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Abstract
Genetic structure can be a consequence of recent population fragmentation and isolation, or a remnant of historical
localised adaptation. This poses a challenge for conservationists since misinterpreting patterns of genetic structure may lead
to inappropriate management. Of 17 species of reptile originally found in Mauritius, only five survive on the main island.
One of these, Phelsuma guimbeaui (lowland forest day gecko), is now restricted to 30 small isolated subpopulations
following severe forest fragmentation and isolation due to human colonisation. We used 20 microsatellites in ten
subpopulations and two mitochondrial DNA (mtDNA) markers in 13 subpopulations to: (i) assess genetic diversity,
population structure and genetic differentiation of subpopulations; (ii) estimate effective population sizes and migration
rates of subpopulations; and (iii) examine the phylogenetic relationships of haplotypes found in different subpopulations.
Microsatellite data revealed significant population structure with high levels of genetic diversity and isolation by distance,
substantial genetic differentiation and no migration between most subpopulations. MtDNA, however, showed no evidence
of population structure, indicating that there was once a genetically panmictic population. Effective population sizes of ten
subpopulations, based on microsatellite markers, were small, ranging from 44 to 167. Simulations suggested that the
chance of survival and allelic diversity of some subpopulations will decrease dramatically over the next 50 years if no
migration occurs. Our DNA-based evidence reveals an urgent need for a management plan for the conservation of P.
guimbeaui. We identified 18 threatened and 12 viable subpopulations and discuss a range of management options that
include translocation of threatened subpopulations to retain maximum allelic diversity, and habitat restoration and assisted
migration to decrease genetic erosion and inbreeding for the viable subpopulations.
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or a remnant of historical localised adaptation. Misdiagnosing the
former when the latter is true risks disrupting patterns of local
adaptation and outbreeding depression if incompatible populations are mixed. Conversely, interpreting structured patterns to be
signatures of local adaptation when they are a consequence of
isolation and drift risks inappropriate management to maintain
existing genetic patterns, when maximising gene flow between
populations might reduce genetic loss and the risk of extinction.
Identifying the origins of genetic structure is particularly important
when deciding whether to use translocation to reinforce existing
populations and/or establish new populations, and to determine
how many founding individuals are required to retain the existing
genetic diversity. It is also important to interpret genetic patterns
alongside ecological factors such as habitat loss when deciding on
the most appropriate management option.
In Mauritius, successive occupations by the Dutch (1638–1710),
French (1721–1810) and British (1810–1968) have destroyed a
large part of the ecosystem through habitat destruction and the
introduction of invasive alien species [11]; over this period,

Introduction
The effects of habitat fragmentation on genetic structure are
well documented [1]. Disconnected habitat fragments harbour
small, isolated populations [2], which can lead to loss of genetic
diversity, inbreeding depression and reduced levels of populationwide fitness [3–5], all factors that can increase the risk of extinction
[6]. Reduced genetic diversity following habitat fragmentation [7],
combined with low dispersal [8], can also limit the ability of
populations to adapt to environmental change [6]. Therefore, a
detailed knowledge of how population genetic diversity is
structured across fragmented landscapes, and the extent of genetic
differentiation, connectivity and effective population sizes (Ne), are
key to formulating a conservation strategy that maintains genetic
variability and promotes the evolutionary potential of threatened
species [9,10].
Understanding patterns of population genetic structure frequently poses a challenge to conservation managers. It is
important to determine whether the observed genetic structure is
a consequence of recent population fragmentation and isolation,
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29 to 37. The nearest-neighbour distances among these ten
subpopulations ranged from 0.6 to 27.3 km, and the area of each
subpopulation ranged from 0.002 to 0.5 km2 (Figure 2).

Mauritius has experienced one of the highest known rates of
extinction in the world [11]. Of the 17 described species that once
formed a rich endemic terrestrial reptile community [12], only five
remain on mainland Mauritius (five are extinct, the other seven
only survive on small offshore islands). Four of the species still
found on the mainland are day geckos (Phelsuma), and these
support a wide range of ecological functions such as pollination,
predator-prey dynamics and seed dispersal [11]. Phelsuma guimbeaui
(lowland forest day gecko) is the species most vulnerable to
extinction. It persists in only 30 small and isolated subpopulations,
many of which may be lost within the next decade due to
increasing urbanisation, habitat loss, and the impact of invasive
species such as Phelsuma grandis (giant Madagascar day gecko),
introduced to Mauritius in the 1990s (Buckland et al., submitted).
Here, we characterise genetic diversity and structure for P.
guimbeaui and consider the most appropriate strategy for its longterm conservation. We used a suite of microsatellite markers for P.
guimbeaui [13] and two mtDNA markers to: (i) quantify levels of
genetic diversity, the extent of population structure and genetic
differentiation within and between subpopulations; (ii) estimate
effective population size for each subpopulation and the degree of
gene flow (migration); and (iii) examine the phylogenetic relationships of haplotypes among the different subpopulations. We
evaluated whether the levels of genetic structure and diversity
reflected recent or ancestral patterns, and interpret our findings in
the light of the well-documented chronology of habitat loss
recorded in Mauritius by the early European colonists. We then
used simulations to: (iv) estimate the probability of survival and
retaining rare alleles in a subpopulation; and (v) estimate the
number of individuals that should be translocated initially from a
subpopulation, and the number of geckos that need to be
translocated at timed intervals thereafter, to form a new
population without loss of genetic variation. Finally, we make
recommendations for the short- and long-term genetic management of P. guimbeaui.

DNA extraction and microsatellite amplification
DNA was extracted using an ammonium acetate salt precipitation protocol [14]. The quality and integrity of the DNA was
evaluated by gel electrophoresis. DNA concentration was quantified using a Fluostar OPTIMA (Bmg Labtech Ltd, Aylesbury,
UK).
We selected 41 polymorphic microsatellite loci with high
amplification success, developed specifically for P. guimbeaui [13].
We amplified 312 samples in 2 ml multiplex polymerase chain
reactions (PCRs) comprising ca 10 ng DNA, 1 ml Qiagen Master
Mix (Qiagen Ltd, Manchester, UK) [15], 0.2 mM reverse primer,
0.2 mM forward fluorescent primer, and covered by mineral oil.
PCRs were conducted with touchdown cycling conditions detailed
in [13]. The resulting fragments were sized using an ABI 3730 48well capillary DNA Analyser (Applied Biosystems, Foster City,
CA, USA) and genotypes scored in GENEMAPPER v3.7 (Applied
Biosystems, Foster City, CA, USA). The 41 loci were subsequently
subjected to an elimination process whereby unsuitable loci were
dropped from further analyses (see Results).

Microsatellite analyses
Forty samples were randomly selected, re-PCRed and genotyping error rates per allele [16] estimated using MICROSATELLITE TOOLKIT [17]. Large allelic dropout and stutter-band
scoring errors were investigated in MICRO-CHECKER v2.2.3
[18]. We used ML-RELATE [19] to identify 55 full- and half-sib
relationships, which were excluded since their inclusion could bias
the population structure results [20]. We tested whether microsatellite loci were under selection using LOSITAN [21] and
subsequently removed any markers so identified. All loci were
tested for deviation from Hardy-Weinberg (HW) equilibrium and
all pairs of loci tested for linkage disequilibrium (LD) in each
subpopulation using GENEPOP v4.0.10 [22]. False discovery rate
[23] was used to correct P values in multiple tests. The null allele
frequency per locus was estimated using CERVUS v3.0 [24].
To detect genetic diversity within each subpopulation, the
number of different alleles, mean number of different alleles (NA),
allelic richness (AR) and private allelic richness (PA) were calculated
using a rarefaction approach in the software HP-RARE [25]. The
mean observed (HO) and expected heterozygosities (HE) for each
subpopulation were estimated in CERVUS v3.0 and the mean
inbreeding coefficient (FIS) was calculated using GENETIX v4.05
(http://kimura.univ-montp2.fr/genetix/), based on 10,000 permutations. Differences in AR and HE were examined using a
parametric ANOVA conducted in R 2.15.3 (R Development Core
Team 2013).
Three different analyses were used to assess population
structure. First, the Bayesian clustering software STRUCTURE
v2.3.2 [26] was used. This uses a Markov Chain Monte Carlo
(MCMC) approach to assign individuals to their most likely
genetic cluster (K) and we used the admixture model with
correlated allele frequencies [27]. Ten independent runs of
1,000,000 MCMC iterations, each with a burn-in of 500,000
generations, were explored. No prior information was provided on
the geographical locations of samples [26]. The model with the
highest log posterior probability Pr (X|K) [26] and highest delta K
[28] was examined to identify the most likely value of K. These
two parameters were computed using the online version of
STRUCTURE HARVESTER [29]. CLUMMP v1.1.2 [30] was
then used to infer the global cluster membership (Q) by averaging

Methods
Ethical statement
The capture and tissue sampling were approved by the
University of Bristol’s Ethical Review Committee (University
Investigation Number UB/11/031) and the National Parks and
Conservation Service, Ministry of the Agro-Industry, Mauritius.

Study sites and field methods
For the purpose of this study, we defined a subpopulation as
inhabiting a piece of wooded habitat separated by barriers such as
a major road, large area of agriculture, non-habitable planted/
non-planted exotic trees such as Pinus taeda (loblolly pine) and
Psidium cattleianum (strawberry guava), or human habitation.
Between 2007 and 2009, we searched the western part of
Mauritius and found a total of 30 subpopulations (Figure 1)
covering areas ranging in size from 0.006 to 1 km2. Twelve of the
30 subpopulations were in the Black River mountains in highquality native forest (.90% native cover).
From 17 January to 2 September 2011, samples were collected
from 13 accessible subpopulations for which we could obtain
permission. Geckos were captured by hand or with a nylon noose
on the end of a telescopic pole. The tail tip (,5 mm) was removed
with a sterile scalpel blade, placed in a labelled 1.5 ml microfuge
tube containing 94% alcohol and stored at 220uC. We only
caught one gecko in subpopulation L11 and three each in L12 and
L13 (Figure 2); these were not included in the microsatellite
analyses. Sample sizes in the other ten subpopulations ranged from
PLOS ONE | www.plosone.org
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Figure 1. Pattern of deforestation in Mauritius from 1773 to 1997. The red dots indicate the 10 subpopulations for which both microsatellite
and mtDNA analyses were conducted, and the yellow dots the three subpopulations for which only mtDNA analyses were carried out. The blue stars
mark subpopulations not sampled and the black region within the purple dotted line on the 1997 map shows the Black River mountains. All
subpopulation locations were transposed by 1 km.
doi:10.1371/journal.pone.0093387.g001

compiled data on forest cover between 1773 and 1935 from [41]
and in 1997 from [42]. The habitat maps were then digitised in
ARC GIS 10.1 (ESRI, Redlands, CA, USA). Only the 1997 map
was accurately georeferenced as the others were originally hand
drawn in the 1940s from historical records of logging and cane
production (Figure 1). We then tested whether genetic diversity
was related to the time for which subpopulations had been isolated
using Pearson’s coefficient of correlation in R 2.15.3. We assumed
that the loss of native habitats prevented natural migration and
eventually reduced genetic diversity. P. guimbeaui is a habitat
specialist and is mostly reliant on native habitats that have high
tree diversity and tall, large trees with cavities (Buckland et al.,
submitted). The maximum dispersal distance of 28 adult P.
guimbeaui monitored for a year was ,15 m (S. Buckland,
unpublished data). There are no data on dispersal in sub-adult
and juvenile P. guimbeaui, but the maximum recorded dispersal
distance for P. ornata (ornate day gecko), a similar-sized Mauritian
species, was 87 m [43]. While P. guimbeaui also persists in the
presence of four exotic tree species, i.e. Eucalyptus tereticornis
(eucalyptus), Haematoxylum campechianum (campeche), Mangifera
indica (mango) and Terminalia arjuna (terminalia), these trees are
usually scattered and probably act as ecological traps; there are no
data on the density of P. guimbeaui in these exotic plantations, and it
has never been recorded on buildings or in agricultural land.

the results from the independent runs. Clusters were visualised as
bar plot charts in DISTRUCT v1.1 [31]. Second, we used TESS
[32] to infer the degree of population structure. TESS uses spatial
information regarding the location of each individual together
with its genotype. For each K value (2–10), an admixture model
with ten independent runs of 100,000 sweeps and a burn-in of
20,000 was performed. The lowest deviance information criterion
(DIC) was used to choose the best-fitting model. Third, we used
the Bayesian assignment method in GENECLASS2 [33] and
population assignment was conducted as in [34] with type 1 error
set to 0.05, using 1,000 iterations and simulation computation
[35].
Weir and Cockerham’s Fst [36] values were used to assess
population genetic differentiation: a pairwise Fst matrix was
computed and statistical significance estimated with a permutation
test of 9,999 replicates in GenAlEx 6.5 [37]. A hierarchical
Analysis of Molecular Variance (AMOVA) [38] was used to
establish the major sources of genetic variation. The statistical
significance of the AMOVA was assessed with 9,999 permutations
in GenAlEx 6.5. The software SPAGeDi v1.3 [39] was used to
investigate patterns of isolation by distance (IBD) [40]: this was
visualised by plotting pairwise genetic distances (Fst/(1-Fst) against
the log-transformed geographical distances among the ten
subpopulations.
To determine whether levels of genetic diversity (i.e. AR and
HE) were related to patterns of habitat loss and isolation, we

PLOS ONE | www.plosone.org

3

June 2014 | Volume 9 | Issue 6 | e93387

Losing Genetic Diversity in a Mauritian Gecko

Figure 2. Location and assignment to genetic clusters of ten subpopulations of Phelsuma guimbeaui. a Subpopulations used for the
microsatellite analyses. Colours in the pie charts indicate the proportion of genetic clusters identified using STRUCTURE 2.3.2. The three
subpopulations only used for mtDNA analyses (L11, L12 and L13) are also shown in Figure 2a; subpopulations marked with an asterisk are in the Black
River mountains. b Bar plots showing the genetic identity of individual samples generated using STRUCTURE 2.3.2. c Bar plot output from TESS with
each subpopulation’s labelling assignment (%) from GENECLASS2 shown below. The box gives details of each subpopulation (Subpop): vegetation
(Veg) was classified as exotic campeche forest (C), exotic eucalyptus forest (E), exotic mango orchard (M), native forest (N) and exotic terminalia forest
(T); size is the area (km2) occupied by each subpopulation.
doi:10.1371/journal.pone.0093387.g002

individuals and type 1 error were set at 10,000 and 0.05,
respectively. Third, prior information about the locations of
individuals was supplemented using the USEPOPINFO model
and MIGRPRIOR was set at 0.001 to output estimates of
migration between subpopulations in STRUCTURE v2.3.2 [49].

Effective population size and contemporary migration
Ne was estimated using two different techniques. First, we used a
point estimate approach using LD in Ne ESTIMATOR [44].
Second, a coalescent computation as implemented in MIGRATE
[45] was used, in which the following settings were applied: slice
sampling with uniform theta prior boundaries of 0 and 100; a
Brownian microsatellite model and constant mutation rate; four
static chains (default temperatures); and Watterson estimator theta
initially estimated from Fst. We carried out four independent runs
with 5,000,000 iterations after an initial burn-in of 1,000,000
iterations. The software BOTTLENECK v1.2.02 [46] was also
used to detect any recent decline in Ne. We used a general
vertebrate multiple step mutation rate (pg = 0.22) [10] and a reptile
multiple step mutation rate (pg = 0.46) [47].
Three different techniques were used to estimate contemporary
rates of migration between the subpopulations. First, we used a
Bayesian approach implemented in BAYESASS v1.3 [48]. The
number of iterations was set at 20,000,000, with an initial burn-in
of 5,000,000 and a thinning of 2,000 chains. The delta value for
allele frequency and inbreeding was kept at the default value of
0.15 and migration was changed to 0.1. Five independent runs
were conducted to test for convergence and consistent results.
Second, we used GENECLASS2 to detect first-generation
migrants. We used the simulation algorithm in [35] and specified
L_home as the likelihood criterion, where the number of simulated
PLOS ONE | www.plosone.org

Estimating risks of extinction and retention of rare alleles
We first used simulations in the R package AlleleRetain [50] to
estimate the probability of survival and retaining rare alleles in
each subpopulation. We also estimated the number of individuals
that would need to be translocated per subpopulation to retain the
maximum number of rare alleles. We used the estimated size of
each subpopulation, obtained by multiplying Ne by ten [51], and
life-history information such as age of maturity and mating system
from field and captive data (N. Cole, R. Budzinski and S.
Budzinski, unpublished data). The R codes with history information for the simulations are given in Table S1. To evaluate
different possible interventions to minimise the risks of extinction
and capturing the maximum number of rare alleles in a
translocated population, we investigated the following scenarios:
(i) the initial number of translocated individuals; (ii) the number of
assisted migrants after translocation; and (iii) the frequency at
which assisted migrants were translocated, where assisted migrants
were geckos translocated in subsequent years after the initial
translocation, and the frequency at which assisted migrants were
4
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To compare the genetic diversity of P. guimbeaui with other
species of the same genus, we compared p between homologous
464-bp cyt b sequences from P. guimbeaui, two subspecies of Phelsuma
astriata (Seychelles small day gecko) and three subspecies of
Phelsuma sundbergi (Seychelles giant day gecko), all of which are
common in the Seychelles [64].

translocated is the number of years after the initial translocation
when assisted migrants were translocated. All simulations were
conducted across 1,000 replications over a 50-year period.

Mitochondrial sequencing
Partial regions of cyt b and 16S rRNA, two mitochondrial genes
frequently used in phylogenetic research [52], were amplified in a
10 ml reaction mixture containing 10 ng of DNA, 5 ml of Mytaq
HS DNA Polymerase Mix (Bioline Reagents Ltd., London, UK)
and 4 mM of each primer. Primers were designed for mtDNA loci
in Primer3 [53] (Table S2). Cycling parameters consisted of an
initial denaturation at 95uC for 60 s and 34 cycles starting with
denaturation at 95uC for 15 s, annealing at 59uC for 15 s and final
extension at 72uC for 10 s. The presence of amplified product was
confirmed by visualising a fraction of the product on an agarose
gel. PCR products were cleaned up with Exo-SAP-IT (Amersham
Biosciences, Piscataway, NJ, USA), precipitated with ethanol and
sequenced using the Big Dye Terminator v3.1 Cycle Sequencing
Kit on an ABI 3730 DNA Analyser (Applied Biosystems, Foster
City, CA, USA).

Results
Amplification success and genotyping errors
Amplification success of loci varied from 83.0 to 100.0% (mean
6 SD 96.263.7%), except for Pgu 043, which amplified only
57.6% of the time and so was excluded from subsequent analyses
(Table S3). Amplification success (proportion of loci amplifying)
varied across samples from 61.7 to 100.0% (mean 6 SD
93.766.1%). Sampled individuals with an amplification success
of less than 70.0% were excluded from the analysis. Loci Pgu 005
and Pgu 033 were discarded because of stutter-band scoring errors.
Three loci, Pgu 009, Pgu 017 and Pgu 040, displayed minor
evidence of genotyping errors, with a maximum error rate of 0.033
per allele (Table S3); these loci were retained because of the
relatively low mean error rate of 0.004 for all 41 loci. After
screening for data quality, a total of 260 geckos genotyped at 38
loci were retained for subsequent testing for HW disequilibrium,
LD and the presence of null alleles.

Mitochondrial DNA analyses
The start and end of sequences were trimmed. A consensus
sequence was obtained by aligning the forward and reverse
sequence for each individual in CodonCode Aligner (CodonCode
Corporation, Dedham, MA, USA) and complementary alignment
was conducted in MEGA v5.05 [54] using the ClustalW
algorithm. Mitochondrial DNA sequences were concatenated in
Geneious (Biomatters Ltd, Auckland, New Zealand). To quantify
the genetic variation in the concatenated sequences, haplotype
diversity (H) and nucleotide diversity (p) [55] were calculated using
DnaSP v5.10.01 [56]. AMOVA and Fst were calculated in
GenAlEx 6.5; analyses were performed separately per subpopulation (one to eight individuals) and for the entire population.
Phylogenetic trees of different haplotypes were inferred by
applying the maximum-likelihood method in MEGA 5.05 [54]
and a Bayesian approach in MRBAYES [57]. MODELTEST
v3.7 [58] was used to find the best-fit model of evolution according
to the corrected Akaike information criterion (AICc): models were
GTR + G and HKY + G for cyt b and 16S rRNA, respectively. For
maximum likelihood, a phylogenetic tree with 1,000 bootstraps
was used to explore the robustness of tree topology. Bayesian
analysis was conducted with four chains of 10,000,000 replications, with sample frequency of 2,000 and discarding the first 25%
of replicates as burn-in. Two independent runs were conducted to
produce a consensus tree that we used to explore relationships
between haplotypes. We considered the runs as having converged
when their split frequency was ,0.01 and the potential scale
reduction factor was close to 1 [57]. The tree was rooted with P.
ornata (Genbank AY221451.1). We also built a statistical parsimony
network using TCS v1.7 [59]. Sites with missing data (nucleotides
and gaps) were not considered when sequences were collapsed into
haplotypes.
Neutrality tests (Tajima’s D and FS) [60,61] and pairwise
mismatch distribution were used to detect any signal of recent
demographic expansion or increase from a founder population.
Geographical regions with negative neutrality indices and
unimodal mismatch distributions are expected to show demographic expansion [62]. The raggedness statistic, r, was used to test
whether the observed mismatch distribution was significantly
different from the expected unimodal distribution [63]. All
analyses and tests for significance were performed in DnaSP
v5.10.01 with 10,000 coalescent simulations.
PLOS ONE | www.plosone.org

Selection of loci for population genetic analyses
Significant LD was observed in three pairs of loci. However, we
retained these loci because the LD was not consistently high across
all subpopulations. The number of loci in HW disequilibrium
(Table S4) and significant null alleles (proportion .0.1) in the
different subpopulations (Table S5) varied from zero to ten. Only
loci showing evidence of null alleles and HW disequilibrium (P,
0.05) in a maximum of three subpopulations were retained for
analysis. Heterozygotes were present in males and females at every
locus, indicating no linkage to sex chromosomes. We excluded loci
with indications of selection, evidence of alleles differing by 1 base
pair, and allele sizes greater than 500 base pairs because the ABI
3730 DNA analyser could not distinguish fragment sizes larger
than 500 base pairs accurately. We retained 20 loci for the
population genetics analyses (Table S3).

Genetic diversity of subpopulations
The 20 retained markers were all highly polymorphic, with the
number of alleles per locus ranging from 11 to 60 (Table S6).
Genetic diversity was high at all sites: mean HE varied from 0.844
to 0.891, HO from 0.792 to 0.876, NA from 10.6 to 15.5 and AR
from 8.4 to 10.7. PA was observed in all the subpopulations and
mean PA varied from 0.400 to 0.960 (Table 1). Significant
differences were detected in mean HE (F9 = 9.12, P,0.001) and
AR (F9 = 10.17, P,0.001) between the following subpopulations:
(i) subpopulation L10 had significantly lower HE and AR
compared to all other subpopulations except L1 and L7; and (ii)
L1 and L7 had significantly lower HE and AR compared to
subpopulations L2, L3, L4, L5 and L6. There was also a
significant positive FIS varying between 0.006 and 0.108 in all
subpopulations (Table 1), which indicated inbreeding [65].
Based on the maps of habitat loss (Figure 1), the different
subpopulations have been isolated from each other for approximately 0 to 239 years (L2 and L6, 0 years; L4, 77 years; L7 and
L10, 140 years; L1, L3, L8 and L9, 177 years; L5, 239 years). We
found no correlation between genetic diversity and habitat loss
measured as time of isolation (AR: r = 20.328, t8 = 20.981, P.
0.05; HE: r = 20.183, t8 = 20.526, P.0.05).
5
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Subpop = subpopulation; A = number of individuals sampled; HE = mean expected heterozygosity and standard deviation; HO = mean observed heterozygosity and standard deviation; NA = mean number of alleles and standard
deviation; AR = mean allelic diversity and standard deviation; PA = mean private allelic richness and standard deviation; FIS = inbreeding coefficient. NA, AR and PA were based on a minimum sample of 22 geckos per subpopulation.
doi:10.1371/journal.pone.0093387.t001
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Table 1. Population genetic indices (6 standard deviation) for ten subpopulations of Phelsuma guimbeaui.
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Population structure, differentiation and IBD
The high membership coefficients to genetic clusters (0.705 to
0.899) found using STRUCTURE supported strong genetic
differentiation of subpopulations. The highest delta K and log
probability values were observed at K = 9, suggesting that all
subpopulations except L8 and L9 were genetically distinct
(Figure 2a, b). On average, 86.6% (range 69.3 to 93.1%) of
individuals were correctly assigned to their respective subpopulations using the assignment test in GENECLASS2 (Figure 2c).
Using TESS, the lowest DIC was obtained for K = 10, indicating
that all subpopulations were genetically distinct (Figure 2c). We
found a significant pattern of IBD using the microsatellite
genotypes (R2 = 0.182, P = 0.010) (Figure 3). Pairwise Fst comparisons among all subpopulations suggested that there was small to
moderate genetic differentiation (P,0.001), with Fst estimates
between 0.016 and 0.072 [66]. The greatest degrees of genetic
differentiation were between subpopulations L1 and L2, L1 and
L10, L1 and L8, L2 and L7, L2 and L10, L4 and L7, and L7 and
L10. The lowest differentiation was found between subpopulations
L2 and L6, and L8 and L9 (Table 2). Consistent with the analyses
of population structure, the AMOVA confirmed the existence of
significant genetic variation at different hierarchical levels, with
4% (F9 = 0.042, P,0.001) of variation occurring between
subpopulations, 10% among individuals (F250 = 0.108, P,0.001)
and 86% (F260 = 0.145, P,0.001) within individuals.

Bottlenecks, migration and effective population size
Using the mutation rate estimate for reptilian microsatellite loci
[47], subpopulations L1, L3 and L5 showed evidence of recent
bottlenecks, with a significant Wilcoxon’s test (P,0.05) suggesting
an excess of heterozygotes. However, no signs of a bottleneck were
observed when the lower general vertebrate mutation rate was
used [10]. Using the Bayesian approach in BAYESASS v1.3, the
mean probability of no migration occurring per subpopulation in
any generation was 0.833 (range 0.675 to 0.992) and the mean
migration rate per generation was 0.019 (range 0.000 to 0.121).
However, the estimated migration rates between subpopulations
were different in each run and so the results were unreliable. No
immigrants were detected in the STRUCTURE analysis (USEINFOPOP model). Because the migration results were inconsistent
between the different methods, we used the first-generation
migrants from GENECLASS2 to calculate the general migration
rate [67] and found little evidence of migration across the ten
subpopulations (Table S7). Modal estimates of Ne for the different
subpopulations were small, ranging from 44 to 167 in Ne
ESTIMATOR and 19 to 96 in MIGRATE (Table 3).

Mitochondrial DNA
We obtained partial cyt b with 464 base pairs (accession numbers
HG779461-HG779540) and 16S rRNA with 313 base pairs
(accession numbers HG518676-HG518755). We analysed concatenated partial cyt b and 16S rRNA sequences (777 base pairs) of 80
individuals from 13 subpopulations (Figure 2a, Table 4). No stop
codon was identified, indicating that the true genes rather than
nuclear pseudogenes were amplified. We identified 108 sites with
missing data (unidentified nucleotides or gaps), 607 monomorphic
sites and 62 polymorphic sites (ten singletons and 52 parsimony
informative sites). Twenty-five unique haplotypes (Hap_1-25) were
recorded in the parsimony network and phylogenetic tree
(Figure 4). The number of haplotypes ranged from one to five
per subpopulation, with Hap_3 (18.8%) being the most common
(Figure 4, Table S8). Seven haplotypes were shared between
different subpopulations: (i) Hap_1 and Hap_2 in L1 and L3; (ii)
Hap_3 in L3, L4, L5, L6 and L11; (iii) Hap_4 in L2 and L12; (iv)
6
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Figure 3. Isolation by distance (IBD) in Phelsuma guimbeaui using microsatellite markers. Genetic distance Fst/(1-Fst) is plotted against log
spatial distance (km).
doi:10.1371/journal.pone.0093387.g003

Hap_8 in L4 and L13; (v) Hap_9 in L4 and L10; and (vi) Hap_16
in L7 and L10 (Figure 4, Table S8). Unique haplotypes were
present in all subpopulations, except some of those where we had a
very small sample size, i.e. L11 and L13, but not L12.
Results for mismatch distribution, H and p per subpopulation
and for the entire population, are shown in Table 4. Overall, the
entire population had negative values for D and FS, but these were
not significant, and a unimodal distribution with P.0.05 for the r
index suggested demographic expansion. Bayesian and maximumlikelihood phylogenetic tree topologies were similar, and so only
the Bayesian results are presented. The Bayesian topology shows
clades with low support, with posterior probability ,80%
(Figure 4). P. guimbeaui was three to five times more genetically
diverse than the Seychellois geckos, i.e. p = 0.015 in P. guimbeaui
compared to p = 0.005 for P. a. astriata, p = 0.005 for P. a.
semicarinata, p = 0.003 for P. s. ladiguensis, p = 0.004 for P. s.
longinsulae and p = 0.003 for P. s. sundbergi.

Discussion
The microsatellite analysis revealed a high degree of population
structure and genetic diversity across ten isolated subpopulations.
Similarly, the mtDNA data revealed high levels of genetic diversity
across the fragmented population despite severe habitat loss and
isolation during the last 250 years. Phylogenetic analyses based on
mtDNA suggest that the 13 subpopulations were all formerly part
of a panmictic population, while the microsatellite analyses
indicate that the subpopulations became genetically differentiated
through habitat loss and isolation following human colonisation of
Mauritius. The Ne was low and simulations suggested that there is
a high risk of genetic erosion and extinctions in the next 50 years if
subpopulations remain in isolation. While our analyses are based
on microsatellite data from ten, and mtDNA data from 13, of the
30 known subpopulations of P. guimbeaui, we believe that our data
are representative as we covered the known range of P. guimbeaui
and the non-sampled subpopulations were scattered among those
that we did sample.

Extinction risks and retaining rare alleles through
translocation

Population structure, genetic diversity and migration

AlleleRetain simulations averaged across 1,000 replications over
50 years showed that the probability of survival for each
subpopulation varied from 0.090 to 0.740, and the probability of
retaining rare alleles varied from 0.025 to 0.292 when no
migration occurred (Table 5). Under the different scenarios, the
simulation results showed that an increase in the number of geckos
included in the initial translocation will lead to an increase in the
probability of survival and capture of rare alleles, but stabilised at
around 20 individuals in most subpopulations (Table S1). With no
assisted migration, the probabilities of survival and of retaining
rare alleles were nearly zero, but increased significantly when
assisted migrants were added to the new translocated population,
with a maximum of 0.890 (CI 0.858–0.915) and 0.736 (CI 0.694–
0.773) for the probability of survival and retention of rare alleles,
respectively (Table S1). The maximum probabilities of survival
and of rare allele retention were highest when assisted migration
occurred yearly after initial translocation, but gradually decreased
to a minimum of 0.206 (CI 0.171–0.244) for probability of survival
and 0.126 (CI 0.098–0.159) for retention of rare alleles when
assisted migration was only conducted every five years (Table S1).
PLOS ONE | www.plosone.org

Since this is the first study to use nuclear markers to examine
genetic diversity in the genus Phelsuma, comparisons with
congeneric species were not possible. The microsatellite measures
of genetic diversity were relatively high compared to other reptiles
[68,69] despite subpopulations having been isolated for periods up
to 239 years. However, we could not find any evidence for a
correlation between genetic diversity and time of isolation.
Similarly, the high level of nucleotide diversity in P. guimbeaui
compared to common species of Phelsuma in the Seychelles suggests
that the various subpopulations of P. guimbeaui are still genetically
diverse. The negative D and FS, while not significant, and their
unimodal distributions imply that P. guimbeaui has experienced a
recent population expansion. This could be due to an unexpectedly high proportion of rare alleles originating from a founder
effect [70], possibly because P. guimbeaui has colonised expanding
habitats dominated by Eucalyptus tereticornis, Haematoxylum campechianum, Mangifera indica and Terminalia arjuna. All the subpopulations we sampled, except L2, L6, L11 and L12, were in exotic
plantations. However, since these plantations are small and widely
scattered, natural migration between them is unlikely and they do
7
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0.045
0.049
0.050
0.044
0.067
0.072
L10

Effective population size and bottlenecks
Values for Ne ESTIMATOR were consistently higher than
those obtained with MIGRATE, and the former LD-based
method may provide a better estimate of Ne because it records
recent Ne (up to two generations) and so is less likely to be affected
by historical events [75]. We consider our Ne estimates to be small
and so these subpopulations are at high risk of extinction [76]. We
had expected that many subpopulations would have been
subjected to a genetic bottleneck. However, only subpopulations
L1, L3 and L5 showed evidence of a recent bottleneck when the
reptilian multiple-step mutation rate was used for demographic
models. This could be because the reptilian mutation rate was
inappropriate, since it was estimated from just one species of skink
[47]. Additionally, this method will only detect recent bottlenecks
and is sensitive to small sample sizes [10], and the effects of gene
flow [77], so our bottleneck results for P. guimbeaui should be
interpreted with caution.

Subpop = subpopulation.
doi:10.1371/journal.pone.0093387.t002
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0.040
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L5
L4
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Table 2. Pairwise Fst values among the 10 subpopulations of Phelsuma guimbeaui; all values were significant at P,0.001 based on 999 permutations.

L10

not provide suitable alternative habitats for the long-term
conservation of P. guimbeaui.
Our analyses suggest that either nine (STRUCTURE) or all ten
(TESS and GENECLASS2) of the sampled subpopulations were
genetically distinct. There was a relatively moderate or high level
of admixture between subpopulations L2 and L6, and between L8
and L9, which may be due to the relative proximity of these paired
sites or connectivity. While most sites were separated by large
expanses of urbanisation or agriculture, subpopulations L2 and L6
were in a continuous forest within the Black River mountains but
isolated by forest dominated by invasive plants, predominantly
Psidium cattleianum. However, individual P. guimbeaui were seen on
scattered native trees in areas of invaded forest, suggesting that low
levels of migration may be occurring. While subpopulations L8
and L9 were separated by 0.6 km of unsuitable habitat, including
a 70 m wide strip of bare land, the admixture results suggest that
migration could still be occurring between them, even though the
other analyses tend to suggest little or no migration. AMOVA and
Fst analyses identified genetic structure with small to moderate
levels of genetic differentiation between the geographically isolated
subpopulations. A small Fst can be a sign of historical differentiation and recent gene flow [71] or a signal of shared descent [72].
The relatively low Fst values between subpopulations L2 and L6
and L8 and L9 may also be due to the high level of admixture
between these pairs of subpopulations, even though TESS and
GENECLASS2 predicted that they were genetically different.
These results suggest that habitat fragmentation (or lack of
connectivity) has had an impact on genetic differentiation in many
subpopulations by limiting migration. There are two plausible
non-mutually exclusive explanations that may account for the level
of genetic differentiation observed among the subpopulations.
First, restricted dispersal can produce a pattern of IBD [73].
According to this model, gene flow will decline linearly with
geographical distance. Second, isolation due to barriers roads and
agricultural areas may have enhanced genetic differentiation.
More than 95% of Mauritius’ native forest has been lost since
human colonisation in 1638 [74]. Habitat destruction coincided
with planting of the four types of exotic plantation that provide
alternative habitats for P. guimbeaui. The initial founder effect of
these colonisations, together with the cumulative effects of genetic
drift and low effective population size, may have promoted genetic
differentiation.

Phylogenetic relationships of haplotypes
Phylogenetic analyses provided strong evidence that the spatial
genetic structure and differentiation were absent in P. guimbeaui
8
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Table 3. Mean effective population sizes with 95% confidence intervals in parentheses for ten subpopulations of Phelsuma
guimbeaui estimated using Ne ESTIMATOR and MIGRATE.

Subpopulation

Ne ESTIMATOR

MIGRATE

L1

123 (90–191)

19 (4–38)

L2

121 (100–154)

54 (33–77)

L3

145 (116–193)

57 (35–80)

L4

72 (60–91)

60 (34–88)

L5

125 (102–159)

96 (64–135)

L6

167 (133–224)

93 (51–125)

L7

106 (82–148)

26 (4–46)

L8

76 (64–92)

42 (19–71)

L9

121 (98–157)

75 (44–121)

L10

44 (39–51)

24 (6–43)

doi:10.1371/journal.pone.0093387.t003

human colonisation. This also suggests that P. guimbeaui was widely
dispersed when the forest was not fragmented.
Contrasting signals of genetic structure between nuclear and
mtDNA data have been observed in other species [78]. There are
several alternative explanations, including differences in mutation
rate and sex-biased dispersal. MtDNA has a lower mutation rate
than microsatellites [47,79] and mtDNA lineages may not yet have
become differentiated following the onset of habitat fragmentation
[7]. The population structure revealed by the microsatellite

prior to habitat loss. Shared haplotypes among the subpopulations
suggest that they originally formed part of a panmictic population.
For example, Hap_3 was shared by five subpopulations, among
which L3 and L11 were more than 20 km apart. The absence of
genetic structure within the mtDNA data is also supported by
historical vegetation maps, which show that most of the western
part of Mauritius had continuous forest cover, and P. guimbeaui
may have occurred throughout these lowland dry forests prior to

Figure 4. Phylogenetic relationships of mtDNA haplotypes in Phelsuma guimbeaui. The Bayesian tree was produced in MRBAYES with
subpopulation identity (L1 to L13) shown at the end of each branch. In the parsimony network, the circles represent different haplotypes, with their
size proportional to the number of geckos. Open circles represent predicted but missing or unsampled haplotypes.
doi:10.1371/journal.pone.0093387.g004
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0.050

0.010

0.500

0.010

0.030

0.004

0.004

0.500

0.040

0.003

L2

L3

L4

L5

L6

L7

L8

L9

L10

L11

L12

L13

80

3

3

1

8

7

8

7

7

8

6

8

7

7

A

25

1

3

-

3

3

2

3

2

4

5

3

2

2

HN

Hap_8

Hap_4,10,11

Hap_3

Hap_9,16,24,25

Hap_21,22,23

Hap_19,20

Hap_16,17,18

Hap_3,15

Hap_3,12,13,14

Hap_3,6,7,8,9

Hap_1,2,3

Hap_4,5

Hap_1,2

Haplotype

0.931

0.667

1.000

-

0.643

0.714

0.250

0.524

0.286

0.857

0.933

0.607

0.286

0.476

H

0.016

0.002

0.044

-

0.002

0.017

0.003

0.013

,0.001

0.027

0.022

0.001

,0.001

0.001

p

20.856

-

-

-

20.222

21.721*

21.700*

21.821*

21.023

0.558

21.423

20.084

21.021

0.687

D

20.752

1.133

2.422

-

20.470

4.221

4.213

5.811

20.095

6.934

1.723

0.044

20.095

1.741

Fs

Multimodal

Multimodal

Multimodal

-

Bimodal

Multimodal

Multimodal

Bimodal

Unimodal

Multimodal

Multimodal

Multimodal

Multimodal

Multimodal

Mismatch distribution

0.042

0.042*

0.042

-

0.042*

0.042*

0.042*

0.042*

0.042*

0.042

0.042

0.042*

0.042*

0.042*

r

* denotes significant at P,0.05.
Subpop = subpopulation; Area = area of subpopulation in km2; A = number of individuals per subpopulation; HN = number of haplotypes; H = haplotype diversity; p = nucleotide diversity; D = Tajima’s D; Fs = Fu’s Fs statistic;
r = raggedness index.
doi:10.1371/journal.pone.0093387.t004

Overall

0.002

0.200

L1

Area

Subpop

Table 4. Population statistics of the concatenated mtDNA sequences for 13 subpopulations of Phelsuma guimbeaui.
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Table 5. Simulation showing the probability of survival and retaining rare alleles, with 95% confidence intervals in parentheses,
over 50 years in ten subpopulations of Phelsuma guimbeaui in the absence of migration.

Subpopulation

Estimated population size

Probability of survival

Probability of retaining rare alleles

L1

1230

0.706 (0.663–0.745)

0.276 (0.238–0.318)

L2

1210

0.740 (0.711–0.767)

0.292 (0.264–0.321)

L3

1450

0.540 (0.509–0.571)

0.191 (0.167–0.217)

L4

720

0.217 (0.192–0.244)

0.046 (0.034–0.061)

L5

1250

0.443 (0.412–0.474)

0.124 (0.105–0.146)

L6

1670

0.633 (0.602–0.663)

0.243 (0.217–0.271)

L7

1060

0.380 (0.350–0.411)

0.116 (0.097–0.138)

L8

760

0.243 (0.217–0.271)

0.084 (0.068–0.103)

L9

1210

0.438 (0.407–0.469)

0.130 (0.110–0.153)

L10

440

0.090 (0.073–0.110)

0.025 (0.017–0.037)

The estimated population size (Ne 610) with a default rare allele frequency of 0.05 was implemented into the starting parameters of all models.
doi:10.1371/journal.pone.0093387.t005

cannot be supported by natural immigration [50]. To capture
more than 80% of the rare alleles in each subpopulation, initially a
minimum of 20 adult geckos would need to be translocated and
established from each subpopulation, with assisted migration of 10
geckos each year thereafter. All calculations were based on single
subpopulations and it was assumed that each subpopulation would
be translocated to a different site. Mixing genetically different
subpopulations would increase the proportion of rare alleles and
reduce the number of geckos that would need to be translocated.
However, translocation of a selected number of animals is only
practical if the host subpopulation is viable in the medium to
longer term. Since these nine subpopulations (L1, L3, L4, L5, L7,
L8, L9, L10, L13) are highly threatened by further habitat loss, it is
unlikely that any will persist for more than a decade. So it may be
more logical to translocate as many geckos as possible from each
subpopulation in one operation, even if it hastens the ultimate loss
of that subpopulation. Nine other subpopulations not sampled
during this study (Figure 1) are equally threatened by habitat loss
and so the same rationale applies. Data from the subpopulations
we sampled strongly suggest that the nine subpopulations we did
not sample will also be genetically different as they are small and
completely isolated. So their translocation should enhance the
overall genetic diversity preserved by conservation action.
Only four of the subpopulations we examined (L2, L6, L11 and
L12) were still viable, and they were all within the Black River
mountains, the largest area of remnant native forest in Mauritius.
There were eight other subpopulations within the Black River
mountains, which we did not sample but were probably also
viable. Habitat restoration and expansion within this mountain
range would support the long-term management of the species and
enable P. guimbeaui to expand its range in the Black River
mountains. The most practical solution would be to create habitat
corridors linking those areas of native forest that still harbour
relatively large subpopulations of P. guimbeaui. While this will
increase migration between the 12 viable subpopulations and
decrease intra-subpopulation inbreeding, this is a long-term
strategy and so assisted migration within the Black River
mountains should be considered as an interim option. However,
prior to any such intervention, data are needed to confirm the
viability and breeding success of translocated geckos following

genotypes is consistent with the extent of landscape fragmentation.
Most forest fragments containing subpopulations have been
isolated from each other within the last two centuries, suggesting
that the population structure occurred as a consequence of recent
habitat loss. Alternatively, gene flow may be promoted solely by
females, since males are more immobile [78]. However, we
consider this is an unlikely explanation of the lack of genetic
structure at mtDNA markers because of the low dispersal rates in
both sexes of P. guimbeaui (S. Buckland, unpublished data) and the
observed strong differentiation of nuclear markers.

Implications for conservation
Our genetic data suggest that P. guimbeaui was a panmictic
population until relatively recently, which has become differentiated through anthropogenic habitat loss and isolation. There is,
therefore, no reason to maintain the genetic identity of individual
subpopulations and little risk of outbreeding depression should
subpopulations be mixed. Conservation management is a priority,
since there is a high risk of genetic erosion and extinctions in the
next 50 years, even without further habitat loss and other
anthropogenic changes. Possible interventions based on our
genetic data are: (i) the construction of habitat corridors linking
closely-neighbouring subpopulations; (ii) the restoration and
expansion of the native habitats in and around existing subpopulations; and (iii) the translocation of individuals to enhance the
genetic diversity of viable subpopulations and/or establish one or
more new populations.
Continuing habitat loss in Mauritius suggests that some
subpopulations are likely to be lost in the next decade: we
sampled nine such subpopulations. Given the immediacy of the
threat, and that the construction of habitat corridors linking some
of them and/or habitat restoration are not realistic options, the
only practical solution is to translocate individuals from these nine
subpopulations to reinforce viable subpopulations, if there is
habitat to support additional geckos, or move them to suitable
habitat patches to establish new population(s) [80]. We used
AlleleRetain to see which management option would maximise the
retention of allelic diversity in any new population that might be
established by translocation. This program is designed to examine
options when potential new populations are of limited size and

PLOS ONE | www.plosone.org

11

June 2014 | Volume 9 | Issue 6 | e93387

Losing Genetic Diversity in a Mauritian Gecko

Table S3 Screening for data quality to select the best loci for
analyses of molecular variation in Phelsuma guimbeaui.
(DOC)

release into a new population. Post-release data are also needed to
assess whether greater genetic diversity is retained by releasing
geckos ‘‘rescued’’ from non-viable subpopulations into a viable
subpopulation or using them to establish a new population.

Table S4 The number of subpopulations of Phelsuma guimbeaui
not in Hardy-Weinberg equilibrium (P,0.05) at the different loci.
(DOC)

Conclusions
Although the immediate threat facing P. guimbeaui is habitat
destruction, our data highlight the importance of genetic studies in
guiding conservation management. Maximising the retention of
genetic diversity is important and we identified two conservation
measures to maximise the retention of genetic diversity in P.
guimbeaui. We recommend: (i) a short-term rescue action by
translocating as many geckos as possible from the 18 subpopulations threatened by imminent habitat loss; and (ii) a long-term
action to restore habitats in the Black River mountains to link the
12 potentially viable subpopulations by habitat corridors. Since
habitat management is a long-term strategy, especially since P.
guimbeaui is a habitat specialist relying on high native tree diversity
and large tall trees with numerous cavities, assisted migration
among the 12 viable subpopulations should reduce the risks of
genetic degradation in the short term. However, data are needed
on the survival and breeding success of translocated geckos used to
reinforce viable subpopulations or to establish new populations
prior to the implementing any program of assisted migration.

Table S5 Null allele frequencies in ten subpopulations of
Phelsuma guimbeaui.
(DOC)
Table S6 Number of alleles observed for the 20 loci used in the
microsatellite analyses of Phelsuma guimbeaui.
(DOC)
Table S7 The mean probability of no migration and migration
among ten subpopulations of Phelsuma guimbeaui obtained in
GENECLASS2.
(DOC)
Table S8 Haplotype distribution and frequency in 80 individuals
from 13 subpopulations of Phelsuma guimbeaui.
(DOC)
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9. Da Silva A, Luikart G, Yoccoz NG, Cohas A, Allainé D (2006) Genetic diversityfitness correlation revealed by microsatellite analyses in European alpine
marmots (Marmota marmota). Conservation Genetics 7: 371–382. doi: 10.1007/
s10592-005-9048-y
10. Peery MZ, Kirby R, Reid BN, Stoelting R, Doucet-Bëer E, et al. (2012)
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