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Habitat alteration, agricultural control, recreational shooting, and most recently, sylvatic
plague (caused by Yersinia pestis) contributed to local extinctions and a steady decline of
black-tailed prairie dog (Cynomys ludovicianus) throughout its range. As a consequence,
prairie dogs currently live in metapopulations, where their overall persistence will depend
on a balance between extinction of colonies and recolonization from extant colonies. Pat-
terns of genetic similarity among colonies, as measured by neutral molecular markers,
provide an estimate of the dispersal and gene flow among colonies within prairie dog
metapopulations. We sampled 13 colonies of black-tailed prairie dogs in short-grass prairie
of northern Colorado, 100-km east of Fort Collins, Colorado. We used historical records
and genetic analysis to show that colonies undergo regular extinctions, which subsequently
are recolonized by individuals from multiple source colonies. We examined 155 individuals
for variation at 7 microsatellite loci and found moderate levels of genetic differentiation
among colonies (Q [5FST] 5 0.118). We also used assignment and exclusion tests based
on multilocus genotypes of individuals to determine the probability that individuals origi-
nated from the same colony in which they were captured. About 39% of individuals could
not be assigned to colonies where they were captured, indicating they were either immi-
grants (adults) or the offspring of immigrants (adults and juveniles). We tested for genetic
isolation by distance among colonies by comparing genetic distances to geographic dis-
tances between colonies. Akaike’s Information Criterion for model selection revealed that
dispersal most likely occurred along low-lying dry creek drainages connecting isolated
colonies. Genetic distances between colonies were also related to ages of colonies; older
colonies were more similar genetically than younger colonies. This underscores the im-
portance of dispersal among prairie dog colonies and has important implications for per-
sistence of prairie dog metapopulations, in which all colonies, regardless of size, are vul-
nerable to extinction from plague.

Key words: conservation genetics, Cynomys ludovicianus, dispersal corridors, landscape ecology,
metapopulations, population genetics

Metapopulations exist in a series of dis-
continuous habitats, linked by limited mi-
gration, where the number of occupied hab-
itat patches is determined by extinction and
recolonization of local populations (Hanski
1999; Hanski and Simberloff 1997; Harri-
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son and Taylor 1997; Levins 1969). Long-
term persistence of a metapopulation de-
pends on balance between extinction and
recolonization of habitat fragments (Hanski
1999; McCullough 1996), and dynamics of
metapopulations depend on individual dis-
persal within and between suitable habitats
(Lidicker and Koenig 1996). In turn, move-
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ment is affected by physical aspects of the
surrounding landscape (Hanski 1999; Mer-
riam 1988; Wiens 1996). Although simu-
lation models may aid in conceptually link-
ing landscape structure to metapopulation
dynamics, a more complete understanding
of dynamics of natural populations requires
knowledge of actual rates and mechanisms
of dispersal in the field (Hobbs 1992; Wiens
1996). An increasingly popular approach
for estimating dispersal rates involves use
of genetic markers (Koenig et al. 1996;
Peacock and Smith 1997). In this approach,
gene flow is inferred from patterns of ge-
netic similarity among hypothesized sub-
populations, under the assumption that
these patterns reflect movement of individ-
uals rather than forces like selection or mu-
tation.

We describe the population genetic struc-
ture of black-tailed prairie dogs (Cynomys
ludovicianus) on short-grass prairie of
north-central Colorado, relative to land-
scape features and recent history of extinc-
tion and recolonization of colonies. Black-
tailed prairie dogs were distributed widely
on short-grass and mixed-grass prairies of
central North America, but they currently
exist in spatially isolated colonies connect-
ed to different degrees by dispersal (Hoog-
land 1995). The decline of prairie dogs has
resulted from a combination of habitat loss,
poisoning, and recreational shooting. More-
over, dynamics of prairie dog colonies have
been altered greatly by introduction of
plague, which is caused by the bacterial
pathogen, Yersinia pestis. Plague first ap-
peared in Colorado in the late 1940s
(Barnes 1993) and subsequently has dis-
persed throughout the state. Prairie dogs are
extremely sensitive to plague, and prairie
dog colonies are extirpated by plague every
5–10 years (M. Ball, pers. comm.; Cully
1993). As a consequence, prairie dogs cur-
rently exist as metapopulations, where col-
onies become extinct after plague epizoot-
ics and are recolonized later. Population ge-
netic studies have demonstrated moderate
levels of subdivision between colonies (FST

. 0.10). However, these studies have not
incorporated either landscape effects or his-
tory of extinctions and colonization in their
analyses.

The black-tailed prairie dog is the most
widespread of 5 recognized species of prai-
rie dog, ranging from southern Canada
(Saskatchewan) to northern Mexico (Chi-
huahua), and from the Rocky Mountains
east to the 100th meridian (Hoogland
1995). Black-tailed prairie dogs are strictly
colonial and are rarely observed away from
established colonies (Koford 1958). Within
colonies, individuals form coteries, territo-
rial harem—polygynous family groups
comprising 1 adult male, 3–4 adult females,
and their offspring (Hoogland 1995). Be-
cause females are philopatric, coteries con-
tain highly related females (M. F. Antolin
and D. W. Tripp, in litt.; Hoogland 1995)
and genetic differentiation between coteries
can be as high as the differentiation be-
tween colonies (Chesser 1983; Dobson et
al. 1997). Dispersal is male biased, with
yearling males moving within colonies and
thus reducing levels of inbreeding in the
colony as a whole (Dobson et al. 1997; Hal-
pin 1987; Hoogland 1995). Dispersal also
occurs between colonies and is character-
ized by: solitary rather than group move-
ments; peak dispersal during a postweaning
period (June–August); dispersal mostly by
yearling males, although both adult males
and females also move between colonies;
occasional long-distance movements (.5
km); and dispersal to established or aban-
doned colonies rather than to new locations
(Garrett and Franklin 1988; Garrett et al.
1982; Knowles 1985, 1986). In a study of
recolonization of colonies after experimen-
tal eradication, prairie dogs formed new co-
teries in the center of what had been a large
colony (Cincotta et al. 1987).

Physical and ecological variability in the
landscapes inhabited by prairie dogs likely
influences dispersal and gene flow among
colonies. Most studies of black-tailed prai-
rie dogs have been conducted in mixed-
grass prairie (Daley 1992; Foltz and Hoog-
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FIG. 1.—Distribution of 13 colonies of Cy-
nomys ludovicianus (represented by numbers) in
short-grass prairie of north-central Colorado
(408359N, 1048459W) from July 1997 to January
1998. The Central Plains Experimental Range
comprised the northwestern portion of the area
and included colonies 5–35. The remainder of
the study area was the Pawnee National Grass-
lands, interspersed with Colorado public land
and private land.

land 1983; Garrett and Franklin 1988;
Knowles 1985, 1986), where colonies are
generally large, stable, and in close prox-
imity to one another (Halpin 1987; Hoog-
land 1995). In contrast, colonies in short-
grass prairie are generally smaller, unstable,
and spatially isolated (Halpin 1987; Stapp
1998). Topographic variation, tall vegeta-
tion, and areas of urban or agricultural de-
velopment are important barriers to dispers-
al and expansion of colonies (Koford
1958), but other landscape features such as
roads and trails may facilitate movement
(Garrett and Franklin 1988; Knowles 1986).

We used a series of microsatellite mark-
ers to estimate genetic variation within and
among prairie dog colonies in northern Col-
orado. Highly variable microsatellite mark-
ers are well suited for studies of local dis-
persal and metapopulation structure (Gold-
stein and Pollock 1997). Our objectives
were to evaluate whether landscape features
such as roads and drainages functioned as
dispersal corridors for black-tailed prairie
dogs and to determine the influence of col-
onization and extinction on genetic differ-
entiation among colonies.

MATERIALS AND METHODS

Study area.—Thirteen colonies of black-tailed
prairie dogs were studied within a 264-km2 area
of the Central Plains Experimental Range and
the Pawnee National Grasslands in Weld Coun-
ty, Colorado (Fig. 1). Both areas are adminis-
tered by the United States Department of Agri-
culture (Pawnee National Grasslands, Forest
Service; Central Plains Experimental Range,
Agricultural Research Service). Distribution of
colonies was restricted by topography and other
barriers, including tall vegetation, watercourses,
and roads (Koford 1958). Prairie dog colonies
were typically in low-lying areas, such as swales
and broad lowland drainages, where vegetation
is primarily short perennial bunchgrasses (Bou-
teloua gracilis and Buchloe dactyloides) and an-
nual forbs. Upland areas separating prairie dog
colonies also were dominated by these bunch-
grasses but had greater cover of shrubs (Arte-
mesia frigida, Atriplex canescens, Eriogonum
efusum, Gutierrezia sarothrae—Bonham and
Lerwick 1976).

The Forest Service has monitored prairie dogs
on Pawnee National Grasslands intermittently
since 1967. Those surveys recorded location and
active area of a colony, time since establishment,
periods of inactivity (extinction), and time since
recolonization after periods of inactivity (M.
Ball, in litt.). The historic record of colonies on
the Central Plains Experimental Range before
1997 was limited to presence or absence of prai-
rie dog activity and 1 study (M. Ashby, pers.
comm.; Koford 1958). Active area for each col-
ony was estimated in 1997 by calculating the
area bounded by active burrows along the col-
ony edge. Sight or sound of prairie dogs, pres-
ence of fresh feces, active diggings, tracks, and
clipping of adjacent vegetation distinguished ac-
tive burrows. Locations of active burrows were
recorded using global positioning satellites.

Tissue collection, DNA extraction, and micro-
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satellite genotype scoring.—Between June 1997
and January 1998, we live trapped prairie dogs
from each of 13 colonies. We recorded sex, age
(juvenile, adult), reproductive status, and body
mass of each captured animal. We collected the
distal 8–10 mm of the tail from each individual
for genetic analysis. After tissue collection, prai-
rie dogs were marked with ear tags and released.
Samples from live trapped individuals were sup-
plemented with tissues collected from 20 car-
casses of recently shot prairie dogs. We collect-
ed tissue samples of 3–16 individuals per colo-
ny, for a total of 155 samples. On average, 35
trap days were required to obtain samples from
each colony. Trap success (individuals/trap day
3 100) was greater for colonies on the Central
Plains Experimental Range (5.1%) than for col-
onies on the Pawnee National Grasslands
(1.7%), which we attributed to absence of rec-
reational shooting on the Central Plains Experi-
mental Range and timing of trapping (Roach
1999). We were only able to capture 3 individ-
uals from colony 81 because about 6 prairie
dogs inhabited the colony. We recognize that we
sampled a greater proportion of smaller colonies
than larger ones, but we were not able estimate
the percentage of individuals sampled per colo-
ny.

Tissue samples were placed in an isotonic sa-
line buffer (13 SSC: 0.15 M NaCl, 15 mM so-
dium citrate, 1 mM ethylenediamine tetraacetic
acid) and stored at 2808C for DNA extraction.
DNA was isolated from tail tissue by the hex-
adecyltrimethylammonium bromide procedure
(Black and DuTeau 1997). Primers for micro-
satellite analysis (IGS-1, IGS-6, CGS-14, CGS-
17, CGS-22, CGS-25, and CGS-26) were devel-
oped by May et al. (1997) and Stevens et al.
(1997). We surveyed additional microsatellite
markers (IGS-110b, IGS-BP1, CGS-12, CGS-
20, and CGS-34), but those were excluded be-
cause they failed to amplify, were monomor-
phic, or produced too many stutter bands for ac-
curate scoring.

Polymerase chain reaction amplification was
performed with an M. J. Research PTC-100
thermocycler (MJ Research, Inc., Watertown,
Massachusetts) in 25-ml volumes containing
ø30 ng DNA. Amplification conditions and pro-
cedures were modified slightly from those de-
scribed in May et al. (1997) and Stevens et al.
(1997); details were provided in Roach (1999).
Amplified samples were separated by electro-

phoresis at 45 W for 2–7 h, depending on the
length of the fragment, in 8% denaturing poly-
acrylamide gels (Sambrook et al. 1989). Each
gel was fixed for 20 min in 2 l of 10% glacial
acetic acid, and DNA was visualized with silver
stain (Black and DuTeau 1997). Individuals
were assigned genotypes based on banding pat-
terns from the silver-stained gels.

Population genetic structure.—Observed ge-
notype frequencies were tested for departures
from Hardy–Weinberg equilibrium at each locus
within each colony using both Levene’s correc-
tion (Levene 1949) for small sample and the ex-
act probabilities options in BIOSYS-1 (Swofford
and Selander 1989). We compared observed het-
erozygosity of newly founded colonies (1–2
years) and older colonies (4–10 years) using the
Mann–Whitney U-test, with each colony weight-
ed equally. Genetic differentiation among colo-
nies and levels of inbreeding within colonies
were estimated using FSTAT 2.9.1 (http://
www.unil.ch/izea/softwares/fstat.html) updated
from Goudet (1995). The program used the pro-
cedure of Weir and Cockerham (1984) for mul-
tilocus estimates, which were weighted by sam-
ple size within colonies and were related to the
F-statistics of Wright (1965) as F 5 FIT (the
overall inbreeding coefficient), Q 5 FST (differ-
entiation among colonies), and f 5 FIS (the with-
in-colony inbreeding coefficient). The 95% con-
fidence intervals (CI) around F-statistics were
estimated by bootstrapping.

We also conducted assignment tests of each
individual (Cornuet et al. 1999). Assignment
tests, which place each individual by maximum
likelihood into a colony of origin based upon its
multilocus genotype, can be used to identify im-
migrants within colonies (Rannala and Mountain
1997). In that analysis, we knew where an in-
dividual was captured, and called that the indi-
vidual’s colony of capture. We inferred each in-
dividual’s colony of origin based upon similarity
of its multilocus genotype to genotypes found in
each colony in the study. A useful statistic for
determining population structure was the pro-
portion of individuals assigned to their colony
of capture. We assigned individuals to colonies
using Bayesian probabilities, using the computer
program GeneClass (Cornuet et al. 1999). Sim-
ulations were also conducted to assess the prob-
ability of exclusion of each individual from each
colony. Colonies with probabilities of exclusion
below a threshold were excluded as colony of



950 Vol. 82, No. 4JOURNAL OF MAMMALOGY

origin of that individual. We used 2 threshold
probabilities for excluding colonies as the origin
for each individual: 1/13 5 0.077, assuming
each colony was a random draw from those sam-
pled, and 1/155 5 0.0065, where each individual
was randomly drawn from the 155 samples. The
stricter threshold (1/155) increased the probabil-
ity of excluding the true colony of origin, while
the less strict threshold (1/13) increased the
probability of falsely identifying a colony as the
origin of an individual.

Genetic distance and landscape effects.—Ge-
netic distances between pairs of colonies were
calculated using 3 distance measurements. First,
we calculated the proportion of alleles shared
between colonies (DA—Bowcock et al. 1994).
Second, chord distance (DC) of Cavalli-Sforza
and Edwards (1967) was calculated using BIO-
SYS-1. Takezaki and Nei (1996) found that
there was a higher probability of obtaining cor-
rect tree topologies for microsatellites under the
stepwise mutation model using DC than other
distance measurements. Last, we used the ratio
FST /(1 2 FST) (DF—Rousset 1997) provided by
the program GENEPOP (Raymond and Rousset
1995). This measurement has been shown to be-
have well in describing two-dimensional isola-
tion by distance over relatively short spatial
scales (Rousset 1997).

We compared pairwise genetic distances to
pairwise geographic distances between colonies,
a widely used method for describing isolation by
distance among populations (Slatkin 1993). To
determine whether landscape elements that fa-
cilitate dispersal better predict genetic similarity
among colonies than does linear distance alone,
we incorporated landscape structure into geo-
graphic distances. Those measurements included
distances along drainages and along roads, be-
cause both were thought to act as potential dis-
persal corridors for black-tailed prairie dogs
(Garrett and Franklin 1988; Garrett et al. 1982;
Knowles 1985, 1986). The 4 geographic dis-
tance measurements were: linear distance, the
shortest straight line between colonies; drainage
distance, the shortest distance between colonies
following water courses and swales only; road
distance, the shortest distance given the restric-
tion that prairie dogs must follow roads; drain-
age–road distance, the shortest distance given
the constraint that prairie dogs must follow the
shortest route on roads or drainages. The rela-
tionships between each of the 3 measurements

of genetic distance (DA, DC, or DF), and each of
the 4 geographic distance matrices were deter-
mined using Mantel’s general regression test
(Manly 1991). The statistical significance of the
observed Mantel correlations was determined by
10,000 random permutations of the geographic
distance matrix. Significance levels were desig-
nated as the proportion of permutations in which
the simulated correlation coefficient was equal
to or greater than the observed value and were
adjusted for multiple testing by the Bonferroni
procedure for 12 tests (Sokal and Rohlf 1995).

This analysis was extended to incorporate col-
ony age, which may have explained additional
variation in the genetic distance between colo-
nies. We calculated mean age of each pair of
colonies and then included colony age in mul-
tivariate models. Genetic distance served as the
dependent variable, with geographic distance
and colony age as independent (predictor) vari-
ables. Models were constructed separately for
each genetic distance measurement (DA, DC, and
DF). Model selection was carried out in a manner
similar to stepwise regression, based on Akai-
ke’s Information Criterion (AIC—Akaike 1973;
Burnham and Anderson 1998; Lebreton et al.
1992). This method used information theory
(Burnham and Anderson 1998) and measured
the relative expected difference between com-
peting models and empirical observations. A set
of candidate models was selected a priori, know-
ing that reality was not among them, and the
model with the lowest AIC value was estimated
to be closest to reality. Model selection by AIC
was not a test of a hypothesis in that no null
hypothesis (i.e., model) was evaluated at an ar-
bitrary a level. Rather, AIC provided a theoret-
ical basis for selecting the best model among a
number of alternatives (Akaike 1981; Burnham
and Anderson 1998).

Adjusted R2-statistics were used to determine
the degree to which landscape factors and col-
ony age explained variation in genetic similarity
among colonies. Adjusted R2-statistic was the
coefficient of determination adjusted for the
number of model parameters estimated from the
data (SAS Institute Inc. 1989). The best model
weighed parsimony against models with more
parameters (dependent variables). Calculations
of AIC, AICc, and Akaike weights are described
by Burnham and Anderson (1998). AIC-values
were calculated from least squares regressions
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TABLE 1.—Area, age (years since recolonization), nearest-neighbor distances, and estimates of
genetic variability for each of 13 colonies of Cynomys ludovicianus on Central Plains Experimental
Range (CPER: colonies 5–35) and the Pawnee National Grassland (PNG: colonies 66–81) in short-
grass prairie of north-central Colorado. Colony statistics: nt 5 sample size per population, ns 5 mean
sample size per locus, na 5 mean number of alleles per locus; SE in parentheses.

Colony no.
(CPER or

PNG)
Age

(year)
Area
(ha)

Distance
to

nearest
colony
(km) nt ns na

Heterozygosity

Observed Expected

81 PNG
29 CPER
22 CPER
30 CPER

1
1
1
2

1.0
3.1
3.8
2.2

2.9
1.8
1.5
1.8

3
16
11
10

3.0 (0.0)
15.3 (0.4)
10.6 (0.4)
10.0 (0.0)

3.1 (0.3)
5.1 (0.6)
4.1 (0.6)
4.3 (0.5)

0.52 (0.14)
0.67 (0.05)
0.56 (0.07)
0.69 (0.11)

0.66 (0.08)
0.70 (0.05)
0.66 (0.05)
0.61 (0.07)

35 CPER
27 CPER
5 CPER

79 PNG

2
2
2
4

2.4
2.8
6.1
4.0

2.2
1.5
5.7
4.3

15
14
15
15

14.9 (0.1)
13.9 (0.1)
14.9 (0.1)
14.9 (0.1)

3.6 (0.7)
3.0 (0.2)
3.7 (0.4)
3.9 (0.7)

0.52 (0.07)
0.50 (0.10)
0.59 (0.06)
0.63 (0.09)

0.50 (0.06)
0.51 (0.07)
0.56 (0.05)
0.61 (0.08)

76 PNG
78 PNG
80 PNG
69 PNG
66 PNG

4
4
4
8

10

7.6
7.9

18.0
31.9
52.0

4.2
4.2
2.0
1.4
1.4

12
10

8
11
15

11.9 (0.1)
9.7 (0.3)
7.9 (0.1)

10.7 (0.3)
14.7 (0.2)

3.0 (0.8)
4.4 (0.6)
4.1 (0.7)
4.1 (0.6)
4.1 (0.3)

0.39 (0.10)
0.51 (0.09)
0.65 (0.08)
0.65 (0.10)
0.71 (0.06)

0.40 (0.09)
0.63 (0.06)
0.68 (0.08)
0.66 (0.06)
0.65 (0.04)

with normally distributed errors from the equa-
tion

2AIC 5 n log(s ) 1 2K,i

where s2 5 S«i
2/n and «i were estimated resid-

uals for a candidate model and K was the num-
ber of parameters. To adjust for small sample,
we calculated each AICc (Hurvich and Tsai
1989) by

AIC 5 AIC 1 [2K(K 1 1)/(d 2 K 2 1)],ci i

where d was the number of pairwise distance
measurements (d 5 78). Smaller AICc-values in-
dicate better models. Because AIC and AICc

were on a relative scale, Burnham and Anderson
(1998) recommend computing AIC differences
(D),

D 5 AIC 2 min AIC ,i ci ci

for each of the candidate models. As a general
guideline, Di-values differing by #2 had sub-
stantial support and should have received con-
sideration in making inferences, whereas models
with Di-values of 4–7 had less support. Models

with Di-values .10 had almost no support and
failed to explain substantial variation in the data.

Relative importance of various predictors was
determined from estimates of Kullback–Leibler
information (Burnham and Anderson 1998).
This information–theoretical approach allowed
estimates of the formal likelihood of each model
(£[model1 z xi]) given the data (xi). Normalizing
likelihoods allowed them to sum to 1 and obtain
an Akaike weight for each of the fitted models.
The weight of a given model is calculated as:

20.5D 20.5Di i@w 5 e eOi

Weights were summed for all models containing
a particular independent variable to provide
‘‘strength of evidence’’ for that variable. All es-
timates, test statistics, and AIC-values were
computed using SAS (SAS Institute Inc. 1989).

RESULTS

Characteristics of colonies.—In 1997–
1998, active area of the 13 colonies was
2.4–52 ha. Nearest-neighbor distances were
1.4–5.7 km, and maximum pairwise colony
distance was 24 km (Table 1). Seven of the
colonies had been recolonized within the
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TABLE 2.—F-statistics of Weir and Cocker-
ham (1984) for each microsatellite locus from
13 colonies of Cynomys ludovicianus in short-
grass prairie of north-central Colorado; signifi-
cance tested by bootstrapped 95% CI. F is anal-
ogous to FIT, f is analogous to FIS, Q is analogous
to FST.

Locus F f Q

IGS-1
IGS-6
CGS-14
CGS-17
CGS-22

0.070
0.177
0.250
0.148
0.125

20.025
0.057
0.110
0.030
0.004

0.092
0.127
0.157
0.122
0.121

CGS-25
CGS-26
Mean
95% CI

20.032
0.125
0.133

0.065–0.188

20.105
0.008
0.017

20.034–0.060

0.066
0.118
0.118

0.096–0.135

previous 1–2 years and 6 had been active
the previous 4–10 years (Table 1). Colony
age was correlated with colony size; colo-
nies that were established recently were
smaller in area (Pearson correlation, r 5
0.89). Prairie dogs were intermittently seen
on Pawnee National Grasslands between
1967 and 1981 but were absent at the time
when regular monitoring began in 1981.
Colony 66 was recolonized in 1988, and
other sites on Pawnee National Grasslands
were recolonized during subsequent years.
On the Central Plains Experimental Range,
prairie dog colonies were active between
1990 and 1993, after which all colonies be-
came extinct because of either poisoning or
plague epidemics (M. Ashby, pers. comm.).
Central Plains Experimental Range colonies
were recolonized in 1994–1996. In addi-
tion, 3 of the largest Pawnee National
Grasslands colonies (numbers 66, 69, and
80) became extinct as a result of plague af-
ter samples were collected in 1998.

Of the 129 individuals whose sex and
age could be determined at the time of sam-
ple collection, 30 were adult females, 32
were adult males, 38 were juvenile females,
and 29 were juvenile males.

Population genetic structure.—The num-
ber of alleles per locus ranged from 4 to 13
for the 7 microsatellite loci. We found no
evidence of deviations from Hardy–Wein-
berg equilibrium within colonies, and be-
cause we did not find heterozygote defi-
ciencies in any of the colonies, it was un-
likely that null alleles segregate at high fre-
quency at the microsatellite loci surveyed
in those colonies (cf. Pemberton et al.
1995).

Observed heterozygosity within colonies
ranged 0.386–0.705 (Table 1) but did not
differ between old and young colonies
(mean heterozygosity for young and old
colonies 5 0.577 and 0.587, respectively;
Mann–Whitney U 5 0.214, P 5 0.830). Hi-
erarchical genetic analysis showed little, if
any, inbreeding within colonies (f 5 0.017)
with a lower 95% CI below zero (Table 2).
On the other hand, Q-values revealed mod-

erate genetic differentiation among colonies
(mean Q 5 0.118), with 95% CI well above
zero.

Assignment tests reflected a similar and
moderate level of genetic differentiation.
Using Bayesian probabilities (Cornuet et al.
1999), 95 of 155 individuals (61.3%) were
assigned to their colony of capture. With
greater genetic differentiation, a higher
number of individuals would be assigned in
this way. We determined age and sex of 129
individuals. Of those, the proportion as-
signed to the colony of capture did not dif-
fer between adult females (21/30), adult
males (19/32), juvenile females (23/38),
and juvenile males (23/29; x2 5 3.64, d.f.
5 3, P . 0.10). Exclusion analysis, in
which individuals could be statistically ex-
cluded from colonies, showed similar re-
sults. At the strict threshold of exclusion
(probability of exclusion of a colony $ 1/
155 5 0.0065), only 27 individuals were
excluded from all colonies except their col-
ony of capture. Ninety-nine individuals
could not be excluded from either the col-
ony of capture or several other colonies.
Fifteen individuals were excluded from the
colony of capture, but not from other col-
onies. Fourteen individuals were excluded
from all colonies, implying they migrated
into the area from colonies that had not
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TABLE 3.—Mantel correlations between each
of 3 pairwise estimates of genetic distance and
each of 4 measurements of geographic distance
for colonies of Cynomys ludovicianus. DA de-
notes the proportion of alleles shared between
colonies, DC denotes Cavalli-Sforza and Ed-
wards’ chord distance between colonies, and DF

denotes FST /(1 2 FST) distance measurement be-
tween colonies.

Ge-
netic
dis-

tance
index

Mantel correlation

Drainage
distance

Road dis-
tance

Drainage-
road

distance
Linear dis-

tance

DA

DC

DF

0.36**
0.41**
0.43**

0.14
0.23**
0.22*

0.25**
0.23**
0.24**

0.16
0.20*
0.22*

* P # 0.05, ** P # 0.002.

TABLE 4.—Results of model selection based on Akaike’s Information Criterion (AIC) for isolation
by distance of colonies of Cynomys ludovicianus in short-grass prairie of north-central Colorado as
a function of Cavalli-Sforza and Edwards’ chord distance. K 5 number of parameters, AICc 5
Akaike’s Information Criterion, Di 5 differences in AICc-values, wi 5 AICc weights. Other genetic
distance measures (DA, DF) showed similar results.

Model parameters K Adjusted R2 AICc Di wi

Drainage distance and age
Age
Road distance and age
Linear distance and age
Drainage–road distance and age

2
1
2
2
2

0.159
0.12
0.13
0.12
0.12

2455.14
2452.87
2452.17
2451.55
2451.29

0
2.33
2.97
3.59
3.85

0.529
0.17
0.12
0.09
0.08

Drainage distance
Road distance
Linear distance
Drainage–road distance

1
1
1
1

0.05
0.02
0.00
0.00

2446.86
2444.02
2442.78
2442.76

8.29
11.12
12.36
12.39

0.01
0.00
0.00
0.00

been sampled. At the less strict threshold of
exclusion (probability of exclusion $ 1/13
5 0.077), 38 individuals were excluded
from all colonies other than the colony of
capture. Fifty-nine individuals could not be
excluded from either the colony of capture
or several other colonies. Twenty-four in-
dividuals were excluded from the colony of
capture, but not from other colonies. Thirty-
four individuals were excluded from all of
the sampled colonies. With greater differ-
entiation and less gene flow, it should have
been possible to exclude all other colonies,

other than the colony of capture, as the or-
igin of each individual.

Finally, exclusion of individuals from
their colony of capture did not differ be-
tween adult females, adult males, juvenile
females, or juvenile males at either the strict
threshold (x2 5 1.54, d.f. 5 3, P . 0.50)
or the less strict threshold (x2 5 3.21, d.f.
5 3, P . 0.10).

Genetic distance and landscape effects.—
Mantel correlations between estimates of
pairwise genetic distances and pairwise
geographic distances were positive, indicat-
ing isolation by distance between colonies.
Correlations were greater for drainage dis-
tance than for the other 3 geographic dis-
tances (Table 3). AIC model selection for
chord distance between colonies indicated
that age and drainage are important predic-
tors of genetic distance. The AIC model
that included drainage distance and age had
the highest R2, lowest AICc, and the highest
weight (wi), and thus was selected as the
best model (Table 4). Detailed results for
chord distance (DC) are presented; results
using other genetic distance measures (DA,
DF) were similar but are not reported. Com-
parison of AICc weights (wi) for the 5 pre-
dictor variables for all genetic distances
highlighted the importance of colony age
and drainage distance as predictor variables
and provided weak support for linear, road,
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FIG. 2.—Relative importance of 5 predictors
of 3 different measurements of genetic distance
(proportion of shared alleles, Cavalli-Sforza and
Edwards’ chord distance, FST /[1 2 FST]) be-
tween colonies of Cynomys ludovicianus in
short-grass prairie of north-central Colorado.
Relative importance was measured as the sum
of Akaike’s Information Criterion weights.

FIG. 3.—Mean (6SE) of Cavalli-Sforza and
Edwards’ genetic chord distance DC between
pairs of colonies of Cynomys ludovicianus char-
acterized as young (Y), medium (M) or old (O).
Y 5 colony age , 2 years; M 5 colony age of
4 years; O 5 colony age . 8 years. Values in
parentheses indicate the number of pairwise
comparisons for each mean.

and drainage–road distances as predictors
of genetic distance (Fig. 2).

We calculated the mean (6SE) of chord
distance (DC) between pairs of colonies of
different ages and found that younger col-
onies were more genetically distant than
older colonies (Fig. 3). Differences in ge-
netic distance between small young colo-
nies likely reflected the sampling process of
recolonization by a small number of dis-
persers, and as colonies became older, they
became more genetically similar because
dispersers genetically homogenized colo-
nies after the time they were established.

DISCUSSION

Population genetic structure.—The level
of genetic differentiation in our study (Q 5
0.118) is similar to those reported in other
population genetic studies of black-tailed
prairie dogs (Chesser 1983; Daley 1992;
Foltz and Hoogland 1983), other prairie
dog species (McCullough and Chesser
1987; Travis et al. 1997), and several other
social sciurids of North America (Dobson
1994; Gavin et al. 1999; Schwartz and Ar-
mitage 1980). This level of genetic differ-
entiation, both within and between colonies

of social ground squirrels, has been attri-
buted to effects of matrilineal social struc-
ture (Chesser 1991). Concordance of esti-
mates between previous prairie dog studies
and ours are surprising, given that previous
estimates were from areas where plague
epizootics had not yet been recorded (New
Mexico—Chesser 1983) or have never been
recorded (South Dakota—Daley 1992;
Foltz and Hoogland 1983). This suggests
that extinction and recolonization of colo-
nies over the last 10 years has not increased
genetic differentiation among colonies on
the Pawnee National Grasslands or Central
Plains Experimental Range of north-central
Colorado. However, this also underscores a
critical aspect of expected genetic differ-
entiation within metapopulations; increased
differentiation is only expected in metapop-
ulations when initial colonization is much
different than subsequent dispersal (Barton
and Whitlock 1997; Wade and McCauley
1988).

Our data suggest that dispersal occurs on
a regular basis among prairie dog colonies
after initial colonization. First, we found
few unique alleles within colonies, despite
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the large number of alleles identified at
each of the 7 microsatellite loci. Second, no
evidence was obtained in support of found-
er effects or genetic drift within small new
colonies; observed heterozygosity did not
differ between old and young populations.
Heterozygosity estimates from small sam-
ples like these have large standard errors,
and larger samples may detect genetic ef-
fects of bottlenecks. Third, assignment and
exclusion tests showed that .30% of indi-
viduals were immigrants or the offspring of
immigrants, and probability of assignment
to the colony of capture did not differ be-
tween males and females or juveniles and
adults. Finally, continuous dispersal among
colonies can explain the relationship be-
tween colony age and genetic distance (Fig.
3). Recently colonized populations are
more genetically distant from each other
because they are not in migration-drift equi-
librium. With high dispersal after initial re-
colonization, alleles will continue to arrive,
so that over time, prairie dog colonies will
become more genetically similar, both in
terms of which alleles are present and fre-
quencies of those alleles. Taken together,
these results suggest that colonies of black-
tailed prairie dog are spatially isolated and
genetically differentiated but dispersal be-
tween colonies continues after initial colo-
nization.

Landscape effects.—Overall, the best-fit-
ting isolation by distance model explained
relatively small amounts of the total vari-
ance in genetic distance (R2 ø 0.16), indi-
cating that some unmeasured features of ei-
ther prairie dogs or their habitats may in-
crease predictability of dispersal between
colonies. Prairie dog dispersal distances
also may be more skewed than we have as-
sumed in these models, meaning that the
relationship between predictor variables
and genetic distance may not be linear.
Models fitting polynomial (curvilinear) pre-
dictors or genetic distances may provide
better fits (higher R2), but our data are not
sufficient to adequately test those models.
Regardless, AIC analysis shows that 2 geo-

graphic distance measurements, linear dis-
tance and road distance between colonies,
have no explanatory power (Fig. 2). Isola-
tion by distance via linear distance assumes
that habitat matrix between colonies is ho-
mogeneous and that distance between col-
onies is the only cost associated with dis-
persal (Wiens 1996). Also, little evidence
supports the contention that roads act as pri-
mary dispersal corridors, which seems to
contradict other studies that report the im-
portance of roads for prairie dog dispersal
(Knowles 1985, 1986; Koford 1958). Prai-
rie dogs traveling along roadways likely
suffer appreciable mortality by automobiles
(Reading and Matchett 1997) and high
numbers of predators. However, researchers
typically travel on roads, so that their im-
portance as corridors for dispersal may
have been previously overestimated for
prairie dogs.

Drainage distance between black-tailed
prairie dog colonies is an important predic-
tor of dispersal. The habitat between colo-
nies is heterogeneous, and dispersal and
gene flow will be related to both colony iso-
lation and usable habitat between colonies
in the landscape. Detectability of colonies
by prairie dogs, proximity of a colony to
favorable habitat, and possible habitat bar-
riers might influence dispersal in black-
tailed prairie dogs. Natural drainages may
function as dispersal corridors because col-
onies typically are located in swales and
seasonally wet lowlands. As a consequence,
dispersing prairie dogs have a greater like-
lihood of encountering a colony along
drainage systems (Garrett and Franklin
1988). The importance of drainages as dis-
persal corridors also could result from hab-
itat selection based on vegetation, cover,
and differential survival of dispersers in
these habitats.

Implications for conservation.—A meta-
population can persist as long as rate of re-
colonization exceeds rate of extinction,
even though no local population may sur-
vive continuously over time (McCullough
1996). Ability of prairie dogs to disperse
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among colonies is critical because recolo-
nization after local extinction is essential
for regional persistence of metapopulations
(Fahrig and Merriam 1994; Hanski 1999;
Hanski and Simberloff 1997; Harrison and
Taylor 1997). Our data suggest that poten-
tial dispersal corridors, such as drainages,
should be maintained to ensure recoloniza-
tion of unoccupied colonies and continual
dispersal among colonies. In terms of ge-
netics, extinction and recolonization of col-
onies will not increase genetic differentia-
tion of colonies of black-tailed prairie dogs
as long as dispersal and gene flow after re-
colonization remain high. Greater isolation
and loss of dispersal corridors should in-
crease genetic differentiation between col-
onies and decrease genetic diversity within
colonies, including overall loss of alleles
via genetic drift, and possibly, population
declines caused by inbreeding depression
(Hedrick and Kalinowski 2000).

For many species, it is assumed that
smaller populations within a metapopula-
tion are likely to disappear first, as suitable
habitat is lost and isolation is increased.
Longer persistence of large populations is
expected (Hanski 1999), but this assump-
tion does not consider effects of disease on
metapopulation structure (Hess 1996). Re-
cent studies in Oklahoma demonstrate that
small and isolated colonies of prairie dogs
are less likely to persist than large colonies
when plague is absent (Lomolino and Smith
2001). When plague is present, however,
persistence of both large and small colonies
is reduced (Lomolino and Smith 2001).
Thus, long-term persistence of prairie dog
metapopulations will depend on the inter-
play between extinctions as a result of small
colony size, loss of colonies of all sizes be-
cause of plague epidemics, and subsequent
dispersal and recolonization. In the time
since we sampled our study sites in Colo-
rado in 1997–1998, 3 of the largest colonies
have been decimated by plague (numbers
66, 69, and 80; Fig. 1); other colonies have
persisted. This implies that large prairie dog
colonies may be more susceptible to plague

epidemics, which would be expected if high
densities of prairie dogs lead to greater ex-
change of plague-infected fleas and increase
rate of spread of plague (Barnes 1993). At
present, however, it is difficult to predict
which colonies will persist because we do
not have a firm understanding of how
plague is spread within and between colo-
nies (Barnes 1993; Cully 1993; Koford
1958; Rayor 1985).

Management of black-tailed prairie dogs
should be based on regional persistence of
the species and not on a colony-by-colony
basis. Management of individual colonies
will also affect neighboring colonies. Be-
cause accurate predictions of persistence of
any given prairie dog population is not cur-
rently possible, colonies must be connected
by dispersal so that the negative impact of
extinction may be counterbalanced by re-
colonization.

Our study provides empirical support for
the metapopulation concept, which plays a
pivotal role in strategies of conservation
when anthropogenic habitat loss and frag-
mentation are substantial (Driscoll 1998;
Harrison 1994; McCullough 1996). More-
over, dispersal between isolated colonies is
not based on intercolony distance alone but
is facilitated by dispersal corridors.
Through grazing and burrowing activities,
prairie dogs play a critical role in grassland
ecosystems by altering vegetative structure,
plant community dynamics, and nutrient
cycling (Whicker and Detling 1988). Bur-
rows constructed by prairie dogs provide
habitat for other grassland animals, and
prairie dogs themselves are major prey of
many raptorial birds and carnivorous mam-
mals, including the endangered black-foot-
ed ferret (Mustela nigripes—Kotliar et al.
1999; Stapp 1998). Understanding the dy-
namics of remaining prairie dog colonies,
estimated to occupy ,10% of their historic
range (Anderson et al. 1986) in increasingly
fragmented landscapes may be crucial not
only for their survival but also for mainte-
nance of biodiversity and functioning eco-
systems in the grasslands.



SPECIAL FEATURE—PRAIRIE DOGSNovember 2001 957

ACKNOWLEDGMENTS

Financial support was provided by a Sigma
Xi Grant-in-Aid of Research, the Shortgrass
Steppe Long-Term Ecological Research project
(BSR-9011659) to I. Burke and W. Lauenroth,
and Colorado Agricultural Experiment Station
Project 697 to M. F. Antolin. We thank C. Barry
and M. Lindquist for providing invaluable help
in the field. B. Wunder provided additional Tom-
ahawk traps. We thank M. Ball (United States
Department of Agriculture, Forest Service) and
M. Ashby (United States Department of Agri-
culture, Agricultural Research Service) for in-
formation regarding the local history of prairie
dog colonies. M. Kimberling, M. Salasek, and
D. Tripp provided manual and technical assis-
tance in the laboratory. M. Coleman designed
the figure of the study site. We thank D. Ander-
son, C. Baer, S. Dinsmore, L. Savage, and K.
Wilson for analytical assistance. W. C. Black, IV
kindly wrote a FORTRAN program to calculate
Mantel correlations. We are grateful to S. Dins-
more, L. Savage, B. Schooley, and T. Waltzek
for helpful comments on previous versions of
this manuscript. The Colorado State University
Animal Care and Use Committee approved an-
imal trapping, handling, and tissue collection
procedures.

LITERATURE CITED

AKAIKE, H. 1973. Information theory and an extension
of the maximum likelihood principle. Pp. 267–281
in International symposium on information theory.
2nd ed. (B. N. Petran and F. Csaki, eds.). Akademia
Kiado Publishers, Budapest, Hungary.

AKAIKE, H. 1981. Likelihood of a model and infor-
mation criteria. Journal of Econometrics 16:3–14.

ANDERSON, E., S. FORREST, T. W. CLARK, AND L. RICH-
ARDSON. 1986. Paleobiology, biogeography, and sys-
tematics of the black-footed ferret, Mustela nigripes
(Audubon and Bachman), 1851. Great Basin Natu-
ralist Memoirs 8:11–62.

BARNES, A. M. 1993. A review of plague and its rel-
evance to prairie dog populations and the black-foot-
ed ferret. Pp. 28–37 in Proceedings of the sympo-
sium on the management of prairie dog complexes
for the reintroduction of the black-footed ferret (J.
L. Oldemeyer, D. E. Biggins, and B. J. Miller, eds.).
United States Department of the Interior Biological
Report 13:1–96.

BARTON, N. H., AND M. C. WHITLOCK. 1997. The evo-
lution of metapopulations. Pp. 183–210 in Meta-
population biology: ecology, genetics, and evolution
(I. Hanski and M. E. Gilpin, eds.). Academic Press,
San Diego, California.

BLACK, W. C., IV, AND N. M. DUTEAU. 1997. RAPD-
PCR and SSCP Analysis for insect population ge-
netic studies. Pp. 361–373 in Molecular biology of

insect disease vectors: a methods manual (J. Cramp-
ton, C. B. Beard, and C. Louis, eds.). Chapman and
Hall Publishers, New York.

BONHAM, C. D., AND A. LERWICK. 1976. Vegetation
changes induced by prairie dogs on shortgrass range.
Journal of Range Management 29:221–225.

BOWCOCK, A. M., A. RUIZ-LINARES, J. ROMFOHRDE, E.
MINCH, J. R. KIDD, AND L. L. CAVALLI-SFORZA.
1994. High resolution of human evolutionary trees
with polymorphic microsatellites. Nature 368:455–
457.

BURNHAM, K. P., AND D. R. ANDERSON. 1998. Model
selection and inference. A practical information–the-
oretic approach. Springer Verlag, New York.

CAVALLI-SFORZA, L. L., AND A. W. F. EDWARDS. 1967.
Phylogenetic analysis: models and estimation pro-
cedures. American Journal of Human Genetics 19:
233–257.

CHESSER, R. K. 1983. Genetic variability within and
among populations of the black-tailed prairie dog.
Evolution 37:320–331.

CHESSER, R. K. 1991. Gene flow and female philopa-
try. Genetics 127:437–448.

CINCOTTA, R. P., D. W. URESK, AND R. M. HANSEN.
1987. Demography of black-tailed prairie dog pop-
ulations reoccupying sites treated with rodenticide.
The Great Basin Naturalist 47:339–343.

CORNUET, J.-M., S. PIRY, G. LUIKART, A. ESTOUP, AND

M. SOLIGNAC. 1999. New methods employing mul-
tilocus genotypes to select or exclude populations as
origins of individuals. Genetics 153:1989–2000.

CULLY, J. F. 1993. Plague, prairie dogs, and black-foot-
ed ferrets. Pp. 38–49 in Proceedings of the sympo-
sium on the management of prairie dog complexes
for the reintroduction of the black-footed ferret (J.
L. Oldemeyer, D. E. Biggins, and B. J. Miller, eds.).
United States Department of the Interior Biological
Report 13:1–98.

DALEY, J. G. 1992. Population reductions and genetic
variability in black-tailed prairie dogs. The Journal
of Wildlife Management 56:212–220.

DOBSON, F. S. 1994. Measures of gene flow in the Co-
lumbian ground squirrel. Oecologica 100:190–195.

DOBSON, F. S., R. K. CHESSER, J. L. HOOGLAND, D. W.
SUGG, AND D. W. FOLTZ. 1997. Do black-tailed prai-
rie dogs minimize inbreeding? Evolution 51:970–
978.

DRISCOLL, D. A. 1998. Genetic structure, metapopu-
lation processes and evolution influence the conser-
vation strategies for two endangered frog species.
Biological Conservation 83:43–54.

FAHRIG, L., AND G. MERRIAM. 1994. Conservation of
fragmented populations. Conservation Biology 8:
50–59.

FOLTZ, D. W., AND J. L. HOOGLAND. 1983. Genetic ev-
idence of outbreeding in the black-tailed prairie dog
(Cynomys ludovicianus). Evolution 37:273–281.

GARRETT, M. G., AND W. L. FRANKLIN. 1988. Behav-
ioral ecology of dispersal in the black-tailed prairie
dog. Journal of Mammalogy 69:236–250.

GARRETT, M. G., J. L. HOOGLAND, AND W. L. FRANKLIN.
1982. Demographic differences between an old and
a new colony of black-tailed prairie dogs (Cynomys
ludovicianus). The American Midland Naturalist
108:51–59.



958 Vol. 82, No. 4JOURNAL OF MAMMALOGY

GAVIN, T. A., P. W. SHERMAN, E. YENSEN, AND B. MAY.
1999. Population genetic structure of the northern
Idaho ground squirrel (Spermophilus brunneus brun-
neus). Journal of Mammalogy 80:156–168.

GOLDSTEIN, D. B., AND D. D. POLLOCK. 1997. Launch-
ing microsatellites: a review of mutation processes
and methods of phylogenetic inference. Journal of
Heredity 88:335–342.

GOUDET, J. 1995. FSTAT (vers. 1.2): a computer pro-
gram to calculate F-statistics. Journal of Heredity
86:485–486.

HALPIN, Z. T. 1987. Natal dispersal and the formation
of new social groups in a newly established town of
the black-tailed prairie dogs (Cynomys ludovici-
anus). Pp. 104–118 in Mammalian dispersal pat-
terns: the effects of social structure on population
genetics (B. D. Chepko-Sade and Z. T. Halpin, eds.).
The University of Chicago Press, Chicago, Illinois.

HANSKI, I. 1999. Metapopulation ecology. Oxford Uni-
versity Press, Oxford, United Kingdom.

HANSKI, I., AND D. SIMBERLOFF. 1997. The metapopu-
lation approach: its history, conceptual domain, and
application to conservation. Pp. 5–26 in Metapopu-
lation biology: ecology, genetics, and evolution (I.
Hanski and M. E. Gilpin, eds.). Academic Press, San
Diego, California.

HARRISON, S. 1994. Metapopulations and conservation.
Pp. 111–128, in Large-scale ecology and conserva-
tion biology (P. J. Edwards, R. M. May and N. R.
Webb, eds.). Blackwell Publishers, Oxford, United
Kingdom.

HARRISON, S., AND A. D. TAYLOR. 1997. Empirical ev-
idence for metapopulation dynamics. Pp. 27–42 in
Metapopulation biology: ecology, genetics, and evo-
lution (I. A. Hanski and M. E. Gilpin, eds.). Aca-
demic Press, San Diego, California.

HEDRICK, P. W., AND S. T. KALINOWSKI. 2000. Inbreed-
ing depression in conservation biology. Annual Re-
view of Ecology and Systematics 31:139–162.

HESS, G. 1996. Disease in metapopulation models: im-
plications for conservation. Ecology 77:1617–1632.

HOBBS, R. J. 1992. The role of corridors in conserva-
tion: solution or bandwagon? Trends in Ecology and
Evolution 7:389–392.

HOOGLAND, J. L. 1995. The black-tailed prairie dog:
social life of a burrowing mammal. The University
of Chicago Press, Chicago, Illinois.

HURVICH, C. M., AND C. TSAI. 1989. Regression and
time series model selection in small samples. Bio-
metrika 76:297–307.

KNOWLES, C. J. 1985. Observations on prairie dog dis-
persal in Montana. The Prairie Naturalist 17:33–40.

KNOWLES, C. J. 1986. Some relationships of black-
tailed prairie dogs to livestock grazing. The Great
Basin Naturalist 46:198–203.

KOENIG, W. D., D. VAN VUREN, AND P. N. HOOGE.
1996. Detectability, philopatry, and the distribution
of dispersal distances in vertebrates. Trends in Ecol-
ogy and Evolution 11:514–517.

KOFORD, C. B. 1958. Prairie dogs, white faces, and
blue grama. Wildlife Monographs 3:1–78.

KOTLIAR, N. B., B. W. BAKER, A. D. WHICKER, AND G.
PLUMB. 1999. A critical review of assumptions about
the prairie dog as a keystone species. Environmental
Management 24:177–192.

LEBRETON, J.-D., K. P. BURNHAM, J. CLOBERT, AND D.
R. ANDERSON. 1992. Modeling survival and testing
biological hypotheses using marked animals: a uni-
fied approach with case studies. Ecological Mono-
graphs 62:67–118.

LEVENE, H. 1949. On a matching problem arising in
genetics. Annals of Mathematics and Statistics 20:
91–94.

LEVINS, R. 1969. Some demographic and genetic con-
sequences of environmental heterogeneity for bio-
logical control. Bulletin of the Entomology Society
of America 15:237–240.

LIDICKER, W. Z., JR., AND W. D. KOENIG. 1996. Re-
sponses of terrestrial vertebrates to habitat edges and
corridors. Pp. 85–109 in Metapopulations and wild-
life conservation (D. R. McCullough, ed.). Island
Press, Washington, D.C.

LOMOLINO, M. V., AND G. A. SMITH. 2001. Dynamic
biogeography of prairie dog (Cynomys ludovicianus)
towns near the edge of their range. Journal of Mam-
malogy 82:937–945.

MANLY, B. F. J. 1991. Randomization and Monte Carlo
methods in biology. Chapman and Hall Publishers,
New York.

MAY, B., T. A. GAVIN, P. W. SHERMAN, AND T. M. KOR-
VES. 1997. Characterization of microsatellite loci in
the Northern Idaho ground squirrel Spermophilus
brunneus brunneus. Molecular Ecology 1997:399–
400.

MCCULLOUGH, D. A., AND R. K. CHESSER. 1987. Ge-
netic variation among populations of the Mexican
prairie dog. Journal of Mammalogy 68:555–560.

MCCULLOUGH, D. R. (ED.). 1996. Metapopulations and
wildlife conservation. Island Press, Washington,
D.C.

MERRIAM, G. 1988. Landscape dynamics in farmland.
Trends in Ecology and Evolution 3:16–20.

PEACOCK, M. M., AND A. T. SMITH. 1997. The effect
of habitat fragmentation on dispersal patterns, mat-
ing behavior, and genetic variation in a pika (Och-
otona princeps) metapopulation. Oecologia 112:
524–533.

PEMBERTON, J. M., J. SLATE, D. R. BANCROFT, AND J.
A. BARRETT. 1995. Nonamplifying alleles at micro-
satellite loci: a caution for parentage and population
studies. Molecular Ecology 4:249–252.

RANNALA, B., AND J. L. MOUNTAIN. 1997. Detecting
immigration by using multilocus genotypes. Pro-
ceedings of the National Academy of Sciences of
the United States of America 94:9197–9201.

RAYMOND, M., AND F. ROUSSET. 1995. GENEPOP (ver-
sion 1.2) population genetic software for exact tests
and ecumenicism. Journal of Heredity 86:248–249.

RAYOR, L. S. 1985. Dynamics of a plague outbreak in
Gunnison’s prairie dog. Journal of Mammalogy 66:
194–196.

READING, R. P., AND R. MATCHETT. 1997. Attributes of
black-tailed prairie dog colonies in northcentral
Montana. The Journal of Wildlife Management 61:
664–673.

ROACH, J. L. 1999. Genetic analysis of a black-tailed
prairie dog (Cynomys ludovicianus) metapopulation
in shortgrass steppe. M.S. thesis, Colorado State
University, Fort Collins.

ROUSSET, F. 1997. Genetic differentiation and estima-



SPECIAL FEATURE—PRAIRIE DOGSNovember 2001 959

tion of gene flow from F-statistics under isolation by
distance. Genetics 145:1219–1228.

SAMBROOK, J., E. F. FRITSCH, AND T. MANIATIS. 1989.
Molecular cloning: a laboratory manual. 2nd ed.
Cold Spring Harbor Laboratory Press, Plainview,
New York.

SAS INSTITUTE INC. 1989. SAS/STAT user’s guide. Ver-
sion 6. 4th ed. Vol. 2. SAS Institute Inc., Cary, North
Carolina.

SCHWARTZ, O. A., AND K. B ARMITAGE. 1980. Genetic
variation in social mammals: the marmot model.
Science 207:665–667.

SLATKIN, M. 1993. Isolation by distance in equilibrium
and non-equilibrium populations. Evolution 47:264–
279.

SOKAL, R. R., AND F. J. ROHLF. 1995. Biometry: the
principles and practice of statistics in biological re-
search. 3rd ed. W. H. Freeman and Company, New
York.

STAPP, P. 1998. A reevaluation of the role of prairie
dogs in Great Plains grasslands. Conservation Bi-
ology 12:1253–1259.

STEVENS, S., J. COFFIN, AND C. STROBECK. 1997. Mi-
crosatellite loci in Columbian ground squirrels Sper-
mophilus columbianus. Molecular Ecology 6:493–
395.

SWOFFORD, D. L., AND R. K. SELANDER. 1989. BIO-
SYS-1. A FORTRAN program for the comprehen-

sive analysis of electrophoretic data in population
genetics and systematics. Release 1.7. University of
Illinois Press, Urbana.

TAKEZAKI, N., AND M. NEI. 1996. Genetic distances
and reconstruction of phylogenetic trees from micro-
satellite DNA. Genetics 144:389–399.

TRAVIS, S. E., C. N. SLOBODCHIKOFF, AND P. KEIM.
1997. DNA fingerprinting reveals low genetic di-
versity in Gunnison’s prairie dog (Cynomys gunni-
soni). Journal of Mammalogy 78:725–732.

WADE, M. J., AND D. E. MCCAULEY. 1988. Extinction
and recolonization: their effects on the genetic dif-
ferentiation of local populations. Evolution 42:995–
1005.

WEIR, B. S., AND C. C. COCKERHAM. 1984. Estimating
F-statistics for the analysis of population structure.
Evolution 38:1358–1370.

WHICKER, A. D., AND J. K. DETLING. 1988. Ecological
consequences of prairie dog disturbances. Bio-
Science 38:778–785.

WIENS, J. A. 1996. Wildlife in patchy environments:
metapopulations, mosaics, and management. Pp. 53–
84 in Metapopulations and wildlife conservation (D.
R. McCullough, ed.). Island Press, Washington, D.C.

WRIGHT, S. 1965. The interpretation of population
structure by F-statistics with special regard to sys-
tems of mating. Evolution 19:395–420.

Special Feature Editor was Michael R. Willig.


