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Abstract

The extant 40 bison (Bisonbison) constituting the Texas State Bison Herd (TSBH; USA) are directly and exclusively descended
from a bison herd assembled by Charles Goodnight in the 1880s, representing a historically and genetically valuable resource.
The population currently suffers from low genetic variation, low heterozygosity, high calf mortality, and low natality rates
compared with other closed bison populations. Population viability analysis using the VORTEX program previously indicated
a 99% chance of population extinction within the next 41 years [J. Mamm. 85 (2004) in press]. We developed a stochastic
simulation model to evaluate the genetic and demographic consequences of various management scenarios for the TSBH using
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genotypic data from 51 microsatellite loci and demographic information recorded over a 6-year period. Our results re
without the introduction of new genetic variation, approximately 37% of the representative microsatellite loci will becom
as the TSBH continues to lose genetic variation at a staggering rate of 30–40% within the next 50 years. Furthermo
current trends in natality and mortality rates continue, our model indicates the TSBH faces a 99% chance of extincti
next 51 years. With the importation of unrelated male bison into the TSBH, and under the assumption of increase
the probability of population survival in the next 100 years increases to 100%, and the population will reach the app
carrying capacity of 200 bison in 15–16 years. Furthermore, our model predicts increases in genetic diversity and heter
of 24.7–48.4% and 17.5–36.5%, respectively, in the next 100 years following the addition of new genetic variation. We c
that the importation of bison into the TSBH is necessary to prevent extinction and ensure long-term population surviva
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1. Introduction

The American bison species (Bison bison) suffered
a severe population bottleneck during the late 18
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(Coder, 1975; Dary, 1989). Charles Goodnight was
one of a few private ranchers who worked to save this
species from near extinction (Coder, 1975). With 5
wild-caught calves, Goodnight began his herd in the
mid-1880s (Coder, 1975). Records indicate that this
herd had increased to 13 bison by 1887, 125 bison
by 1910, and 200–250 bison during the 1920s (Coder,
1975; Haley, 1949). After changing ownership several
times following Goodnight’s death in 1929, the herd
presumably remained small, though accurate census
records are not available. In 1997, the remaining herd
of 36 bison were donated to Texas Parks and Wildlife
and moved to Caprock Canyons State Park in the Texas
(USA) panhandle (Texas State Bison Herd: TSBH;
Swepston, 2001).

There are likely few bison populations worldwide
managed as closely as the TSBH. The herd receives
supplemental feed, yearly vaccinations, and is moni-
tored almost daily by state biologists. The bison are
not afflicted with any known ungulate disease (Danny
Swepston, personal communication). Nevertheless, the
TSBH is suffering from low natality and high mortality
rates compared to other captive bison herds. From 1997
to 2002, the natality rate (number of calves/adult fe-
male/year) averaged 39.2% (Swepston, 2001; Table 1).
In comparison,Berger and Cunningham (1994)re-
ported approximately 60% natality at Badlands Na-
tional Park over a 5-year study period andMeagher
(1973) estimated a natality rate of 52% at Yellow-
stone National Park. TSBH mortality rates from 1997
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plans for an array of species, including plants (e.g.
Giho and Seno, 1997; Schenk, 1996), fish (e.g.
Bartholow, 1996; McKenna, 2000), and mammals
(e.g.Jerina et al., 2003; Maudet et al., 2002). However,
relatively few population viability models directly
account for the effects of genetic pressures, such as
variation, inbreeding, and heterozygosity (Jetschke,
1992). For instance, the widely-used population via-
bility analysis program VORTEX (Lacy, 1993) assigns
random, unique alleles to each individual and uses
the infinite alleles model to track changes in diversity
and inbreeding (Lindenmayer et al., 1995). Given the
current TSBH natality and mortality rates and allow-
ing for disease and natural catastrophe as potential
stochastic events affecting reproduction and survival,
population viability analysis using VORTEX indicates
that the TSBH faces a 99% chance of extinction within
the next 41 years (Halbert et al., 2004). However, in
this analysis actual genotypes could not be associated
with individual bison in the TSBH. Here, we present
an individual-based stochastic model developed to
simulate the effects of current natality and mortality
rates on census population size and genetic diversity
in the TSBH over the next 100 years. Specifically,
our model was designed to simulate the importation
of bison males into the TSBH to investigate potential
effects of increased fitness and introduction of new
allelic variation on long-term census population size,
genetic (allelic) diversity, and heterozygosity. Addi-
tionally, we utilized our model to examine the effects
o eters.
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o 2002 averaged 53.9% for yearlings, which is sig
cantly higher than the 4.2% calf mortality rate pre
usly reported, while the average 5.5% mortality

or bison older than 1 year is only slightly higher th
he 3.2–4.2% previously reported (Berger and Cunnin
ham, 1994). Consequently, the census population
as only increased from 36 to 40 bison over the pa
ears, and the average age of the population has
y 2.64 years (Table 1; Swepston, 2001). In 2001, al
0 extant bison from the TSBH were sampled for
etic testing, including parentage analysis, estima
f genetic variation, and karyotyping. The results

hese analyses indicate that the TSBH contains
ittle genetic variation and low heterozygosity for
oci sampled compared with other closed bison po
ations (Halbert et al., 2004).

Many types of models have been used to assess
lation viability and develop conservation managem
f various management schemes on these param

. Model description

The stochastic model simulates changes in ce
opulation size, heterozygosity, and genetic dive
ased on a 1-year time step using Visual Basic® 6.0
Microsoft®). The initial conditions of the model in
lude sex, age, and genotype at each of 51 unli
utosomal microsatellites for the 40 extant bison f

he TSBH (as of December 2001;Halbert et al., 2004).
eproductive ages follow that reported in other b
opulations (Berger and Cunningham, 1994). In our
odel, females and males are considered potential
roductive from 3 to 13 years and from 4 to 14 year
ge, respectively. Following observed competition
reeding success among males, when a 7- to 12-
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Table 1
Average age, census population size, mortality rate, and natality rate estimates based on data from the Texas State Bison Herd over 6 consecutive
years and compared with previously published captive bison population data

Year Average agea Census sizeb <1 Year mortalityc >1 Year mortalityd Natalitye

1997 3.56 36 3/4 (0.750) 5/36 (0.139) 4/21 (0.190)
1998 4.50 32 2/4 (0.500) 3/32 (0.091) 4/17 (0.235)
1999 5.35 31 7/11 (0.636) 2/31 (0.065) 11/15 (0.733)
2000 5.73 33 1/4 (0.250) 1/33 (0.030) 4/17 (0.235)
2001 6.23 35f 3/10 (0.300) 0/35 (0.000) 10/16 (0.625)
2002 6.20 40 4/5 (0.800) 0/40 (0.000) 5/15 (0.333)
TSBH average (small herd) 0.539 0.055 0.392
Captive bison average (large herd)g 0.042 0.032-0.042 0.600

a Exact ages unknown for animals born before 1997, and figured conservatively as either yearlings or adults (3+). This skews the average age
of the herd below actual age, but does not change the average increase in age over 6 years.

b Census size before death and birth for given year.
c Ratio given as number of deaths/number of calves born up to 1 year in age.
d Ratio given as number of deaths/number total bison >1 year in age.
e Ratio given as number of births/number of total adult females ages 3+.
f 2 Steers donated to Armand Bayou Nature Center (Houston, TX, USA).
g Derived as conservative estimates fromBerger and Cunningham (1994); mortality rate for age classes 0–2 reported as 0.042/year and for

ages 3+ as 0.032/year.

old male(s) exists in the simulated population, those
younger or older do not mate in a given year (Berger
and Cunningham, 1994). Each time step (year), the age
of each bison is advanced and potential breeders re-
calculated. Females and males are selected and paired
randomly from the potential breeding pool. For each
locus, an allele from each parent is randomly chosen
and assigned to the offspring. The offspring sex ratio is
1:1, as is generally found in closed bison populations
(Berger and Cunningham, 1994; Swepston, 2001). At
each time step, genetic diversity is calculated directly
as the total number of different alleles existing in the
population for the 51 microsatellites. Similarly, het-
erozygosity is calculated directly for each locus across
all individuals (number of heterozyotes/total number
of individuals) and then averaged across all loci.

“Small herd demography” natality and mortality
rates were calculated from TSBH data from the past 6
years (Table 1). “Large herd demography” natality and
mortality rates were taken as conservative estimates of
those calculated byBerger and Cunningham (1994),
with the mortality rate for age classes 0–2 years of
4.2% per year and for age classes 3+ years of 3.2%
per year (Table 1). Natality rates are applied to poten-
tially breeding females such that under the small herd
demography scenario, for instance, 39.2% of 3- to 13-
year-old females are randomly selected to mate and
produce offspring. Once bison reach 20 years of age,

the mortality rate is assumed to be 50%, based on the
rarity of bison in captive populations observed beyond
this age. Furthermore, a mortality rate of 100% is ap-
plied to any bison that reach the age of 30 during the
simulation. When the census population size is greater
than 200 bison, excess calves are randomly culled so
as to keep the population from exceeding the approxi-
mate carrying capacity at Caprock Canyons State Park
(Danny Swepston, personal communication).

We used our model to evaluate the effects of im-
porting male bison into the TSBH, although clearly
one or both sexes could actually be used to achieve
this goal. Our choice was based on two criteria. First,
we hoped to minimize dilution of the unique bison mi-
tochondrial DNA type found exclusively in the TSBH
(Ward et al., 1999; Ward, 2000; population abbreviation
JA), with the caveat that Y-chromosome uniqueness in
the TSBH compared with other North American bison
populations is currently untested. Second, importing a
small number of males is more time- and cost-effective
than importing the same number of breeding females.

A random number generator was used to select in-
dividuals from 142 male Yellowstone National Park
bison samples previously collected in our laboratory.
Three distinct sets of 3 bison (9 total) were chosen and
completely genotyped for the same 51 microsatellite
loci utilized for the TSBH (Halbert et al., 2004). All
males are imported in the model as 7 year-olds (breed-
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ers). Breeding may occur either randomly with replace-
ment, with one male mating all potential females in a
given year with replacement the following year, or with
3 imported males breeding all potential females during
the year of importation followed by random mating of
all potentially breeding males (native and imported) in
all subsequent years. Migration occurs with either 3
males imported into the population in year 1 or with 9
males total imported at a rate of 3 males every 5 years
(importation in years 1, 6, and 11). In general, we as-
sumed that fitness, as reflected by birth and death rates,
would most likely increase following the importation
and subsequent mating of new bison into the TSBH
(Lewontin and Birch, 1966; Spielman and Frankham,
1992; seeSection 5). Unless otherwise noted, 20 repli-
cates were used in each evaluation and averages were
taken for each year across all replicates for the param-
eters of interest.

3. Model evaluation

3.1. Choice of particular males for importation

To examine the sensitivity of the model to the choice
of particular imported bison, we simulated the intro-
duction of the 3 groups of 3 bison from Yellowstone
National Park separately. In each case, the 3 bison were
imported into the population in year 1 and allowed
to mate all potentially breeding females preferentially,
w ed)
i were
m ver-
s ality
a

BH
f tro-
d 67,
a
e osity
f ach
o

gos-
i een
t nce
( ars
a not
s

However, the average number of alleles at 50 years
between the 3 groups was significantly different (P <
0.05). We further tested the differences in number of
alleles at 50 years using Tukey’s HSD (absolute differ-
ence) test, which revealed that the differences between
groups 1 and 3 were non-significant (P > 0.05) while
the other pairwise comparisons showed significant dif-
ferences (P< 0.05). Percent differences between initial
and final (100 years) values for total number of alle-
les are−15.0% (1),−14.3% (2), and−14.5% (3) and
for heterozygosity are−12.0% (1),−16.0% (2), and
−14.3% (3). Therefore, we conclude that heterozygos-
ity and genetic diversity are not substantially influenced
by our choice of one particular group of bison over an-
other for simulated importation into the TSBH. In fur-
ther analyses involving the importation of only 3 bison
into our model, we used group 1, which contributes
the least number of new alleles into the TSBH and is
therefore likely to provide conservative estimates of
predicted changes in heterozygosity and genetic diver-
sity.

3.2. Effects of natality and mortality rates

To examine the sensitivity of population size and
genetic variation to changing demographic parameters
within our model, we examined the potential effects
of natality and mortality rates on population size, ge-
netic diversity, and heterozygosity. Using the averages
shown inTable 1as a guide, we evaluated the effects of
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ith random mating of all males (native and import
n every subsequent year. No further assumptions

ade regarding the fitness of the imported males
us the original TSBH males, and large herd nat
nd mortality rates were used (Table 1).

Currently, there are a total of 133 alleles in the TS
or the 51 nuclear microsatellite loci tested. The in
uction of bison from groups 1, 2, and 3 adds 62,
nd 63 new alleles, respectively.Fig. 1illustrates differ-
nces in the total number of alleles and heterozyg

or the 51 markers in question over 100 years with e
f the 3 sets of imported males.

Differences among average values for heterozy
ty and number of alleles at 50 and 100 years betw
he 3 groups were tested using analysis of varia
ANOVA). Average heterozygosity at 50 and 100 ye
nd number of alleles present at 100 years were
ignificantly different between the 3 groups (P> 0.05).
atality rates ranging from 40 to 60% and calf mor
ty rates ranging from 5 to 50% (series A–F;Table 2).
ince mortality rates for those bison >1 year of ag

he TSBH are similar to previously published repo
arge herd mortality rates for age classes >1 year
sed in these evaluations (Table 1; Berger and Cunnin
ham, 1994). Each evaluation assumed random ma
nd no migration.

All of the 120 simulated populations (6 series w
0 simulations each;Table 2) survived to 100 year
verage population size, total number of alleles,
eterozygosity values each year for each series of
lations are depicted inFig. 2. Although the mean pop
lation size trajectory of each series eventually rea
= 200 individuals, the population growth rates

learly different among the series. The average
or the TSBH to reach carrying capacity is shown
able 2as the average year that each simulation rea
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Fig. 1. Evaluation of the effects male choice for importation on the model. Average genetic diversity (total number of alleles) and heterozygosity
are compared each year among 3 groups of 3 imported males each, randomly selected from a subset of males from Yellowstone National Park.
Averages at 100 years are not significantly different.
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Table 2
Description of parameters and summary results for evaluation of the effects of mortality and natality rates on the model

Series Natality
rate

Calf mortality
rate

Average year,
n = 200

Growth rate
(bison/year)a

Average total
number of alleles

Average
heterozygosity

A 0.6 0.05 14.8± 1.5 10.9 120.0± 4.2 34.4± 2.2
B 0.5 0.05 18.8± 2.9 8.4 120.9± 3.0 34.1± 2.1
C 0.4 0.05 27.0± 5.4 5.7 120.7± 3.5 34.2± 1.3
D 0.6 0.50 54.6± 18.8 1.9 118.1± 4.3 33.4± 1.3
E 0.6 0.35 27.0± 8.6 5.9 119.8± 4.2 33.7± 1.6
F 0.6 0.20 18.5± 2.0 8.5 121.1± 4.7 34.2± 1.8

Model evaluation conditions include large herd mortality rates for bison >1 year in age, no migration, and random mating. Summary statistics
include average time to reach carrying capacity (n = 200), growth rate, genetic diversity (total number of alleles), and heterozygosity after 100
years (average± S.D.).

a Slope of regression line of average population size up to average year that population reachesn = 200 individuals.

n = 200. The differences among series in average time
to carrying capacity are significant (ANOVA,P< 0.05).

The average growth rate of the population for each
series was calculated as the slope of the regression line
of the average population size for each treatment from
year 0 until the average population reachedn= 200 in-
dividuals. Growth rates, average genetic diversity (total
number of alleles), and average heterozygosity in year
100 for the various natality and mortality treatments are
shown inTable 2. As the natality and mortality rates for
series A follow that observed in Badlands National Park
by Berger and Cunningham (1994), the finite growth
rate is also similar (10.9%/year versus 10.8%/year, re-
spectively).

The results of these analyses indicate that population
growth is more sensitive to changes in calf mortality
rates than to changes in natality rates. Series C approx-
imates the current natality rate at the TSBH (40%), but
includes a dramatically reduced calf mortality rate (5%
versus∼50%; Table 1), while series D approximates
the calf mortality rate of 50% at the TSBH, but im-
proves the natality rate (60% versus∼40%;Table 1).
Fig. 2clearly shows a difference in the rate of growth
and the average time to reach carrying capacity be-
tween these two series (5.7 versus 1.9 bison/year and
27.0 versus 54.6 years for series C and D, respectively;
Table 2). Furthermore, if only these 2 series are consid-
ered, the difference in the average total number of alle-
les in year 100 is statistically significant (two-tailedt-
test,P< 0.05; difference in average heterozygosity not
s di-
v itive
t ses
i ns

have been made through modeling Sage Grouse popu-
lations, where individual survival was found to have a
larger impact on population persistence than fecundity
(Johnson and Braun, 1999).

4. Model use

We used the model to evaluate 7 different mating
and migration scenarios (Table 3). Average population
size, genetic diversity, and heterozygosity comparisons
are shown inFig. 3. Under the first scenario mating was
assumed random, natality and mortality rates were as
calculated from the TSBH records (small herd demog-
raphy), and no bison were imported into the population.
On average, the population went extinct in 47.9 years
± 12.2 S.D. (rate based on extinction of one or both
sexes). Of the 20 iterations, none of the populations
survived to 100 years. Consequently, the standard de-
viations for calculations of population size, total num-
ber of alleles, and heterozygosity become quite large
after 50 years; therefore, we calculated averages for
these parameters based on the surviving populations
each year only up to 50 years (Fig. 3). Average calcu-
lations of census size, genetic diversity (total number of
alleles), average heterozygosity, average age, and num-
ber of fixed loci from the first scenario are shown in
Table 4. This evaluation indicates that within 21 years,
10% of the currently present genetic diversity within
the TSBH will be lost, as measured by the change in
t n.

cept
t ten-
t ce-
ignificant,P> 0.05). As such, it seems that genetic
ersity and population growth rates are more sens
o reductions in calf mortality rates than to increa
n natality rates in this population. Similar conclusio
he total number of alleles present in the populatio
The second scenario was similar to the first ex

hat one male was randomly chosen to mate all po
ially reproductive females in a given year. This s
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Fig. 2. Evaluation of the effects of mortality and natality rates on the model. Average population size, genetic diversity (total number of alleles),
and heterozygosity are compared among the various series of simulations with different natality and calf mortality rates. Model evaluation
conditions include large herd mortality rates for bison >1 year in age, no migration, and random mating.
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Fig. 2. (Continued).

Table 3
Description of management scenarios evaluated, including description of mating type, birth and death rates, and incidence of importation

Scenario Description Mating Demography Importation

1 Baseline Random (7–12-year-old male mate preference) Small herd None
2 Single male One 4–14-year-old male mates all females in

give year with replacement
Small herd None

3 Artificial insemination Random (7–12-year-old male mate preference) Large herd natality
Small herd
mortality

None

4 3 Migrants with random mating Random (7–12 year-old male mate preference) Large herd 3 Males in 1st year
5 3 Migrants with preferential

mating
Migrants mate all females in year of importation,
random mating otherwise

Large herd 3 Males in 1st year

6 9 Migrants with preferential
mating

Migrants mate all females in year of importation,
random mating otherwise

Large herd 3 Males in years 1, 6, 11

7 9 Migrants with average
natality & mortality

Migrants mate all females in year of importation,
random mating otherwise

Half fitnessa 3 Males in years 1, 6, 11

a 50% natality rate; 29% calf mortality rate; 4.85% mortality rate for age classes 1–2; 4.35% mortality rate for age classes 3+.

Table 4
Summary of population characteristics after 50 years of simulation under scenario 1 (average± S.D.)

Year Census size Total number of alleles Average % heterozygosity Average age Total number of fixed loci

0 40 133 37.0 6.20 5
10 39.9 ± 6.7 129.7 ± 3.0 36.4± 1.1 9.7 ± 0.9 5.7 ± 0.7
20 23.9 ± 8.8 120.5 ± 4.0 35.7± 2.3 10.1 ± 1.5 7.9 ± 1.5
30 14.1 ± 8.5 107.4 ± 9.9 34.3± 3.2 11.3 ± 2.7 11.8 ± 4.7
40 8.7 ± 7.1 93.2 ± 16.3 33.5± 6.1 13.6 ± 3.9 19.1 ± 8.7
50 6.0 ± 4.2 93.2 ± 12.7 32.9± 4.1 14.0 ± 3.8 18.9 ± 7.8
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Fig. 3. Comparison of average population size, genetic diversity (total number of alleles), and heterozygosity among 7 management scenarios
(Table 3). Averages for scenarios 1 and 2 were only calculated to 50 years, since after this point the majority of simulated populations were
extinct (averages taken from only those populations that existed in a given year). Percent difference between initial and final averages for total
number of alleles and heterozygosity are given at 50 years and 100 years in the legends. In treatments 6 and 7, 3 breeding-age males were added
into the population in years 1, 6, and 11, which is reflected by sharp increases in the respective genetic diversity and heterozygosity curves
following importation.
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Fig. 3. (Continued).

nario was designed to model the effects of breeding
one or a few males preferentially within a population,
as is a common practice in private populations and has
recently been employed in the TSBH in an effort to
improve recruitment rates (Danny Swepston, personal
communication). As with scenario 1, all 20 simulations
were extinct by year 100. In scenario 2, 10% of the orig-
inal genetic diversity within the TSBH is lost within 18
years. The average age of the population at 50 years is
14.1± 3.1 years, which is comparable to the average
of 14.0± 3.8 years from scenario 1 (Table 4; averages
not significantly different using two-tailedt-test,P =
0.9278).

The third scenario simulates the effects of artificial
insemination within the TSBH using currently present
males as well as those “born” in the model as the
sources for male gametes. To achieve this effect, we
included an increased natality rate of 60% from the
baseline conditions, random mating, and no migration.
Mortality rates were assumed to remain the same as
those currently found in the TSBH. The high incidence
of calf mortality despite intense and careful manage-
ment of this population indicates the calf mortality
rates in the TSBH are genetically-influenced and a by-
product of low genetic variation (Halbert et al., 2004).
In this case, artificial insemination will effectively in-

crease birth rates, but will not substantially improve
calf survival rates. Of the original genetic diversity,
10% is lost within 28 years, indicating a slower rate
of genetic deterioration compared with scenarios 1 and
2. The average age of the population at 50 years is 8.4
± 1.5 years, which is significantly lower than that from
either of the previous scenarios (two-tailedt-test,P <
0.0001).

To further investigate extinction rates, population
size and birth rates were compared between scenar-
ios 1, 2, and 3 for 100 simulations each. Results for
these simulations are shown inTable 5. ANOVA indi-
cates that the averages for time to extinction, year of
last birth, and proportion of years with no births are not
uniform across the 3 scenarios (P< 0.001). Specifically,
scenarios 1 and 2 were not different (Tukey’s HSD,P>
0.01), while scenario 3 was significantly different from
either 1 or 2 (P < 0.01). Using the confidence interval
for the average time to extinction, there is a 99% chance
of population extinction given the conditions of scenar-
ios 1, 2, and 3 in approximately 50.8, 50.5, and 81.3
years, respectively.

The last 4 scenarios simulated the effects of bison
importation into the TSBH (Table 3). The fourth sce-
nario included random mating, large herd natality and
mortality rates, and 3 migrants in the first year of the
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Table 5
Extinction data summarizing results of 100 simulations under scenarios 1, 2, and 3

Scenario 1 Scenario 2 Scenario 3

Proportion extinct simulationsa 0.99 1.0 0.26
Time to extinctionb 47.4 ± 13.3 47.1 ± 13.1 77.2 ± 15.7
Year of last birthc 40.0 ± 15.0 39.0 ± 13.1 91.8 ± 15.7
Proportion years with no birthd 38.3 ± 9.2% 39.6 ± 8.4% 7.5 ± 11.3%

a Proportion of simulations in which one or both sexes becomes extinct at or before 100 years.
b Average time (± S.D.) until one or both sexes becomes extinct, taken only for those simulations that become extinct at or before 100 years.
c Average (± S.D.) taken for all simulations.
d Total number of years with no births/total number of years with population size >0 (average± S.D.).

simulation. Scenario 5 was similar to the fourth ex-
cept the migrants were allowed to preferentially mate
in the year of importation, followed by random mating
in all subsequent years. In the sixth scenario, a total of
9 bison were imported into the population at a rate of
3 bison every 5 years with preferential mating in the
year of importation (random mating all other years)
and assuming large herd natality and mortality rates.
Finally, we used the best-case importation scenario of
9 bison total (as in scenario 6), but assumed that fitness
would not increase to produce natality and mortality
rates as those seen in other captive bison populations
(i.e. large herd demography). Instead, we took the aver-
age between the small herd and large herd natality and
mortality rates for the seventh scenario (Table 3). There
is a significant difference in the total number of alleles
and heterozygosity in year 100 between these 4 sce-
narios (ANOVA,P < 0.0001). In year 100, significant
pairwise differences were found among all scenarios
in average heterozygosity and except scenarios 6–7 in
total number of alleles (Tukey’s HSD;P< 0.01). In sce-
narios 4, 5, and 6, the average time for the population
to reach carrying capacity (n = 200) is approximately
15–16 years, while that for scenario 7 is 49 years. The

Table 6
Average proportion fixed loci out of 51 total loci from 20 simulations, taken only from those simulations with a population size >0 in a given
year

Year Scenario 1 (%) Scenario 2 (%) Scenario 3 (%) Scenario 4 (%) Scenario 5 (%) Scenario 6 (%) Scenario 7 (%)

2.0
2.1
2.4
2.5
2.7
3.1

1 5.1

average time to incur a 10% loss of genetic diversity is
49, 69, 71, and 59 years, respectively, while the average
age of the population at 50 years is 9.3, 9.5, 9.5, and
8.2 years, respectively.

Table 6illustrates the proportion of fixed loci present
during the simulation on average. Averages are taken
only from those simulations with a population sizen>
0 in a given year. For scenarios 1–3 with no added ge-
netic diversity through importation, the proportion of
fixed loci starts at almost 10% and increases steadily
thereafter. In the last 4 scenarios, which include bi-
son importation, the proportion of fixed loci starts at
around 2% and either increases at a substantially slower
rate compared with scenarios not including importation
(scenarios 4 and 5), or actually decreases with the im-
portation of additional groups of males (scenarios 6 and
7; Table 6).

5. Discussion

Although the TSBH is genetically distinct from
other North American bison populations (Halbert et
al., 2004; Ward, 2000), all evidence to date including
0 9.8 9.8 9.8
10 11.2 12.7 11.8
20 15.4 16.7 14.3
30 23.1 24.8 16.8
40 37.5 40.0 18.4
50 37.1 51.0 22.1
00 – – 37.1
2.0 2.0 2.0
2.0 0.0 0.0
2.0 0.0 0.0
2.1 0.0 0.0
2.5 0.0 0.0
2.6 0.0 0.0
3.2 0.4 0.6
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natality and mortality rates, measures of genetic
diversity and heterozygosity, and population viability
analyses indicate this bison population is in a perilous
genetic and demographic situation that will most likely
lead to extinction (Halbert et al., 2004). The decision
to import unrelated bison into the TSBH should not
be made hastily or carelessly, and any potential source
of bison for importation into the TSBH should be
disease-free, have comparatively high levels of genetic
diversity, and should have no history of hybridization
with domestic cattle. Our goal was to investigate the
effects of increased genetic diversity due to impor-
tation into the TSBH regardless of the actual source;
the logistics and feasibility of actually importing
bison from Yellowstone National Park into the TSBH
were not considered. A direct historic link does exist
between the TSBH and Yellowstone National Park,
as Charles Goodnight donated 3 bison bulls to help
establish the Yellowstone population in 1902 (Coder,
1975). Although the Yellowstone bison population
currently suffers from brucellosis, the population
has high levels of genetic diversity compared with
other closed bison populations, including the TSBH
(Halbert et al., 2004; Schnabel et al., 2000; Wilson and
Strobeck, 1999). Furthermore, the Yellowstone bison
population has no history of hybridization with do-
mestic cattle, and domestic cattle mitochondrial DNA
has not been detected in Yellowstone bison (Ward
et al., 1999; Ward, 2000). Yellowstone bison have
previously been used as founding stock for several
p ctly
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s of
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include polygamy (Berger and Cunningham, 1994),
unnatural exacerbation of this mating regime seems
imprudent given the small size of this population and
already low genetic variation. Indeed, the least cost-
and time-intensive change in the current management
strategy that will at least slow the degradation of ge-
netic diversity in the TSBH would be to employ a more
random mating scheme. However, neither of these sce-
narios is recommended for the long-term management
of this population, as the extinction rates predicted by
our model are prohibitive. The rate of extinction under
the third scenario, designed to simulate artificial in-
semination, is slower than that from scenarios 1 and 2.
Nevertheless, we do not believe artificial insemination
is a plausible management alternative for the TSBH
due to the necessarily high investment of resources and
diminishing returns of low population survivability
and long-term genetic erosion (Fig. 3, Table 6).

Immigration is commonly recommended to alle-
viate inbreeding depression and improve population
fitness in small closed populations. Furthermore, im-
migration into small populations is likely to increase
the probability of population persistence, as indicated
by African wild dog population modeling (Vucetich
and Creel, 1999). The number of migrants necessary to
counter the effects of drift is commonly taken to be one
migrant per generation (OMPG) based on theoretical
and experimental evidence (Franklin, 1980; Spielman
and Frankham, 1992; Spieth, 1974). However, OMPG
is sufficient only for minimizing loss of polymorphism
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the TSBH meets each of these criteria (Halbert et al.,
2004).

The minimum number of immigrants necessary to
substantially improve the probability of long-term sur-
vival of the TSBH is unknown, so we modeled the
effects of both a single importation event of 3 bison
(scenarios 4 and 5) and an importation event approxi-
mately once per generation for the next 3 generations
(scenarios 6 and 7). With importation our model clearly
shows increases in population size, a slower rate of
genetic deterioration, improvements in heterozygosity,
and a substantially slower rate of fixation of neutral
loci (Fig. 3, Table 6). According to our results, the best
breeding strategy following importation would be to
selectively breed the newly imported bison to allow for
the largest and fastest possible genetic contribution to
the breeding pool (scenario 5).

The introduction of new variation into small, closed
populations tends to increase fitness and adaptive re-
sponse (Lewontin and Birch, 1966; Spielman and
Frankham, 1992). However, the level of improvement
in fitness and probability of population persistence
is difficult to measure and likely different for every
species and individual populations. In our model, we
assumed that the introduction of new bison in scenar-
ios 4–6 would lead to increased fitness such that na-
tality and mortality rates would mimic those observed
in larger captive bison populations (Tables 1 and 3;
Berger and Cunningham, 1994). Following the report
by Spielman and Frankham (1992)that reproductive
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allelic frequencies and changes in average population
heterozygosity are calculated as a function of effective
population size (e.g.Gross, 2000). We were fortunate
to have sampled and genotyped each bison in the
TSBH, which allowed our individual-based model to
initially include complete genotypes for each extant
bison, followed by random allele sorting to form the
genotype of each newly-created individual in the model
and direct calculation of population heterozygosity at
each time step. As such, our model has the advantage
of being a better predictor of future demographic and
genetic population trends in the TSBH. Furthermore,
this model should be easily modified for use in
other closed bison populations where it is possible to
genotype most extant individuals. Due to the simplistic
design of our model, mitigating factors that might
influence our calculations of genetic diversity and pop-
ulation size such as catastrophic loss due to weather or
disease, selection, and linkage could be easily incorpo-
rated. In this case, however, catastrophic loss was not
included in the model due to insufficient frequency and
severity data on natural catastrophes affecting bison.
Selection and linkage were not considered due to the
presumed near-neutrality of these microsatellites and
previous chromosome mapping data in domestic cattle
indicating synteny of more than 40cM for any marker
pair used in the model (Halbert et al., 2004).

Our model has shown that without the introduction
of new genetic variation, the TSBH will likely continue
to suffer both genetically and demographically. Fur-
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reased genetic variation, improved population fitn
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