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Abstract We used demographic, spatial, and microsatel-

lite data to assess fine-scale genetic structure in Ethiopian

wolves found in the Bale Mountains and evaluated the

impact of historical versus recent demographic processes on

genetic variation. We applied several analytical methods,

assuming equilibrium and nonequilibrium conditions, to

assess demography and genetic structure. Genetic variation

(HE = 0.584–0.607, allelic richness = 4.2–4.3) was higher

than previously reported for this species and genetic struc-

ture was influenced by geography and social structure.

Statistically significant FST values (0.06–0.08) implied

differentiation among subpopulations. STRUCTURE anal-

yses showed that neighbouring packs often have shared co-

ancestry and spatial autocorrelation showed higher genetic

similarity between individuals within packs and between

individuals in neighbouring packs compared to random

pairs of individuals. Recent effective population sizes were

lower than 2n (where n is the number of packs) and lower

than the number of breeding individuals with Ne/N ratios

near 0.20. All subpopulations have experienced bottlenecks,

one occurring due to a rabies outbreak in 2003. Neverthe-

less, differentiation among these subpopulations is consis-

tent with long-term migration rates and fragmentation at the

end of the Pleistocene. Enhanced drift due to population

bottlenecks may be countered by higher migration into

disease-affected subpopulations. Contemporary factors

such as social structure and population bottlenecks are

clearly influencing the level and distribution of genetic

variation in this population, which has implications for its

conservation.
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Introduction

Knowledge of population genetic structure can provide

information on both historical events and contemporary

processes relevant to the conservation and management of

endangered species. Since genetic structure is often the

consequence of multiple factors and their interactions, the

mechanisms underlying the observed level and distribution

of genetic variation are not always obvious. For instance,

the impact of historical demographic changes (e.g. range

contraction or expansion) on population genetic structure or

divergence will be influenced by current levels of gene flow

resulting from dispersal or mating systems (McRae et al.

2005; Wayne and Koepfli 1996). Specifically, breeding

structure can have important effects on fine-scale genetic

structure by imposing social barriers to gene flow (Scribner
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and Chesser 1993) or producing non-random genetic

structure consistent with sex-biased dispersal (Peakall et al.

2003). Similarly, habitat fragmentation (Keller and Larg-

iadèr 2002; Riley et al. 2006) and population bottlenecks

(Clegg et al. 2002) can have significant impacts on genetic

structure. Given this complexity, studies of population

genetic structure and the mechanisms by which it is shaped

should interrogate different spatial and temporal scales, and

demographic processes.

The Ethiopian wolf (Canis simensis) is a rare canid

endemic to the Ethiopian highlands (Sillero-Zubiri et al.

2004). The species is highly social, forming cohesive packs

of related kin (Randall et al. 2007) that share and defend

small, exclusive territories (Sillero-Zubiri and Gottelli

1995b). Their distribution is restricted by a specialized diet

on Afroalpine rodents which are confined to altitudes above

3000 m a.s.l. (Sillero-Zubiri and Gottelli 1995a). Using

mitochondrial DNA and phylogeographic data, Gottelli

et al. (2004) concluded that the species’ current geographic

and genetic structure resulted from habitat reduction and

fragmentation approximately 10,000–15,000 years ago

when late Pleistocene global climatic changes reduced the

extent of Afroalpine habitat to which Ethiopian wolves are

adapted to a limited number of small, isolated mountain

ranges. This coincided with a reduction in population size to

probably a few thousand individuals (Gottelli et al. 2004).

More recent habitat loss due to the expansion of human

agriculture caused a further decline in numbers, resulting in

a current global population estimate of approximately 500

individuals in seven small populations in Ethiopia (Marino

2003b).

In this study, we investigate the impact of contemporary

demographic processes on the level and distribution of

genetic variation among Ethiopian wolves in the Bale

Mountains. In particular, we examine the impact of social

structure, dispersal and human-induced disease outbreaks

on genetic diversity and genetic structure. Social structure

and breeding behaviour are important determinants of

genetic diversity (Storz 1999) and where population sub-

structure exists, the ‘social’ models introduced by Chesser

(1991a, b) may be better predictors of genetic structure than

isolation by distance (Wright 1943). Historic or recent

population bottlenecks may also promote the loss of genetic

variation by reducing effective population sizes (Ne) and

enhancing genetic drift (Nei et al. 1975; Wright 1931).

Possible bottlenecks among Ethiopian wolves in the Bale

Mountains caused by outbreaks of disease include at least

two, possibly three, rabies outbreaks in the last 20 years

(Randall et al. 2006; Randall et al. 2004; Sillero-Zubiri et al.

1996b) as well as at least one, possibly two, recent canine

distemper outbreaks (Laurenson et al. 1998, EWCP

unpublished data). Typically, these disease outbreaks result

in 50–70% mortality in affected subpopulations (Randall

et al. 2006). Thus, understanding the interacting effects of

social structure and population bottlenecks on the amount

and distribution of genetic variation is important for

assessing whether conservation actions are necessary to

maintain genetic viability and, thus, ensure population

persistence (Gilpin and Soulé 1986; Lacy 1997).

To examine the relative impact of historic versus recent

events on genetic structure, we assess genetic variation in

three Ethiopian wolf subpopulations using 17 microsatellite

markers. We apply a Bayesian clustering method to eval-

uate genetic structure without any a priori assumptions

about the spatial distribution of individuals, followed by

spatial-autocorrelation analysis to illustrate the relationship

between genetic structure and the known geographic dis-

tribution of individuals, packs and subpopulations. We also

measure levels of differentiation between subpopulations

and test for the genetic signatures of bottlenecks. Differ-

entiation between subpopulations may reflect the gradual

accumulation of genetic differences due to drift since hab-

itat fragmentation at the end of the Pleistocene. Alterna-

tively, social structure and/or recent localized population

bottlenecks may be enhancing genetic differentiation above

that predicted from migration–drift equilibrium. We expect

both long-term and contemporary processes are interacting

to enhance fine scale genetic structure at both the pack and

subpopulation level, and test these alternative hypotheses

using a range of analytical approaches and tools.

Methods

Study population and sampling

We studied three subpopulations of Ethiopian wolves (Web

Valley, WV; Morebawa, MB, and Sanetti, SN) within the

Afroalpine massif of the Bale Mountains (Fig. 1). Each

subpopulation contained between eight and 16 focal packs

whose size, composition and territory boundaries were

known from field observations. Pack sizes ranged from two

to 11 individuals ([1 year old). Pups were excluded from

our analyses to limit bias due to the sampling of close rel-

atives. Territory boundaries were constructed using 95%

minimum convex polygons in the Animal Movement

extension (Hooge and Eichenlaub 2000) of ARCVIEW 3.2

(Environmental Systems Research Institute, Inc., Redlands,

CA, USA). Following Sillero-Zubiri and Gottelli (1995b),

we included all breeding season (October to March) loca-

tions obtained during focal follows of packs on boundary

patrols. Between 40 and 200 locations were obtained for

each pack, except three packs that had between 25 and 40

locations, and five packs that had \25 locations. Subpop-

ulation and territory centroids were determined from the

average x and y coordinates among GPS locations.

90 Conserv Genet (2010) 11:89–101

123



DNA was obtained from both faecal and tissue samples

according to Randall et al. (2007). Wolves from two sub-

populations (WV and SN) were genotyped for a previous

study on the species’ mating system (Randall et al. 2007).

For this study on fine-scale population genetic structure, we

additionally genotyped wolves from a third subpopulation

(MB) and wolves in the Web Valley immediately after a

rabies outbreak in 2003 (Randall et al. 2004). The latter

samples are collectively designated WV2 to distinguish

them from samples collected from the Web Valley before

the rabies outbreak (WV). Overall, we carried out analyses

using genotypes from 140 wolves present in three sub-

populations (43 wolves in WV, 44 wolves in MB, and 53

wolves in SN) and 16 individuals in WV2 (Table 1).

Genotyping

We genotyped individuals for 17 domestic dog microsat-

ellite loci, including 16 tetranucleotide repeat loci

(FH2001, FH2054, FH2119, FH2137, FH2138, FH2140,

FH2159, FH2174, FH2226, FH2293, FH2320, FH2422,

FH2472, FH2537, PEZ17, and PEZ19, in Breen et al. 2001;

Neff et al. 1999) and one dinucleotide repeat locus

(C05.377, Ostrander et al. 1993). DNA was extracted from

faeces using QIAamp� DNA Stool Mini Kits (QIAGEN)

and from tissue using QIAamp� DNA Mini Kits (QIA-

GEN) according to the manufacturer’s protocol. Genotypes

were obtained by PCR amplification using the QIAGEN

Multiplex PCR Kit with either (i) a fluorescent dye-labelled

Fig. 1 The distribution of pack

territories in the Bale Mountains

in three subpopulations (WV,

MB, SN). Pack ID and cluster

number correspond to those in

Table 2. Colours indicate one of

10 clusters to which packs were

assigned based on the highest

average probability of

assignment (q) of genotyped

individuals. Unfilled polygons
indicate focal packs in which no

individuals were genotyped in

this study. Packs are present

throughout wolf habitat in the

Bale massif, but we only show

the territories of focal packs

included in this study

Table 1 Genetic diversity and estimated total allelic diversity in three subpopulations and Web Valley after the rabies outbreak in 2003 (WV2).

Standard errors are in parentheses

Sub-population n FIS HO HE AR Alleles observed Asymptote method Rare allele method

Mean 95% CI Mean 95% CI

WV 43 -0.06 0.64 (0.03) 0.61 (0.03) 4.2 (0.2) 83 83 75–91 99 88–137

MB 44 -0.02 0.59 (0.04) 0.58 (0.04) 4.3 (0.3) 82 82 80–84 84 83–92

SN 53 -0.04 0.64 (0.04) 0.61 (0.04) 4.3 (0.3) 83 83 81–85 83 82–90

WV2 16 -0.02 0.67 (0.04) 0.65 (0.03) 4.4 (0.3) 76 76 70–82 85 79–108

The number of alleles observed is compared to allelic diversity estimated from the asymptote and rare allele methods

Values represent means for 1,000 randomizations of genotypes (n) within subpopulations

Conserv Genet (2010) 11:89–101 91

123



forward primer, or (ii) a hybrid forward primer consisting

of the published forward primer with a M13F (-20)

sequence (16 bp) added to the 5’ end and a fluorescent dye-

labelled M13F (-20) primer (Boutin-Ganache et al. 2001).

The reverse primer was unlabelled. Reactions were per-

formed in 10 ll volumes containing 1.5 ll DNA, 1.0 ll

primer mix, 0.4 ll 10 mg/ml BSA, 5.0 ll QIAGEN 10x

master-mix, and the remainder ddH2O. Amplifications

were performed on a programmable Peltier Thermal Cycler

(MJ Research PTC-200) using multiplex cycling profiles

for standard dye labelled primers and M13 hybrid primers

as follows. Standard dye-labelled primers: 95�C for

15 min; 12 cycles at 94�C for 30 s, 60�C for 90 s dropping

by 0.5�C per cycle, and 72�C for 60 s; then 33 cycles at

89�C for 30 s, 55�C for 90 s, and 72�C for 60 s plus a final

extension at 60�C for 30 min. M13-labelled primers: 95�C

for 15 min; 25 cycles at 94�C for 30 s, 59�C for 90 s, and

72�C for 60 s; then 20 cycles at 94�C for 30 s, 53�C for

90 s, and 72�C for 60 s plus a final extension at 60�C for

30 min. Genotyping reactions were run on a Beckman-

Coulter CEQTM 2000XL automated sequencer. Fragment

sizes were scored automatically using CEQTM 2000 soft-

ware version 3.0 and checked manually with reference to a

size standard. To account for genotyping errors when using

non-invasive samples (Pompanon et al. 2005), faecal

samples were genotyped using a multiple-tubes approach

(Navidi et al. 1992; Taberlet et al. 1996) in which both

alleles at a heterozygous locus were amplified at least twice

and the single allele of a homozygous locus was amplified

at least three times. Single-locus genotypes were treated as

missing data if consistent results could not be achieved

with the above approach, and samples that produced

unreliable genotypes or no PCR product at four or more

loci were discarded. Out of 680 faecal samples analysed,

119 yielded usable genotypes. In addition 121 tissue sam-

ples all yielded usable genotypes.

Genetic diversity

Genetic diversity was measured as the observed (HO) and

expected (HE) heterozygosity (Nei 1987) using CERVUS

(Marshall et al. 1998), and per locus allelic richness (El

Mousadik and Petit 1996) using FSTAT version 2.9.3

(Goudet 1995). We checked whether our sampling protocol

captured total allelic richness within subpopulations with

EstimateS version 7.5 (Colwell 2005) using (1) a non-

parametric estimator based on the distribution of rare alleles

(Chao 1984), and (2) an asymptotic estimate based on

extrapolation of moment-based rarefaction curves (Colwell

and Coddington 1994). The asymptote (a) of the rarefaction

curve was determined using the Michaelis–Menten function

y = (ax)/(b ? x), where y is the cumulative number of

alleles, x is the number of individuals sampled, and b is a

constant representing the slope or rate at which the curve

becomes asymptotic (Colwell and Coddington 1994). After

checking the data for normality, we applied an analysis of

variance (ANOVA) to compare HO, HE, and AR between

subpopulations. Significant differences in HO, HE and AR

before and after the rabies outbreak (WV versus WV2) were

tested using paired t-tests. Statistical tests were performed

in SPSS 13.0 (SPSS Inc.).

Deviations from Hardy–Weinberg equilibrium (HWE)

and linkage disequilibrium (LD) were assessed using

GENEPOP version 3.2 (Raymond and Rousset 1995) with

an adjusted P-value corresponding to alpha = 0.05

(a = 0.0004) after Bonferroni correction (Rice 1989). The

level of inbreeding was measured using the inbreeding

coefficient FIS. Global tests of heterozygote deficit were

conducted for each subpopulation with critical values

corrected for four comparisons (a = 0.0125), each locus

within subpopulations with critical values corrected for 17

comparisons (a = 0.0029), and for each locus overall

subpopulations with critical values corrected for 68 com-

parisons (a = 0.0007).

Genetic differentiation and structure

We measured genetic differentiation between subpopula-

tions using Weir and Cockerham’s (1984) estimator of FST

in FSTAT version 2.9.3 (Goudet 1995). Statistical signifi-

cance of pairwise FST values were tested by 1,000 ran-

domizations of genotypes among subpopulations (Goudet

et al. 1996) using adjusted P-values corresponding to

a = 0.05 after Bonferroni correction (Rice 1989). We also

applied a hierarchical analysis of molecular variance

(AMOVA, Excoffier et al. 1992) in GENALEX (Peakall

and Smouse 2006) using FST values to partition total vari-

ance at different levels of population structure and testing

for significance by 1,000 permutations. To assess the

influence of poorly sampled packs on these statistics, we ran

separate analyses restricted to (i) packs with more than one

genotyped individual, and (ii) packs with four or more

genotyped individuals.

We implemented a Bayesian clustering method using

STRUCTURE 2.1 (Pritchard et al. 2000) to infer the

number of genetic clusters (K) without any a priori

assumptions about sample location. The stability of the

inferred clusters was evaluated using three independent runs

at K = 1–20 with a burn-in period of 50,000 steps followed

by 500,000 Markov chain Monte Carlo (MCMC) cycles.

Summary statistics (log likelihood and alpha) were moni-

tored to verify convergence during burn-in. We ran

STRUCTURE assuming correlated allele frequencies and

admixture to account for gene flow and mixed ancestry

within the population. STRUCTURE calculates the log

likelihood of the data (Ln P(XjK)), for each K value and the
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probability of membership (q) in a cluster for each indi-

vidual. We examined individual cluster assignments as a

function of K (progressive hierarchical clustering pattern

analysis) in comparison with the value for Ln P(XjK) for

each K value and our biological knowledge of the Ethiopian

wolf system (i.e. social structure, packs and subpopulations)

to determine the most true number of clusters to use for

subsequent analyses (e.g. migrant identification).

Gene flow and migration

We assessed gene flow by spatial-autocorrelation using

GENALEX version 6 (Peakall and Smouse 2006). The

autocorrelation coefficient, r, estimates the genetic simi-

larity between individuals within each geographic distance

class. Geographic distances were calculated as the Euclid-

ian distance between pack centroids (i.e. average x and y

coordinates) for each comparison pair with distance classes

allocated (0, 3, 6, 9, 12, 15, 20, 30 and 40 km) so that

sample sizes were similar. The significance of the correla-

tion was determined using 95% confidence intervals (CIs)

around the null hypothesis of ‘no spatial genetic structure’

based on 1,000 randomization of individuals among dis-

tance classes. Bootstrapping was used to estimate the 95%

CIs for estimates of r. Adult females and adult males were

also tested separately to assess gene flow that may result

from sex-biased dispersal.

Long-term migration between subpopulations was esti-

mated in MIGRATE 2.4 (Beerli and Felsenstein 1999). The

program estimates h (4Nel, where Ne is the effective pop-

ulation size and l is the mutation rate) and M (m/l, where m

is the unscaled migration rate independent of mutation)

assuming equilibrium conditions and constant h and M

values. We used 10 Markov chains of 10,000 steps and three

chains of 100,000 steps and an adaptive heating scheme

(temperatures 1.0, 1.2, 1.5, 3.0). Runs were repeated until

the confidence intervals for the posterior probabilities of h
and M overlapped and using prior estimates of h and M as

starting parameters for subsequent runs (four runs were

sufficient and we report h and M estimates for the final run).

Long-term migration rates (mMIG) were estimated from M

(Palstra et al. 2007; Turner et al. 2002).

Recent migration (over the last several generations) was

estimated using a Bayesian MCMC analysis in BayesAss

1.3 (Wilson and Rannala 2003). Individuals were pre-

assigned to subpopulations based on sampling location and

the program returned means of the posterior probabilities

for migration rates (mBAY) into each subpopulation. Baye-

sAss uses a non-equilibrium method and does not assume

HWE within subpopulations. Values were averaged from

four runs using default parameters on the first run and dif-

ferent random seed and delta values for subsequent runs to

check for consistency in the results (Austin et al. 2004). The

confidence intervals derived by BAYESASS were com-

pared to those that occur when there is no information in the

data to determine if mBAY results are reliable.

First generation immigrants were identified using pos-

terior probability assignment analysis in STRUCTURE

with individuals pre-assigned to a cluster based on the

highest average q value for all members of the same pack.

Individuals were considered long-distance immigrants if

their highest posterior probability assignment was[0.5 in a

cluster from a different subpopulation and local immigrants

if their highest posterior probability was [0.5 in a cluster

from the same subpopulation.

Effective population size

We obtained estimates of long-term effective population

size (Ne) for each subpopulation based on h = 4Nel, using

estimates of h and the average mutation rate of 10-2 for

canid tetranucleotide microsatellites (Francisco et al. 1996).

Francisco et al. (1996) evaluated over 3,000 meioses to

quantify the mutation rate for the microsatellite loci used in

this study and thus we feel that this mutation rate is robust.

Long-term Ne derived from a constant h value may not

reflect recent demography and breeding patterns. Therefore,

estimates of current Ne were made with Hill’s (1981)

linkage disequilibrium (LD) method and Pudovkin et al.’s

(1996) heterozygote excess method using Ne Estimator v

1.3 (Peel et al. 2004). Hill’s method estimates Ne by

assessing LD and the correlation among alleles at different

loci (r) in a sample. Pudovkin’s method is based on the

heterozygote-excess principle where the allele frequency in

males and females will be different due to binomial sam-

pling error for small numbers of breeders. This difference

generates an excess of heterozygotes in progeny compared

to the proportion of heterozygotes expected under Hardy–

Weinberg equilibrium. Thus, Pudovkin et al. (1996) showed

that heterozygote excess can be used to estimate the number

of breeding individuals. Both methods were selected

because they do not require temporal data. Furthermore, the

LD method delivers reliable estimates when the sample is

the same or larger than the true Ne (England et al. 2006),

which is the case in this study.

Demographic history

To assess whether migration rates are consistent with the

level of differentiation, we used the coalescent-based model

of genetic diversity implemented in SIMCOAL 1.0 (Ex-

coffier et al. 2000) to simulate genetic differentiation of

three interconnected subpopulations under different demo-

graphic scenarios assuming equilibrium conditions. The

program uses a stepwise mutation model (SMM) to predict

pairwise FST values based on the effective population size

Conserv Genet (2010) 11:89–101 93
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(Ne), sample size, migration rate (m), mutation rate (l), and

the time since fragmentation of our subpopulations. Infor-

mation on the long-term effective population sizes and

sample sizes allowed us to limit the number of parameters in

our model. We varied Ne at the time of divergence from 25

to 8,000 based on maximum population sizes (N) estimated

by Gottelli et al. (Gottelli et al. 2004) for the last glacial age

and maximum Ne/N ratios estimated in this study (see

below). Varying Ne and sample size had little effect on

simulated FST values (data not shown). We used a l of 10-2

(Francisco et al. 1996) and migration rates from 0 to 20%.

The number of generations was varied from 350 to 3,500 to

reflect separation times equivalent to 1,000–1,500 and

10,000–15,000 years ago. This broadly estimates the time

since habitat fragmentation may have given rise to the

current spatial and genetic structure in the Bale Mountains,

assuming a 3–4 year generation time. We ran 500 simula-

tions for each set of parameters and calculated average FST

using ARLEQUIN 2.000 (Schneider et al. 2000).

We tested each subpopulation and WV2 for evidence of a

recent bottleneck using BOTTLENECK 1.1 (Piry et al.

1999) and the M ratio test (Garza and Williamson 2001).

Both methods can be used to detect a recent bottleneck with

a single representative sample of genetic diversity. BOT-

TLENECK tests for a significant heterozygosity excess

compared to equilibrium expectations for a stable popula-

tion based on the assumption that population reductions

cause rare alleles to be lost faster than genetic diversity,

resulting in a transient heterozygosity excess compared to

the observed number of alleles (Cornuet and Luikart 1996).

We applied the two-phase mutation model (TPM), which is

considered appropriate for microsatellites (Di Rienzo et al.

1994), with a variance of 12 (Piry et al. 1999) and different

percentages of the step-wise mutation model (SMM: 70, 80,

90%). We ran 1,000 iterations and tested significance with

the Wilcoxon signed-rank test recommended by Maudet

et al. (2002).

Garza and Williamson (2001) showed that the mean

ratio (M ratio) of the number of alleles to the range in allele

size is indicative of the demographic history of a popula-

tion. In bottlenecked populations, the loss of rare alleles at

intermediate allele sizes results in gaps in the frequency

distribution of alleles and M ratios smaller than 1.0. We

used the values suggested by the authors for the proportion

of one-step mutations (ps = 90%) and average size of multi-

step mutations (Dg = 3.5). Critical values were determined

for h (4Nel) corresponding to pre-bottleneck effective

population sizes (Ne) of 250, 500 and 1,000. The program

uses a fixed mutation rate (l) of 5 9 10-4 per locus per

generation, which is lower than the mutation rate for canid

tetranucleotide loci (Francisco et al. 1996). Since bottle-

necks would typically be under-supported by a lower

mutation rate, the method is considered conservative for

detecting significant deviations from equilibrium expecta-

tions in our data. Statistical significance of the observed

ratio was tested by 10,000 simulations.

Finally, we assessed whether the subpopulations in the

Bale Mountains are in equilibrium with the program 2mod

(Ciofi et al. 1999) to test the likelihood of two models

(immigration–drift–equilibrium versus non-equilibrium

drift only). In the immigration–drift–equilibrium model,

the degree of differentiation is a measure of the relative

strength of drift versus immigration (Rannala and Hartigan

1996), while in the non-equilibrium drift model it is related

to the time since fragmentation (scaled by population size)

(O’Ryan et al. 1998). 2mod first estimates the probability

of obtaining each dataset assuming that the mutation rate is

much smaller than the immigration rate in the gene flow

model, and that the reciprocal of the mutation rate is much

longer than the divergence time in the drift model. 2mod

then applies a Markov Chain Monte Carlo (MCMC)

method to estimate the relative posterior probabilities of

the two models.

Results

Genetic diversity

Twenty pairs of loci showed significant linkage disequi-

librium (LD) after Bonferroni correction (P \ 0.05), but

only one pair was significant in more than one subpopu-

lation. Since LD was not consistent across subpopulations,

significant values are probably due to population structure

or genetic drift. Only two pairs (FH2422/FH2537 in one

subpopulation and FH2472/Pez17 in three subpopulations)

were located on the same chromosome but are 56.9 and

8.4 Mb apart, respectively (Breen et al. 2001), thus LD is

unlikely to be due to physical linkage.

All 17 loci were polymorphic across subpopulations

with 3–10 alleles observed per locus. Expected heterozy-

gosity (HE) ranged from 0.584 to 0.609 and mean per locus

allelic richness (AR) ranged from 4.79 to 4.81 (Table 1).

Observed heterozygosity (HO), HE, and AR were not sig-

nificantly different among subpopulations, nor were they

significantly different in the Web Valley before and after

the rabies outbreak. Despite this result, four of the six

alleles unique to WV were not present in WV2 individuals

sampled after the outbreak. No heterozygote deficiencies

were detected for any locus or subpopulation.

A total of 100 different alleles were detected in 140

individuals across subpopulations, of which 16 were alleles

unique to a single subpopulation. WV had 6 of 16 (37.5%)

unique alleles, MB had 4 of 16 (25.0%), and SN had 6 of

16 (37.5%). Unique alleles had an average frequency of

0.016. Our moment-based rarefaction curves show the
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same cumulative number of alleles in each subpopulation

when corrected to the smallest sample size suggesting our

samples are a reliable representation of total allelic diver-

sity (Fig. S1). The asymptote and rare allele methods of

estimating the total number of alleles in each subpopulation

and WV2 also gave estimates roughly similar to the

observed number of alleles in our samples (Table 1).

Genetic structure

All pairwise comparisons of FST showed statistically sig-

nificant genetic differentiation between subpopulations

(WV–MB, FST = 0.06; WV–SN, FST = 0.08; MB–SN,

FST = 0.06; all P \ 0.001). On the other hand, WV and

WV2 were not significantly differentiated (FST = 0.00). All

variance components tested by AMOVA were significantly

different from zero indicating considerable partitioning of

genetic variation among packs and subpopulations. The

majority of genetic variation existed within packs (83%,

P \ 0.001), however, the variation components among

packs within subpopulations (12%) and among subpopula-

tions (5%) were also statistically significant (P \ 0.001;

Table S1). These results changed little when the analysis

was restricted to packs with more than one genotyped

individual (n = 27) or packs with four or more genotyped

individuals (n = 20, Table S1).

Hierarchical clustering pattern analysis of STRUC-

TURE results resolved the three subpopulations at K = 3

and revealed distinct substructure for the 29 packs, with the

ultimate number of discernable genetic clusters (ten)

matching the highest mean likelihood value of K = 10

(Ln = -4900.7, Table S2). In some cases, individual

assignment probabilities (q) grouped all individuals in a

given pack to the same cluster (n = 50 individuals in 9 of

27 packs with [1 individual genotyped, Table 2) and

average pack assignments typically grouped one or more

neighbouring packs to the same cluster (n = 18 packs).

While many packs showed genetic admixture indicative of

mixed ancestry, our results also imply stable lineages in

some packs and, in many cases, shared co-ancestry

between adjacent packs (Fig. 1).

Gene flow, migration, and effective population sizes

The spatial-autocorrelation (adults and yearlings) produced

significant positive correlation coefficients in distance

classes of 0 km (r = 0.349, P = 0.001), 3 km (r = 0.120,

P = 0.001), and 6 km (r = 0.040, P = 0.001, Fig. 2a).

Given the mean distance between centroids of adjoining

territories (mean = 2.7 km, range = 1.0–5.9, for territo-

ries with[40 GPS locations) these results indicated higher

genetic similarity between individuals within packs and, in

some cases, between individuals in neighbouring packs

compared to random pairs of individuals. A positive cor-

relation was observed up to 8.5 km. This ‘patch width’ is

less than the minimum distance between subpopulation

centroids (WV–MB = 14 km, WV–SN = 27 km, MB–

SN = 31 km), and could be used to define conservation

units in the Bale Mountains Ethiopian wolf population

(Aspi et al. 2006; Diniz-Filho and Telles 2002). Significant

negative values were observed at distances equal to and

greater than 12 km (r = -0.015, P \ 0.05). The pattern is

similar for males, indicating higher than average related-

ness between adult males within packs (0 km, r = 0.364,

P = 0.001) and significant positive values up to 6 km

Table 2 Number of Ethiopian wolves in each pack assigned to

clusters based on the highest probability of assignment (q) for gen-

otyped individuals in focal packs for K = 10

Pack

name

Pack

ID

Cluster

1 2 3 4 5 6 7 8 9 10

WV

ALA a 3 1

DAR b 6 1

DOD c 3 2

KOT d 8

MEG e 2 4

MUL f 4

SOD g 1

TAR h 6

WOL i 1 1

MB

ARI j 1

BUR k 2 1

DUN l 1 1 1 2

FUL m 2 2 3

GEN n 1 1

GUR o 4

HAR p 1 4

HUK q 1 1

LEL r 2

OSO s 6

WAO t 4

WES u 1 2

SN

BAD v 1 8 1

BAT w 3 4

BBC x 7 1

GAR y 10

LEN z 3 1

NYA aa 1 1 3

QUA bb 6

SUL cc 1 2

Pack IDs and cluster number correspond to those depicted in Fig. 1
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(r = 0.046, P = 0.001) but significantly negative values at

distances equal to and greater than 9 km (r = -0.068,

P \ 0.001, Fig. 2b). Genetic similarity was significantly

correlated between females in the same pack (0 km,

r = 0.437, P = 0.001) and neighbouring packs (3 km,

r = 0.122, P = 0.05). However, genetic structure was not

detected among females at distances greater than ca. 6 km

(Fig. 2c). These results suggest that gene flow is mediated

by both males and females over short distances (i.e.

between 6 and 8 km within subpopulations), but gene flow

over larger distances (i.e. [9 km and, thus, between sub-

populations) is attributed to females.

Recent estimates of Ne were WV = 11.9–13.2,

SN = 10.2–11.4, and MB = 22.6–25.2, implying a ratio of

0.17–0.22 for recent Ne/N within subpopulations (Table 3).

These Ne values are lower than 2n (where n is number of

packs) and number of breeding pairs in WV (16–18) and SN

(14–15) when extra-pair copulations and multiple paternity

are included (Randall et al. 2007). MIGRATE estimates of h
compatible with the observed level of genetic diversity (as

measured by HE) were 1.52 for WV, 1.84 for MB, and 1.75

for SN. Using the equation h = 4Nel and an average

mutation rate of 10-2, Ne was 38 for WV, 46 for MB, and 44

for SN (Table 3). Estimates of h were robust to the mutation

model used (Table S3) and imply long-term Ne/N ratios

between 0.46 and 0.72 (Table 3).

The mean long-term migration rate (mMIG) estimated

using M values returned by MIGRATE and the relation

M = m/l was 0.029. We observed asymmetrical migration

between subpopulations, as evidenced by non-overlapping

95% CIs (Fig. 3). Migration rates from MB to both other

subpopulations were higher than vice versa and migration

rate from SN to WV was higher than vice versa (Fig. 3).

Migration rates estimated in BayesAss were not different

from those derived when there was no information in the

data, implying that recent migration rates derived with

BayesAss are not reliable for comparison with long-term

migration rates. Posterior probability assignments in

STRUCTURE identified eleven local (7 female, 4 male)

and four (1 female, 3 male) long-distance first generation

immigrants using the[0.5 posterior probability assignment

criteria. All immigrants were adults. Five of the females

and all four of the males identified as local migrants had

Fig. 2 Spatial autocorrelation of genetic distance and geographic

distance for a adults and yearlings, b adult males, and c adults females.

Zero km identifies comparisons between individuals in the same pack.

Upper (U) and lower (L) 95% CI for the null hypothesis of ‘‘no structure’’

are shown as are error bars for bootstrap values for 95% CIs of r

Table 3 Long-term and current effective population sizes (Ne) of three subpopulations

Indiv. Packs Long-term Current

Migrate (SMM) LD Het

h 95% CI Ne 95% CI Ne/N Ne 95% CI Ne/N Ne Ne/N

WV 61 (43) 9 (9) 1.52 1.45–1.59 38 36–49 0.62 13 (12.0–14.5) 0.22 12 0.20

MB 101 (44) 17 (12) 1.84 1.61–1.78 46 40–45 0.46 23 (20.0–25.7) 0.22 25 0.25

SN 61 (53) 8 (8) 1.75 1.68–1.82 44 42–46 0.72 10 (9.4–11.0) 0.17 11 0.19

Long-term estimates are based on h = 4Nel using SMM in MIGRATE. Current estimates are based on linkage disequilibrium (LD) and excess

heterozygosity (Het) approaches

Numbers in parentheses represent the number of individuals and packs genotyped
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within-subpopulation cluster assignments to other than

their sampled pack of C0.93, while two females had

assignments of 0.72 and 0.75. The female identified as a

long distance migrant had a different subpopulation cluster

assignment of 0.97, while the three males identified as long

distance migrants had different subpopulation assignments

of 0.92, 0.83 and 0.80.

Demographic history

Coalescent simulations suggested that a long-term effective

migration rate of 0.029 is consistent with the observed FST

values between subpopulations (0.06–0.08), irrespective of

the time since fragmentation (Fig. 4). Effective migration

rates below 0.029 increase the simulated FST value to

[0.08. Thus, the observed level of drift is predicted by a

mutation–migration–drift model.

None of the tests for significant heterozygote excess in

subpopulations were significant (P [ 0.05, Table 4), but

WV2 showed a significant heterozygote excess (P =

0.006–0.039 for three different percentages of SMM,

Table 4). In contrast, M ratios in all subpopulations and

WV2 were significantly lower than expected under muta-

tion–drift equilibrium for pre-bottleneck effective popula-

tion sizes even as large as 500 (P \ 0.05, Table 4). WV2

had the smallest M ratios. A nonequilibrium drift-only

model was supported in 97% of the tests run in 2mod.

Discussion

Our results reveal strong genetic structure in a population

that has been in decline for thousands of years (Gottelli

et al. 2004) as well as having suffered more recent bot-

tlenecks due to disease outbreaks. Not surprisingly then,

the Ethiopian wolf population in the Bale Mountains is not

in equilibrium. Nonetheless, our application of different

analytical methods provides varied perspectives through

which we have assessed genetic signals and genetic

structure (Austin et al. 2004; Hickerson and Cunningham

2005; Pearse et al. 2006). The consistency in the patterns

observed using these complementary approaches suggests

that our results are not affected by violations of equilibrium

assumptions (Hickerson and Cunningham 2005; Jones

et al. 2004).

Genetic diversity, genetic structure, and sex-biased

dispersal

Levels of genetic diversity were similar in each subpopu-

lation (HE 0.58–0.69, A 4.2–4.3), and higher than those

previously published for Ethiopian wolves in the Bale

Mountains (HE 0.24–0.38, A 2.0–2.1, Gottelli et al. 1994).

Fig. 3 Mean (and 95% CI) long-term migration rates estimated in

MIGRATE (mean = 0.029). Arrow sizes reflect relative rates of

migration from one subpopulation into another

y = 0.009x-0.63

R² = 0.998

y = 0.007x-0.67

R² = 0.994

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

1 000 -1 500 years since 
fragmentation

10 000 -15 000 years since 
fragmentation

Migration rate

F
S

T

Mean observed FST= 0.065  

Fig. 4 Predicted FST values for different number of years since

fragmentation using coalescent simulations in SIMCOAL. Error bars
are standard errors for the mean of pairwise values. Our empirical

long-term migration rate of 0.029 produces average simulated FST

values consistent with our observed FST values (0.06–0.08)

Table 4 Results of heterozygosity excess test using the two-phase

mutation model (TPM) with different percentages of step-wise

mutation (SMM) and M-ratio tests for each subpopulation and WV2

Heterozygosity excess P-

values

M
ratio

M-ratio P-values

70%

SMM

80%

SMM

90%

SMM

h = 0.5 h = 1 h = 2

WV 0.087 0.164 0.427 0.81 0.016 0.049 0.162

MB 0.230 0.356 0.537 0.79 0.005 0.022 0.083

SN 0.122 0.259 0.373 0.80 0.012 0.042 0.133

WV2 0.006 0.013 0.040 0.75 0.003 0.006 0.043

h values of 0.5, 1 and 2 correspond to pre-bottleneck Ne of 250, 500

and 1,000, respectively, based on h = 4Nel

Significant values (P \ 0.05) are indicated in bold
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However, such comparisons are of uncertain significance

when different markers are analysed since polymorphism

will vary among loci. For example, mean estimated HE in

Mediterranean monk seals varied from 0.16 to 0.41

depending on whether monomorphic loci were included

(Pastor et al. 2004). We used tetranucleotide repeat loci

preferentially because they are typically more polymorphic

than dinucleotide repeat markers (Mellersh et al. 2000).

Our study population showed high levels of genetic

structuring with significant genetic partitioning at both

pack and subpopulation levels. The largest amount of

variation is found within packs (83%) in our AMOVA

analysis. In nine of 29 packs, all genotyped individuals in a

given pack were assigned to the same cluster by STRUC-

TURE, while genotyped individuals from 18 packs were

assigned to the same cluster of neighbouring packs

(Table 2, Fig. 1).

Assignment tests identified both female and male dis-

persers which questions prior notions about complete male

philopatry in this species (Sillero-Zubiri et al. 1996a).

Although males exhibit long-distance migration, signifi-

cantly negative spatial autocorrelations at distances greater

than 9 km imply that post-dispersal breeding is rare or

absent. Female-biased gene flow was evident over short

and long distances, although short-range dispersal to

neighbouring packs appears to be more common. There

was also high genetic similarity among males within the

same or neighbouring packs, supporting habitual male

philopatry but some male-mediated gene flow within sub-

populations probably due to extra-pack paternity and

occasional pack fission (Marino et al. 2006; Randall et al.

2007; Sillero-Zubiri et al. 2004).

Effective population sizes, bottlenecks and migration

Recent Ne estimates produced Ne/N ratios between 0.17 and

0.25 and in all cases, Ne was lower than the number of

breeding pairs determined from parentage analyses (Ran-

dall et al. 2007). In this population, limited dispersal,

inbreeding, and differential breeding success among indi-

viduals (or breeding units) might reduce Ne below that

predicted from the number of breeding individuals (Chesser

1991b; Sugg and Chesser 1994). Migrate returned unex-

pectedly high Ne/N ratios given the breeding behaviour of

the species. These higher historical values likely result from

a transient heterozygote excess above that predicted from

the number of alleles found in a constant-sized subpopula-

tion (Cornuet and Luikart 1996). Such a heterozygote

excess can be explained by a loss of rare alleles during

population bottlenecks (Nei et al. 1975; Cornuet and Lu-

ikart 1996) and has been used to explain unexpectedly high

Ne estimates in other studies (Aspi et al. 2006; Goossens

et al. 2005; Storz et al. 2002). M-ratios indicative of one or

more recent bottlenecks were evident in all three subpop-

ulations. All subpopulations have been declining over sev-

eral thousands of years (Gottelli et al. 2004), thus the

differences between long-term Ne/N ratios for each of the

three subpopulations (WV = 0.62, MB = 0.46, SN =

0.72) is likely a discrepancy in the relative frequency,

severity and or timing of more recent bottlenecks due to

disease outbreaks in each of the three subpopulations. This

is supported by field observations that recorded a 70%

decline in wolf numbers in WV in 1992 and a 50% decline

in wolf numbers in SN in 1990 due to rabies outbreaks

(Sillero-Zubiri et al. 1996b). Regular monitoring of the MB

subpopulation began only in 2002, but no disease outbreaks

have been recorded through 2008, whereas further out-

breaks have occurred in WV (rabies outbreaks in 2003 and

2008, Randall et al. 2004, EWCP unpublished data) and SN

(CDV outbreak in 2005, EWCP unpublished data) sug-

gesting Ethiopian wolves in these subpopulations are more

susceptible to disease outbreaks.

Only WV2 showed significant heterozygote excess

consistent with a reduction in effective population size and

loss of rare alleles during the 2003 rabies disease outbreak

(Randall et al. 2004). However, M ratios in all subpopula-

tions and WV2 were significantly lower than predicted

under equilibrium (0.75–0.81, P \ 0.05). It is not uncom-

mon for population bottlenecks to go undetected with cer-

tain genetic methods (Busch et al. 2007), and the power of

the BOTTLENECK method may be limited to only very

recent or especially prolonged reductions in Ne (Cornuet

and Luikart 1996). Our M ratios imply localized bottlenecks

in all subpopulations within the last 500 years or less (Garza

and Williamson 2001). This is in agreement with two

contemporary processes in the Bale Mountains: (i) a loss of

habitat to agricultural expansion in the last few decades,

implying proportional reductions in population size (Mar-

ino 2003b), and (ii) dramatic, localized subpopulation

declines associated with outbreaks in the last 20 years

(Marino et al. 2006; Randall et al. 2006; Randall et al. 2004;

Sillero-Zubiri et al. 1996b). Two lines of evidence suggest

that disease outbreaks are principally responsible for the

observed genetic bottlenecks: (i) the 2003 rabies outbreak

resulted in a loss of rare alleles and an excess of hetero-

zygosity that was not evident in the Web Valley subpopu-

lation before the outbreak, and (ii) long-term Ne/N estimates

suggest the highest heterozygosity excesses occur in WV

and SN, two subpopulations that appear most affected by

disease according to field observations.

The observed FST values (0.06–0.08) are consistent with

simulated FST values derived from a simple mutation–

migration–drift model in SIMCOAL based on the mean

long-term migration rate of 0.029. This is surprising given

that the population is not in equilibrium. All subpopula-

tions have suffered recent bottlenecks that, theoretically,
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reduce effective population sizes for several generations

such that differentiation is enhanced (Garza and William-

son 2001). However, asymmetric migration rates between

subpopulations also suggest relatively higher migration

rates from more stable subpopulations into subpopulations

more adversely affected by disease (MB ? WV,

MB ? SN, and SN ? WV). This pattern of migration

may have been critical for maintaining Nm at a level that

minimized drift due to bottlenecks.

Conservation implications

Ethiopian wolf subpopulations in the Bale Mountains are

sufficiently distinct genetically to be classified as separate

management units (Moritz 1995). It is therefore worrying

that all subpopulations have suffered recent bottlenecks

due to disease outbreaks. Much effort has been devoted to

understanding the dynamics of disease in Ethiopian wolf

populations and devising effective disease control mea-

sures (Haydon et al. 2002; Haydon et al. 2006; Knobel

et al. 2008; Laurenson et al. 1997; Randall et al. 2006). In

this study, we demonstrated that disease outbreaks may

also be having an impact on the genetic viability of pop-

ulations through the clear loss of rare alleles.

Following disease outbreaks, the erosion of genetic

diversity will be determined by the number and genetic

composition of breeding individuals within packs (Crow

and Kimura 1970) and the number of generations required

for population recovery (Nei et al. 1975). Since only the

dominant female in each pack reproduces (Sillero-Zubiri

et al. 1996a; Randall et al. 2007), Marino et al. (2006)

showed that population recovery is determined by the

number of breeding units (i.e. packs). Chesser’s (1991a)

social models further suggest that maintaining the stability

of genetic lineages within social groups (by protecting the

incumbent breeding pair) will also maintain genetic

diversity. Therefore, vaccination campaigns that target the

dominant breeding female should assist demographic

recovery (Haydon et al. 2002; Knobel et al. 2008) as well

as preserve genetic diversity.

Furthermore, other studies have demonstrated that single

bottlenecks (or ‘founder events’) may have minimal impact

on genetic diversity or differentiation, whereas successive

bottlenecks can substantially increase genetic differentia-

tion and reduce genetic diversity (Clegg et al. 2002; Pruett

and Winker 2005). Thus, the loss of genetic diversity may

be exacerbated by the cumulative effect of recurring out-

breaks. A detailed exploration of the future genetic via-

bility of Ethiopian wolf populations is currently being

undertaken using simulation modelling; particularly

assessing the impact of recurring disease outbreaks and the

need, if any, for overt genetic management.

Given the likelihood of future disease outbreaks, a

metapopulation structure with suitable dispersal corridors

appears to be vital for counteracting drift (this study) and

maintaining population persistence (Haydon et al. 2006).

However, habitat loss and disturbance due to increasing

human, livestock and domestic dog density in the Bale

Mountains massif (Marino 2003a) threatens the integrity of

the Ethiopian wolf metapopulation. Consequently, conser-

vation and management policies are urgently needed that

exclude or strictly limit human activity and domestics dogs

in the Bale Mountains and elsewhere where Ethiopian

wolves persist in Ethiopia.
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Keller I, Largiadèr CR (2002) Recent habitat fragmentation caused by

major roads leads to reduction of gene flow and loss of genetic

variability in ground beetles. Proc R Soc Lond B 270:417–423

Knobel D, Fooks AR, Brookes S et al (2008) Trapping and

vaccination of endangered Ethiopian wolves to control an

outbreak of rabies. J Appl Ecol 45:109–116

Lacy RC (1997) Importance of genetic variation to the viability of

mammalian populations. J Mammal 78:320–335

Laurenson K, Shiferaw F, Sillero-Zubiri C (1997) Disease, domestic

dogs and the Ethiopian wolf: the current situation. In: Sillero-

Zubiri C, Macdonald DW (eds) The Ethiopian wolf: status

survey and conservation action plan. IUCN, Gland, Switzerland

and Cambridge, UK, pp 32–40

Laurenson MK, Sillero-Zubiri C, Thompson H et al (1998) Disease

threats to endangered species: Ethiopian wolves, domestic dogs,

and canine pathogens. Anim Conserv 1:273–280

Marino J (2003a) The spatial ecology of the Ethiopian wolf, Canis
simensis. DPhil thesis, University of Oxford

Marino J (2003b) Threatened Ethiopian wolves persist in small

isolated Afroalpine enclaves. Oryx 37:62–71

Marino J, Sillero-Zubiri C, Macdonald DW (2006) Trends, dynamics

and resilience of an Ethiopian wolf population. Anim Conserv

9:49–58

Marshall T, Slate J, Kruuk L, Pemberton J (1998) Statistical

confidence for likelihood-based paternity inference in natural

populations. Mol Ecol 7:639–655

Maudet C, Miller C, Bassano B et al (2002) Microsatellite DNA and

recent statistical methods in wildlife conservation management:

applications in Alpine ibex [Capra ibex (ibex)]. Mol Ecol

11:421–436

McRae BH, Beier P, Dewald LE, Huynh LY, Keim P (2005) Habitat

barriers limit gene flow and illuminate historical events in a

wide-ranging carnivore, the American puma. Mol Ecol 14:1965–

1977

Mellersh CS, Hitte C, Richman M et al (2000) An integrated linkage-

radiation hybrid map of the canine genome. Mamm Genome

11:120–130

Moritz C (1995) Defining ‘evolutionary significant units’ for conser-

vation. Trends Ecol Evol 9:373–375

Navidi W, Arnheim N, Waterman MS (1992) A multiple-tube

approach for accurate genotyping of very small DNA samples by

using PCR: statistical considerations. Am J Hum Genet 50:347–

359

Neff MW, Broman KW, Mellersh CS et al (1999) A second-

generation genetic linkage map of the domestic dog, Canis
familiaris. Genetics 151:803–820

Nei M (1987) Molecular evolutionary genetics. Columbia University

Press, New York

Nei M, Maruyama T, Chakraborty R (1975) The bottleneck effect and

genetic variability in populations. Evolution 29:1–10

100 Conserv Genet (2010) 11:89–101

123

http://purl.oclc.org/estimates


O’Ryan C, Harley EH, Bruford MW et al (1998) Microsatellite

analysis of genetic diversity in fragmented South African buffalo

populations. Anim Conserv 1:85–95

Ostrander EA, Sprague GF, Rine J (1993) Identification and

characterization of dinucleotide repeat (CA)n markers for

genetic mapping in dog. Genomics 16:207–213

Palstra FP, O’Connell F, Ruzzante DE (2007) Population structure

and gene flow reversals in Atlantic salmon (Salmo salar) over

contemporary and long-term temporal scales: effects of popula-

tion size and life history. Mol Ecol 16:4504–4522

Pastor T, Garza JC, Allen P, Amos W, Aguilar A (2004) Low genetic

variability in the highly endangered Mediterranean monk seal. J

Hered 95:291–300

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in

Excel. Population genetic software for teaching and research.

Mol Ecol Notes 6:288–295

Peakall R, Ruibal M, Lindenmayer DB (2003) Spatial autocorrelation

analysis offers new insights into gene flow in the Australian bush

rat, Rattus fuscipes. Evolution 57:1182–1195

Pearse DE, Arndt AD, Velenzuela N et al (2006) Estimating

population structure under nonequilibrium conditions in a

conservation context: continent-wide population genetics of the

giant Amazon river turtle, Podocnemis expansa (Chelonia;

Podocnemididae). Mol Ecol 15:985–1006

Peel D, Ovenden JR, Peel SL (2004) NeEstimator: software for

estimating effective population size, Version 1.3. In Queensland

Government, Department of Primary Industries and Fisheries

Piry S, Luikart G, Cornuet JM (1999) BOTTLENECK: a computer

program for detecting recent reductions in the effective popu-

lation size using allele frequency data. J Hered 90:502–503

Pompanon F, Bonin A, Bellemain E, Taberlet P (2005) Genotyping

errors: causes, consequences and solutions. Nat Rev Genet

6:847–859

Pritchard JK, Stephens M, Donnelly PJ (2000) Inference of population

structure using multilocus genotype data. Genetics 155:945–959

Pruett CL, Winker K (2005) Northwestern song sparrow populations

show genetic effects of sequential colonization. Mol Ecol

14:1421–1434

Pudovkin AI, Zaykin DV, Hedgecock D (1996) On the potential for

estimating the effective number of breeders from heterozygote-

excess in progeny. Genetics 144:383–387

Randall DA, Williams SD, Kuzmin IV et al (2004) Rabies in

endangered Ethiopian wolves. Emerg Infect Dis 10:2214–2217

Randall DA, Marino J, Haydon DT et al (2006) An integrated disease

management strategy for the control of rabies in Ethiopian

wolves. Biol Conserv 131:151–162

Randall DA, Pollinger JP, Wayne RK et al (2007) Inbreeding is

reduced by female-biased dispersal and mating behavior in

Ethiopian wolves. Behav Ecol 18:579–589

Rannala B, Hartigan JA (1996) Estimating gene flow in island

populations. Genet Res 67:147–158

Raymond M, Rousset F (1995) GENEPOP (version 1.2): population

genetics software for exact tests and ecumenicism. J Hered

86:248–249

Rice WR (1989) Analyzing tables of statistical tests. Evolution

43:223–225

Riley SPD, Pollinger JP, Sauvajot RM et al (2006) A southern

California freeway is a physical and social barrier to gene flow in

carnivores. Mol Ecol 15:1733–1741

Schneider S, Roessli D, Excoffier L (2000) ARLEQUIN, version

2.000: a software for population genetics analysis. Genetics and

Biometry Laboratory, University of Geneva, Switzerland

Scribner KT, Chesser RK (1993) Environmental and demographic

correlates of spatial and seasonal genetic structure in the eastern

cottontail (Sylvilagus floridanus). J Mammal 74:1026–1045

Sillero-Zubiri C, Gottelli D (1995a) Diet and feeding behavior of

Ethiopian wolves (Canis simensis). J Mammal 76:531–541

Sillero-Zubiri C, Gottelli D (1995b) Spatial organization in the

Ethiopian wolf Canis simensis: large packs and small stable

home ranges. J Zool 237:65–81

Sillero-Zubiri C, Gottelli D, Macdonald DW (1996a) Male philopatry,

extra-pack copulations and inbreeding avoidance in Ethiopian

wolves (Canis simensis). Behav Ecol Sociobiol 38:331–340

Sillero-Zubiri C, King AA, Macdonald DW (1996b) Rabies and

mortality in Ethiopian wolves (Canis simensis). J Wildl Dis

32:80–86

Sillero-Zubiri C, Marino J, Gottelli D, Macdonald DW (2004)

Ethiopian wolves. In: Macdonald DW, Sillero-Zubiri C (eds)

Biology and conservation of wild canids. Oxford University

Press, Oxford, pp 311–322

Storz JF (1999) Genetic consequences of mammalian social structure.

J Mammal 80:553–569

Storz JF, Beaumont MA, Alberts SC (2002) Genetic evidence for a

long-term population decline in a savannah-dwelling primate:

inferences from a hierarchical Bayesian model. Mol Biol Evol

19:1981–1990

Sugg DW, Chesser RK (1994) Effective population sizes with

multiple paternity. Genetics 137:1147–1155

Taberlet P, Griffin AS, Goossens B et al (1996) Reliable genotyping

of samples with very low DNA quantities using PCR. Nucleic

Acids Res 26:3189–3194

Turner TF, Wares JP, Gold JR (2002) Genetic effective size is three

orders of magnitude smaller than adult census size in an

abundant, estuarine-dependent marine fish (Sciaenops ocellatus).

Genetics 162:1329–1339

Wayne RK, Koepfli KP (1996) Demographic and historical effects on

genetic variation in carnivores. In: Gittleman JL (ed) Carnivore

behavior, ecology, and evolution. Cornell University Press,

Ithaca, pp 453–484

Weir BS, Cockerham CC (1984) Estimating F-statistics for the

analysis of population structure. Evolution 38:1358–1370

Wilson GA, Rannala B (2003) Bayesian inference of recent migration

rates using multilocus genotypes. Genetics 163:1177–1191

Wright S (1931) Evolution of Mendelian populations. Genetics

16:97–159

Wright S (1943) Isolation by distance. Genetics 28:114–118

Conserv Genet (2010) 11:89–101 101

123


	Fine-scale genetic structure in Ethiopian wolves imposed �by sociality, migration, and population bottlenecks
	Abstract
	Introduction
	Methods
	Study population and sampling
	Genotyping
	Genetic diversity
	Genetic differentiation and structure
	Gene flow and migration
	Effective population size
	Demographic history

	Results
	Genetic diversity
	Genetic structure
	Gene flow, migration, and effective population sizes
	Demographic history

	Discussion
	Genetic diversity, genetic structure, and sex-biased dispersal
	Effective population sizes, bottlenecks and migration
	Conservation implications

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


