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Abstract

Knowledge about the phylogenetic history, genetic variation and ecological require-

ments of a species is important for its conservation and management. Unfortunately,

for many species this information is lacking. Here we use multiple approaches

(phylogenetics, population genetics and ecological modelling) to evaluate the evolu-

tionary history and conservation status ofCapra walie, an endangered flagship species

of wild goat endemic to Ethiopia. The analysis of mitochondrial cytochrome b and Y-

chromosome DNA sequences suggests that C. walie forms a monophyletic clade with

Capra nubiana, but potentially has been isolated for up to 0.8 million years from this

closely related species. Microsatellite DNA analyses show that C. walie has very low

genetic variation (mean heterozygosity=0.35) compared with other endangered

mammals. This reduced variation likely derives from a prolonged demographic

decline and small effective population size. Ecological niche modelling using the

bioclimatic features of habitats occupied by C. walie, suggests ecological differences

between C. walie and C. nubiana, and identifies the areas most suitable for future

reintroductions of C. walie. The genetic and bioclimatic data suggest that C. walie is

distinct and requires immediate conservation actions including genetic monitoring

and reintroductions to establish independent populations. This study illustrates how

combining noninvasive sampling along with genetic and ecological (bioclimatic)

approaches can help assess conservation status of poorly known species.

Introduction

Ethiopia is renowned for its endemic fauna and flora, which

arise from the vast extent and isolation of its highlands

within the Afrotropical region (Stephens et al., 2001). These

habitats host unique communities of species adapted to high

altitudes, with remarkable levels of endemism (Kingdon,

1997). Over the last century, many of Ethiopia’s endemic

species have been decimated by habitat loss and fragmenta-

tion (Yalden et al., 1996; East, 1997).

The critically endangered walia ibex Capra walie is the

most southerly distributed taxon of its genus, confined to a

small area (95 km2) in the Simen Mountains (Fig. 1). The

species occupies a narrow habitat niche and is vulnerable to

human disruptions such as habitat loss, illegal hunting,

disease and competition from livestock (Nievergelt, 1981).

Historical data on species abundance and distribution are

scarce. Surveys conducted in the last four decades estimate a

population size of 150–400 individuals (Blower, 1970; Nie-

vergelt, 1981; Hurni, 1986). Currently, the estimated total

population size is about 450 animals (Simen Mountains

National Park Office, pers. comm.).

Endangered species often face multiple threats. Their

conservation assessment and planning is therefore complex,

and requires multiple approaches, including studies on

demography, population genetics and ecological modelling.

Unfortunately, this information is often hard to collect, and

most studies focus only on a limited array of aspects. This

lack of information is particularly relevant in tropical

regions (Gardner, Barlow & Peres, 2007), where most

threatened and endemic taxa are concentrated (Orme et al.,

2005; Grenyer et al., 2006).

Capra walie is a remarkable and charismatic example of

this situation. Like other endangered species, C. walie faces
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multiple threats including environmental change, small

population size, demographic stochasticity and risk of

inbreeding and loss of genetic diversity (e.g. Hoelzel et al.,

1993; Paetkau et al., 1998; Flagstad et al., 2000). Inbreeding

can reduce fitness-related traits such as fecundity and

survival, and can therefore increase extinction risk (Frank-

ham & Ralls, 1998; Saccheri et al., 1998; Hogg et al., 2006).

Genetic variability may interact with demographic effects to

produce the ‘extinction vortex’ of small populations (Gilpin

& Soulé, 1986). Demographic and genetic processes often

act synergistically (O’grady et al., 2006).

Moreover, the taxonomic status of C. walie is not clear.

The traditional classification of the genus Capra is almost

exclusively based on morphological characters, such as

size, coloration, horn morphology and cranial proportion

(Nievergelt, 1981). Few molecular studies have investigated

the phylogeny of this genus (Manceau et al., 1999; Pidancier

et al., 2006; Kazanskaya, Kuznetsova & Danilkin, 2007),

and none of them included C. walie. As a consequence, the

phylogenetic position of C. walie is still uncertain (Niever-

gelt, 1981; Yalden et al., 1996; Shackleton, 1997). Several

authors have consideredC. walie to be a subspecies ofCapra

ibex and/or Capra nubiana, while others consider it to be a

separate species (Wilson & Reeder, 2005). The Ethiopian

authorities and the IUCN usually treat C. walie as a distinct

unit. The accurate identification and classification of organ-

isms is an important prerequisite for conservation (May,

1990). It is therefore a priority to ascertain the taxonomic

status of C. walie.

Here, we assess the conservation status of the C. walie

using multiple approaches including molecular phyloge-

netics, population genetics and niche modelling. We evalu-

ated the position of C. walie within the Capra genus by (1)

analyzing mitochondrial DNA (mtDNA) and Y-chromo-

some sequences and (2) analyzing and comparing its ecolo-

gical niche (using bioclimatic data) with that of the

most closely related species, C. nubiana. We also used

microsatellite loci to quantify genetic variation and test for

recent population demographic declines. Our assessment of

the conservation status of this species suggests an urgent

need of management actions, including monitoring and

translocations to help the survival of this critically endan-

gered wild ungulate.

Materials and methods

Study area

The Simen Mountains National Park is a World Heritage

Site, established in 1969 for the protection ofC. walie (Fig. 1).

It covers an area of 179 km2 of the Simen Mountains

watershed. Most of the Park is mountainous, with eleva-

tions ranging from 1900 to 4430m a.s.l. Agriculture is

the dominant land use in the area. Endemic species, such as

Figure 1 Geographic distribution of Capra walie

and Capra nubiana.
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C. walie, the Ethiopian wolf Canis simensis, and the gelada

baboon Theropithecus gelada are flagships for this area, and

are threatened by extinction.

Molecular genetic analysis

We collected fecal pellets from 37 known individuals of

C. walie during the rainy season. Most of the samples

were collected fresh, kept in separate vials containing 20 g

of silica gel and stored at 4 1C until extraction. For inter-

specific comparisons, we also included tissue samples from

C. nubiana (n=8), Capra cylindricornis (n=2), Capra

caucasica (n=2), Capra falconeri (n=2), C. ibex (n=1)

and Capra pyrenaica (n=1) (Table 1).

Whole genomic DNA was extracted from fecal samples

after a 20-min soak in washing buffer, using aDNeasy blood

extraction kit (Qiagen GmbH, Hilden, Germany) with a 2-h

protease incubation at 56 1C. DNA from tissue samples was

extracted using the tissue extraction kit QIAamp Animal

Tissue kit (Qiagen). We sequenced a part of the cytochrome

(Cyt) b gene shown to be useful for inferring Bovidae phylo-

genies (Hassanin & Douzery, 1999) for 48 individuals: 32

C. walie, eight C. nubiana, two C. cylindricornis, two C.

caucasica, two C. falconeri, one C. ibex and one C. pyrenaica

(Table 1). A total of 600 base pairs (bp) of mitochondrial Cyt-b

was amplified with the primers: CYTB_F (50-CCCCACAAA

ACCTATCACAAA-30) and CYTB_IN_R (50-CCTGTTTC

GTGGAGGAAGAG-30) (Pedrosa et al., 2005). The PCR

reactions were performed in a final volume of 25 mL contain-

ing 2mL of DNA extract, 1 mM of each primer, 1� PCR

buffer, 200mM of each dNTP, 1.5mM MgCl2 and 1U of

AmpliTag Gold polymerase (Applied Biosystems, Foster

City, CA, USA). PCR was performed according to the

following protocol: 10min of initial denaturation at 95 1C

followed by 35–40 cycles of: 30 s denaturation at 95 1C, 30 s

annealing at 55 1C, 1min extension at 72 1C; a final 7min

extension at 72 1C. The PCR products were purified using

the Qiaquick kit (Qiagen).

The use of sequences from both the Y-chromosome and

mtDNA is important because together they give a more

comprehensive view of paternal and maternal phylogenetic

history. Alone, mtDNA or any other single marker can

give biased or incomplete information. We amplified

the fifth exon region of the amelogenin gene, located on the

Y-chromosome, for seven C. walie males using the primers

CAPY1F: 50-CCCAGCAGACTCCCCAGAATC-3 0 and

CAPY1R: 50-CCAGAGGGAGGTCAGGAAGCA-3 0 (Pi-
dancier et al., 2006), with 45 PCR cycles (95 1C for 10min,

95 1C for 30 s, 58 1C for 40 s and 72 1C for 60 s). Two PCR

products (320 and 400 bp) were obtained for males. The

320 bp Y-chromosome-linked band was purified using a

QIAquick Gel Extraction kit (Qiagen).

Purified PCR products for Cyt-b and amelogenin genes

were used as templates in 20mL reactions using the BigDye

Terminator Cycle Sequencing kit version 3.1 and analyzed

on an ABI Prism 3130 automated sequencer. SeqScape 2.5

(ABI) was used to reconcile chromatograms of complemen-

tary fragments and to align sequences across taxa. All

the sequences generated in this study were deposited in

GenBank (Fig. 2). The sequences produced were analyzed

together with sequences (31 Cyt-b, six amelogenin) from

different wild goat species retrieved from GenBank (Fig. 2).

For amelogenin, we retrieved one sequence per species.

Sequences were aligned with Mega 3.1 (Kumar, Tamura &

Nei, 2004), and then visually adjusted.

Eleven microsatellite loci previously analyzed in C. ibex

(Maudet et al., 2002) were genotyped in this study: BM4505,

ETH10, HEL1, ILSTS030, OarAE54, OarFCB48, SR-

CSRP24, SR-CSRP26, SR-CSRP6, SR-CSRP8 and SR-

CSRP9. Loci were amplified individually in a total reaction

volume of 25 mL containing 1.5 mL of DNA, 0.4mM of each

primer, 100mM dNTP, 2.5mM MgCl2, PCR buffer, 5 ng of

BSA and 1U of AmpliTag Gold polymerase (ABI). Electro-

phoresis was performed on an ABI 3100 sequencer using the

POP7 polymer. PCR amplification was performed applying

the multi-tubes approach to reduce genotyping error (four

replicates per each amplification; Taberlet et al., 1996). For

polymorphic loci, the rate of allelic dropout was 9.6%.

Phylogenetic reconstructions and
divergence dates

Phylogenetic analyses and divergence dates were computed

using Bayesian analyses (MrBayes V3.1.2, Huelsenbeck &

Ronquist, 2001), maximum likelihood (ML), and neigh-

bour-joining (NJ) methods. In MrBayes, the Markov Chain

Monte Carlo (MCMC) search was run with 3� 106 genera-

tions and repeated three times, sampling the Markov chain

every 100 generations, with a burn-in of 3000 trees (as

detected by plotting the log likelihood scores against gen-

eration number). The most appropriate likelihood model

was determined using the Akaike Information Criterion

implemented in MrAIC.pl 1.4.3 (Nylander, 2004). ML

analyses were first performed with PHYML 2.4.4 (Guindon

& Gascuel, 2003), using a HKY model of sequence evolu-

tion (Hasegawa, Kishino & Yano, 1985). Clade stability was

estimated by nonparametric bootstrapping in 100 replicates

with PHYML. NJ trees were constructed usingMEGA v.3.1

(Kumar et al., 2004). The distance matrix was constructed

Table 1 Wild goat samples used for Cyt-b phylogeny

Taxon Country # of samples # of haplotypes

Capra walie Ethiopia 32 1

Capra nubiana Israel 5 5

Saudi Arabia 2 1

Egypt 1 1

Capra cylindricornis Russia 2 2

Capra caucasica Russia 2 2

Capra falconeri Pakistan 1 1

Turkmenistan 1 1

Capra ibex Italy 1 1

Capra pyrenaica Spain 1 1

Total 48 16

GenBank accession numbers are in Fig. 2.

Animal Conservation 12 (2009) 89–100 c� 2009 The Authors. Journal compilation c� 2009 The Zoological Society of London 91

Conservation status of Walia ibexB. Gebremedhin et al.



using Kimura’s two-parameter distance (Kimura, 1980) and

the robustness of each branch was determined by a non-

parametric bootstrap test with 1000 replicates and a

tree bisection-reconnection branch swapping algorithm.

Capra sibirica (the most divergent Capra taxon) was used

as out-group.

Because the likelihood ratio test rejected a global mole-

cular clock for Cyt-b (Po0.05), estimates of divergence

times were obtained with the Bayesian relaxed molecular

clock approach with the Multidistribute program package,

including Estbranches and Multidivtime (Thorne & Kishi-

no, 2002). Estbranches was used to estimate the branch

Figure 2 Position of Capra walie in the phylo-

geny of genus Capra. (a) Bayesian tree, based

on mitochondrial DNA (Cyt-b); numbers are

bootstrap values of neighbour-joining, maxi-

mum likelihood and Bayesian analyses. (b)

Bayesian tree, based on Y-chromosome (ame-

logenin). GenBank accession numbers are

shown in parentheses.
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lengths of the constrained topologies and the corresponding

variance–covariance matrices. The F84+g model was used

with ML parameters previously estimated by PAML (Yang,

1997). The variance–covariance matrices produced by Est-

branches were used to run a MCMC analysis to estimate

mean posterior divergence times on nodes with associated

standard deviation and 95% credibility interval. The

MCMC was sampled 10 000 times every 100 cycles and the

burn-in stage was set to 100 000 cycles. The analysis was

repeated three times. Priors were set according to the guide-

lines in Multidivtime’s manual. To determine the time

separating the in-group root from the present (rttm), this

method needs to test different priors for the in-group age.

The estimates of the age of the Capra in-group ranged from

5 to 7 million years ago (MYA) according to fossil records

and previous molecular data (Hartl et al., 1990; Hernandez-

Fernandez & Vrba, 2005). Subsequently we used five input

values for the mean in-group age (rttm=5.0, 4.5, 3.7, 3.0

and 2.5MYA), and the value giving the smallest standard

deviations for the age of nodes was retained for further

analyses. We used this conservative approach to avoid

inflating the time of divergence.

Microsatellite data analysis

We used Genepop 3.4 (Raymond & Rousset, 1995) to test

each locus for deviations from Hardy–Weinberg propor-

tions and gametic disequilibrium. Genetix 4.05 (Belkir,

2004) was used to calculate the observed and the unbiased

expected heterozygosity per each locus and across all loci.

We also calculated FIS as a measure of the level of inbreed-

ing in a population (Wright, 1969); the significance of FIS

was estimated using 10 000 permutations. Bottleneck 1.2

was used to test for heterozygosity excess (bottleneck

signature) using a Wilcoxon test (Cornuet & Luikart, 1996)

and assuming a two-phase mutation model incorporating

5% multi-step mutations (variance of 12) and 95% stepwise

mutation model, iterated 10 000 times. The test was also

repeated assuming 100% infinite allele model and 100%

stepwise mutation model. A Bayesian modelling approach

implemented in MvSAR 1.3 was run to test for a past

population decline (Beaumont, 1999; Storz & Beaumont,

2002). This method assumes a single stable population that

was of size N1 individuals ta years ago and subsequently

changed to the current population size N0. MvSAR esti-

mates the posterior probability distributions of the above

demographic parameters using MCMC, and assuming a

strict stepwise mutation model. We also calculated r=N0/

N1 as a measure of demographic trend. All MCMC runs

lasted 2� 108 iterations on the basis of these parameters.

The first 10% of runs of the chains were discarded as a burn-

in. The remaining data yielded the median and the 90%

highest posterior density (HPD) for each parameter. To

ensure convergence and the stability of the model, it was run

twice; all runs provided exactly the same results. We used an

uninformative prior distribution (Goossens et al., 2006), a

generation time of 5 years (as in C. ibex: Maudet et al.,

2002), and a linear population growth (more suitable than

exponential for modelling long-term population changes;

Beaumont, 1999).

Bioclimatic niche assessment and potential
distribution

To evaluate the realized bioclimatic niche of C. walie

(Kearney, 2006) and test for differences in the realized niche

between C. walie and C. nubiana, we assessed the observed

geographic distribution of each species with a set of envir-

onmental variables. These variables included six bioclimatic

variables and two topographic variables assessed at a

resolution of 1 km2. The bioclimatic variables (annual mean

temperature, maximum temperature of the warmest month,

minimum temperature of the coldest month, annual

precipitation, precipitation of the warmest quarter and

precipitation of the coldest quarter) were extracted

from the Worldclim database (Hijmans et al., 2005). The

altitude and slope were extracted from the Hydro1k

database (http://edc.usgs.gov/products/elevation/gtopo30/

hydro/index.html).

The distribution for C. nubiana was extracted from the

AfricanMammals Databank (AMD), an atlas of medium to

large mammals (IEA, 1998). The distribution from the

AMD was extracted in the form of extent of occurrence

(EO), which defines the boundaries of a polygon in which

observers have recorded occurrences of the species. The EO

does not incorporate recorded absences, and does not

provide information about how abundance varies across

the range. In order to match the resolution of environmental

data, species’ range polygons were rasterized to a 1� 1 km

grid. Because the resolution of the AMD was too coarse for

the restricted distribution of C. walie, we extracted its

geographic distributions from data collected during multiple

surveys performed from 1993 to 2006 (B. Gebremedhin,

unpubl. data).

To analyze the realized niches of both C. nubiana and

C. walie, and assess the potential distribution of C. walie, we

developed boosted regression trees (BRT) (Ridgeway, 1999;

Thuiller et al., 2006) implemented in the Biomod framework

(Thuiller, 2003). In a recent massive comparative analysis,

BRT was proven to be one of the most powerful species

distribution models (Elith et al., 2006). We fitted BRT using

3000 relatively simple models (size=2) whose predictions

are combined to give more robust estimates of the response.

Our algorithm used a boosted regression tree assuming

a binomial distribution where each individual model

consists of a simple classification tree, that is a rule-based

classifier that consists of recursive partitions of the dimen-

sional space defined by the predictors into groups that

are as homogeneous as possible in terms of response. To

estimate the relative importance of each predictor in

the model, we used a permutation procedure, which

randomly permutates each predictor independently and

computes the associated reduction in predictive perfor-

mance. We finally used BRT to produce the potential

distribution of C. walie by projecting the realized niche of

the species onto Ethiopia.
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Results

DNA sequences

For mtDNA, all 32 C. walie individuals analyzed had the

same haplotype (Table 1). The 47 samples collected from

other Capra species yielded 38 different haplotypes. For the

39 mtDNA haplotypes, 111 nucleotide sites (nt) over the

600 bp used for the phylogenetic analyses were variable, and

81 nt were phylogenetically informative. The nucleotide

frequencies were: 30.45% A, 27.72% C, 13.97% G and

27.86% T. The transition/transversion ratio (TS/TV) was

115/12 (9.58). Similarly, the seven C. walie males sequenced

for Y-chromosome (amelogenin gene) in this study shared

the same haplotype, while six haplotypes were found among

all species (Fig. 2).

Phylogenetic analyses

The three independent Bayesian analyses (runs) converged

on similar log-likelihood scores and became stationary

before 2 000 000 generations. The consensus topologies of

the three runs were identical (Fig. 2). The two other

phylogenetics methods (ML and NJ) gave the same topol-

ogy (data not shown, bootstrap values given in Fig. 2 on the

consensus Bayesian tree), almost identical to that published

by Manceau et al. (1999) and Pidancier et al. (2006). Several

monophyletic groups supported by high bootstrap values

are distinguished, such as the C. walie/C. nubiana clade, and

the C. ibex/C. pyrenaica clade.

Using Multidivtime, the age of the in-group giving the

smallest standard deviations for the age of nodes was

4.50� 0.5MYA. This value was used to calibrate the Baye-

sian tree for estimating the divergence times under a relaxed

molecular clock approach. The divergence of the C. walie

and C. nubiana group from the C. sibirica group occurred

about 2.14� 0.39MYA. The divergence between C. walie

andC. nubiana occurred 0.80� 0.44MYA, while betweenC.

ibex and C. pyrenaica occurred 1.23� 0.55MYA.

The cladogram obtained from the analysis of the Y-

chromosome grouped C. walie with C. cylindricornis and C.

ibex (Fig. 2b). These three taxa shared nearly identical

sequences.

Microsatellite polymorphism

All 24 C. walie individuals yielded clear genotype profiles at

all loci. Six out of the 11 microsatellites were monomorphic

(ETH10, SR8, SR9, SR24, SR26 and BM4505). No gametic

disequilibrium was detected between pairs of loci (all

P40.05 after Bonferroni’s correction) and none deviated

strongly from Hardy–Weinberg proportions (P40.05 in all

tests). However, a significant heterozygote deficiency was

detected across all loci (P=0.019). The population level

inbreeding coefficient FIS was significantly greater than zero

(FIS=0.258, P=0.006). At the five polymorphic loci, we

detected only two or three different alleles per locus. The

total number of alleles across these polymorphic loci was

only 11. The average observed heterozygosity among the 11

loci was 0.117 (range: 0–0.33) and the average expected

heterozygosity was 0.157 (range: 0–0.494) (Table 2). When

only polymorphic loci were considered, as in most micro-

satellite studies, the average observed heterozygosity was

0.258 and the average expected heterozygosity was 0.346.

No signatures of recent population bottlenecks were

detected using Bottleneck (one tailed tests, all P40.07).

However, it should be noted that this test does not use the

monomorphic loci, and that the power is low when using

less than c. 10 polymorphic loci (Cornuet & Luikart, 1996).

MsVAR detected a strong past decline of the population.

Using only polymorphic loci, the demographic trend was

estimated to be: Log10 (r)=�2.0 (HPD=�4.1/�0.1), which
approximately indicates a 100-fold population decline. The

beginning of the decline ta was estimated to occur about

10 000 years ago. However, the HPD intervals were very

large (90–400 000 years). Because the five monomorphic loci

were potentially polymorphic in the ancestral population,

we repeated this analysis using the monomorphic loci (as in

Beaumont, 1999). The analysis including all the 11 loci

yielded similar results, but with a slightly more negative

demographic trend [Log10 (r)=�2.2; HPD=�4.2/�0.6]
and a longer period of decline (about 30 000 years,

HPD=500–1 200 000). The large HPD intervals of these

analyses suggest that a larger number of variable microsa-

tellites would be required for a more precise estimate of the

inferred demographic decline.

Realized niches of C. walie and C. nubiana

For bothC. walie andC. nubiana, one topographic (altitude)

and two bioclimatic (mean temperature of the coldest

month, precipitation of the warmest quarter) variables were

selected as the best correlates of the species distributions,

based on their predictive power (Fig. 3). The predictive

accuracy of the models measured by the area under the

receiver–operating curve (AUC) was 0.98 for C. walie and

0.96 for C. nubiana, showing a very good fit. The three-

dimensional representation distinctly showed a strong niche

differentiation between the two species. Capra walie occur at

high altitude, in wet environments and at very extreme

temperatures, while C. nubiana, also called the desert ibex,

occurs at low altitude, over a large precipitation gradient

Table 2 Genetic variability measured at five variable microsatellite loci

Locus K Ho He

HEL7 3 0.292 0.423

FCB48 2 0.203 0.254

SR6 2 0.167 0.156

AE54 2 0.333 0.494

ILSTS030 2 0.292 0.403

Mean 2.2 0.256 0.346

Only polymorphic loci are shown here; 24 individuals were analyzed

for all loci.

K, number of alleles per locus; Ho and He, observed and expected

heterozygosity, respectively.
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and not below c. 5 1C. For the three selected variables (Fig.

3) there is absolutely no overlap. Surprisingly, C. nubiana

expresses a U-shaped relationship to temperature of the

coldest month, possibly due to a nonequilibrium situation in

some areas. The potential distribution of C. walie depicts

relatively constrained suitable areas in Ethiopia (Fig. 4).

Discussion

Our study presents the first data on the phylogenetic history,

genetic diversity and environmental variables for the criti-

cally endangered Ethiopian ibex. It also illustrates the

usefulness of combining genetic and bioclimatic data to

assess a species’ status and develop management recommen-

dations for conserving a species.

The large geographic range and the scattered distribution

pattern of C. nubiana may have led to the observed high

mtDNA diversity within this species, and consequently may

have affected the apparently low support for the nubiana/

walie clade. Despite relatively low bootstrap support, phylo-

genetic analysis suggested that C. walie and C. nubiana

constitute a single clade (Fig. 2a), that C. nubiana is para-

phyletic, and that C. walie potentially has been isolated from

C. nubiana for up to 0.8 million years. This represents a

relatively long period of reproductive isolation and would be

sufficient for substantial adaptive differentiation, which can

occur rapidly, even on contemporary time scales (Stockwell,

Hendry & Kinnison, 2003). The genetic differentiation be-

tween C. walie and C. nubiana is similar to the differentiation

observed between the alpine (C. ibex) and the Spanish ibex

(C. pyrenaica), which are currently considered separate spe-

cies. These results are consistent with the Shackleton (1997)

classification, suggesting possible species status for C. walie.

Our phylogenetic data also strengthen the previous hy-

pothesis (Pidancier et al., 2006) that there was a single wave

of immigration of the Capra individuals towards Africa

from ancestors in Central Asia. Phylogeographic studies of

African mammals suggest that their evolutionary history

was influenced by geological and climatic events of the

Pleistocene, which resulted in repeated isolation of popula-

tions into refugia, and subsequent expansion of surviving

individuals when environmental conditions became favor-

able (Arctander, Johansen & Coutellec-Vreto, 1999; Flag-

stad et al., 2001).

Genetic diversity measured by mtDNA, Y-chromosome

and microsatellites were concordant and extremely low in C.

walie relative to other mammals (Supporting Information

Appendix S1). The single mtDNA haplotype (Fig. 2), low

microsatellite heterozygosity and low allelic diversity are

characteristic of small, isolated populations and populations
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Figure 3 Three dimensional representation of the realized ecological

niches of Capra walie (red) and of Capra nubiana (blue). The realized

niches are expressed as a function of altitude (ALT), precipitation of

the warmest quarter (PWQ) and temperature of the coldest month

(MTC).

Figure 4 Modelled potential distribution of

Capra walie in Ethiopia. The blue dots represent

the current observed distribution of C. walie in

Ethiopia, while the red shape represents the

potential distribution of C. walie extrapolated

from the species distribution model.
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that have experienced extreme bottlenecks (Culver et al.,

2000; Alpers et al., 2004; Jamieson, Wallis & Briskie, 2006).

mtDNA has been proposed as a sensitive indicator of loss of

genetic diversity (Avise, Ball & Arnold, 1988; Mulligan,

Kitchen & Miyamoto, 2006). Moreover, the six mono-

morphic microsatellite loci are polymorphic in other species

including several Capra spp. (Luikart et al., 1999; Maudet,

Luikart & Taberlet, 2001; Beja-Pereira et al., 2004; Maudet

et al., 2004a). The high mean FIS observed may be caused by

population subdivision (Wahlund effect), or by high levels

of mating between relatives.

Only a few critically endangered species and very small,

isolated populations showed heterozygosity values as low as

C. walie (Supporting Information Appendix S1). Only 5%

of species of endangered birds reviewed by Jamieson et al.

(2006), and only 14% of amphibians reviewed by Ficetola,

Garner & De Bernardi (2007) showed values of expected

heterozygosity lower than C. walie. These comparisons

include only polymorphic loci because most publications

use and report results from polymorphic microsatellites

(Maudet et al., 2002). Low genetic diversity is also evident

if we include monomorphic loci for comparisons with other

taxa for which monomorphic loci were reported. For exam-

ple, with monomorphic loci, the expected heterozygosity

was only 0.16 for C. walie, 0.14 for Monachus monachus,

0.20 for C. ibex, 0.25 for Bison bonasus and 0.27 for Ursus

arctos of the Kodiak Island (see Supporting Information

Appendix S1 for references). The low variation, including

the lack of polymorphism at microsatellite loci that are

usually highly variable in ungulates, suggests a severe loss

of genetic diversity in C. walie. Future studies using micro-

satellites should report information also on monomorphic

loci, as is standard practice for other markers, such as

allozymes.

Genetic diversity is usually considered necessary for

adaptation to changing environments (Reusch & Wood,

2007). The reduced genetic diversity in C. walie might

increase immunological homogeneity, and decrease the

species’ potential to adapt to diseases or environmental

modifications. Furthermore, populations with reduced het-

erozygosity and high levels of inbreeding often suffer in-

breeding depression (Keller & Waller, 2002), which may

reduce fitness and increases the risk of extinction (O’Grady

et al., 2006). Nevertheless, low diversity measured using

neutral loci may provide incomplete indications, because

selection can maintain higher diversity at fitness-related

loci (Aguilar et al., 2004). Future studies should evaluate

whether C. walie suffers inbreeding depression, for example,

by monitoring fitness and survival of individuals that are

relatively inbred versus outbreed (Schwartz et al., 2007).

From a management perspective, it is urgent to conserve

genetic diversity in C. walie by increasing population size

and the number of populations. This can perhaps be

accomplished by translocating unrelated individuals into

different areas of the species’ range.

The Bayesian modelling of microsatellite variation also

suggested that the current small population size is the result

of a prolonged and severe decline. Severe population

declines are known to increase extinction risk by reducing

efficiency of natural selection and increasing the frequency

of deleterious alleles (e.g. Lande, 1994). Documenting the

decline of a species is one criterion used to determine a

species’ conservation status (IUCN, 2007), yet it is difficult

to ascertain past declines when historical information is

lacking. Molecular genetics can aid in reconstructing past

demography of a species or population, and can therefore

play an important role in assessing conservation status.

Ecological models showed that C. walie and C. nubiana

occupy clearly different bioclimatic niches. Only a few

parameters (altitude, precipitation and temperature) were

enough to clearly differentiate between these two closely

related species, and no overlap was observed (Fig. 3). Capra

walie lives in areas with colder temperature, higher elevation

and more precipitation than C. nubiana. This suggests a

complete isolation of these two species that might have

developed unique ecological requirements related to the

different habitat features within their respective range. The

definition of the bioclimatic niche of C. walie allowed us to

delineate the most suitable localities in Ethiopia (Fig. 4).

The main suitable areas were located in the Simen high-

lands, where the last viable population of the species

currently lives. The model also showed that there were a

few potentially suitable areas both north and south of the

current distribution ranges. If archaeological studies can

confirm the past presence of C. walie in these mountains,

they may in the future be used for the introduction of new

populations.

Combining environmental and phylogenetic data together

provide strong evidence that C. walie is distinct from C.

nubiana and that C. walie warrants separate status as a

conservation unit (or species). Such multidisciplinary ap-

proaches are too often not conducted even though they are

highly advisable and often enlightening. For example, the

brown bear (U. arctos) and the polar bear (Ursus maritimus)

have striking differences in habitat, behavior and morphol-

ogy, and are usually classified as distinct species. Nevertheless,

genetic studies showed that U. arctos is paraphyletic with

respect to U. maritimus, and the two taxa diverged only

0.3MYA, probably in response to an adaptation to very

different environments (Taberlet & Bouvet, 1992; Talbot &

Shields, 1996). In such cases, the application of a strict

phylogenetic species concept would merge the two bear taxa

into a single species. It is therefore more appropriate to

combine phylogenetic and ecological information, for the

definition of evolutionary significant units that can be used as

units for conservation. Following this approach, C. walie

should be considered as a distinct unit for conservation. C.

walie in this study represents an excellent example of the

importance and usefulness of combining data from multiple

sources when identifying conservation units, assessing a

species status and developing management recommendations.

Conservation recommendations

The analysis of mtDNA suggests that C. walie is phylogen-

etically distinct and diverged thousands of years ago from its
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closest relative, C. nubiana. The combination of ecological

and genetic data implies that C. walie should be considered

as a distinct conservation unit. The low genetic variation,

the existence of only one small population of C. walie, along

with continued risks of habitat loss, climate change and

potential emerging diseases, call for urgent conservation

actions, even though the population size is currently increas-

ing slightly.

A similar situation has been observed in populations of

the alpine ibex C. ibex in Europe (Maudet et al., 2002).

Capra ibex was reduced to fewer than 200 individuals in the

18th century, but reintroductions allowed a rapid rebound

of the species, which now contains about 40 000 individuals.

The ecological niche analysis showed that C. walie might

have occupied larger areas, mainly around the Simen

Mountains and probably in other highlands west of the Rift

Valley (Fig. 4). Careful attempts to reintroduce C. walie,

along with post-reintroduction monitoring, should help re-

establish the species’ historical range (IUCN, 1998).

Reintroduction into suitable habitats is probably the best

option to rapidly counteract immediate extinction risks.

Habitat protection and reintroductions have facilitated the

successful recovery of other ungulates, such as C. ibex

(Maudet et al., 2002), the Arabian oryx Oryx leucoryx

(IUCN, 1998), and bighorn sheep Ovis canidensis (Singer,

Papouchis & Symonds, 2000). Eventually, managing wild-

life corridors connecting the different mountain ranges (that

are currently fragmented by human activities) might help

the species expand into a network of metapopulations, as

long as devastating diseases are not transmitted through

these corridors. However, additional detailed ecological

studies should precede translocations, as this study focused

on bioclimatic features and altitude.

Our study illustrates the importance and usefulness of

combining environmental and genetic studies in a relatively

holistic approach to identifying units for conservation,

assessing demographic and genetic status and providing

management information such as potential reintroduction

locations where ecological conditions appear most appro-

priate. This multidisciplinary approach can be particularly

useful for poorly known species, or for species facing multi-

ple threats.
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