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Effective population size and genetic structure of
a Piute ground squirrel (Spermophilus mollis)
population

Michael F. Antolin, Beatrice Van Horne, Michael D. Berger, Jr.,
Alisha K. Holloway, Jennifer L. Roach, and Ronald D. Weeks, Jr.

Abstract: Piute ground squirrelsSpermophilus molljsare distributed continuously in habitat dominated by native

shrubs and perennial grasses in the Snake River Birds of Prey National Conservation Area in Idaho, U.S.A. This habi
tat is being fragmented and replaced by exotic annual plants, changing it to a wildfire-dominated system that provides
poor habitat for ground squirrels. To assess potential effects of this fragmentation on ground squirrel populations, we
combined an estimate of effective population sikg) (based upon a demographic study with a population genetic anal
ysis. The study area included three subpopulations separated from each other by 8-13 km. The ratio of effective popu
lation size to census numbel{/N) was 0.57. CombinindN./N with dispersal distances from a radio-tracking study,

we calculated that neighborhood size was 62.2 ha, which included between 204 and 480 individuals. Our population
genetic analysis (based on randomly amplified polymorphic DNA (RAPD) and microsatellite markers) showed rela
tively low levels of genetic differentiatior®qpyiatons ) 0-07-0.10) between subpopulations and no inbreeding within
subpopulations f(= 0.0003). These estimates of population subdivision translate into an effective migratiohgraje (

of 2.3-3.3 per year, which represents a high level of gene flow. Invasion by exotics will reduce the overall productivity
of the habitat, and will lead to isolation among subpopulations if favorable habitat patches become isolated.

Résumé: Les spermophileSpermophilus molli®nt une répartition continue dans I'habitat dominé par les buissons in-
digénes et les herbes vivaces dans la zone de conservation Snake River Birds of Prey National Conservation Area,
Idaho, E.-U. L’habitat est en voie de fragmentation et les plantes indigénes sont remplacées par des plantes exotiques
annuelles, ce qui a transformé I'habitat en un systéeme dominé par les feux de brousse, un milieu inadéquat pour les
spermophiles. Pour mesurer les effets potentiels de cette fragmentation sur les populations de spermophiles, nous avons
utilisé une estimation de la taille effective de la populatidl)( basée sur une étude démographique, combinée a une
analyse génétique de la population. La zone étudiée comportait trois sous-populations séparées par une distance de 8 a
13 km. Le rapport entre la taille effective de la population et le nombre au recenseMéN) @ été évalué a 0,57. En
combinant ce rapport aux distances de dispersion enregistrées lors d'une étude télémétrique, nous avons calculé que
I'aire habitée mesurait 62,2 ha et comptait entre 204 et 480 individus. Notre analyse génétique (basée sur des mar
queurs ADN polymorphe amplifié au hasard (RAPD) et des marqueurs microsatellites) a démontré qu’il y avait peu de
différenciation géneétiquedopuiations ] 0,07-0,10) entre les sous-populations et pas de consanguinité au sein des sous-
populations = 0,0003). Ces estimations de la subdivision de la population se traduisent par un taux effectif de
migrationN.m = 2,3-3,3 par an, ce qui représente un flux de génes important. L'invasion des plantes exotiques est
appelée a réduire la productivité globale de I'habitat et risque de mener a I'isolement des sous-populations si des par
celles d’habitat favorable deviennent isolées

[Traduit par la Rédaction]

Introduction Predicting genetic and demographic effects of fragmentation
. ) depends upon understanding how dispersal maintains-conti
The continuity of natural populations depends on the fre ity However, patterns of genetic variation within and be
guency and dlstancg of dispersal, but hapnat fragmentaﬂog,veen populations are a consequence not only of frequency
caused by human disturbance may result in a series of sulnq distance of dispersal, but also of the mating system (e.g.,
populations isolated from each other by unsuitable hab'tatmonogamous pairs versus harems, where an indivichadé

mates with several females). The genetic effects of dispersal
and mating cannot be distinguished by genetic sampling alone,
et both dispersal and mating will strongly influence how
abitat fragmentation affects a population (McCauley 1991;
Nunney and Campbell 1993; Hastings and Harrison 1994;
M.F. Antolin,* B. Van Horne, M.D. Berger, Jr., Barton and Whitlock 1997). Hence, combining ecological/
AK. Holloway, J.L. Roach, and R.D. Weeks, Jr.Department  demographic data (survival, mating patterns, dispersal dis
of Biology, Colorado State University, Fort Collins, CO 80523, tances) with genetic data will provide a better foundation for
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U.S.A. predicting the effects of fragmentation.
TAuthor to whom correspondence should be addressed One goal of conservation biology is to assess both the de
(e-mail: antolin@lamar.colostate.edu). mography and the genetic structure of populations, while
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taking into account how habitats vary across landscapes anthtive perennial bunch grass, still provide adequate habitat
over time (Nunney and Campbell 1993; Holsinger 1996).for Piute ground squirrels (Van Horne et al. 1997). In drought
Few studies have done this (Chepko-Sade et al. 1987; Koenigears, however, only shrub habitat can support ground squir
et al. 1996; Gaines et al. 1997), leaving few opportunitiegels. Our study area was affected by a severe drought that
for directly comparing inferences drawn from genetic andled to low adult survival in grassland habitats, near-zero-juve
demographic data. Templeton (1987) and Chesser (1991j)ile survival in all habitats, and lower adult reproduction
have pointed out that behavioral/demographic data tend tduring subsequent years (Van Horne et al. 1997). The shrub—
overestimate gene flow, while genetic data can understeppe habitat of the Piute ground squirrel is becoming domi
estimate gene flow when one sex disperses more commonlyated by exotic annual plants as a result of repeated burning,
(e.g., female philopatry). Successfully predicting how popu and suitable ground squirrel habitat is becoming fragmented
lation fragmentation and local extinction caused by habita{U.S. Department of the Interior 1996; Knick and Rotenberry
loss will influence the genetics and demography of a specie2000).

depends in part on prior knowledge of the spatial structure

of a population. In particular, habitat fragmentation can influ

ence effective population siz&lf), which measures a popu

lation in terms of the number of individuals that contribute Materials and methods

to breeding and the amount of genetic variability that would
be maintained in a population of sixg (Barton and Whitlock

1997). Fragmentation will reduce the effective population Wi qucted q he benchlands of th ke Ri

size even if the overall population is of the same size. How . W& conducted our study on the benchlands of the Snake River

ever, the reduction in effective population size will be greaterBlrds of Prey National Conservation Area (hereinafter Birds of
' Prey Area; 43°N, 116°W), 20 km south of Boise, Idaho (Fig. 1).

if subpopulations in isolated patches undergo episodes Gfne Birds of Prey Area covers 195 243 ha, the elevation varies be
extinction and recolonization (Barton and Whitlock 1997). tween 900 and 950 m, the topography is flat except for isolated

To get a picture of how fragmentation might affect Piute buttes, and the climate is arid (precipitation 20-30 cm/year); there
ground squirrelsSpermophilus molligformerly Spermophilus ~ are no persistent watercourses are in our study area. Historically
townsendii Hoffman et al. 1993), we conducted both demo-the area has supported shrub—steppe plant and animal communities,
graphic and genetic analyses of a population in southeastetf{ two native species, big sagebrushrtemisia tridentaty and
Idaho. Using demographic data from a long-term study 01W|nterfat (Kraschenninikovia lanafga being the most common. In-

; - vasion by exotic annual grasses and forbs has increased the fre-
ground squirrels (Van Horne et al. 1997), we estimated th%1uency and extent of fires, and approximately 50% of the shrub

effective population sizes for three subpopulations with ayapitat in the Birds of Prey Area has burned since 1980 (Kochert
model for overlapping generations (Nunney 1993; Nunneyand Pellant 1986). Burned areas change to dominance by grasses
and Elam 1994). Using genetic data from two classes ofnd forbs, including the native Sandberg’s bluegrass and exotic an-
molecular genetic markers (randomly amplified polymorphicnuals like cheatgrassBtomus tectoruny Russian thistle Salsoa
DNA (RAPD) and simple sequence repeats (microsatellites)joerica), and tumblemustardSsymbrium altissimunBesides habi-

we also estimated the effective migration rak&nt) among tant conversion, burned areas_also convert to a higher percentage of
the same subpopulations. By estimating demographic angisturbed bare ground, which is unsuitable habitat for ground squir
genetic parameters from the same subpopulations simult els (U.S. Department of the Interior 1996; Knick and Rotenberry

neously, we were able to assess the concordance of -dem 000). . .
graphic and genetic measures of population structure We conducted a population/demographic study from 1991 through
. ; . o 1994 by livetrapping and tagging squirrels at 9-ha sites (A, B, and
Piute ground squirrels are abundant and widely distributeq) during the active season for Piute ground squirrels, February—
throughout both the shrub and grassland habitats of the Greadine (Fig. 1; Van Horne et al. 1997). In 1993 we also collected tis

Basin and Columbia Plateau in the western United Statesue samples from the trapped areas for genetic analysis. Areas A
(Van Horne et al. 1997). This herbivorous species is smalknd B had been burned 9-12 years prior to the initiation of this
and short-lived compared with most other ground squirrelsstudy and the habitat was primarily grassland dominated by -Sand
with adults living less than 2 years, on average (Smith and@€rg's bluegrass. Area C had not been recently burned and was
Johmson 1985). Oiher ground squiels ae known for (emAIed by b sageber, Mhaugn sround sauret v s e
ggggggag\ée“r?gr?lilo(l;)iglr’]’ag\l/oerﬁ ?fl]Jct)uF;]Ifl:t?h(gyro:ggr:gz;gr?rl}sbiz efer to the a.nlmals sampled in each _area as g §ubpopu|atlon.
row systems in favorable habitats (Armitage 1981). As in The collection of samples for genetic analysis in 1993 followed

. . . a drought, when fewer than 1% of juveniles survived (Van Horne et
most ground squirrel species (Hoelkamp 1984), female Piutg, "1997) " Three-month cumulative rainfall in April and May of

ground squirrels are sedentary, while juvenile males +egu;992 was the most sparse since precipitation records were first kept
larly disperse from their natal burrows to breed elsewhere.in 1860 (Van Horne et al. 1997). As is the case for most ground
Piute ground squirrel populations were not fragmented irsquirrel sp_ecies, dispersal of breeding adults is uncommon (Hoelkamp
favorable habitat within our study area (Van Horne et al.1984; Smith and Johnson 1985; Van Horne et al. 1997). Thus, the
1997). This is likely to change, however, as the habitat s in@dults sampled in 1993 were a subset of animals that bred in the
vaded by exotic annual plants, which increase the extent amsgme localities in 1991 and earlier, and represented the genetic

f f i b th highly fl bl h neighborhood as it existed in 1991. To compare genetic and demo
requency of fires because they are nighly flammabie whe raphic estimates from the same population, we estimated the ef

senescent (U.S. Department of the Interior 1996; Knick an@ective population size from demographic data collected before the
Rotenberry 2000). Native shrubs in favorable habitat are no§rought in 1992. No unusual weather events occurred during the 5
fire-adapted and are poor colonizers of burned areas. Burnggars prior to 1992 and ground squirrel densities before 1992 were
areas that contain Sandberg’s bluegrésa(sandberg)i a likely to have been high and stable.

Field sites
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Fig. 1. Location of three study areas (A, B, and C) within the Snake River Birds of Prey National Conservation Area in southwestern
Idaho. Numbered black squares indicate locations of 9-ha trapping grids for the demographic study (Van Horne et al. 1997). Samples
for genetic analysis were collected adjacent to the trapping grids, and the animals collected from each area are considered a
“subpopulation.” Shaded areas were dominated by shrubs and the white areas by grassland.
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Estimating N./N from population data Variance in reproductive success of both males and females has
a large effect on the effective population size (Nunney 1993; Barton
Major assumptions and Whitlock 1997). Estimating the effective population size re

Methods for estimating the effective population size depend orfluires the simplifying assumption that survival of males and fe
the type of population data available and the assumptions demandé&g@ales is independent of age after sexual maturity. In a 7-year study
by the specific model relating the population census numliptq  also conducted on the Birds of Prey Area, Smith and Johnson
the effective population size (Crow and Denniston 1988; Nunney(1985) found a nearly constant survival rate of adults once animals
and Campbell 1993). In particular, the variance-effective size of aeached maturity, although mean litter sizes vary from site to site
population is calculated from demographic data and is usually lesend from year to year (Smith and Johnson 1985; Van Horne et al.
than the number of adults in a population because a few individu1997). The method of estimation also assumes that both male mat
als account for most of the reproduction. We used a method foing success and female fecundity follow a Poisson distribution
estimating the ratio of variance-effective population size to the cenwithin populations (i.e., variation arises because of random factors
sus numberN, /N) in organisms with overlapping generations that that are independent of age). Given this assumption, Nunney’s
requires minimal demographic information (Nunney 1993; Nunney(1993) method depends upon knowing the proportion of individu
and Elam 1994). The model makes a number of assumptions thais thatattemptreproduction. We found that during the breeding
are met by the biology of Piute ground squirrels. At the most basicseason, virtually all Piute ground squirrels older than 1 year had
level, we assumed that subpopulations form randomly mating groupslescended testes and swollen nipples, which indicate sexuat matu
at least in regard to litter size and mating success. Our observationgy. Thus, we have evidence that nearly all individuals attempt
of male mating behavior and heterozygosity within subpopulationgeproduction in the year following their birth (Van Horne et al.
(see below) support this assumption. 1997).
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Table 1. Density (number/ha) of adult males, adult females, and juvenile Piute ground squspelsnophilus molligN,,

29

Ngp, andN;,

respectively), ratio of effective population size relative to population census NjZi)(for each area, and estimates of parameters used
in its calculation (Nunney and Elam 1994) for subpopulations found in each of three areas (A-C).

Area Nam Ny N N/Ng NN Ay A 14 GV 1aGEW T o=p x r lp, GK) 1y,

A 4.2 9.1 679 75 0.58 1.3 1.2 0.23 0.14 1.2 0.99 75 032 0.47 0.010
B 2.0 42 155 3.7 0.53 20 24 0.50 0.58 2.2 0.98 3.8 032 0.48 0.020
C 1.5 54 166 3.1 0.59 1.0 15 0.00 0.34 1.3 0.95 3.2 022 0.30 0.053

Note: A, and A; are male and female life-spans, respectivély;andl, are standardized variances of male and female life-spans, respectively (=
survival rate);T is generation timeg; is female reproductive success [f=proportion of females that successfully breed)s the fecundity of females
who produced at least one offspringjs the sex ratio of adults (proportion of malek), andl, are standardized variances of male and female lifetime
reproductive success, respectively. See the Methods for further explanation.

Male reproductive success also depends on the mating systerthat attempt to breedpf, the proportion of females that success
Here we assume the lottery polygyny model of mating: femaledully breed i), and the assumption of a Poisson distribution of
mate once during a season, while males mate multiple times with Areeding success (Nunney and Elam 1994). Given the average
random number of females. The mating behavior of male Piutdecurdity of all females,b;, the mean fecundity of females that
ground squirrels fits this model. During the mating period for Piute successfully breed is = b;/[1 — exp(-by)], from the Poisson distri
ground squirrels in the Birds of Prey area, we observed malebution. Thus, the proportion of females that successfully breed is

running long distances and entering widely scattered burrows; =

pxb;. If x is large & 4), thenx/b; = 1, and the proportion of

inhabited by breeding females. Males were nonterritorial and apfemalesthat successfully breed decreasesato= p. In other
peared not to discriminate with regard to location. Daily move words, when the numbers of offspring per female are Poisson-distributed
ments of males were greater than the size of our study plots (9 haand fecundity is between 3.1 and 7.5 offspring per female (see Ta
indicating that males can range over large areas to mate. It is-posdile 1), then few of the females that attempt to breed will be -com
ble that females also mate more than once, but assuming singfgetely unsuccessful. The standardized variancevas calculated

matings by females makes our estimatesNaf smaller than if
broods were sired by several males (Nunney 1993).

Calculations and additional assumptions

as (1 —oy)/ a;.

To estimate variance in male reproductive succeégg,(we as-
sumed a lottery polygyny breeding system. Because males are non-
territorial, we assume that all males attempted to breed,so 1.

We calculated the ratio of effective population size to actualUnder lottery polygyny, variance in male reproductive success will

population sizeN./N) for each of the three subpopulations (Fig. 1;
Van Horne et al. 1997). For areas A and B, we used the sum of inis included by adding a parametét, K =

be affected by the number of females that attempt to breed, which
r/[(1 —r)as], wherer is

dividuals per hectare in calculations of demographic parameterthe adult sex ratio (proportion of males in 1991) ands the pro-
rather than averaging estimates across sites within areas. This prpertion of females that attempted to breed. The variance in male
duced a weighted average that minimized the spurious effects akproductive success was calculatedigs= K + (1 — o)/ oy,

small sample sizes within individual plots. We had only one plot inWhena, = 1,1, =K.

area C.

Estimates ofN./N were based upon the assumption that repro-

Nunney’s (1993) method requires calculation of six parametersguctive success was randomly distributed as a Poisson variate. To

(1) maturation timeM, (2) adult life-spanA, (3) generation time
T, (4) variance in female reproductive succeks, (5) variance in
male reproductive succesk, , and (6) adult sex ratia, (Table 1).
Calculation ofNg/N was based upon the following (Nunney 1993;
Nunney and Elam 1994):

Ne
N

4r(1-r)T
IACL+ 1)+ (@Q-TARL+ T )+ (L) +rl

We assumed the mean maturation tinv® for both males and fe

test the effects of this assumption for females, we recalculated
Ne/N by assuming that a minimum number of femal@g,f) were
responsible for the juveniles observed on each site. ffhevalue

was determined from the number of juveniles on each site divided
by the average maximum litter size (9), which was determined by
counting embryos and uterine scars in necropsied adult females
(Van Horne et al. 1997). We also tested the effect of the assump
tion that all males attempt to breeal,{ = 1) onN/N by recalculat

ing No/N with the proportion of males attempting to breex,) of

0.75, 0.5, and 0.1.

males to be 1 year, as we saw no indication of lower reproductive
rates for yearling males and females than for older adults (Van

Horne et al. 1997).
Our estimates of the average adult life-span for eachAgxand
A;, which are needed to calculate generation tifg (ere based

Population genetic analysis
Our genetic study is based primarily upon RAPD from the poly
merase chain reaction (RAPD-PCR; Williams et al. 1990). RAPD

on the probability of recapturing in 1992 adults that were known tomarkers are abundant, dispersed throughout the genome, and segre
be alive at the end of the season in 1991. This estimate of survivjate as Mendelian loci (Antolin et al. 1996). The advantage of this
is low because it ignores emigration, but it provides an accuraténethod is that when protocols are standardized, a large number of
count of the animals that survive to breed at a given site. It ispolymorphic markers can be generated quickly. As demonstrated
unlikely that we failed to capture adult breeders still present theby Nei (1978), sampling variance of population genetic estimates

following year. Assuming constant adult survival, the average
adult life-span isA; = 1/(1 - v) for each sexi(= m,f). The stan
dardized wariance (variance/megnof the life-span of each sex was

is more affected when there are few loci than when there are few
individuals per subpopulation or few alleles per locus.
We collected material for genetic analysis by tail-clipping. When

I = (A —1)/ A, which decreases g, =V assuming age-independent possible, we recorded the age, sex, reproductive status, and body

survwonshlp Generation time was calculated Bs M — 1 + A;
(Nunney and Elam 1994).

Estimating variance in female reproductive succdsgg @epends
upon average litter sizé\(/N,; Table 1), the proportion of females

mass of each animal. For tail-clipping we used canine nail clippers
to snip a small section of the tail tip, including just enough of the
tail to contain a small piece of bone. We cleaned the end of the tail
with Providine surgical scrub before and after clipping, and we
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also applied an antibiotic cream after clipping. Tail snips wereage (350 V) at room temperature for 16 h (overnight). Six-

placed individually in sterile tubes in STE buffer (0.1 M sodium millimetre shark’s-tooth combs were used for loading to accommo

chloride, 0.05 M Tris-HCI, pH 7.5, 0.001 M EDTA) for storage date the 6—fiL of sample needed for each lane.

and were refrigerated until they were placed in freezers (-80°C). PCR products amplified by microsatellite primer IGS-110b were
To avoid influencing our livetrapped animals, we collected sam visualized by silver-staining after electrophoresis in 8% acrylamide

ples from unmarked animals captured on assessment trap lines peyels (Longranger 50% solution, FMC Bioproducts)lw& M urea

pendicular to each side of the square trapping grids in areas A—Git room temperature at 45 W, 40 mA for 4.5 h.

We also sampled tissues from animals collected within 500 m of

the trapping grids at sites A and C. These animals were collgctegcoring RAPD-SSCP bands and microsatellites
by shoot_lng or snap-trapping; carcasses were kept frozen prior t0 Amplified markers were scored directly from dried gels by mea

r§uring the band mobility of known size markers (1-kilobase ladder,
; ) BRL Laboratories) run in adjacent lanes, and fitting an inverse
was sllght_ly male-biased (37 males, 21 females) _and was- COMyncetion relating fragment size to mobility (Schaffer and Sederoff
posed mainly of adults .(44 of 58). The sampled juveniles Were1981). Sizes of amplified fragments were estimated from their mo
likely to have been born in the area where they were collected. Al bilities using the mobility—size function. The RAPD-PCR method

though male juven”e ground squirrels d!sperse, most of th_is dis ienerates numerous bands, some not repeatable. All PCR reactions
persal occurs late in the season when animals are approaching thglg repeated twice, and we scored only bands that were clearly
normal hibernation/estivation mass of >200 g. We sampled an'malaiscernible in both PbR runs

before May 1, prior to the juvenile dispersal period, and at-rela The majority of RAPD-SSCP markers segregate as band

tively low body masses (62-98 ). presence / band absence polymorphisms, the band-present alleles
) being dominant (in the genetic sense) and the band-absent (rull) al
DNA extraction leles recessive. We identified three codominant markers after subject
DNA was extracted from tail tissue by means of the CTAB ing our RAPD data to RAPDLD, a program that calculates linkage
(hexadecyltrimethylammonium bromide) procedure (Black anddisequilibrium from RAPD data (William C. Black IV, available on
DuTeau 1997). Tail clips were lysed in 500 CTAB homogeniza  the Internet by anonymous ftp from <ftp://lamar.colostate.edu/
tion buffer (100 mM Tris-HCI, pH 8.0, 1.4 M NacCl, 0.02 M EDTA, pub/wcb4>). Three pairs of adjacent bands had significant disequi
2% CTAB, 0.2% 2-mercaptoethanol) by grinding each sample withiibrium in all three subpopulations and never showed a null geno-
a plastic pestle (Kontes) in a 1.7-mL microcentrifuge tube untiltype (i.e., bands were always present at one or both positions).
only a small bone fragment remained. In the end, the DNA pellet_inkage disequilibrium between adjacent bands on the gel indi-
was resuspended in 1Q0. TE (10 mM Tris-HCI, 1 mM EDTA,  cated that inheritance of the two markers was not independent, and
pH 8.0), the DNA concentration was determined by spectrothese were therefore treated as codominant loci, each with a “fast”
photometry, and DNA was diluted to a concentration of 5uhg/  and a “slow” band-present allele. We have found similar codominant
markers in other studies based on RAPD-SSCP markers (Antolin et
PCR amplification al. 1996; Vaughn and Antolin 1998). Only these three pairs of
RAPD-PCR was performed as described in Black et al. (1992)bands showed consistent linkage disequilibrium; otherwise, linkage
with 1 uL (5 ng) DNA template used in each 50-reaction. Each  disequilibrium was less than 5% in all subpopulations.
set of PCR reactions was checked for contamination using a negative Microsatellite alleles amplified by primer pair IGS-110b were
control (all reagents except template DNA). Primers were eithe@lso identified from their mobility on gels. Five alleles were identi
obtained from Operon Technologies, Alameda, California (primers Asfied, four of which (A-D) differed by a single 3-bp repeat in the
A6, A9, A20, B16, C1, C4, AM10) or were designed by N. DuTeau range 285-300 bp. A fifth allele (E) was much shorter, 270 bp.
(BanH1: 5-ATGGATCCCG-3, Eca 5'-ATGAATTCGC-3'). These
primers were chosen because they amplified numerous repeataligenetic-data analysis

RAPD fragments. _ ) ) ) Data were analyzed using the program TFPGA (version 1.3,
One microsatellite locus was also amplified using a pair ofayajlable from Mark P. Miller, MPM2@nauvax.ucc.nau.edu) - Ge
primers developed for the Ildaho ground squirr€ipg¢rmophilus  notype frequencies of the codominant markers (one microsatellite
idahoensiy by May et al. (1997). The primer pair IGS-1100'{5 and three RAPD-SSCP) were tested for deviations from Hardy—
CCATGGAAGCATGTCTGGTG-3 5-TGCTTCCTGATTTCAAAG-  \weinberg expectation using Haldane’s exact probabilities. Genetic
TTGC-3) amplified a variable 3-base-pair (bp) (TGC) motif in the parameters for a subdivided population were estimated according
Idaho ground squirrel. PCR conditions (i.e., nucleotide and MgCl tq the analysis of variance of Weir and Cockerham (1984). These
concentrations, annealing temperature 52°C) exactly followed thosﬁarameters were first defined by Wright (1978) and include the

in May et al. (1997), using fL (5 ng) DNA per reaction. overall level of inbreeding Kk = Fyr), genetic differentiation of
subpopulations@,epuiaions= Fs7), and levels of inbreeding within
Electrophoresis subpopulations { = F,g). Weir and Cockerham’s (1984) procedure

Complete details concerning visualization of RAPD-PCR by corrects for small and unequal sample sizes among subpopulations,
means of single-strand conformational polymorphism (SSCP) analyand allows for estimation of confidence intervals by bootstrapping.
sis, including silver-staining of gels, are given in Antolin et al.  Allele frequencies of 32 dominant presence/absence RAPD-SSCP
(1996) and Black and DuTeau (1997). The use of large poly markers were estimated from the frequency of the recessive band-
acrylamide gels reveals a large number of polymorphisms per primesibsent genotype. In each subpopulatighs /N, whereS; is the
and, in particular, detects codominant size-fragment polymorphismaumber of individuals having no band ahtdis the number of indi
where all homozygous and heterozygous genotypes can be resolvedduals in the subpopulation. Frequencies of homozygous -geno
Briefly, PCR products (L) were mixed with 2uL loading buffer  types relate directly to allele frequencies when each subpopulation
(95% formamide, 10 mM NaOH), denatured to single strands withhas Hardy—Weinberg genotype frequencies, which we confirmed
heat and then plunged into ice to promote the formation of intra from the four codominant loci. For each locus, estimates of allele
strand complexes (i.e., SSCPs) while reducing the formation ofrequency,, were corrected for bias and small sample size accord
double-stranded DNA. The products were electrophoresed on largieag to Lynch and Milligan (1994). The population subdivision pa
(40 x 50 cm), thin (0.4 mm) glycerol (5%) polyacrylamide (5% with rameter®,q,jaions (Weir and Cockerham 1984) was estimated for
2% cross-linking) gels. Electrophoresis proceeded at constant volthese markers, as was tig; parameter based upon Lynch and
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Table 2. Ratio of effective population size to population census Table 3. Ratio of effective population size to population census
number {Ng/N) for subpopulations in each of the three sampling number (. /N) for subpopulations in each of the three sampling
areas, assuming that observed offspring were produced by the areas, and variance in male reproductive succks$ when the

fewest adult females possible. proportion of males attempting to breeal,j is reduced.
Area p = 0o X Iy, = K I, Ne/N Area a,=1.0 a, = 0.75 a,=0.5 a,=0.1
A 0.83 9.0 0.57 0.20 055 A
B 0.41 9.0 1.15 1.44 0.43 Ne/N 0.58 0.51 0.43 0.13
C 0.34 9.0 0.83 1.94 0.38 Iy, 0.47 0.81 1.47 9.47
Note: Parameters that differ from those given in Table 1 are shown. B
Ne/N 0.53 0.50 0.45 0.19
Iy 0.48 0.81 1.48 9.48

'm

Milligan’s (1994) corrections for RAPD markers, using the pro
gram RAPDFST (available from William C. Black IV at Colorado
State University)_ Ne IN 0.59 0.50 0.38 0.10

Population parameter®©g,nyiatons @aNd Fg7) were used to esti |y, 0.30 0.63 1.30 9.30
mate the effective migration ratdl,m, which is the average effec
tive size of each population multiplied by the migration rate,
between subpopulations (Wright 1978). The relationship between
O(Fst) and m in the island model, assuming that populations are

Note: Values fora,, = 1.0 are the same as in Table 1.

in migration-drift equilibrium, isNgm = (1 —©)/(40) or Nym = females (including both dispersers and non-dispersers) from
(1 — Fsp/(4Fsy). Olson and Van Horne (1998), is 445 m. A circle with radius
of 445 m has an area of 62.2 ha. Densities in our study area
Results ranged from 6.2 to 13.3 adults/ha (Table 1). Combining sub
population densities with estimates /N from each of the
Effective population size areas (Table 1) provides estimates of effective population

Estimates of parameters and effective population sizes arizes in the neighborhoodl, that range from 204 adults for

given in Table 1. Despite the fact that densities in the threeirea B (6.2 adults/ha x 62.2 ha x 0.53) to 480 adults for area
areas ranged from 6.2 to 13.3 adults/ha, estimates of the ra: (13.3 adults/ha x 62.2 ha x 0.58).

tio of effective population sizes to census numhéy/) fell
in a narrow range, between 0.53 and 0.59. ThéN value  population genetic estimates

was also insensitive to variation among the three areas in the Within each subpopulation, genotype frequencies of the
number of offspring per female, adult survival, and life-spanthree codominant RAPD loci and the microsatellite locus did
(Table 1). not differ from Hardy—Weinberg expectations (exact tests,
Effective population size was sensitive to assumptions abowll P > 0.05). Meeting the assumption of Hardy—Weinberg
male and female reproductive success. When effective popiquilibrium within each subpopulation is necessary for cor-
lation size was calculated by assuming that offspring wergectly estimating allele frequencies of band present/band
from the fewest females possible (9.0 progeny per female)absent (dominant) RAPD markers (Lynch and Milligan 1994).
we found larger differences iN/N values among areas (Ta  For the 32 dominant RAPD markers, both measures of
ble 2). Estimates of effective population size were reducegopulation structure showed low but statistically significant
most in subpopulations with the greatest increase in variancgifferentiation .y ations Fst = 0.07), and both had confidence
in female reproductive success. Changes in female reproduntervals that did not include zero (Table 4). The value for
tive success increased variance in male reproductive succegfe four codominant markers was slightly grea@J,fuiations=
through the parameté (i.e., male mating opportunities be 0.10), but was not significantly different from zero. Also, the
come restricted when fewer females breed). In aredlM\  codominant markers showed no evidence of inbreeding within
was reduced by 5%, while in areas B and C it was reducedubpopulationsf(= 0), as expected when there are no devia
by 20 and 36%, respectively. Changing the proportion oftions from Hardy—Weinberg expectations. The effective mi
males that attempt to breed,() also increased variance in gration ratesNym), =3.3 for the 32 dominant RAPD markers
male reproductive success and reduced effective populatioand 2.3 for the 4 codominant markers, indicate that there

size (Table 3). At the extreme, if only 10% of males bred,was considerable gene flow among these subpopulations.
variance in reproductive success dramatically increased to

>9 andN./N was reduced to 0.10-0.19. : :

We can estimate effective population size and “neighborDlscussmn
hood size” for each subpopulation and the probability of Our estimates of effective population size and population
successful dispersal between subpopulations by combiningubdivision of the Piute ground squirrel population in the
these data with the results of a parallel dispersal study caiSnake River Birds of Prey National Conservation Area in
ried out on the Birds of Prey Area at the same time (Olsoriddaho complement each other: effective population size was
and Van Horne 1998). Dispersal was measured by followingelatively large in this continuous habitat and genetic differ
radio-collared animals. We may calculate neighborhood sizentiation among the three subpopulations was low. Large
by considering the 85th percentile distance that individualgpopulation size N, > 200) and (or) regular gene floviNfm =
are likely to move from their place of birth to where they 2.3-3.3) prevent genetic drift from causing subpopulations
breed (Chepko-Sade et al. 1987). This distance, taken as the diverge. In addition, our genetic data show no evidence of
average for the 26 radio-collared males and 12 radio-collarethbreeding within subpopulations, and thus many of the
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Table 4. Levels of population subdivision using 4 codominant markers and 32 dominant RAPD markers.

Fst (Lynch and

F Opopulations f Milligan 1994)
4 codominant markers
IGS-110b 0.064 —0.003 0.066
A6.825 0.570 0.431 0.245
A6.900 —-0.052 —-0.015 —-0.037
A9.870 -0.211 -0.012 -0.197
Total 0.095 (-0.13, 0.42)  0.095 (-0.01, 0.32) 0.0003 (-0.12, 0.14)
32 dominant RAPD markers 0.071 (0.02, 0.13) 0.072 (0.01, 0.13)

Note: Estimates of overall levels of inbreeding € F,;), population subdivision® = Fg;), and within-subpopulation inbreedin§ £ F,5)
follow Weir and Cockerham (1984) or Lynch and Milligan’s (1994) correctiorfgf for RAPD markers. Numbers in parentheses show
95% confidence intervals.

population-level assumptions needed for estimating effectiveather than from present-day influences of the mating system
population size (Nunney and Elam 1994) and gene flowor variance in reproductive success. The inbreeding-effective
based upon RAPD-PCR markers (Lynch and Milligan 1994)size may be much smaller than the variance-effective size
are met. This genetic pattern matches our field observatioastimated from demographic and dispersal data (cf. Grant
that adult males are nonterritorial and wide-ranging, andand Grant 1992). The 1992 bottleneck in the Piute ground
commonly moved in and out of burrows where femalessquirrel population resulted from both reduced reproduction
reside. We can combine our estimates of neighborhood sizZey adults and lower juvenile survival, rather than from lower
(No) with estimates of effective migration ratBlgn) of 2.3—  adult survival. Thus, surviving adults provided a “genetic
3.3 to estimate migration rates among subpopulations. Thugridge” that served to ameliorate the effects of genetic drift
we may expect than, the probability of successful dispersal during the bottleneck (Nunney and Elam 1994), and would
per generation between subpopulations separated by ~10 kiprevent the inbreeding-effective size of the population from
is between 0.005 and 0.016. The effective population siz&decoming smaller than the variance-effective population size.
and neighborhood size for the Piute ground squirrel are con@ur measures of genetic variation within subpopulations show
siderably larger than estimates for the banner-tailed kangaio deficiency of heterozygosity immediately after the drought
roo rat Oipodomys spectabilisiaser and Elliot 1991) and (Table 4), which further strengthens the conclusion that the
white-footed mouseReromyscus leucopuSmith and Sloan genetic effects of the drought were small. Finally, despite
1988). Average dispersal distances were much shorter fdowered juvenile survival and lower reproduction, none of
these species than for the Piute ground squirrel. the subpopulations became extinct during or immediately
Estimates ofN/N such as Nunney’s (1993) are based onafter the drought. Thus, our estimates3f,;aions(Fst) are
variance-effective population sizes and are calculated fromiot likely to be inflated by extinction—recolonization processes
demographic data. Estimates of variance-effective size ardMcCauley 1991; Hastings and Harrison 1994; Barton and
usually less than the number of adults in a population beWhitlock 1997).
cause a few individuals account for most of the reproduction The level of genetic differentiation that we observed between
in a population (Crow and Denniston 1988; Nunney andareas ® ~ 0.07-0.10) compares favorably with estimates
Elam 1994). As is seen in Tables 2 and 3, variance-effectivenade on similar spatial scales for other small mammals
size depends critically on the variance in reproductive- suc(Chesser 1983; Lidicker and Patton 1987; Waser and Elliott
cess. Our estimates df/N decrease if we assume that fewer 1991; van Staaden et al. 1994; van Staaden 1995; Roach
females or males contributed to reproduction. However, oui999). Two exceptions make interesting contrasts. First, Co
observations of male movements and the numbers of-juvdumbian ground squirrelsSpermophilus columbianu# the
niles emerging from each burrow show that it is unrealisticRocky Mountains in southern Alberta, Canada, had lower
to assume that few breeding adults produced large litterdevels of genetic subdivision among populatioRg{(= 0.026)
Even if we relax the assumption that all males bresd £ in mountain valleys separated by 20-180 km (Dobson 1994).
1.0) in order to include only 50% of males,(= 0.5), esti  This contrasting pattern could have arisen because of histori
mates ofNJ/N are only reduced to ~0.4 (Table 3). Thus, ourcal effects like dispersal/colonization during a short period
estimates ofN/N are robust and represent the average for an the past and large effective population sizes since celoni
number of mammalian species, ~0.5 (Nunney and Elam 1994)zation (Koenig et al. 1996). Second, northern Idaho ground
Our population endured a bottleneck caused by drought igquirrels Spermophilus brunneus brunnguasplayed greater
1992 (Van Horne et al. 1997). The long-term effect of agenetic subdivision Ksr = 0.167) over a 30-km distance
drought would be a reduction in effective population size inthan we found in the Piute ground squirrel (Gavin et al.
proportion to the smallest population size during the bettle 1999). The Idaho ground squirrel had smaller subpopulations
neck (the harmonic mean of;, Crow and Denniston 1988). and a shorter dispersal distance (20-200 m) than the Piute
Over the long term, population bottlenecks may reduce geground squirrel, and its habitat became fragmented recently
netic variability and effective population size. This reduction(Gavin et al. 1999).
in genetic size of a population is known as inbreeding-effective Our sampling regime did not allow us to examine the ex
size and results from limited genetic variability in the pasttent to which our measures of population subdivision could
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be inflated by local genetic structure resulting from “matrilinealHughes Undergraduate Fellowship through Colorado State
effects” (Templeton 1987; van Staaden 1995; Dobson et alniversity. B. May provided primers for microsatellites. Tom
1998). Given that females are sedentary, we may expect th&avin, Alan Molumby, Len Nunney, Joe Travis, and a-dili
individuals collected from a single area may be closely re gent anonymous reviewer provided helpful comments.

lated to each other, and that this family structure will con

tribute to the genetic variation among areas. In Richardson’s
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