). In
contrast, if rare variants are deleterious, selective retention of
such alleles could reduce the population’s fitness (Hedrick
et al., 1986; Lacy, 2000). Additionally, strategies to retain
specific rare alleles might result in loss of genetic variation
across the remainder of the genome (Haig, Ballou & Der-
rickson, 1990; Vrijenhoek & Leberg, 1991; Miller, 1995).
Rare allele retention strategies have been shown to be inef-
fective at retaining overall genetic variation when selecting
breeding pairs for captive population management (Haig
et al., 1990; Miller, 1995). Nevertheless, such strategies
could be effective in a population-based management
approach in which individuals with rare alleles are preferen-
tially retained in the population, but may or may not actually
produce offspring because breeding is not managed.

The most effective genetic management strategies for cap-
tive population management have been those that consider
genome-wide variation, rather than variation at a suite of tar-
get loci. Specifically, a management strategy that minimizes
the average kinship (i.e. coancestry) in a population is an
effective way to retain genetic diversity and limit the accu-
mulation of inbreeding (Ballou & Lacy, 1995; Fernandez &
Toro, 1999; Sonesson & Meuwissen, 2001). A population’s
average kinship can be managed through breeding geneti-
cally valuable individuals (i.e. those with few relatives in the
population and low mean kinships (MKs); Ballou & Lacy,
1995). However, it is impossible to dictate breeding pairs in
free-ranging populations. In order to minimize average kin-
ship in wild or semi-wild populations in which breeding pair
selection is not possible, individuals with high MKs could
be removed from populations. For example, removing indi-
viduals with high MK values and replacing them with unre-
lated individuals is outlined in the conservation plan for
island populations of the endangered takahe in New Zealand
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(Grueber et al., 2010). The concept has also been evaluated
as a possible option for controlling the population size of
wild horses on Assateague Island, while still maintaining
genetic variation (Eggert ef al., 2010). Although MK-based
strategies require genetic data for individual animals and
established pedigrees, they could offer a distinct advantage
for conserving genetic variation in intensively managed wild
populations when such data are available.

Just 200 years ago, plains bison Bison bison bison num-
bered 30-50 million in herds of up to 10 000 animals (Red-
ford & Fearn, 2007). By the late 1800s, massive overhunting
and land use change reduced the population to roughly 1000
individuals, <1% of the historical population size. Efforts to
establish managed herds led to an increase in the number of
bison to over 500 000 individuals in North America (WCS,
2015). The successful recovery of bison is limited by the
fact that the majority of extant herds are descendants of
fewer than 100 bison from five private herds and a remnant
population from the Yellowstone National Park (Coder,
1975). Additionally, <4% of the contemporary North Ameri-
can bison population (~19 000 animals) is currently main-
tained in conservation herds; the rest are maintained in
privately owned or commercial herds. These 19 000 bison
are divided into 54 conservation herds, where they are inde-
pendently managed to maintain the long-term viability of the
species (Gates & Aune, 2008).

Though bison have made a remarkable demographic
recovery, a number of obstacles remain to ensure genetic
viability over the long term. First, conservation herds were
established with small numbers of individuals that remained
after the severe bottleneck (Halbert, 2003; Halbert & Derr,
2008). Surplus animals from these conservation herds were
often used to establish new herds, potentially exacerbating
the loss of genetic variation. Second, gene flow between
herds has been sporadic during the past century, often lim-
ited by concerns about disease introduction (Williams & Bar-
ker, 2001). Third, conservation herds are typically
maintained at small population sizes to avoid permanent
habitat damage and accommodate multiple-use goals on
small, isolated reserves (Boyd, 2003; Boyd et al., 2010). To
maintain consistent population sizes, individuals are typically
removed from populations each year. These obstacles make
it critical that management of conservation herds focuses on
retaining as much existing variation as possible. The annual
removal of individuals is a key stage at which management
actions could be designed to maximize the retention of
genetic variation over time.

In this study, we provide an assessment of alternative cul-
ling strategies for maintenance of genetic variation in man-
aged wildlife populations. Our primary goal was to compare
the long-term retention of genetic variation and accumulation
of inbreeding among three types of culling strategies, includ-
ing one that considered genetic variation directly by measur-
ing variation at a suite of variable loci, one that used
genome-wide measures of variation and one that relied solely
on demographic information (sex and age). To achieve this
goal, we built an individual-based simulation, parameterized
in accordance with bison biology, to project levels of genetic
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variation and inbreeding over time by each of the three man-
agement strategies. Such individual-based, forward-in-time
models are useful to predict the long-term genetic impact of
management actions in small, potentially vulnerable popula-
tions (Haig et al., 1990; Bruford ef al., 2010; Hoban, Ber-
torelle & Gaggiotti, 2012) or in populations of long-lived
species (Tracy et al., 2011) for which it would take many
decades to observe effects of management actions.

Materials and methods

An individual-based computer simulation was constructed
using the Visual Studio development environment (v10.0) to
test the genetic impacts of three alternative culling strategies
for wildlife management (Supporting Information Fig. S1).
All culling strategies maintained balanced sex ratios in the
population and preferentially culled yearlings.

Overview of culling strategies

MAF strategy

The MAF culling strategy was intended to maximize the
retention of genetic variation by using a target set of
microsatellite loci to guide culling decisions. Alleles at each
target locus were ranked in priority based on their frequen-
cies, and then individuals were selected for cull based on an
absence of rare alleles. The overall rarity of an individual’s
alleles was quantified as MAF, calculated as the frequency
of an individual’s alleles averaged across all target loci:

MAF — 2ot (Pt + Pro) 7
2N

where N represented the number of loci and P, and P,, rep-
resented the population frequencies of the first and second
alleles at the nth locus in a given individual. An individual’s
MATF ranged from a value >0.0 to 1.0, with lower values rep-
resenting individuals with more rare alleles. Yearlings with
the highest MAF values were iteratively selected for cull one
at a time until the cull quota was reached, with MAF values
being recalculated after each individual cull.

Pedigree-based strategy

The goal of the pedigree-based strategy (MK) was to mini-
mize kinship across the population, thereby maximizing the
retention of genome-wide variation. For this strategy, year-
lings were chosen for cull based on how well represented
their genomes were in the rest of the population. Animals
with high representation (i.e. those with many relatives) were
chosen for culling, while those with low representation (i.e.
those with few relatives) were retained. The kinship (f) of a
pair of individuals is the probability that two alleles at a
given locus, one randomly drawn from each individual, are
identical by descent from a common ancestor (Falconer,
1981). An individual’s MK is then the average of pairwise f$
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between that individual and all living individuals in the pop-
ulation, including itself (Ballou & Lacy, 1995). MKs range
from 0.0 to 1.0 and provide a measure of the representation
of an individual’s genome within a population; individuals
with lower MKs have fewer relatives and, on average, carry
rarer alleles than individuals with higher MKs. Yearlings
with the highest MK values were iteratively selected for cull,
one at a time, until the cull quota was reached, with MK
values being recalculated after each individual cull.

Random removal strategy

As its name suggests, the random removal culling strategy
(RANDOM) randomly removed yearlings from the popula-
tion until the target size, with an even sex ratio, was
reached. The strategy represented an important comparison
to the two previously described, data-driven strategies
because a random removal represented the least costly cul-
ling strategy to implement, both financially and with regard
to required personnel, as it would require no genetic or
demographic data other than sex and age.

Bison parameters

The simulation was parameterized in accordance with bison
biology, using genetic and demographic information from the
bison herd managed by the US Fish and Wildlife Service at
the Fort Niobrara National Wildlife Refuge (FTN) in north-
central Nebraska (Table 1). The FTN herd is managed annu-
ally with a population objective of 350 bison to remain in
balance with the habitat and needs of other species. Exten-
sive demographic data, complete genotypes for 55
microsatellite loci, and a nearly complete pedigree exist for
this herd as of 2004. Data from 2004 to 2010 were used to
parameterize the simulation.

Based on an annual ‘adult’” mortality rate of 3% for
females and 5% for males and an annual ‘juvenile’ mortality
rate of 5% for both sexes (Meagher, 1986), a mortality func-
tion was defined to accurately reflect age-specific mortality
(see General Simulation Overview, for additional details)
(Supporting Information Fig. S2). A maximum age of
24 years was specified to model a realistic lifespan (Mea-
gher, 1986). We used the FTN pedigree to generate age-spe-
cific fecundity values (M,; the number of same-sex offspring
produced by an individual during an age class) with the PM,
software program (Fig. 1; Ballou, Lacy & Pollak, 2011).
From the M, distributions, we derived that reproduction gen-
erally occurs between ages 4 and 16 for males and between
ages 3 and 21 for females. Although calving rates vary con-
siderably between bison herds (Shaw & Carter, 1989), in
concordance with recent research (Borgreen, 2010) we speci-
fied that 82% of breeding-age female bison in the FTN herd
annually produce offspring. The yearly percentage of sexu-
ally mature males assigned as breeders was set at 46% based
on the average proportion of males in a given year that sired
offspring within the FTN herd (data from 2004 to 2010).
Male breeders were further categorized as either subordinate
or dominant. Using the number of offspring annually sired
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Table 1 Parameters used for the model, based on bison biology
and data from the bison herd at the Fort Niobrara National Wildlife
Refuge

Input file parameters

Founder total 259

Target microsat total 55

Non-target microsat total 55
Loop parameters

Target size (T) 350

Number of years to run 100, 200, and 500

[terations 1,000
Breeding parameters

Age range females will breed 2-21

Age range males will breed 4-16

Offspring produced by each 1

breeding female

Proportion of males that will breed 0.46

Proportion of females that will breed 0.82
Dominant male breeding parameters

Proportion of breeders that are dominant 0.21

Age range dominant males breed 8-12

Proportion of offspring produced by 0.40

dominant males
Number of years males are dominant 1

Mortality parameters
Female adult mortality
Male adult mortality

0.03 x 1.157¢F
0.05 x 1.16"°F

by each male in the FTN herd, we defined dominant males
as those for which the number of sired offspring exceeded
the third quartile (>3 offspring) and found that these domi-
nant males fell between § and 12 years of age (Fig. 1). The
yearly percentage of dominant males was then specified as
21% of all breeding males, which was the average yearly
percent of dominant males calculated for the FTN herd.
Finally, we specified that 40% of offspring were sired by
dominant males, which was the average for the FTN herd
(Fig. 1).

We used the breeders from the 2004 FTN bison herd (100
male, 159 female) as the initial starting population for our
simulation. Year of birth, sex and microsatellite genotypes at
55 loci were specified from available records. For individuals
lacking genotype data for a particular locus, a custom R
script (R Development Core Team, 2014) was used to gener-
ate missing data by randomly drawing alleles based on their
frequencies within the starting population. Because the full
FTN pedigree started in 2004, all individuals within the
starting population were assumed to be equally related to
establish a baseline from which to measure future loss of
gene diversity (GD) and inbreeding (all pairwise kinships
assumed to be 0.0; kinship to self assumed to be 0.5). The
target size of the simulated population was specified as 350
bison, in concordance with the population objective for the
FTN herd.

To determine the effects of genetic-based culling strategies
on non-target microsatellite loci, we created an additional
panel of 55 loci that was tracked and evaluated, but not used
to guide culling. At the beginning of our simulation, popula-
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Figure 1 M, values for males and females from the Fort Niobrara
National Wildlife Refuge bison herd generated from known pedi-
gree. M, = the number of same-sex offspring produced by an indi-
vidual during an age class.

tion-level allele frequencies for each non-target locus were
determined by randomly selecting a frequency distribution
from among the target set of microsatellite loci. Two alleles
for each non-target locus were then assigned to each individ-
ual based on that locus’ selected frequency distribution. This
resulted in two different sets of loci with similar starting
measures of heterozygosity and allelic richness. Data from
both sets of loci were summarized for all tested culling
strategies, but only the initial set of empirically generated
data was used to inform culling for the MAF strategy.

General simulation overview

—_

An initial starting population was loaded into the simulation.

The following information was specified for each individual:

sex, birth year, and the two panels of microsatellite geno-

types (target and non-target). Pairwise kinships also were
specified between all starting individuals.

2 Breeding individuals were identified. Potential breeders
were first identified as those individuals that fell within
specified reproductive age ranges. The specified percentage
of potential breeders was then randomly selected to pro-
duce offspring. To allow for a polygynous mating system,
a specified percentage of males selected to produce off-
spring was randomly flagged as dominant breeders.

3 Offspring were produced. Each breeding female produced

one offspring, which was randomly assigned, with equal

probabilities, a sex of male or female. The sire of each
offspring was determined to be a dominant or subordinate
breeding male based on the specified probability. After the
dominant or subordinate designation was selected, the
specific sire was randomly selected from among those two
breeding groups. Mendelian inheritance was used to gener-
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ate the multi-locus genotypes of each offspring by ran-
domly assigning one sire and one dam allele to each
locus. Pairwise kinships (f) between each newly created
offspring and all other individuals living in the population
were calculated as f,, = 0.5(f,; + f.4), where subscripts s
and d referred to the sire and dam of each y offspring
(Falconer, 1981).

4 Mortality occurred for all ages based on sex specific mor-
tality functions. Male (0.05 x 1.16*%°) and female
(0.03 x 1.15*€%) mortality functions included a starting
mortality value and a multiplier raised by the age of an
individual. The multiplier was used to ensure 100% mor-
tality was observed at a biologically realistic age (20 for
males, 25 for females).

5 Culling of yearlings was completed. The number of male
and female yearlings to cull was calculated by subtracting
the target number of individuals for each sex (half of total
target population) from the total number of individuals of
each sex. Individuals were iteratively culled through one
of the strategies being tested until the number of culls cal-
culated in the previous step was completed. If the number
of males and females to be culled was unequal, individu-
als of the sex requiring the greater number of culls were
first removed until the sex ratio to be culled was equal-
ized. At that point, individuals of alternating sex were
culled, starting with a male, with MAF or MK values
being recalculated between each individual cull.

6 All individuals were aged 1 year. Steps 2—6 were repeated
for 100, 200 or 500 years. Summary statistics for genetic
variation and inbreeding were calculated on a yearly basis,
immediately following Step 6. Summary statistics included
allelic richness (A4) measured as the mean number of alle-
les per locus, observed heterozygosity (H) calculated
directly for each locus across all individuals and then
averaged across loci (Hartl & Clark, 1997), proportional
GD (expected heterozygosity) calculated as 1— MK
(where MK is the average MK in the population; Ballou
& Lacy, 1995), and average inbreeding in the population
(F), equal to the kinship between an individual’s sire and
dam averaged across all individuals (F; Falconer, 1981).
Measures of allelic richness and observed heterozygosity
were calculated separately for target and non-target loci.

Evaluation of culling strategies

Culling strategies were evaluated through a variety of genetic
variation and inbreeding measures (4, H,, GD and F), which
were averaged across 1000 simulation iterations. Summary
statistics were reported at 100, 200 and 500 year intervals. The
coefficient of variation (CV) was used to characterize summary
statistic variability across iterations in relation to the mean.

Sensitivity analysis

The sensitivity of the simulation to input parameters was
evaluated by analyzing the response of the genetic outputs to
variations in target population size, mortality and proportion
of breeding males. We tested three alternative target popula-
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tion sizes (200, 500 and 1000 individuals) and three alterna-
tive levels of mortality [200%, 300% and 400% of the
starting mortality values (0.05 for males and 0.03 for
females)]. We also tested three alternative percentages of
total breeding males (25%, 50% and 100%); to observe only
the effect of the proportion of breeding males, no males
were categorized as dominant.

Results

Founding population summary statistics

The founding population had a mean allelic richness of
4.418 for the target set of loci (used by the MAF strategy)
and 4.397 for the non-target set of loci. Average observed
heterozygosity was 0.585 for target loci and for non-target
loci. Since all founding individuals were assumed to be unre-
lated, GD started at 0.998 and the average inbreeding coeffi-
cient was 0.000 (Table 2).

Evaluation of model output

As predicted for any population of finite size, we observed a
reduction in allelic richness and GD, and an increase in
inbreeding, for all strategies. Heterozygosity increased or
decreased depending on the strategy employed. All strategies
succeeded in maintaining the target population size and a
balanced sex ratio. Differences among strategies in the
amount of genetic variation retained and the extent of
inbreeding were evident at the 100-year time step and
became more pronounced over time. Differences in the pat-
tern of genetic variation loss were also detected between the
target and non-target microsatellite loci for some culling
strategies.

Of the three culling strategies, the RANDOM strategy pre-
served the least variation, as measured by allelic richness
and observed heterozygosity (Fig. 2; Table 2). This strategy
also yielded the lowest GD and highest average inbreeding
coefficient across all years of the model (Fig. 2; Table 2).
Outcomes of the RANDOM strategy were similar for the tar-
get and non-target sets of microsatellite loci; after 500 years,
both sets of loci exhibited comparable decreases in allelic
richness (44.3% and 44.8% reductions) and heterozygosity
(34.9% and 36.5% reductions). GD decreased by 36.4% and
inbreeding increased to 0.360 (Fig. 2). The RANDOM strat-
egy exhibited the largest variation across simulation itera-
tions, yielding among the highest CV values for all genetic
diversity measures (Table 2).

The MAF strategy retained the highest allelic richness
(decrease of 16.3%) and increased the observed heterozygos-
ity (increase of 17.1%) relative to the founder population
after 500 years, but only at the target microsatellite loci used
to inform culls (Table 2; Fig. 2). At the non-target set of
loci, genetic variation was lost at a rate comparable to the
RANDOM strategy (allelic richness decreased by 44.0% and
heterozygosity decreased by 33.5%). However, genome-wide
measures of variation indicated better retention of diversity
(GD decreased by 33.6%) and lower accumulation of

Animal Conservation 19 (2016) 380-390 © 2016 The Zoological Society of London
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inbreeding (0.332) over 500 years under the MAF strategy
compared to RANDOM (Table 2). The MAF strategy
yielded very different patterns of variation among iterations
for the target and non-target sets of loci. The strategy was
very consistent among iterations for allelic richness and
heterozygosity for target loci, as well as for GD. However,
the CV was on par with the RANDOM strategy for non-tar-
get loci (Table 2).

The MK strategy resulted in the highest retention of alle-
lic richness and heterozygosity for the non-target set of loci
(Fig. 2; Table 2). Target and non-target loci exhibited similar
reductions in allelic richness (36.9% and 37.7%) and
heterozygosity (25.3% and 26.3%; Table 2). The MK strat-
egy also resulted in the highest GD (decrease of 26.3%) and
accumulated the least inbreeding (0.262) than all other strate-
gies at the 500-year time step (Fig. 2). The MK strategy had
the lowest variation among iterations for inbreeding and GD,
and the lowest CV values for allelic richness and heterozy-
gosity for non-target loci (Table 2). Variation among itera-
tions was similar for target and non-target loci.

Sensitivity analysis

The three culling strategies proved to be robust to changes
in target population size, proportion of successful breeding
males, and mortality for each age and sex class. As the tar-
get population size increased above the original value of 350
individuals, allelic richness, heterozygosity, and GD were
higher and inbreeding (F) was lower, but the overall pattern
for each strategy remained the same (Supporting Information
Table Sla). Generally, more variation among culling strate-
gies was observed as the proportion of males that success-
fully bred was reduced (Supporting Information Table S1b).
Overall, decreasing the sex- and age-specific mortality values
resulted in less variation among culling strategies (Support-
ing Information Table Slc).

Discussion

Wildlife management strategies are often designed to control
a population’s size and demography, but such strategies also
can inadvertently impact a population’s genetic variation. For
species like bison, where management includes the regular
removal of individuals to maintain small population sizes on
restricted landscapes, management actions can be tailored to
address genetic diversity retention. Our research evaluated
three alternative wildlife culling strategies to determine
which strategy would provide the greatest advantage for con-
serving a population’s genetic variation while maintaining a
particular target size. Our simulations demonstrated that the
information used to select individuals for removal notably
influence the rate at which a population loses various mea-
sures of genetic variation (Fig. 2). Furthermore, our results
indicated that incorporating genetic data into culling deci-
sions, rather than relying solely on demographic parameters,
generally improves the retention of genetic variation and
reduces the accumulation of inbreeding over time.
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Figure 2 Average allelic richness and observed heterozygosity for both target and non-target loci (a) and genomic measures of variation
(gene diversity and inbreeding) (b). Error bars represent one standard deviation at 100, 200, and 500 years.

Loss of alleles and a reduction in genome-wide heterozy-
gosity in small populations result in loss of overall genetic
variation. Since loss of genetic variation can be partially mit-
igated by increasing population size (e.g. Supporting Infor-
mation Table Sla), wildlife managers often attempt to
maximize the population size to minimize the effects of
genetic drift (Epps et al., 2005; Dixo et al., 2009) and the
related accumulation of inbreeding (Soulé & Mills, 1998).
As population size decreases, maintaining stable demography
and retaining genetic variation become increasingly important
to prevent local extinction (Lande, 1988). In our study, the
differences in genetic variation became more profound as
population size decreased, demonstrating that the choice of
management strategy becomes increasingly important as pop-
ulation size decreases (Supporting Information Table Sla).
For range-restricted species such as bison, where habitat is
limited and populations must be maintained at particular tar-
get sizes, management has historically focused on removal
strategies based on demographic parameters to select individ-
uals for cull. The advantage of such strategies is that they
require only limited data and resources to implement. Our
RANDOM culling strategy relied solely on demographic data
(an individual’s age and sex) to inform culls. At the end of
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500 years, the RANDOM strategy yielded the lowest allelic
richness, observed heterozygosity and GD, as well as the
highest average inbreeding of the three tested culling strate-
gies (Table 2). Further, the RANDOM, as well as the MAF,
culling strategies exhibited high variance in measures of
genetic variation across iterations, indicating less predictabil-
ity in the outcome of these strategies and potentially impor-
tant impacts on population persistence. These results indicate
that although demographically based removal strategies can
be easy to implement and effective at maintaining sex and
age ratios, incorporating genetic data into culling decisions
improves a population’s long-term retention of genetic varia-
tion and thus, its adaptive potential.

We tested two alternative culling strategies (MAF and
MK) that utilized genetic data. Although such strategies
require additional resources and can be challenging to imple-
ment when compared to a demographically based removal
strategy, both our MAF and MK strategies generally per-
formed better at retaining genetic variation and limiting
inbreeding than our RANDOM strategy. The MAF strategy
was designed to maximize the retention of genetic variation
by conserving as many different alleles as possible within a
target set of loci used to inform culls. A perceived advantage
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of this strategy was that it did not designate particular alleles
as important or ‘conservation-worthy’, but rather aimed to
conserve as many alleles as possible at as equal frequencies
as possible. In theory, such an allele conservation strategy
could produce a population with a higher heterozygosity than
was present prior to management actions by creating more
equal allele frequencies than existed in the founder popula-
tion. This result was in fact observed, with the MAF strategy
consistently retaining both the highest heterozygosity and
allelic diversity at the suite of target loci used to inform culls
(Table 2; Fig. 2). A potential drawback of this culling tech-
nique was that it aimed to maximize genetic variation at
specific target loci with no regard for how the rest of the
genome might be affected. In fact, although the MAF strat-
egy effectively maximized genetic variation at a suite of tar-
get loci, it was ineffective in maintaining genetic variation at
non-target loci and thus genome-wide variation. In contrast,
the MK culling strategy performed the best at maximizing
the retention of genome-wide variation (Table 2; Fig. 2).
Therefore, of the three culling strategies tested, we found the
MK strategy to be the superior method of culling intensively
managed wildlife populations with respect to genome-wide
measures of variation and inbreeding.

Our MK culling strategy is similar in concept to the pedi-
gree-based strategies used by captive breeding programs that
utilize MK for selecting breeding pairs (Ivy & Lacy, 2012).
Pedigree-based breeding strategies that minimize the overall
kinship in a population have been shown by both computer
simulations (Ballou & Lacy, 1995; Fernandez & Toro, 1999;
Sonesson & Meuwissen, 2001) and empirical data (Mont-
gomery et al., 1997) to be the best strategies for retaining
genetic variation, while limiting inbreeding, in conservation
breeding programs. Our data extend these findings to demon-
strate that our MK strategy outperformed both alternative
strategies at limiting inbreeding and retaining genome-wide
variation (as measured by pedigree-based measures and empiri-
cally calculated heterozygosity at a suite of non-target loci;
Table 2). Although previous evaluations of pedigree-based cul-
ling strategies for wildlife management are rare (but see Eggert
et al., 2010), it is perhaps not surprising that our data support
the utility of pedigree-based approaches to directly manage
genetic variation in wildlife populations. An individual’s MK
is a measure of its genetic distinctiveness in a population; indi-
viduals with low MKs have few relatives and rare alleles, while
individuals with high MKs have many relatives and common
alleles. Thus, by preferentially selecting individuals with low
MKs to breed, conservation breeding programs equalize, to the
extent possible, the genetic representations of a population’s
founders and thereby maximize the retention of genetic varia-
tion over time. Our simulations indicate that MKs also are use-
ful for selecting individuals to cull because such a strategy
similarly equalizes founder genome representations by prefer-
entially removing individuals whose genomes are over-repre-
sented in the population as a whole.

Better retention of genetic variation through direct genetic
management has been demonstrated when selecting breeders
to maintain captive populations (Ballou & Lacy, 1995;
Ortega-Villaizan, Noguchi & Taniguchi, 2011) and choosing
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individuals for reintroductions (Haig ef al, 1990; Miller
et al., 2009; Jamieson, 2010; Tracy et al., 2011). However,
the stipulation that direct genetic management should focus
on genomic measures of variation is important. Hedrick &
Miller (1994) simulated captive breeding strategies that prior-
itized the retention of alleles at a suite of functional immune
genes, the major histocompatibility complex (MHC), and
observed the effect on variation across the rest of the gen-
ome. The authors characterized genome-wide reductions in
genetic variation and fitness associated with selection for
variation at the MHC and urged caution in the use of this
genetic management technique due to its impact on variation
at non-target portions of the genome. Although we did not
model effects on functional loci, the decrease in genome-
wide variation with the MAF strategy, and the associated
increase in inbreeding, also could be expected to lead to
detrimental declines in fitness (Charlesworth & Charlesworth,
1999). Furthermore, results similar to those reported by
Hedrick & Miller (1994) are expected when selecting for
variation at neutral loci, particularly if the effects of genetic
hitchhiking are strong (Charlesworth & Guttman, 1996; Hey,
1999; Otto, 2000). Our results further support this assertion
by demonstrating that our MAF strategy, which retained high
allelic diversity and heterozygosity at targeted neutral loci,
retained less variation at non-target loci than a strategy that
utilized a genomic measure of variation for decisions (our
MK strategy). If many more loci were used in the target
panel, genetic diversity estimates would more closely
approximate genome-wide variation (Miller et al, 2014).
This should yield convergent allelic richness and heterozy-
gosity values for target and non-target loci as the MAF strat-
egy was applied over time. Additional research would be
necessary, however, to determine the degree of convergence
between the overall results of the MAF and MK strategies
when using increasing numbers of loci. There is a fundamen-
tal difference between culling individuals with common alle-
les (MAF) and culling those that are, on average, highly
related to the population (MK). As an example, consider two
full-siblings; while the MK strategy would treat those indi-
viduals as genetically identical and interchangeable, the
MAF strategy would prioritize one over the other for cull
based on which happened to receive more ‘common’ alleles
through Mendelian inheritance. Thus, given these complexi-
ties, more research is warranted to determine the number of
loci at which the MAF strategy is expected to converge
with, or even possibly surpass, the MK strategy perfor-
mance.

Our results suggest wildlife management strategies that
incorporate goals for retaining genetic variation are better
suited to preserving the evolutionary potential of wildlife
populations than those that focus solely on a target size and
demographic stability. Declines in genetic variation not only
limit the evolutionary potential of a population, but can also
have direct and immediate effects on factors such as the
response to diseases and new pathogens (O’Brien & Ever-
mann, 1988). For these reasons, bison are an exemplary
example of a species in need of genetic management. Bison,
as a species, underwent a severe bottleneck in the late
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1800s, and were further bottlenecked as conservation herds
were founded with few individuals. Thus, all contemporary
bison populations can be assumed to have accumulated some
level of inbreeding, with Hedrick (2009) estimating 0.367
inbreeding (equal to two generations of full sibling matings)
in the Texas State Bison Herd. Although the direct effects of
inbreeding in bison are unclear, even small amounts of
inbreeding have been correlated with the susceptibility to
bacterial disease in other wildlife populations (Acevedo-
Whitehouse et al., 2003). Historical erosion of genetic varia-
tion due to severe bottlenecks, serial founding events, and
current levels of inbreeding make the preservation of remain-
ing genetic variation through effective management strategies
even more imperative to the persistence of bison.

Although the focus of our research was to evaluate cul-
ling strategies for wildlife populations managed in situ, our
results also are applicable to captive population manage-
ment. Although using euthanasia as a management tool is
controversial in these settings (Penfold et al., 2014), there
are a number of challenges that culling could address. For
example, management cuthanasia of post-reproductive ani-
mals not critical to a population’s social structure could be
utilized to free ‘space’ that would allow for additional
breeding in populations that are tightly maintained at carry-
ing capacity (Lacy, 1991). A second application of manage-
ment euthanasia, similar in concept to the culling scenario
described for bison, is the removal of surplus offspring
produced when specific breeding recommendations cannot
be implemented. Species maintained in herds, flocks,
schools or other similar groups (e.g. antelope, flamingos,
bats, fish, frogs) can only be loosely managed by MK-
based breeding strategies because specific breeding pairs
cannot be dictated. Although the long-term genetic impacts
of MK-based management euthanasia have not been tested
against those of imperfect MK-based breeding strategies,
we speculate that culling would provide greater long-term
genetic benefits.

Finally, one of the more compelling reasons for captive
breeding programs to consider management euthanasia is
related to reproductive health. Penfold e al. (2014) summa-
rized data for a set of taxonomically diverse species (includ-
ing canids, felids, rhinoceros, bats, wildebeest and stingrays);
their findings suggested that prolonged interruptions in
breeding (such as produced with some forms of contracep-
tion), during which a female does not produce offspring, can
jeopardize a female’s future fertility and increase probabili-
ties of uterine pathologies. To help ensure both female repro-
ductive health and population viability, the authors suggested
that captive breeding programs could adopt mixed manage-
ment strategies that breed genetically valuable females at
more regular intervals while judiciously using all available
tools, including both culling and contraception, to manage
the number of offspring produced (Penfold ef al., 2014). If
such strategies are indeed to be adopted by captive breeding
programs, our research suggests that modifying the pedigree-
based breeding strategies already in use to cull genetically
over-represented individuals would provide the greatest long-
term genetic benefits.
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Figure S1. Model flow for each simulation.

Figure S2. Mortality functions for males (solid red line) and
females (dotted black line) were generated using known
average adult mortality (0.05 for males; 0.03 for females),
juvenile mortality (0.05), and age expectancy for the Fort
Niobrara bison herd.

Table S1. Genetic variation measures averaged over 1000
iterations from the 500-year time step of the sensitivity anal-
ysis reflecting the genetic variation measures under each cul-
ling strategy with (a) different target population sizes (200,
500 and 1000), (b) with different proportions of the male
population of breeding age able to breed (25%, 50% 100%),
and (c) and alternative levels of mortality (200%, 300% and
400% of original).
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