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Abstract The fragmentation and destruction of natural

habitats by human intervention is producing a continuous

and inexorable reduction of the size of populations in

multitude of species all over the world. Small and isolated

populations face higher extinction risks, due to demo-

graphic and environmental stochasticity, and also because

of several genetic threats, among which inbreeding is

considered the most important one. For many of these

species, the extinction of a population is an irreversible

event, so that determining the immediate importance of

these risk factors and understanding their interactions is

crucial for conservation plans. Iberolacerta monticola is a

small lacertid endemic to the northwestern Iberian Penin-

sula, distributed mainly across moderate/high altitude

mountainous regions. Some populations are found nearly at

sea-level, though, in fluvial valleys with relict Atlantic

forests, in the severely fragmented western part of its

range. One of them has been dramatically reduced over the

last 30 years, and presently is on the brink of extinction.

Using microsatellite nuclear markers, we obtained different

measures of genetic variation at this site, together with

demographic and breeding data. Both the level of hetero-

zygosity and the number of alleles per locus indicate that

the level of variation in this population is comparatively

high, and the average inbreeding coefficient is very low.

Individuals appear healthy and long-lived, and are related

by a few different lines of descent. These findings are

discussed in the context of current theories and experi-

mental evidence of associative overdominance and purging

of the genetic load of populations, with special emphasis

on the evolutionary potential of recovery of small evolu-

tionary units.

Keywords Inbreeding � Heterozygosity � Fitness �
Associative overdominance � Lacertid � Habitat loss

Introduction

Small populations are expected to suffer a continuous

decay of genetic variation that increases their extinction

risk (Keller and Waller 2002; Reed and Frankham 2003;

Spielman et al. 2004; Frankham 2005; Blomqvist et al.

2010). However, several studies of inbred laboratory pop-

ulations of Drosophila have shown that the decrease in

heterozygosity at neutral loci is in fact sometimes slower

than expected by theory (Rumball et al. 1994; Latter et al.

1995; Gilligan et al. 2005). Also, there is now some evi-

dence from natural populations showing that small popu-

lation size and isolation do not always lead to the

anticipated loss of genetic diversity (Groombridge et al.

2000; Lawrence et al. 2008; Schroeder et al. 2010). One

of the possible reasons underlying these deviations

from general predictions is associative overdominance,

produced either by local genetic linkage to the target loci of

selection (Balloux et al. 2004) or genomic effects on fitness

(Coltman and Slate 2003). On other occasions the causes

are to be found in the different demographic and
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life-history characteristics of particular species (Srikwan

and Woodruff 2000). Extending this kind of research to

new taxa may thus help to better understand the conse-

quences of habitat fragmentation and the nearly always

ensuing population decline. In any case, all these obser-

vations appear to lend support to Lande’s view that

demographic factors are paramount in driving extinction

(Lande 1988), in apparent opposition to firmly established

evidence that the major factor influencing the evolution and

persistence of small populations is inbreeding depression

(Saccheri et al. 1998; Spielman et al. 2004).

Leaving aside other considerations, species that display

low natal and breeding dispersal, as it happens with many

lizards (Waldman and McKinnon 1993; Olsson and Shine

2003), should be less prone to experience the negative

genetic effects of fragmentation and small population size.

This is so because their population structure is expected to

take the form of a large metapopulation, which, upon

fragmentation, tends to show lower inbreeding depression

and mutation load for recessive alleles than a large pan-

mictic population (Whitlock 2002). On the other hand,

although inbreeding should be, in principle, much more

intense in an isolated, small population than in a large one,

there is still the possibility that individuals modify their

mating and/or dispersal behaviour. Thus, overdispersion

with respect to genetic similarity after a population decline

has been observed or suggested for different species in a

variety of evolutionary contexts (Boudjemadi et al. 1999b;

Sinervo and Clobert 2003; Zamudio and Sinervo 2003;

Bowler and Benton 2005; Hoffman et al. 2007; Clobert

et al. 2009), possibly in response to conspecific chemical

cues (Cote et al. 2010).

The Iberian rock-lizard group of species of the lacertid

genus Iberolacerta is well known for displaying social

dominance hierarchies, through interactions mediated by

visual (López et al. 2004) and chemosensory cues (Mason

and Parker 2010). These interactions produce overlapping

male and female home ranges (Aragón et al. 2001a, b), and

predominantly polygynandrous breeding groups, although

different mating strategies may coexist in the same popula-

tion (Salvador et al. 2008). All these properties turn these

organisms into a particularly interesting material to investi-

gate evolution in small local populations, by the analysis of

the combined action of genetic and demographic factors.

Iberolacerta monticola (Boulenger 1905) is a relatively

small lacertid lizard (70 mm adult snout-to-vent length)

listed as ‘‘vulnerable’’ [B1ab(iii)] in the IUCN Red List of

Threatened Species (http://www.iucnredlist.org/). This sta-

tus obeys to its extent of occurrence (less than 20,000 km2),

its distribution (severely fragmented), and the quality and

extent of its habitat (in continuing decline), which concur to

put this species under a high risk of extinction in the wild

(Pérez-Mellado et al. 2009). Its geographic range is confined

to the Northwest of the Iberian Peninsula, where it is found

mainly in the rocky habitats of middle-high altitudes in

several mountain ranges (Mayer and Arribas 2003; Crochet

et al. 2004; Carranza et al. 2004). However, some popula-

tions have also been found at zones of low altitude, most of

them in fragments of Atlantic forests in shady fluvial gorges

(Galán et al. 2007). One of these populations is nowadays

restricted to the walls of a hydroelectric power plant at a

small valley of the middle Lambre river, with a census size

currently estimated in less than five adults, after the loss of

most of its natural habitat during the last 30 years. Using

microsatellite nuclear markers, we have obtained different

measures of genetic variation for a sample of individuals

from this relictual population in the years 2004 and 2005, as

well as from two other nearby, much larger control popula-

tions. We will attempt first to contrast observations against

the expectations of acute erosion of the standing genetic

variation of this extremely small population, by assessing the

relative performance of different genetic signatures usually

associated to endangered populations. Then, in combination

with demographic and breeding data obtained in the last few

years, we will try to identify the main forces acting on this

variation, with particular attention to the possible manifes-

tations of overdominance and/or overdispersion.

Materials and methods

Iberolacerta monticola lizards of lowland populations reach

sexual maturity at the age of 2–3 years, upon attaining a

minimum body size. Mating takes place between late March

and July, and the laying period extends from June to early

August. Most of the reproductive females produce a single

clutch per year, consisting of 4–9 eggs that hatch between

August and September (Rúa and Galán 2003). Adults from

subalpine populations can live up to 10 years, with an

average annual survivorship of about 0.6–0.7 in the age-

class spanning 1–4 years (Moreira et al. 1999).

The study site, located at Lambre (Güimil, Vilarmaior, A

Coruña, Spain; UTM 1 9 1 km: 29T NH6996; see Fig. 1),

has been visited regularly during the activity period of this

species (March–September) since 1997. On each visit, as

many specimens as possible were collected by hand or

noosing. All individuals captured for the first time were

specifically marked by a code which combines toe clipping

with the arrangement of the cephalic plates and other sca-

lation characteristics. A photograph of the dorsal pattern of

the adult individuals, useful for later mid-distance identifi-

cation, accompanied the code. In every case, animals were

quickly (\5 min) processed at the capture site and immedi-

ately released afterwards. Processing consisted of obtaining

information about possible marks, sex, age class, snout-vent

length, tail length (including regenerated parts), mass, dorsal
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and ventral coloration, number of blue spots on the ventral

scales and flanks, as well as the arrangement of the cephalic

plates. Since these animals appear to grow continuously,

albeit slowly, and experience consistent and predictable

changes in their colour patterns (particularly in males)

throughout most of their lives, size and dorsal colour pattern

were used as proxies to estimate the age of individuals when

no other information (previous marks) was available (Galán

2008). Individuals were thus classified as juveniles (during

their first calendar year), subadults (from the beginning of the

second calendar year up until the onset of sexual maturity), or

adults (their age expressed in years). In addition, tail tips

were obtained from all the animals captured in 2004 and

2005, and kept in ethanol until needed for DNA fragment

analyses. Besides Lambre, two other nearby, much larger

populations of I. monticola, associated to the Eume and

Mandeo river basins, were sampled and used as controls.

Permissions for field work were issued by the Dirección

Xeral de Conservación da Natureza, Xunta de Galicia,

Spain. Genomic DNA was extracted from tissue samples of

tail tips using a modified salt-extraction method (Aljanabi

and Martinez 1997). A total of 20 loci were examined in the

individuals from Lambre, whereas the analysis of Eume and

Mandeo was restricted to 11 of them. Polymerase chain

reaction (PCR) amplifications were carried out as described

in the corresponding references listed in Supplementary

Table S1 (Boudjemadi et al. 1999a; Nembrini and Oppliger

2003; Pinho et al. 2004; Remón et al. 2008). Genotyping of

fluorescent fragments was performed with a 3130xl

automated sequencer of Applied Biosystems (ABI), using

GeneScan-500 (-250) ROX size standard (ABI); allele size

was called with the software GENEMAPPER 3.7 (ABI).

The Excel Microsatellite Toolkit (Park 2001) was used

to format data input for other software used in this work, as

well as to obtain expected heterozygosities (hHW) and

polymorphism information contents (PIC) (Botstein et al.

1980) of the different loci, as well as the mean expected

heterozygosity across them (HHW). MICROCHECKER

2.2.3 (van Oosterhout et al. 2004) was used to find evi-

dence of null alleles and obtain the corresponding corrected

allele and genotype frequencies whenever necessary.

Genetic structure within the population was examined by

the inbreeding coefficient, fIS (FIS when averaged over loci)

(Weir and Cockerham 1984), and a relationship coefficient

(rS) (RS when averaged over loci) (Streiff et al. 1998),

which is based on the correlation between allele sizes from

different individuals, assuming stepwise mutations. This

last statistic reduces to the well-known Moran’s I for a

biallelic locus, and it is a simple function of fIS and the

kinship coefficient f (Loiselle et al. 1995), rS = 2f/(1 ? fIS)

(Chybicki et al. 2008). Significance of fIS was assessed

using the score (U) tests available in GENEPOP 4.0

(Rousset 2008), whereas for rS numerical resampling pro-

cedures implemented in SPAGeDi 1.2 g (Hardy and

Vekemans 2002) were used. Exact tests of Hardy–Weinberg

equilibrium (HWE) were also carried out with GENEPOP.

Possible nonrandom allelic associations between pairs of

polymorphic loci were assessed using both Fisher’s exact

Fig. 1 a Locations of

Iberolacerta monticola samples

from Lambre, Mandeo, and

Eume. mark sites where

I. monticola continues to be

present since the first visits to

the area (1975–1980); mark

sites where I. monticola
populations went extinct.

b Photograph of ‘‘male L1’’

(Lambre 1), when he was

13 years old (P. Galán, 2006)
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tests (GENEPOP) and randomization based tests (2,100

permutations) carried out with FSTAT 2.9.3.2 (Goudet

2001). The significance level of the tests was adjusted by

the sequential Bonferroni procedure (Rice 1989).

Parentage analysis was performed using CERVUS 3.0.3

(Marshall et al. 1998; Kalinowski et al. 2007), for all

individuals identified as juveniles or subadults in years

2004 and 2005. We define ‘‘candidate parents’’ as adults of

the population in those two specific years. Due to the

restrictions imposed by the behaviour and the natural

habitat of these animals, the sampling of parents in the

study area could not be exhaustive, so that a conservative

sampling rate of 75% (see Supplementary Table S2) was

incorporated into the simulation of maternity and paternity

assignments, which were carried out at a relaxed level of

80% and a strict level of 95%, using a typing error rate of

5%. The parent-pair (sexes known) option was chosen for

the analysis, using trio LOD score and a 95% confidence

level for assignment.

Pairwise allele-sharing (Goldstein et al. 1995) and chord

genetic distances (Cavalli-Sforza and Edwards 1967)

between Lambre individuals were obtained with the aid of

MICROSAT (http://hpgl.stanford.edu/projects/microsat/). The

corresponding distance matrix was then used to construct

both UPGMA and Neighbor-Joining (NJ) trees of indi-

viduals (Bowcock et al. 1994) by the NEIGHBOR program

implemented in the PHYLIP 3.68 package (Felsenstein

2005), which were later exported to MEGA 3.1 (Kumar

et al. 2004), just for editing and printing purposes. The

degree of genotypic similarity of the individuals from

Lambre was also investigated by a factorial correspon-

dence analysis carried out with GENETIX 4.05 (Belkhir

et al. 2004), whereas their molecular coancestries were

estimated using the algorithm implemented in MOL_CO-

ANC (Fernández and Toro 2006).

Genetic signals of recent contractions of the population

were traced using several methods. First, observed numbers

of alleles at each locus (k) were compared to expected

numbers under both infinite allele and stepwise mutation

models (IAM and SMM) (Kimura and Ota 1975; Sivas-

undar and Hey 2003), assuming constant population size

and using the bias-corrected estimates for single loci

(Chakraborty and Weiss 1991; Estoup et al. 1995). Con-

cordance of observed and expected results was tested by

the nonparametric Wilcoxon’s signed ranks test (http://

faculty.vassar.edu/lowry/wilcoxon.html). Besides, we used

both BOTTLENECK 1.2.02 (Piry et al. 1999) and the

M-ratio software (Garza and Williamson 2001) to check

the effects of the sharp population contraction on genetic

variation. A conventional two-phase mutation model

(TPM) of microsatellite evolution (Piry et al. 1999)

(95% of one-step mutations; variance among multiple

steps = 12) was chosen for running both programs;

additionally, the BOTTLENECK was run assuming the

IAM and the SMM. In the BOTTLENECK model,

expected heterozygosities at mutation-drift equilibrium

(hMD), obtained from the observed number of alleles (k) at

each locus through simulating the coalescent process for n

genes, are compared to heterozygosities at HWE (hHW).

During a bottleneck the number of alleles decreases faster

than gene diversity, and therefore hHW should be higher

than hMD. All analyses were performed across 10,000

iterations, and the significance of the results was assessed

with the Wilcoxon’s signed ranks test implemented in the

program. For the M-ratio test, the ratio (M) of the number

of alleles in the population (k) to the total range (r) in allele

sizes was calculated and contrasted with critical values

(Mc) at mutation-drift equilibrium obtained from 10,000

replicates. Three different population scenarios (Campos

et al. 2007) were evaluated using this test, corresponding to

different values of the mutation parameter h (4Nel),

namely h = 0.5, h = 10, and hest ¼ 0:5 1� Hð Þ�2�1
h i

(Ohta and Kimura 1973) (where Ne = effective popula-

tion size at equilibrium before the bottleneck, and

l = mutation rate). The mean size of non-single-step

mutations was set to its default value of 3.5. Although

there is uncertainty about the appropriate percentage of

single-step mutations, our test is not conservative, as M is

expected to be reduced after a bottleneck, and higher

percentages increase the value of Mc (Garza and Wil-

liamson 2001). Finally, an interlocus g-test (Reich and

Goldstein 1998; Reich et al. 1999) was applied to the

distribution of allele lengths, based on the expectation of

the variance of the variance in allele sizes across loci to

be smaller in a constant-sized population than in a

decreasing one. Distortions of the distribution of allele

frequencies (mode shifts) expected after recent bottle-

necks (Luikart et al. 1998), such that alleles in low-fre-

quency classes become less abundant, were also

investigated with the aid of BOTTLENECK.

Effective population sizes (Ne) were estimated using

different one-sample methods. The estimator implemented

in ONeSAMP 1.1 (Tallmon et al. 2008) uses a Bayesian

computation approach that relies on the scores of eight

statistics with a established relationship with Ne. To help in

the interpretation of its results, Ne estimations derived from

three of the statistics incorporated into this program were

separately obtained, namely the number of alleles per

locus, the M-ratio (both of them described above), and a

measure of gametic disequilibrium (Hill 1981). The

gametic disequilibrium approach is implemented in LDNe

1.31 (Waples and Do 2008), and estimates Ne in the

parental generation of the sampled individuals using the

overall mean r̂2
D (squared inter-locus correlation of allele

frequencies based on Burrows’ composite disequilibrium
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measure, D), averaged across multiple loci and alleles, and

bias-corrected after Waples (2006).

Results

The rapid approach to extinction of the population of

I. monticola settled at the site of this study is best shown by

data in Table 1. The total census size in 2010, based on

direct observations, is of just four individuals, when it was

around 30 merely 9–10 years ago. The total breeding

population was always very low in the last 14 years,

though, with an effective population size (harmonic mean)

of only 5.7. No doubt, this is but the last scene of the story

of a population whose individuals could be spotted at

several distant sites along the Lambre basin, as well as in

the nearby Baxoi (Fig. 1a), simply 30 years ago (Galán

1999).

Out of 20 microsatellite loci that we have analyzed

(Supplementary Table S1), 15 are highly informative

(PIC [ 0.5), 2 are moderately informative (0.5 [ PIC [
0.25), and 3 are only slightly informative (PIC \ 0.25). We

did not detect a significant deficit of heterozygotes (as

compared with HWE) at any locus, after Bonferroni cor-

rection, nor across all loci combined, thus making unnec-

essary to correct allele frequencies for the presence of null

alleles. In fact, nine of the loci showed a (non-significant)

excess of heterozygotes, and the average inbreeding coef-

ficient (FIS) was close to zero (0.036), in a background of

relatively high overall heterozygosity (0.613). A moderate

degree of genetic structure was indicated by the relation-

ship coefficient of Streiff et al. (1998), though (RS =

0.2451, P = 0.0477). No significant linkage disequilibrium

was found for any pair of loci. However, exact tests for

HWE departures indicated that the whole data set for the 20

loci is quite unlikely to be a random sample from a random

mating population (P = 0.002); the data at some individual

loci had indeed a very low probability, although they were

significant only at D109, under the conservative Bonferroni

conditions. A careful examination of the genotypes inclu-

ded in this sample revealed that it contained a single

homozygote (L215), for an allele not found in any other

individual of this population; all the others happened to be

heterozygotes, and all but one for the two most common

alleles recorded in the site. Both the UPGMA tree of

individuals (Fig. 2; see also other trees in Supplementary

Fig. S2) and the factorial analysis (Supplementary Fig. S1),

clearly show that L215 is markedly different from the rest

of individuals collected at Lambre at other loci besides

D109 (see ‘‘Discussion’’ below). According to all these

considerations, we took the conservative decision of

omitting individual L215 and locus D109 in all the com-

parative analyses of genetic variation of this population

with others, since their inclusion would significantly bias

Table 1 Demographics of Iberolacerta monticola at the relictual population of Lambre, 1997–2010, based on census and breeding analyses

Year of

sampling

Adults Subadults Yearlings

(juveniles)

Minimum

total in

population

Breeding

populationa

(N)

Effective

populationb

(Ne)
Males

(Nm)

Females

(Nf)

Males Females

1997 3 4 4 1 6 18 7 6.9

1998 3 5 9 2 12 31 8 7.5

1999 7 4 6 6 1 24 11 10.2

2000 13 6 1 3 4 27 19 16.4

2001 10 4 4 1 10 29 14 11.4

2002 9 4 5 1 3 22 13 11.1

2003 8 4 2 2 3 19 12 10.7

2004c 6 5 3 2 2 18 11 10.9

2005c 4 3 1 1 2 11 7 6.9

2006 4 1 1 6 5 3.2

2007 3 1 1 5 4 3.0

2008 2 2 4 4 4.0

2009 2 2 1 5 4 4.0

2010 2 1 1 4 3 2.7

Harmonic mean 6.5 5.7

a Excluding juveniles and subadults
b Effective population size estimated as Ne = 4NmNf/(Nm ? Nf)

c Individuals used for the genetic analyses described in this paper
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upwards its levels, which we are trying to test against a null

hypothesis that predicts the opposite. Hardy–Weinberg

heterozygosity (HHW) levels at Lambre (0.601, based on 19

loci) are lower than at Mandeo or Eume (0.686 and 0.761,

respectively, based on 11 loci), but still unexpectedly high

considering the extremely reduced census size of the

population. The results barely change when the analysis of

Lambre data is restricted to the 11 loci analyzed in the

other two populations (see Supplementary Table S3),

which raises HHW to 0.618. The examination of the results

on a locus-per-locus basis, by Wilcoxon’s signed ranks

tests, actually shows no significant difference between

Lambre and Mandeo, whereas, on the contrary, heterozy-

gosity levels are consistently lower than at the Eume

population (P = 0.0174, 1-tail). The global inbreeding

coefficient (FIS) is a mere 0.012 for Lambre, actually

intermediate between the scores obtained for Mandeo

(-0.001) and Eume (0.082). The average number of alleles

per locus, based on this reduced data set of 11 loci, is lower

at Lambre (4.1) than at Mandeo (6.1) or Eume (7.1).

Wilcoxon’s signed ranks tests indicate that actually a sig-

nificant proportion of the examined loci shows fewer

alleles at Lambre than at the other two populations

(P, 1-tail, of 0.0139 and 0.0087, in the comparison with

Mandeo and Eume, respectively).

Altogether, we have genetically analyzed 14 individuals

at Lambre, corresponding to the period 2004–2005

(Table 2), with an estimated sampling rate of 75% (see

Supplementary Table S2). The parentage analysis per-

formed on each of the five individuals characterized as

juveniles or subadults (Table 2) unequivocally assigned a

father and a mother to all of them (based on trio LOD

scores), except, again, for the individual L215, a 2-years

old subadult male, neither whose father nor mother is

among the candidate parents (five males and four females)

examined at Lambre. Mapping of the successful breeders

(two males and two females) on the trees of individuals

(Fig. 2, Supplementary Fig. S2) indicates a relatively close

genetic similarity between the members of three of the four

breeding couples. Overall, the trees show that most outer

branches at Lambre are shallower (i.e., coalesce earlier)

than at the other two populations, Mandeo and Eume,

which is an indication of groups of close relatives (in

agreement with the genetic structure unveiled by the

Fig. 2 UPGMA tree of

individuals collected at Lambre,

based on multilocus genotypes,

using the Cavalli-Sforza chord

distance
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relationship coefficient), but at the same time some deep

inner branches do also exist, as deeper as those found in

these other two populations.

The population of Lambre has experienced a sharp

reduction in size over the last few decades, which should

have left a signature in its genetic makeup. Molecular

coancestry of the individuals collected at this site is 0.411,

as compared to 0.323 at Mandeo, and 0.222 at Eume; and

r̂2 is also higher at Lambre (0.137) than at Mandeo (0.041)

or Eume (0.058). Expected numbers of alleles under two

models of microsatellite evolution (IAM and SMM), and

the assumptions of constant population size and mutation-

drift equilibrium, were compared to observed numbers for

each of the 19 loci (Supplementary Table S4). A two-tailed

Wilcoxon’s signed ranks test shows that there is a higher

than expected number of loci showing deficit of alleles for

the IAM, but not for the SMM, at the 5% level, although

the average number of observed alleles per locus (4.0) is

quite similar to multilocus expectations (4.9 and 3.8,

respectively). The analysis carried out with BOTTLE-

NECK, essentially based on the same rationale, but simu-

lating the coalescent process of n genes under a given

mutation model, produced similar results. We tested the

two extreme models, IAM and SMM, and an intermediate

TPM (see ‘‘Materials and methods’’), in Lambre and in the

two nearby, but much larger populations of Eume and

Mandeo, with the results shown in Table 3. All the three

populations, but particularly Lambre (P = 0.001), show

the signature of a recent bottleneck under the IAM, but not

under any of the other two models. The results of the

M-ratio test, also shown in Table 3, are highly significant

for Lambre (P \ 0.001), but not significant for the other

two localities. The distributions of allele frequencies show

the normal L-shape both in Eume and Mandeo, but a mode-

shift is clearly evident in Lambre (Fig. 3). The interlocus

g-test applied to the distribution of allele lengths from this

population (see Supplementary Fig. S3) provided no sig-

nificant results at the 0.05 level, though [using approximate

cutoff values from Fig. 2 in Reich et al. (1999)].

The observed value for this statistic was 0.7, which is

actually close to the expectation under the assumption of

constant population size. Estimates of the long-term

effective population size of Lambre based on heterozy-

gosities (Supplementary Table S4) are much higher

(700–1,300 individuals) than the short-term estimates

obtained from census data (7–11 individuals, in the years

2004 and 2005, corresponding to these genetic analyses,

Table 1), which, on the contrary, are in very good agree-

ment with the results obtained with ONeSAMP and LDNe

(Table 3), based on Bayesian computations and gametic

disequilibrium, respectively, that lead to a compound 95%

confidence interval of 2–17 individuals for the effective

size of this population.

Discussion

The distribution of I. monticola is now highly fragmented

in the western part of its range, mainly due to habitat loss,

brought about by climate changes after the Holocene

Optimum, fires, and human intervention (agriculture, sil-

viculture, and growth of urban areas) (Galán et al. 2007).

The geographic extension of many of the resulting isolates

is relatively easy to determine in the case of lowland

populations associated to stream and river valleys, which

are separated by large extensions of unsuitable habitat, as it

happens with Lambre. However, although the census size

of this population has been going down steadily, the study-

site has remained largely unaltered during the time period

examined here (1997–2010, P. Galán personal observa-

tions), and many other a priori suitable habitat patches can

still be found at this river basin. Thus, the continued

decline of this population cannot be explained by habitat

loss alone. It might well be but another example of the

trend observed in many lizard species worldwide, of raising

extinction risks caused by their inability to track contem-

porary global warming (Sinervo et al. 2010), but we have

no direct data to provide in support of this hypothesis.

The site of Lambre certainly can not be reached by

immigrants from the nearest known populations of

Table 2 Sex, ages, and parentage assignment of the individuals of

Iberolacerta monticola from the Lambre population involved in the

genetic analyses described in this paper

ID Condition Sex Age (years)

L1a,b CP M 11–12

L59 CP M 8–9

L36 CP M 7

L3c,d CP M 4

L214 CP M 3–4

L76d CP F 8–9

L213a,b,c CP F 6–7

L2 CP F 2–3

L37 CP F 2

L141a O M 1

L210b O M \1

L215 O M 2

L216c O F 1

L4d O F 2

Ages are referred to year 2005

ID individual identification, CP candidate parent, O offspring,

M male, F female

Superscripts denote relationship between candidate parents and off-

spring, as determined with CERVUS
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I. monticola, at Eume and Mandeo, and as far as can be told

after exhaustive collection efforts all along the Lambre

basin, it is the only remaining colony of this species in this

river. However, the evidence put forward by the individual

dubbed Lambre L215 might say otherwise. It is a subadult

male that was captured and genotyped twice, with the same

result, the first time when it was a juvenile. Since there has

been no release of hatchlings in this area for years, the

apparent conclusion is that the Lambre river must harbour

at least one additional still undiscovered population of

I. monticola. However, this is not the only nor the most

likely source of L215. Rather, it could be simply a

descendant from individuals not yet sampled, since there is

approximately a 25% of adults of both sexes that could

never be captured and whose continued presence at Lambre

during the period of this study could be established only by

mid-distance (2–3 m) photographic inspection of the

characteristic dorsal colour pattern and arrangement of the

cephalic plates. The trees of individuals show unexpected

evidence of the persistence at Lambre of relatively old

lines of descent, so that L215 might be just a representative

of a particularly old one. If this were the case, it would

mean a strong support for the hypothesis of nonrandom

mating at this population, in agreement with the limited

evidence provided by parentage analyses, which show a

certain tendency to breed between closer relatives.

Small and isolated populations face higher extinction

risks, first because they are more vulnerable to demo-

graphic and environmental stochasticity, and also because

of several genetic threats, namely inbreeding depression

(due to restricted mating), reduction of genetic variation

and accumulation of deleterious mutations through genetic

drift (Holsinger 2000). Among those genetic threats,

inbreeding is considered the most important one in the

short term (Blomqvist et al. 2010). Inbreeding depression

has been actually quantified and shown to be pronounced in

different natural populations of vertebrates (Szulkin et al.

2007; Blomqvist et al. 2010), but close inbreeding was

relatively rare in those cases, and it is not at all granted that

their conclusions about fitness deterioration at individual

and population levels can be extrapolated to very small

populations. At Lambre, individuals appear healthy and

long-lived; male L1, the object of Fig. 1b, actually ranks

first in the historical records of I. monticola longevity.

However, as pointed out by Keller and Waller (2002), if

deleterious genes are expressed very early in development,

only less inbred offspring may be left to sample. It is

probably too late now to investigate this possibility (for

example, by examining hatching success and genotyping

specimens that happened to die during early embryonic

development), but the observation of all individuals at

Lambre, except L215, being heterozygous at locus D109,

and all but one of them for the same two alleles, mightT
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easily be explained by the segregation of balanced lethals,

as an extreme example of associative overdominance (Ohta

1971).

If small size is bringing about a genetic deterioration of

the Lambre population, it is certainly not by draining its

genetic variation in the large expected amount. Be it

measured by heterozygosity or by the number of segre-

gating alleles per locus, the levels of variation at Lambre

are relatively high, particularly for heterozygosity,

although definitely lower than those at Eume, but not so

much as compared with Mandeo, whose population size is

moderate (Galán et al. 2007). That is why, in our case, the

M-ratio test, not depending upon heterozygosity, proved

much more sensitive than BOTTLENECK to trace the

signals of recent bottlenecks (upon the assumption that

microsatellite evolution is more akin to the SMM than to

the IAM) (Williamson-Natesan 2005). The disproportion-

ately small effect on heterozygosity of the extreme popu-

lation reduction experienced by I. monticola at Lambre, as

compared with other genetic variables associated to pop-

ulation size, is best shown by the increase in the estimation

of Ne based on HHW of one to two orders of magnitude as

compared with the value obtained from ONeSAMP. Sev-

eral, not mutually exclusive causes might produce such a

result. First, theoretical and empirical data show that

multilocus heterozygosity may be only weakly correlated

(negatively) with inbreeding coefficients (Slate et al. 2004),

since quite often marker heterozygosity does not reflect

variation at a genome-wide scale, but simply at linked loci.

However, with 20 loci examined, and the consistent pattern

observed for most of them, it seems clear that we are

observing the effects of a force that indeed affects the

whole genome. A second and attractive possibility is that

personality-dependent dispersal behaviours, which may

change in response to conspecific chemical cues, ended up

by making females to mate with unrelated males, as

apparently happens in the common lizard, Zootoca vivipara

(Aragón et al. 2006). The evidence gathered from the trees

of individuals, the analyses of parentage, the average

relationship coefficient, and the genetic properties of the

individual L215 (if not an alien at Lambre), all militate

against the possibility that this is a frequent mating pattern

at this population. Quite on the contrary, all this same

evidence points to the coexistence of a few lines of descent,

kept by mating between relatives, simply because indi-

viduals are more likely to mate with those nearby, as

expected if this species had not changed its dispersal and

mating behaviour after the isolation and decline of the

population. However, being that so, the scores of the

inbreeding coefficient happen to be unexpectedly low (but

still positive). We are therefore left only with the third

possibility, namely associative overdominance.

Results of simulations show that bottlenecks transiently

generate much larger effects of overdominance than

observed in equilibrium finite populations. Assuming that

the variation in fitness inherited from the founding large

population has not yet been eroded by purging selection or

random drift, the main origin of associative overdominance

is the enhancement of random variation in individual

inbreeding, rather than chromosome linkage (Bierne et al.

2000). Apparent overdominance, produced by weak

selection against mutants relative to genetic drift, leads to

an increase in effective size at linked neutral loci (Wang

et al. 1999), which might reduce the beneficial purging of

deleterious alleles from the population (Lacy and Ballou

1998). However, after this ephemeral period of overdom-

inance, fitness of the population is expected to decrease

continuously with inbreeding. This is due to increased

fixation and homozygosity of mildly deleterious mutants,

which leads to rapid extinction when population size is

small and reproductive rate is low (Wang et al. 1999), as it

happens to be the case with I. monticola in Lambre. Had

the conditions of the habitat been more favourable, this

population might have had a chance to undergo a fitness
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rebound (Crnokrak and Barrett 2007). However, in its

present situation it is deemed to extinction, unless piled-up

rocks, stone walls with crevices, or some kind of ‘‘rock

gardens’’ that offer suitable microhabitats and shelter to

native or translocated individuals (from Eume or Mandeo)

are immediately arranged at appropriate sites near the relict

area.
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