
RESEARCH ARTICLE

Inferring the ancestry of African wild dogs that returned
to the Serengeti-Mara

Clare D. Marsden • Robert K. Wayne •

Barbara K. Mable

Received: 22 December 2010 / Accepted: 13 December 2011 / Published online: 25 December 2011

� The Author(s) 2011. This article is published with open access at Springerlink.com

Abstract An endangered population of African wild dogs

(Lycaon pictus) disappeared from the Serengeti-Mara area

in 1991. The reasons for the extinction are not well

understood, but disease was implicated in the disappear-

ance. In 2001, wild dogs naturally re-established them-

selves in the region. We conducted genetic profiling on

samples collected prior and subsequent to this event, as

well as samples from three geographically close popula-

tions, to determine the potential source of colonisers.

Contrary to expectations, we found no evidence of

re-colonisation from these nearby wild dog populations.

Rather, our analyses suggest that the re-established animals

are primarily derived from the same genetic population as

the pre-extinction animals, indicating that wild dogs are

likely to have persisted in the Serengeti-Mara after 1991.

We also detected some migrants that could be derived from

genetically distinct populations outside the recovery area.

Overall, we did not detect a decline in genetic diversity at

either neutral microsatellites or major histocompatibility

complex loci, indicating that the supposed disappearance of

wild dogs in the Serengeti-Mara did not substantially

impact genetic variation of the population.

Keywords Local extinction � Re-colonisation � Lycaon

pictus � Serengeti ecosystem

Introduction

With most of their populations in global decline, there

seems little to celebrate in endangered species conservation.

One recently heralded exception is the re-establishment of

endangered African wild dogs (Lycaon pictus, hereafter,

wild dogs) in the Serengeti-Mara area following their

apparent extinction in 1991 (Woodroffe 2001). This

extinction in the Serengeti-Mara was a high-profile event

that spawned a heated debate about its causes, involving

more than 20 articles across 9 years (reviewed in Woodr-

offe 2001). Specifically, concern that, rather than natural

causes, human handling of wild dogs in the Serengeti-Mara

caused latent rabies to develop and spread (Burrows et al.

1994) led to a ban on animal handling and impeded vacci-

nation programs (Woodroffe 2001). In 2001, wild dogs

naturally re-established in the Serengeti-Mara area

(Fyumagwa and Wiik 2001). Given the controversial his-

tory of this population, there is considerable interest about

the origin of these individuals. Since wild dogs are a highly

mobile species capable of moving up to 250 km to establish
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new packs (Fuller et al. 1992), there are a number of

potential source populations of the ‘‘new’’ Serengeti-Mara

wild dogs. In Eastern Africa, wild dog populations are no

longer resident in Uganda, Rwanda or Burundi but extant

populations are known in Tanzania and Kenya, as well as

further north in Ethiopia and Sudan (Fig. 1a). However,

most extant populations are separated from the Serengeti-

Mara area not only by distances greater than the recorded

dispersal capabilities of the species ([250 km) but also by

predominantly uninhabitable and/or human dominated

landscape that is associated with high mortality (Woodroffe

et al. 2007). Thus, re-colonisation of the Serengeti-Mara

area is most likely from the most proximate populations in

Tanzania or Kenya.

Wild dog monitoring in the Serengeti-Mara area (Fig. 1b)

was formerly (pre-extinction) concentrated in two regions:

(1) the ‘‘Serengeti plains’’ in the south from 1964 (Burrows

et al. 1994); and (2) the ‘‘Mara’’ just outside of the Masai

Mara Nature Reserve in the north from 1987 (Scott 1991).

Between 1986 and 1991, 15 packs were observed in this pre-

extinction monitoring area (Woodroffe 2001). By December

1991, all of the packs previously observed were recorded as

absent (Woodroffe 2001) and the entire Serengeti-Mara wild

dog population was subsequently reported and widely

assumed to be, extinct (Creel and Creel 2002; Daszak et al.

2000; Woodroffe and Ginsberg 1999; but see Ginsberg et al.

1995; Burrows et al. 1994). Outside of the monitoring area,

wild dog presence has not been documented systematically,

with reports often limited to anecdotal sightings by residents

or tourists (Woodroffe 2001). Therefore, high quality data

are not available on the location, population size, or demo-

graphic trends of wild dogs outside the Serengeti-Mara

monitoring area (Burrows 1995). Nonetheless, observations

of non resident wild dogs entering the monitoring area

between 1965 and 1991 was taken as evidence for the exis-

tence of a breeding population ‘‘elsewhere’’ (Burrows et al.

1994; Woodroffe 2001), although not necessarily immedi-

ately adjacent to the Serengeti-Mara monitoring area due to

the potentially high dispersal abilities of this species

(Woodroffe 2001). Limited monitoring conducted in the

Serengeti-Mara ecosystem between 1991 and 1998 reported

only vagrant and single-sex dispersing groups (Woodroffe

2001). However, following sightings of multiple groups of

wild dogs in 1998, systematic monitoring was re-initiated

and the Serengeti-Mara population was officially deemed

re-established in 2001 when the first denning was reported in

the Ngorongoro Conservation Area (Fyumagwa and Wiik

2001). The re-established population has subsequently

grown rapidly. Although the home ranges of re-established

and pre-extinction packs overlap, the current monitoring

area does not include the Serengeti National Park (SNP;

Fig. 1b) because, as of Feb 2010, wild dogs have not

re-established resident packs there (E. Masenga Pers comm.).

Rarely are samples available prior to extinction and

following natural re-colonisation of an endangered species.

However, through long-term research programmes, we

obtained samples from individuals residing in the Seren-

geti-Mara area before (pre-extinction) and after the

assumed extinction (re-established). These samples, and

representatives from three nearby wild dog populations in

Eastern Africa (Selous, Masai-Steppe and Laikipia), were

genotyped for variation at 10 microsatellite loci to assess

the source of the re-established Serengeti-Mara wild dogs.

We also assessed whether the re-established Serengeti-

Mara population exhibited reduced levels of genetic

diversity at both neutral microsatellite loci and at the major

histocompatibility complex (MHC), as predicted if founder

effects occurred due to re-colonisation by a limited number

of wild dogs from outside the Serengeti-Mara area or with

a bottleneck associated with a large reduction in the

number of animals within the region.

We demonstrate that, despite the observed disappear-

ance of wild dogs in the monitoring area, the declaration of

extinction may have been premature, as genetic evidence

indicates that the majority of the re-established animals are

derived from the Serengeti-Mara population. Encourag-

ingly, we also show that there has not been a loss of genetic

diversity in the Serengeti-Mara population.

Materials and methods

Sampling and DNA extraction

We obtained samples from wild dogs residing in the

Serengeti-Mara area before (n = 20 from C6 packs,

Fig. 1 a Map of sampling locations and sample sizes. Green = Lai-

kipia (LAI), blue = Serengeti-Mara (S-M), yellow = Masai Steppe

(MST), red = Selous (SEL). Grey circles represent populations that

were not sampled in the area surrounding the Serengeti-Mara.

b Approximate area of Serengeti-Mara pre-extinction (dark blue) and

re-established (light blue) monitoring areas, and Serengeti-Mara

ecosystem according to http://www.serengetidata.org/. (Color figure

online)
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S. Cleaveland, P. Kat) and after (n = 13 from 4 packs,

M. Emmanuel) the assumed local extinction. We use the

term Serengeti-Mara area rather than ecosystem, as some

of the collected samples and home ranges of packs fall

outside of the official boundaries of the Serengeti-Mara

ecosystem, which has been specifically defined by the

extent of the wildebeest migration (see Fig. 1b). We also

obtained samples from three other wild dog populations in

eastern Africa: Selous in southern Tanzania (n = 22 from

8 packs, S. Creel); Masai Steppe in northern Tanzania

(n = 32 from 3 packs, A. Visée); and Laikipia in northern

Kenya (n = 65 from C9 packs, R. Woodroffe; Fig. 1a, b),

which are the three geographically closest extant popula-

tions for which samples could be obtained. We could not

obtain samples from all extant wild dog populations in

Kenya and Tanzania because of the absence of monitoring

programmes in some areas as well as the general rarity of

wild dogs where they still persist (see Fig. 1a). Nonethe-

less, we did have samples from the closest potential source

population, the Masai Steppe. All DNA isolated in this

study was originally derived from blood, sera or tissue, and

was extracted using a phenol chloroform-based method as

in Girman et al. (2001)or using DNeasy tissue and blood

extraction kits (Qiagen Inc, Crawley, UK), according to the

manufacturer’s instructions.

Microsatellite and MHC genotyping

DNA samples were genotyped at 10 previously published

microsatellite loci located on different chromosomes:

PEZ08, PEZ12, PEZ15 (J. Halverson in Neff et al. 1999);

FHC2010, FHC2054, FHC2611, FHC2658, FHC2785,

FHC3399, FHC3965 (Breen et al. 2001; Guyon et al. 2003;

Neff et al. 1999). Full details of microsatellite primers are

provided in Supplementary Material 1. The forward primer

of each pair was labelled with ABI fluorescent dyes: NED

(yellow), 6-FAM (blue) or HEX (green), with a ROX 500

size standard. Samples and negative controls were ampli-

fied by multiplex PCR using a Qiagen Multiplex PCR mix.

We followed default reagent concentrations recommended

by the manufacturer, except in cases of DNA derived from

serum, where 0.4 ll of 10 mM Bovine Serum Albumin

(Promega) was added per PCR reaction. PCR was per-

formed on PTC-200 (MJ Research) thermocyclers with the

following touchdown protocol: 15 min at 95�C; 12 touch-

down cycles of 94�C for 30 s; 1 min at 30 s annealing,

starting at 60�C and reducing at 0.5�C per cycle; and 72�C

for 1 min. This was followed by 33 cycles of 89�C for 30 s,

55�C for 1 min, and 72�C for 1 min. A final extension of

60�C for 30 min was performed. Samples were run on an

ABI 3730 (by The Sequencing Service, University of

Dundee) and analysed using GENEMAPPER 4.7 (Applied

Biosystems). Low concentration or poorly amplifying

DNA samples were amplified and genotyped three times.

Samples with missing data for more than three loci were

excluded from analyses. For each population and locus, we

tested for deviations from Hardy–Weinberg equilibrium

using GENALEX6 (Peakall and Smouse 2006), assessed for

significance after Bonferroni correction for multiple tests.

In order to assess whether the re-established populations

had suffered from a loss of potentially adaptive genetic

diversity, we also compared patterns of diversity at the Major

Histocompatibility Complex (MHC). Sequence-based typ-

ing was conducted according to the methods outlined in

Marsden et al. (2009) and Kennedy et al. (2002). In brief, we

amplified exon 2 of the MHC class II DLA-DRB1 locus

(hereafter referred to as DRB) by PCR. PCR products were

then cleaned using ExoSAP-it (USB), and sequenced

directly on an ABI 3730. To determine the alleles present in

each individual, DRB sequence data were analysed using

Match Tools and Match Tools Navigator (Applied Biosys-

tems). This approach relies on an allele library built from

previously identified alleles, which is used to identify the

alleles of homozygotes and to predict the most likely allelic

combinations present in a heterozygous sequence. We had

ten heterozygous individuals that did not match any pair of

known alleles, thus indicating the presence of new alleles.

Therefore, we cloned DRB PCR products from five animals

using the TOPO TA cloning system and One Shot Competent

cells (Invitrogen), and sequenced eight clones from each of

the five animals. Based on this methodology, we identified

three new alleles in this study, which resolved all ten het-

erozygous sequences. These new alleles were submitted to

the DLA nomenclature committee (L.J. Kennedy) to be

assigned official names (DRB1*90205, DRB1*90403,

DRB1*91101) and have been submitted to GENBANK

(accession numbers: JQ085961, JQ085962, JQ085960).

Microsatellite clustering analyses

A neighbour-joining tree based on Nei’s allele-sharing

distance was reconstructed in POPULATIONS v 1.2.30

(Langella 1999). Bayesian clustering analysis was con-

ducted using STRUCTURE 2.3.1 (Pritchard et al. 2000),

assuming no prior population or location information, with

correlated allele frequencies and admixture. We used

100,000 burn-in cycles and 500,000 Markov Chain Monte

Carlo (MCMC) runs for K = 1–10, with ten replicates per

K value. The most likely number of clusters (K) that best fit

the data was selected based on the DK statistic (Evanno

et al. 2005), calculated through the programme STRUC-

TURE HARVESTER v0.5 (Earl 2009). The DK statistic

assesses the rate of change in the log probability of the data

between successive K values (Evanno et al. 2005), with the

maximal DK value taken to indicate the number of clusters

at the highest level of structure. However, the presence of
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secondary peaks is indicative of finer scale structuring;

therefore Evanno et al. (2005) suggests running STRUC-

TURE on both the complete data set, as well as the data

subgroups identified by the tallest peak of DK, to elucidate

finer scale structuring.

Assignment tests

We conducted posterior probability assignment tests on the

re-established Serengeti-Mara samples in STRUC-

TURE 2.3.1. We ran STRUCTURE at K = 4, assuming

correlated allele frequencies, admixture, a migration rate of

0.01 (Pritchard et al. 2000), 100,000 burn-in cycles and

500,000 MCMC runs. To consider unsampled populations,

we also used Geneclass 2 (Piry et al. 2004), with the

Rannala and Mountain criterion (Rannala and Mountain

1997) and Paetkau resampling algorithm (Paetkau et al.

2004), assessed over 10,000 simulations.

Genetic differentiation and diversity

Pairwise population differentiation values were based on

the estimator Dest (Jost 2008), calculated with 1000 boot-

straps in the programme SMOGD (Crawford 2009). This

distance measure was chosen in preference to other fre-

quently used estimators such as FST and GST, because they

have been shown not to increase linearly with increasing

differentiation (Jost 2008). For both microsatellite and

MHC loci we calculated observed (Ho) and expected (He)

heterozygosity in GENALEX (Peakall and Smouse 2006)

and the number of alleles (A) and allelic richness stan-

dardized for sample sizes (Rs) in FSTAT 2.9.3 (Goudet

1995).

Results

Clustering analyses

An allele sharing tree indicated that the wild dog samples

clustered into four groups corresponding to sampling

location: (1) Laikipia; (2) Selous; (3) Masai-Steppe;

and (4) pre-extinction and re-established Serengeti-Mara

(Fig. 2). Similarly, STRUCTURE analyses were most

consistent with four clusters within the data set (Fig. 3a).

The DK statistic indicated the strongest signal of popula-

tion subdivision to be K = 2, where Laikipia was distinct

from all other samples (Fig. 3a). However, there was a

strong secondary peak at K = 4 (Fig. 3a), indicative of

finer scale population structuring (Evanno et al. 2005).

Therefore, as recommended by Evanno et al. (2005) we

re-ran STRUCTURE on each of the clusters indicated at

the strongest level of subdivision (K = 2; Fig. 3a): (1)

Selous, Serengeti-Mara and Masai-Steppe and (2) Laikipia.

For the former, the results showed a clear single peak at

K = 3, with the pre-extinction and re-established Seren-

geti-Mara samples forming one cluster, the Selous samples

a second cluster, and Masai Steppe samples a third cluster

(Fig. 3b). Independent analysis of Laikipia (cluster 2)

detected further subdivision within this population (n = 65

from C9 packs), with individuals clustering into four

groups of related packs (Fig. 3c). The high level of dis-

tinction of Laikipia relative to the other wild dog popula-

tions at K = 2 indicates this to be a very divergent

population.

Despite our findings of strong population structure, the

presence of potential migrants was indicated by clustering

analyses in Selous, Masai Steppe, pre-extinction Serengeti-

Mara and Laikipia by mis-assignments in the allele sharing

tree and STRUCTURE. Specifically, in the allele sharing

tree (Fig. 2), sample WDM22 from Laikipia and sample

RKW328 from the pre-extinction Serengeti-Mara clustered

with the Selous rather than their respective populations,

and sample RKW12165 from Selous clustered with Masai

Steppe. In STRUCTURE (Fig. 3a), three samples exhibited

low (\70%) ancestry values for their respective popula-

tions; specifically sample MK263 from Masai Steppe and

RKW328 from the pre-extinction Serengeti-Mara. Both

these individuals had high ancestry proportions to Selous.

Moreover, RKW 12156 from Selous appeared to be

admixed.

Fig. 2 Population subdivision based on neighbour-joining tree of

allele-sharing distance across 10 microsatellite loci. Colours and

abbreviations correspond to Fig. 1 with the exception of the

re-established Serengeti-Mara samples which are coloured brown to

distinguish them from the pre-extinction Serengeti-Mara samples

(blue). Asterisks depict pre-extinction Serengeti-Mara samples from

the northern Mara area. Re-established Serengeti samples (brown)

clearly cluster with pre-extinction Serengeti samples rather than with

the three other populations. (Color figure online)
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Assignment tests

Based on microsatellite loci, posterior probability assign-

ment tests implemented in STRUCTURE showed that

individuals from the re-established Serengeti-Mara popu-

lation had on average a 95% probability of assignment to

the same population as the pre-extinction animals (range

85–97%), compared with 1.4–2.4% probability of assign-

ment to any of the other putative source populations. The

more conservative assignment test that allows for unsam-

pled populations, implemented in GENECLASS2, assigned

the majority (9/13) of re-established Serengeti-Mara ani-

mals to the same population as the pre-extinction individ-

uals. However, it is noteworthy that this analysis would be

unable to detect migration from an unsampled population

genetically similar to the pre-extinction Serengeti-Mara

population. The remaining four individuals were assigned

to unsampled populations, indicating that they could be

migrants from a population outside of the Serengeti-Mara

monitoring area that we did not sample. It is also possible

that our sampling was not extensive enough to exhaustively

sample the allelic diversity present in the pre-extinction

samples and so we cannot exclude the possibility that the

putative migrants were actually from the same gene pool as

the pre-extinction population. Unfortunately, we used all

available pre-extinction samples so the likelihood of this

possibility cannot be assessed at this time.

Genetic differentiation and diversity

We observed no significant decline in Ho, He, or Rs at

microsatellite loci in the re-established population relative

to the pre-extinction population (Table 1: paired T test; Ho,

t = 0.72, P = 0.486; He, t = 1.90, P = 0.09; Rs, t = 1.70,

P = 0.123). Overall, 79% of microsatellite alleles detected

in the re-established population were also detected in the

pre-extinction population. In general, levels of genetic

diversity were comparable to the three other wild dog popu-

lations (Table 1) as well as other wolf-like canid populations

(Aspi et al. 2006; Aspi et al. 2009; Randall et al. 2010). No

significant deviations from Hardy–Weinberg equilibrium at

Fig. 3 Hierarchical population

structure based on

STRUCTURE analyses of 10

microsatellite loci. The columns

in the bar charts represent

individuals, with the proportion

of an individual’s genotype

assigned to each cluster

(K) denoted by different

colours. Shown are the most

likely number of clusters

(K) according to the DK statistic

(line graphs) at the uppermost

(a) and finer scale (b, c) levels

of structuring. Pre-ext = Pre-

extinction Serengeti-Mara; Re-

est = Re-established Serengeti-

Mara. Putative migrants are

indicated with asterisks based

on individual genotype

assignments of \70% to their

sampled population (b). For

analysis within Laikipia (c),

individuals were sorted by pack

membership depicted with

numbers (1–14). Individuals

within unknown pack

membership were grouped as

pack 7. (Color figure online)

Table 1 Genetic diversity and heterozygosity estimates for wild dog

populations based on microsatellite (msat) and MHC markers

Population N

msat/

MHC

Microsatellites MHC-DRB

A Rs Ho He A Rs Ho He

SEL 23/22 6.3 4.9 0.68 0.68 11 9.4 0.91 0.88

MST 32/17 5.5 4.31 0.62 0.61 5 5 0.83 0.71

S-M

(Pre-ext)

20/18 6.1 4.97 0.69 0.72 5 4.8 0.67 0.74

S-M

(Re-est)

13/14 4.6 4.31 0.65 0.67 6 6 0.93 0.76

LAI 67/63 6 4.41 0.61 0.67 3 3 0.54 0.57
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any microsatellite locus were observed (GENALEX6

Peakall and Smouse 2006). Pairwise genetic differentiation

comparisons (Dest) based on microsatellite loci showed the

re-established Serengeti-Mara to be most similar to the pre-

extinction Serengeti-Mara (Dest = 0.14; other populations,

0.25–0.47; Table 2).

Across populations, we amplified nine different MHC

class II DRB alleles (Table 3), and found no evidence of

pseudogenes (stop codons or frameshift mutations), as well

as a maximum of two alleles amplified per individual,

suggesting that a single functional gene was assayed. As

with the microsatellite data, MHC diversity in the re-

established populations was comparable to the three other

wild dog populations and we found no evidence of a

decline in MHC diversity in the re-established relative to

the pre-extinction Serengeti-Mara population (Table 1). In

fact, Ho, He and Rs were all higher in the re-established

population. However, there was a shift in allelic composition

and frequency between pre-extinction and re-established

samples (Table 3). As such, the pre-extinction and re-

established populations shared just 22% of MHC alleles (2/

9; Table 3). For example, allele DRB1*90601 was found at

high frequency (33%) in the pre-extinction population but

was absent in the re-established population. Similarly,

allele DRB1*90203, which was common (43%) in the re-

established population, was not found in the pre-extinction

population. Nonetheless it is noteworthy that allele

DRB1*90204, which is unique to the pre-extinction Ser-

engeti-Mara, was also found in the re-established popula-

tion in three of the four sampled packs. In comparison to

other populations, the re-established samples shared the

most MHC alleles with the Selous population (30%, 4/13;

Table 3). Overall, however, the re-established Serengeti-

Mara was highly differentiated from all populations at the

MHC (Dest = 0.44–0.75), which contrasts with the pattern

at microsatellite loci (Table 2), as might be expected for

genes that could be subject to both balancing and direc-

tional selection (reviewed in Bernatchez and Landry 2003).

Discussion

The Serengeti-Mara wild dog population disappeared in

1991. However, in 2001, a denning pack was observed,

indicating that a breeding population had re-established

(Fyumagwa and Wiik 2001). We conducted genetic pro-

filing on animals from both the pre-extinction and

re-established Serengeti-Mara populations, as well as ani-

mals from nearby populations in East Africa, to distinguish

between three possible scenarios: (1) the Serengeti-Mara

wild dog population became extinct in 1991 and the

re-established animals migrated from another genetically

distinct wild dog population; (2) some of the Serengeti-

Mara wild dog population persisted undetected post 1991,

and the re-established population is derived from the

descendants of these animals; (3) the Serengeti-Mara wild

dogs represent a mixture of migrants and descendants of

the pre-extinction population.

Contrary to expectations if there had been an extinction

event, both Bayesian and allele-sharing clustering analyses

showed that re-established Serengeti-Mara wild dogs

grouped with pre-extinction individuals rather than other

putative source populations (Figs. 2, 3). Furthermore,

assignment tests indicated that the majority of re-estab-

lished Serengeti-Mara wild dogs were derived from the

same genetic population as the pre-extinction Serengeti-

Mara population. Lastly, genetic differentiation based on

neutral markers showed the re-established Serengeti-Mara

to be most similar to the pre-extinction Serengeti-Mara.

Consequently, these findings strongly imply that although

wild dogs were no longer observed to be resident in the

well-monitored areas of the Serengeti-Mara after 1991,

Table 2 Pairwise bootstrapped Dest (Jost 2008) estimates of genetic

differentiation between populations; DRB data are above the diago-

nal, and microsatellite data below

Dest SEL MST S-M LAI

Pre-ext Re-est

SEL - 0.51 0.77 0.44 0.67

MST 0.43 - 0.28 0.53 0.72

S-M (Pre-ext) 0.23 0.28 - 0.63 0.76

S-M (Re-est) 0.47 0.27 0.14 - 0.75

LAI 0.33 0.36 0.25 0.28 -

Table 3 Frequency of MHC-DRB alleles in wild dog populations

n= SEL MST S-M LAI

Pre-ext Re-est

22 18 18 14 63

Allele DRB1

*90201 0.02 0.03

*90202 0.11 0.14 0.59

*90203 0.18 0.14 0.43

*90204 0.36 0.18

*90205 0.05

*90401 0.11 0.06 0.11

*90402 0.02

*90403 0.02

*90501 0.16

*90601 0.09 0.36 0.33 0.25

*90602 0.02 0.04

*907011 0.18 0.14

*90801 0.31 0.17 0.18

*91101 0.18 0.04
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they persisted undetected there, or in unmonitored areas

nearby. It has been widely assumed that all former resi-

dents (15 packs) in the pre-extinction monitoring area died,

but the actual fates of most are unknown (Ginsberg et al.

1995; Woodroffe 2001). Passive monitoring by scientists,

tour guides, and indigenous communities suggests an

absence of breeding packs from the pre-extinction moni-

toring area until at least 1998. However, these monitoring

efforts may not have been sufficient to detect a population

present at low density, especially given the inaccessible

terrain and dense vegetation cover in parts of the moni-

toring area. Furthermore, surveys for wild dogs were lim-

ited and sightings largely anecdotal in localities just outside

of the monitoring areas, such as in the Loliondo Game

Control Area (LGCA), where much of the re-established

population currently resides. Indeed, Burrows et al. (1994)

suggested that evidence of non-resident wild dogs contin-

uing to enter the pre-extinction monitoring area after 1991

(4.5 ± 3.5 dogs/year) was indicative of breeding packs

nearby the pre-extinction monitoring area (but see

Woodroffe 2001). The presence of resident wild dogs near

to the pre-monitoring area after 1991 is indicated by

observations of wild dogs denning in the Loita Hills in

1995 (Martyn 1995), which is approximately 30 km east of

the northern part of the pre-extinction monitoring area. By

contrast, wild dogs are not currently found to the west of

the Serengeti-Mara near Lake Victoria in Tanzania or in

Uganda (IUCN/SSC 2008) and colonisation seems less

likely from the North, given the high genetic differentiation

between Laikipia and Serengeti-Mara.

Although our results strongly imply that most of the re-

colonisers were derived from the same genetic population

as the pre-extinction population. The assignment of four

individuals to unsampled populations by GENECLASS2

suggest that some of the re-established Serengeti-Mara

could be migrants from elsewhere (although as explained

above we cannot exclude the possibility that the putative

migrants were actually from the pre-extinction population).

As detailed in the results, the presence of migrants was also

indicated in other wild dog populations by mis-assignments

in the allele sharing tree (Fig. 2) and STRUCTURE

(Fig. 3). In one of these cases, WDM 22 from Laikipia,

field information also suggested this individual to be a

migrant. However, for all other examples, field information

was either unavailable or did not suggest migrant ancestry.

Given the large distance between pre-extinction Serengeti-

Mara, Laikipia and Selous ([600 km), these migrants most

likely came from an unsampled more proximate population.

Rarely are genetic samples before and after a local

demographic decline in an endangered species available

and their existence in this study highlights the importance

of continuous long-term field projects such as those in the

Serengeti-Mara (Thirgood et al. 2007). Although our

sample size is small, we found no evidence of a loss of

genetic diversity at neutral microsatellite loci or genes that

should be subject to selection (MHC-DRB), suggesting that

the apparent disappearance of wild dogs in the Serengeti-

Mara did not impact genetic variation of the larger popu-

lation (Table 1). In addition to rapid population expansion

(vonHoldt et al. 2010) and inbreeding avoidance (Von

Holdt et al. 2008), migration from other genetically distinct

populations (as suggested by GENECLASS) may have

helped to maintain diversity despite genetic drift.

We did detect a shift in allele composition and increased

heterozygosity at the MHC in the re-established population

that was not mirrored at neutral markers. Due to the

functional role of the MHC in immunity, these changes

could represent adaptive differences between the pre-

extinction and re-established study populations resulting

from changes in selective pressures. Indeed, allelic com-

position and heterozygosity were more consistent at neutral

loci (52% of alleles shared pre- and post-extinction, Ho–4%

decrease) than at DRB (22% of alleles shared, Ho–26%

increase). Unfortunately, insufficient data exist to deter-

mine whether these changes are in anyway related to the

disease epidemic that was implicated in the population

crash (reviewed in Woodroffe 2001).

We found that three of the six MHC alleles of the re-

established Serengeti-Mara were unique to individual

packs and similar proportions were found for the other

populations where we had pack information for all indi-

viduals: Selous, 5/11; Masai Steppe, 2/5. This apparent

spatial structuring of MHC alleles could be the result of

sampling effects associated with the social structure of this

species, since wild dog packs consist of close relatives

(Girman et al. 2001). Such sampling effects may explain

some of the changes in allele composition between the pre-

extinction and re-established samples. A small number of

breeders (Luikart and Cornuet 1999), or bottleneck effects

(Cornuet and Luikart 1996) could also have contributed to

changes in the frequency of MHC alleles. Based on the

neutral microsatellite markers, results from GENECLASS2

indicated the presence of putative immigrants in the

re-established population, and these individuals could have

introduced new MHC alleles from an unsampled popula-

tion. This appears to be the case for one of the putative

migrants, SFMUT, who was the only individual with allele,

DRB1*91101. The three remaining putative migrants did

not possess any unique alleles. However, they were

migrants from packs where other wild dogs, and thus

potentially their offspring with whom they would share

unique alleles, had been sampled. Overall, the re-estab-

lished population share a large fraction of MHC alleles

with the other wild dog populations (Table 3). A high

degree of allele sharing is not unexpected because the

MHC is under balancing selection and alleles are often
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shared between populations (or species) for long periods of

time (trans-specific polymorphism; Klein 1987). Thus, only

the neutral data are useful for inferring genetic connectivity

among populations.

Our study is informative about the origin of the

‘re-colonisers’. However, genetic data alone cannot pro-

vide information on the puzzling cause of the disappear-

ance of so many packs in the Serengeti-Mara monitoring

area, nor on reasons for their subsequent recovery. More

extensive monitoring would have been required to evaluate

the causes of the wild dog disappearance (Woodroffe

2001). Nonetheless, it is interesting to note that, to date, no

packs have re-established in the Serengeti National Park

where much of the pre-extinction monitoring was focused

(Fig. 1b), despite observations of sporadic incursions of

individuals into this area (M. Emmanuel Pers comm.). The

reason for the absence of wild dogs from the Serengeti

National Park remains to be determined but they are known

to avoid lions (Mills and Gorman 1997), which have

increased inside the park since 1991 (Packer et al. 2005).

In conclusion, our data suggest that the re-established

Serengeti-Mara population represents a mixture of

descendants of the pre-extinction Serengeti-Mara popula-

tion as well as a smaller number of migrants from geneti-

cally more distant populations (scenario 3). Furthermore,

we have shown that the supposed disappearance of wild

dogs in the Serengeti-Mara did not strongly impact genetic

diversity of the local population.
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