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Abstract
Unfenced plains bison are rare and only occur in a small number of locations throughout Canada and the United States. We
examined management guidelines for maintenance of genetic health and population persistence for a small and isolated
population of plains bison that occupy the interface between a protected national park and private agricultural lands. To
address genetic health concerns, we measured genetic diversity relative to other populations and assessed the potential
effects of genetic augmentation. We then used individual-based population viability analyses (PVA) to determine the
minimum abundance likely to prevent genetic diversity declines. We assessed this minimum relative to a proposed
maximum social carrying capacity related to bison use of human agricultural lands. We also used the PVA to assess the
probability of population persistence given the limiting factors of predation, hunting, and disease. Our results indicate that
genetic augmentation will likely be required to achieve genetic diversity similar to that of other plains bison populations. We
also found that a minimum population of 420 bison yields low probability of additional genetic loss while staying within
society-based maxima. Population estimates based on aerial surveys indicated that the population has been below this
minimum since 2007. Our PVA simulations indicate that current hunting practices will result in undesirable levels of
population extinction risk and further declines in genetic variability. Our study demonstrates that PVA can be used to
evaluate potential management scenarios as they relate to long-term genetic conservation and population persistence for rare
species.
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Introduction

Determining abundance thresholds for wildlife populations
is a fundamental yet challenging aspect of environmental

management, particularly when species of conservation
concern are involved (Shaffer 1981; Thomas 1990; Chadès
et al. 2012). For management purposes, abundance thresh-
olds represent transitions between desired and undesired
population states and may be established relative to ecolo-
gically and socially relevant values (Martin et al. 2009). For
example, achieving spatial coexistence between humans
and wildlife often involves trading off a maximum wildlife
population size determined by social tolerance with a
minimum population size required to meet conservation
goals. Determining the adequacy of proposed thresholds,
and assessing the feasibility of maintaining desired popu-
lation targets, usually requires predictions regarding the
future state of populations relative to natural history infor-
mation and anticipated limiting factors.

A common tool for predicting the future condition of
populations is a population viability analysis (PVA), which
can be used to quantify both extinction risk and changes to
genetic variation through time (Reed et al. 2002; Hoban
et al. 2012). Well-informed PVAs are useful for those who
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seek to prevent unacceptable risk to population persistence
or to limit abundance consistent with management goals. In
addition, PVA can evaluate potential alterations to the
maintenance of genetic diversity relative to various man-
agement scenarios and help prevent unwanted diversity
losses. Thus, PVA can be a conservation planning tool for
small and isolated populations with sizes that are limited
due to conflict with humans, such as North American plains
bison (Bison bison bison).

Large herbivores often come into conflict with humans
because they forage in or near agricultural areas (Hofman-
Kaminska and Kowalczyk 2012; Ranglack and Du Toit
2016; Valls-Fox et al. 2018). In North America, historical
abundances of plains bison were in the tens of millions
(Shaw 1995). After European settlement in the 1800s plains
bison were nearly extirpated from their natural habitat
(Hedrick 2009), which is now dominated by human agri-
culture. Plains bison have been designated as threatened by
the Committee on the Status of Endangered Wildlife in
Canada since 2004. Conservation planning for bison typi-
cally considers monitoring and management of genetic
variability to be a priority because the majority of popula-
tions are small and have limited space to expand (Freese
et al. 2007; Sanderson et al. 2008). Genetic diversity of
plains bison in North America presumably declined after the
1800s; however, long-term consequences of this decline are
unknown. Probable effects of inbreeding depression, such
as decreased natality and low calf survival, have been
documented in at least one herd, the Texas State Bison
Herd, which was managed at a low population size (40 to
100 individuals) from the 1970s to the early 2000s (Halbert
et al. 2005; Hedrick 2009). Therefore, assessing the relative
current genetic variation that exists in isolated populations
of plains bison and maintaining or increasing these levels
when possible is a key component of ensuring long-term
sustainability of the subspecies.

Our study population, the Sturgeon River plains bison
(SRPB) population (SK, Canada), constitutes one of only a
few unfenced plains bison populations in North America.
The population is noteworthy relative to many other bison
herds because it undergoes natural selection pressures from
predators such as wolves. The SRPB population was
established in 1969 from ~10 to 22 founders, which origi-
nated from a fenced conservation herd 400 km away in Elk
Island National Park, AB, Canada. The SRPB inhabit the
interface between a protected national park and private
agricultural lands and their population has declined more
than 50% since 2005 (Merkle et al. 2015). The population
was estimated to be 222 individuals in 2013 (Merkle et al.
2015) and is thought to have declined further in more recent
years. Potential factors contributing to the decline include
unrestricted hunting (Sigaud et al. 2017), anthrax (Shury
et al. 2009), and wolf predation (Fortin et al. 2015). The

small size and recent decline of the population has resulted
in concern regarding the minimum number of bison
required to preserve long-term genetic diversity and achieve
a reasonable probability of population persistence. How-
ever, the target size for the population is constrained by a
socially based maximum abundance threshold that we
define as the regional social carrying capacity for plains
bison. We consider social carrying capacity to be the sta-
keholder tolerance for real, perceived, and potential impacts
that a species may have on humans. During regional man-
agement planning activities, stakeholders estimated the
current social carrying capacity to be 430 bison given the
number of conflicts and property damage that occurred
when the population was above this size (SRPB Manage-
ment Plan 2013).

The SRPB periodically come into conflict with humans
when they leave the national park and occupy private lands
because they damage crops, forage on hayfields, and pose a
safety concern (Sigaud et al. 2017). No hunting is permitted
within national park boundaries but hunting by Indigenous
individuals is allowed at any time of the year outside the
park on land owned by the provincial government or with
private landowner permission. Bison are drawn to high-
quality forage on pastures adjacent to the park where they
predictably congregate in late summer, which has resulted
in an ecological trap (Sigaud et al. 2017). Over numerous
years bison have been observed returning, often on a daily
basis, to the same agricultural patches despite repeated
hunting at these locations (Sigaud et al. 2017). Hunting is
therefore a considerable concern for those interested in the
long-term preservation of this bison population.

The objective of this study was to evaluate the likelihood
of sustaining long-term conservation goals for the SRPB
given their population size and proposed social carrying
capacity threshold. These goals include population persistence
and conservation of adequate genetic diversity relative to
other existing plains bison populations. We therefore eval-
uated the current level of genetic variation in our study
population relative to similar plains bison populations (Wilson
and Strobeck 1999). Next, we developed a PVA in the form
of individual-based simulation models to predict future
changes to genetic diversity at various potential long-term
population sizes. We determined the minimum population
abundance threshold required to maintain genetic diversity
measured as expected heterozygosity. We considered ade-
quate maintenance of long-term genetic diversity to be the
conservation of 90% of the population’s current genetic
variability over 200 years (Soulé et al. 1986; Allendorf and
Ryman 2002; and Frankham et al. 2002). Quantifying the
current and potential future genetic diversity of the SRPB will
provide insight into how population size restrictions and the
number of founding individuals affect long-term genetic
diversity of plains bison populations established from Elk
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Island, which include all conservation populations in Canada.
We also used the PVA to model the probability of population
persistence given the population’s size and demographic
structure in 2013 when detailed demographic data were
available. We applied social carrying capacity and other
limiting factors, such as unrestricted hunting, predation, and
anthrax outbreaks to determine long-term extinction risk.
Finally, we updated population estimates for the SRPB with
an additional 4 years of recent aerial survey data to assess
differences between proposed population abundance targets
and current population size.

Materials and Methods

Study Area

The SRPB inhabit an area of ~1000 km2 in central SK,
Canada. The majority of their range is within the southwest
corner of Prince Albert National Park (53°44′ N, 106°39′
W) and consists of deciduous and coniferous forest mixed
with shrublands, meadows, and water bodies. Approxi-
mately 11% of their range is on agricultural lands adjacent
to the national park. Range expansion of plains bison out-
side of Prince Albert National Park is largely restricted by
agricultural practices and other human developments.

Genetic Variability

To quantify genetic variability, we collected bison blood
samples (n= 25; 24 females and 1 male) during capture and
handling events in 2005, 2007, and 2010. During captures,
animals were cared for in accordance with the policies and
guidelines of the Canadian Council on Animal Care
(http://www.ccac.ca). We determined genetic variability by
following the methods of Wilson and Strobeck (1999),
which allowed for a direct comparison with estimates of
genetic variability of other populations of plains bison
(including the founding population, Elk Island National
Park). Genotyping was conducted by the Molecular Biology
Facility in the Department of Biological Sciences at the
University of Alberta. Our genotypes were generated with
ten microsatellite loci (Table 1). A Qiagen DNeasy® Blood
and Tissue extraction kit (Qiagen, Valencia, CA, USA) was
used to isolate total genomic DNA. Five PCR reactions
were completed per individual and pooled into a single
capillary on a 3730 DNA analyzer (Applied Biosystems,
Foster City, CA). Genotypes were generated using Gene-
mapper (Applied Biosystems, Foster City, CA) and stan-
dardized to allele calls previously generated by Wilson and
Strobeck (1999).

We calculated the number of alleles, allele frequencies,
observed heterozygosities, expected heterozygosities, and

probabilities of identity (pI) for each locus. We used these
values to calculate three measures genetic variability: allelic
richness, mean expected heterozygosity, and overall pI. We
calculated allelic richness using rarefaction methods
described by Petit et al. (1998), where the average estimated
number of alleles per locus was standardized to the lowest
sample size. We calculated expected heterozygosities with
Nei’s unbiased gene diversity equation (Nei 1987) and then
averaged them over all loci to obtain mean heterozygosity.
We determined unbiased pI values using the methods of
Paetkau et al. (1998) and overall pI by multiplying pI values
for all loci. We tested deviations from the Hardy–Weinberg
equilibrium with the true probability-test or ‘exact test’ in
GenePop 4.0 (Raymond and Rousset 1995). Because each
locus had fewer than five alleles, we calculated exact p-
values with the complete enumeration method described by
Louis and Dempster (1987). We compared genetic varia-
bility in the SRPB population to variability in its founding
population and the Pink Mountain plains bison population
in northern British Columbia, Canada. The Pink Mountain
population also originated from Elk Island but with a higher
number of founders (N= 48, COSEWIC 2013). We cal-
culated genetic variation parameters for Pink Mountain
(n= 19) and Elk Island (n= 31) using data from Wilson
and Strobeck (1999); however, we excluded locus BM4513
because it was fixed in the populations we assessed.

Population Viability Analysis

We used individual-based simulation models for PVA
developed with the software program VORTEX 10.1 (Lacy
and Pollak 2015), which simulates the effects of determi-
nistic factors and demographic, environmental, and genetic

Table 1 Number of alleles (NA), allelic richness (Rt), observed
heterozygosities (HO), expected heterozygosities (He), and probability
of identities (pI) for each of ten microsatellite loci (n= 25; collected in
2005, 2007, and 2010) in the Sturgeon River plains bison population

Locus NA Rt HO He pI

BM143 4 4.00 0.84 0.71 0.13

BM2830 3 2.95 0.28 0.34 0.44

BMC1222 2 2.00 0.48 0.50 0.37

BM1225 4 4.00 0.80 0.71 0.12

BOVFSH 4 3.76 0.64 0.69 0.15

Eth121 2 2.00 0.32 0.33 0.48

RT9 2 2.00 0.24 0.28 0.54

RT24 2 2.00 0.44 0.39 0.43

RT27 2 2.00 0.52 0.48 0.38

RT29 4 4.00 0.96 0.75 0.10

2.9 2.87 0.55 0.52 –

Bottom summary row indicates mean values across loci for each
diversity metric
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stochasticity on populations. These simulations predict
population dynamics and population genetic change on the
basis of probabilities of annual events (e.g., birth, aging,
death, and allele transmission) according to constants or
random variables and user-specified distributions.
Individual-based VORTEX models are widely used and
have been validated as a reliable tool for conservation
planning (Brook et al. 2000). VORTEX has been used to
evaluate management strategies (e.g., Bach et al. 2010;
Chilvers 2012; Carroll et al. 2013) and to predict future
genetic diversity in small and isolated populations (e.g.,
Vonholdt et al. 2008; Zachos et al. 2009)

We designed our simulation models to predict the
minimum population abundance threshold required to meet
the long-term goal of maintaining 90% of the population’s
genetic variability over 200 years. We considered this goal
to be obtained when 95% of the simulations resulted in
maintenance of ≥90% genetic variability. Our models pre-
dicted the future probability of population persistence given
the population’s size and potential limiting scenarios (Table 2).
We based model parameters on data specific to the SRPB
population and published literature on other bison popula-
tions (Appendix 1). We used initial population size and age
classes from Merkle et al. (2015) because these were the
only available estimates that include specific age and sex
classes. For all simulations, we ran 1000 iterations for 200
years or until all iterations resulted in extinction.

Minimum population abundance threshold for genetic
maintenance goals

We used an incremental range of a priori minimum popu-
lation thresholds to illustrate potential long-term population
size scenarios and explore how these would affect genetic
variability, measured as expected heterozygosity. We pre-
dicted genetic variability by running a series of models that
used each of the potential thresholds as a carrying capacity
(K). When population size (N) exceeded K at the end of a
model time cycle, we imposed additional mortality across

all age and sex classes to reduce the size of the simulated
population to K. During this process, we set the probability
of individual mortality to (N− K)/N (Lacy et al. 2015). We
assessed changes in genetic variability by assigning each
individual in the original population two unique alleles at a
hypothetical locus (the infinite alleles model; Kimura and
Crow 1964) and then simulating the Mendelian transmis-
sion of alleles from parents to offspring. We used the infi-
nite alleles model as opposed to genetic data from the SRPB
population because genetic diversity at a small number of
neutral microsatellite loci may not be appropriate for pre-
dictions regarding inbreeding and ability to adapt to envir-
onmental changes. The infinite alleles model may in fact be
more applicable to the rest of the genome.

Probability of population persistence relative to limiting
scenarios

Predation, anthrax, and hunting have been identified as
potential limiting factors for bison populations. Predation
was inherent in all of our models because the survival
parameters were calculated with values derived from other
bison populations subject to predation by wolves. However,
we ran simulations to examine the potential effects of
anthrax outbreaks and current levels of unrestricted hunting
pressure (Table 2). We estimated a 10% population mor-
tality during typical anthrax events. Approximately 7% of
the population died during the only documented anthrax
outbreak in the SRPB population, in 2008 (Shury et al.
2009); however, some carcasses undoubtedly were unde-
tected. Our 10% estimate of mortality is within the range
documented in other populations (Salb et al. 2014). Because
the frequency of future anthrax outbreaks is uncertain,
we examined the sensitivity of the PVA to a range of
plausible annual probabilities of an outbreak (5, 10, 15, 20,
and 25%). An outbreak every 4 years (25% annual prob-
ability) is approximately equivalent to the long-term aver-
age for the Slave River Lowlands and Wood Buffalo
National Park region in the Northwest Territories, Canada,

Table 2 Population-limiting
scenarios that were considered
in population viability models
for the Sturgeon River plains
bison population

Scenario Scenario-specific population
mortalitya

Annual probability of occurrence (%)

Anthrax outbreak 10% 5, 10, 15, 20, and 25

Rare anthrax outbreak (high mortality) 50% 2

Harvest 8 females and 12 males 100

Harvest with anthrax outbreak 10% 5, 10, 15, 20, and 25

8 females and 12 males 100

Harvest with rare anthrax outbreak (high mortality) 50% 2

8 females and 12 males 100

Harvest moratorium 0% until N= social K 100 until N= social K

Simulations were run 1000 times over 200 years to determine the annual probability of population extinction.
Model parameters and values are given in Appendix 1
aScenario-specific mortality is in addition to mortality rates listed in Appendix 1. See Appendix 1 for age
distribution of harvested males and females
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where surveillance of anthrax in bison has occurred since
1962 (Salb et al. 2014). This was considered the upper
range of outbreak frequency for the SRPB because to date
only one outbreak is known to have occurred. We also
modeled a rare anthrax scenario with a mortality rate of
50%. We chose this value because observations during a
2012 anthrax outbreak in the Mackenzie bison sanctuary,
Northwest Territories, Canada indicated a minimum 30%
mortality rate; however, subsequent population estimates
suggested that mortality may have been higher (Govern-
ment of Northwest Territories, unpublished data). We
modeled this potential rare anthrax scenario at an annual
probability of 2% (on average once every 50 years) because
to our knowledge an outbreak of this magnitude has only
been documented once in wild bison populations in ~50
years of observations.

To simulate the effects of current unrestricted hunting on
the potential for population persistence, annual harvest rate
was assumed to be constant across years and was set at the
observed 2013 harvest rate for the SRPB population (see
Appendix 1). We used harvest data from 2013 because it
was considered to be a representative year in terms of the
number of bison harvested (Saskatchewan Ministry of
Environment, unpublished data). The year 2013 also was
one of the few years we collected age and sex data from a
substantial portion of the harvested bison. Harvest data were
determined through direct observation of hunting, oppor-
tunistic observations of gut piles, voluntary reporting by
hunters, and communications with owners of lands on
which hunting occurred. Both sex and age of 13 of 20 bison
were determined in the field (Sigaud et al. 2017). In addi-
tion, we had only age data for one bison and only sex data
for six bison. For bison of unknown sex or age, we ran-
domly assigned that unknown parameter on the basis of the
distribution of known values. We estimated that 8 females
and 12 males were harvested in 2013. Our modeled esti-
mates of extinction risks due to hunting are conservative
because our data may not account for all animals harvested.

In our anthrax and unrestricted harvest simulations, we
used a K equal to the social carrying capacity (K= 430) and
assumed that extinction occurred when only one sex
remained. Therefore, this aspect of the simulations assumed
that abundance was maintained at the maximum social
carrying capacity threshold if that threshold was reached
(i.e., by restricted and sustainable harvest or other culling
techniques). We ran the unrestricted harvest simulation that
used 2013 harvest levels both with and without the effects
of anthrax. We used our PVA to approximate and test a
long-term average sustainable harvest by simulating a
moratorium on hunting until the social carrying capacity
was reached and then estimating the mean number of
individuals removed per year to maintain this target.
Finally, we updated SRPB population estimates from

Merkle et al. (2015) with an additional 4 years of recent
data. We used these estimates to compare proposed mini-
mum population abundance thresholds to current population
sizes. Briefly, we estimated population size with an N-
mixture model, informed by a resource selection function,
that was based on how habitat use of GPS-collared bison
during the 5 weeks before and after annual aerial surveys
influenced detection probability (see Merkle et al. 2015—
Supporting Information).

Results

Genetic Variability

The order from greatest to least amount of genetic varia-
bility as determined by all three measures was Elk Island >
Pink Mountain > SRPB (Fig. 1). The allelic richness in the
SRPB population was 2.87 (SE= 0.31). The SRPB popu-
lation had a mean expected heterozygosity of 0.52 (SE=
0.06) and log10 of 1/overall unbiased pI of 5.8. We did not
estimate error for overall pI values because they were cal-
culated as the product of the individual pI at each locus. We
did not detect deviations from the Hardy–Weinberg equi-
librium at any individual locus (all p-values for exact tests
>0.22).

Population Viability Analysis

Minimum threshold for genetic maintenance goals

Our models predicted that a minimum of 420 bison will
meet the goal of maintenance of ≥90% of genetic variability
over 200 years. The range of potential abundances that we
assessed resulted in predictions of genetic variability that
were between 11% (95% CI: 0–46%) and 98% (95% CI:
97–98%) of current levels after 200 years (Fig. 2). Gains in
genetic variability retained through increases in abundance
plateaued as abundances increased.

Probability of population persistence relative to limiting
scenarios

When we applied the 2013 harvest data for the SRPB
annually to population simulations, the probability of
population extinction was 14% by 2040, 37% by 2060, and
levelled off near 45–50% by the year 2100 (Fig. 3). When
we modeled anthrax with a 10% mortality with annual
harvest rates equivalent to those observed in 2013, the
probabilities of population extinctions after 200 years ran-
ged between 72% (for a 5% annual probability of an out-
break) and 100% (for a 25% annual probability of an
outbreak—Fig. 3). When we considered the effects of
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hunting in combination with the rare anthrax scenario (50%
mortality and 2% frequency), assuming annual harvest rates

equal to those in 2013, the probability of extinction was
>97% after 200 years (Fig. 3). In the absence of unrestricted
harvest, none of the anthrax outbreak simulations resulted in
probabilities of extinction above zero over a 200 year per-
iod. However, the 20 and 25% annual probabilities of an
outbreak with a 10% population mortality and the rare
anthrax scenario resulted in mean population sizes (range=
393 to 411) below the minimum abundance predicted to
meet the long-term genetic maintenance goals (N= 420).
The mean simulated population size reached social carrying
capacity after 10 years in the absence of harvest and
anthrax. Once social carrying capacity was reached, the
average number of individuals randomly selected and
removed per year to maintain social carrying capacity ran-
ged from 25.6 to 31.1 (SD range: 28.7–32.9). Updated
population estimates from aerial surveys indicated the
population has been below our predicted minimums to
maintain genetic diversity since 2007 (Fig. 4).

Discussion

Our results demonstrate how the number of founding indi-
viduals and long-term population size affect differences in
genetic variability among plains bison populations founded
from a single source population. Founding new populations
with a limited number of individuals can result in a founder
effect or genetic bottleneck. The consequences of a genetic
bottleneck generally depend on the amount of genetic
diversity prior to population declines, severity of population
declines, and length of time that low population sizes persist
(Nei et al. 1975; Lambrinos 2004; Chen et al. 2006). Both
the SRPB and Pink Mountain populations were founded at
approximately the same time. However, the SRPB popula-
tion was founded from a smaller number of bison, which
likely is why their genetic variability was lower than that of
the other populations we assessed. The Pink Mountain
population, which also originated with descendants from
Elk Island, likely has more genetic variability than the
SRPB population because it was founded with ~2–5 times
more individuals and is maintained at a larger population
size (N ~ 1300, COSEWIC 2013).

There is ample evidence to suggest that low levels of
genetic variability and inbreeding depression in mammals
affect birth weight, survival, reproduction, and suscept-
ibility to disease (Keller and Waller 2002). Our results
indicate the SRPB population has less genetic diversity than
its founding population, which could reduce its relative
resilience to inbreeding or environmental change. Future
genetic augmentation may increase genetic variability to
levels similar to that of its founding population or other
populations that were founded with a higher number of
individuals. This could be achieved by relocating breeding
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bulls from other populations or artificial insemination
(Lessard et al. 2009). If translocations are considered then
appropriate mitigations should be implemented to prevent
potential disease transmission. In addition, during long-term
genetic management a more detailed analysis of introduced
genetic variability may be required to fully understand the
potential for outbreeding depression.

Future planning for genetic augmentation will likely be
required for the SRPB; however, achieving and maintaining
a population abundance target that prevents further declines
in genetic variability and allows for a reasonable probability
of population persistence will be of more immediate
importance. Our results indicate a population abundance
target ≥420 bison would be high enough to allow for long-
term genetic conservation. This size is only marginally
below the social carrying capacity, which makes it chal-
lenging to maintain the narrow target that meets both
genetic conservation goals and social constraints. Working
with local stakeholders and landowners to increase the
social carrying capacity will be beneficial for the long-term
conservation of the population. Factors that could increase
social carrying capacity with local landowners include
seasonal conservation easements that allow bison to forage
outside the park for short periods of time, increased edu-
cation about available crop insurance benefits, strategic
exclusionary fencing in high conflict zones, and allowing
local landowners to participate in a sustainable harvest
when management targets are exceeded.

Keeping the population ≥420 bison would increase the
likelihood that any augmented genetic material would be
conserved, assuming the population persists. However, both
our current population estimate and population viability
simulations indicate that population targets deemed suffi-
cient to attain genetic maintenance goals may not be
achievable under current management conditions. The
selection of a specific target is somewhat arbitrary and
flexibility does exist in terms of the amount of genetic
diversity that should be retained and the appropriate level of
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Fig. 4 Population estimates and 95% confidence intervals from an N-
mixture model for plains bison (Bison bison) in Prince Albert National
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function. Updated from Merkle et al. (2015)
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prediction probability. However, our 2017 estimate of
population size was 180 bison, indicating the population has
been far below our estimated minimum abundance required
to meet genetic conservation goals since 2007 (Fig. 4).
Many of our simulated population-limiting scenarios
resulted in high probabilities of extinction (>40%), which
are much greater than the extinction-risk thresholds of 5%
that are commonly used in wildlife recovery and con-
servation planning (Carroll et al. 2013). Small populations
are more prone to extinction caused by predation (Festa-
Bianchet et al. 2006), hunting (Frank and Woodroffe 2001),
and catastrophic events (Hebblewhite et al. 2010) than large
populations. Therefore, in addition to genetically viable
population targets, the probability of overall population
persistence must be considered in relation to foreseeable
limiting factors.

Predation by wolves has been observed in certain areas
of the SRPB range (Harvey and Fortin 2013, Fortin et al.
2015). However, detailed predation rates have not been
documented and are presumed to be relatively low com-
pared with predation on other ungulates (Fortin et al. 2003,
Urton and Hobson 2005). Anthrax is the only disease of
management concern presently known to affect the SRPB,
and according to our disease simulations, anthrax alone is
unlikely to increase the risk of population extinction.
Including anthrax outbreaks in the PVA simulations did,
however, exacerbate the effects of unrestricted harvest.
Conceivably, the greatest threat to the SRPB population,
and the main contributing factor to high probabilities of
extinction in our simulations, is the current annual harvest
rate. At present, only indigenous hunters are legally per-
mitted to harvest bison in the area, and only when the bison
are outside of Prince Albert National Park. The SRPB
population is particularly vulnerable to harvest because the
majority of the population predictably congregates during
late summer and autumn on small, open sections of agri-
cultural land where road access for hunters is reasonably
easy. Repeated hunting in the same location does not appear
to deter bison from congregating on agricultural lands with
high-quality forage (Sigaud et al. 2017), which appears to
be a different behavioral response to hunting than that of
bison populations in other areas, such as the Henry
Mountains, southern Utah, USA (Ranglack and Du Toit
2015). The unregulated nature of the harvest means that
long-term and detailed information regarding potential
fluctuations in annual bison harvest rates is lacking. Annual
harvest pressure was assumed to remain constant in our
PVA simulations due to the spatial and temporal predict-
ability of bison presence outside protected areas where
hunting occurs. We believe this assumption is valid due to
repeated observations of hunting in these same locations

multiple years in a row, resulting in an ecological trap
(Sigaud et al. 2017). However, if assumptions regarding
consistent harvest pressure change in the future then pre-
dictions regarding population viability may require
adjustments.

Numerous other studies have found that direct human-
induced mortalities are major contributing factors to the
extinction of wide-ranging species that move outside iso-
lated wildlife reserves and into attractive, sink-like habitats
(Woodroffe and Ginsberg 1998; Falcucci et al. 2009; Packer
et al. 2013). It has been suggested that conservation efforts
in these instances should prioritize mitigation of human-
induced mortality and maximize the size of protected areas
(Woodroffe and Ginsberg 1998). On the basis of our
simulations, if a temporary moratorium on hunting occurred
until social carrying capacity was achieved, the population
could potentially sustain an annual average harvest of
26–31 randomly selected individuals while maintaining a
population size above 420. However, variation in the annual
number of individuals removed in simulations to maintain
social carrying capacity was high even in the absence of
hunting and anthrax. Therefore, ongoing population mon-
itoring will be important to understand and account for
stochastic events that may lead to real-time adjustments to
sustainable harvest estimates, which are based on simulated
long-term averages. Given the current size of the SRPB,
unrestricted hunting in the short term will result in unde-
sirable levels of population extinction risk and a lower
probability of achieving and maintaining the population size
required to prevent further declines in genetic diversity.
Unfenced plains bison populations within their historic
range that coexist with natural predators are exceedingly
rare in North America (Freese et al. 2007; Sanderson et al.
2008). Given the distinctiveness of the SRPB population,
we believe that it will be important to continue working
towards maintenance of conservation thresholds and
increasing social carrying capacity.
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Appendix 1. Individual-based population simulation model parameter values for Sturgeon
River plains bison
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