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Abstract. Microsatellites are useful markers to address questions of recent gene flow, given that they are relatively neutral to natural 
selection and show high levels of variability. To date, only one study has used these markers to answer ecological questions in the species-
rich lizard genus Liolaemus. Here, we use microsatellite loci to estimate population structure, paternity, and effective size of a population 
of L. xanthoviridis. The study took place in Isla Escondida Bay, Chubut (Argentina), during four spring–summer seasons (2012–2015). We 
marked and sexed 227 captured individuals and transported 10 gravid females to our laboratory. Digits of marked lizards were used for 
molecular work, and we resolved eight microsatellite loci to characterize genetic diversity, paternity, and population structure. We found 
no evidence of multiple paternity, and our samples constitute a single genetic population of L. xanthoviridis. Our results show that genetic 
diversity is higher in L. xanthoviridis than in many other species of lizards we found in the literature. Such high genetic diversity is important 
given the restricted geographic distribution of this species.

Keywords. Genetic diversity; Paternity; Population structure; Rawson lizard.

Resumen. Los microsatélites son marcadores útiles para responder cuestiones en escala de tiempo ecológico, dado que son relativamente 
neutrales a la selección natural y muestran altos niveles de variabilidad. Hay un único estudio previo que utiliza estos marcadores molecu-
lares para responder cuestiones ecológicas en un género tan ampliamente extendido y rico en número de especies como es Liolaemus. En 
este trabajo usamos estos marcadores para estimar la estructura poblacional, la paternidad de puestas de huevos y el tamaño efectivo de 
una población de L. xanthoviridis. Este estudio se llevó a cabo en la Bahía Isla Escondida, Chubut (Argentina), durante cuatro temporadas 
primavera-verano (2012-2015). Marcamos y sexamos 227 individuos y transportamos diez hembras grávidas a nuestro laboratorio. Los dígi-
tos extraídos durante el marcado de los individuos fueron usados para los estudios moleculares, donde amplificamos ocho loci microsatélites 
para caracterizar la diversidad genética, paternidad y estructura poblacional. Los análisis de paternidad revelaron ausencia de paternidad 
múltiple y que a lo largo de todo el área de estudio hay una sola población genética de L. xanthoviridis. Nuestros resultados mostraron que la 
diversidad genética era más alta que para otras especies de lagartijas que revisamos en la literatura. Esta alta diversidad genética es impor-
tante dado la restringida distribución geográfica de esta especie.

correspond to a specific mating system. Many studies pro-
vide evidence for both high (Pemberton et al., 1992; Alt-
mann et al., 1996; Abell, 1997; Gullberg et al., 1997) and 
low (Amos et al., 1993; Coltman et al., 1999) correlation 
between reproductive success measured by behavioral ob-
servations and inferred from genetic markers. Coltman 
et  al. (1999) suggest that in species with stable domi-
nance hierarchies, or those in which males guard females, 
the social organization is more likely to match the mating 
system. In contrast, in species where male–female asso-
ciations are brief and transient, or in species character-
ized by frequent shifts in dominance rank, there may be 
little or no correlation between mating system and social 
organization.

Genetic data can make important contributions to 
species conservation, especially if combined with ecologi-
cal, ethological, and biogeographic studies. These data 
allow estimation of patterns of hybridization, gene flow, 
mating systems, effective population size, and population 

INTRODUCTION

The genetic structure of a population is determined 
by its demography (which is established by all processes 
associated with birth, death and dispersal) and genetic 
processes such as selection, genetic drift, migration, re-
combination, and mutation (Slatkin, 1994). To infer the 
genetic structure of any species, it is necessary to charac-
terize the pattern of genetic variation within that species.

While the mating system of a population contrib-
utes to its genetic structure, studies of mating strategies 
in nature are challenging because it is usually difficult to 
observe matings in natural populations. Even when this is 
feasible, the number of matings may not match estimates 
of reproductive success as inferred from molecular mark-
ers (Hughes, 1998). In many apparently monogamous 
species, genetic analyses often show extra-pair copula-
tions (Westneat and Webster, 1994). Hence, observed 
social organization in a population does not necessarily 
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viability, among others (DeYoung and Honeycutt, 2005). 
Microsatellite markers characterized by high within-pop-
ulation polymorphism are especially suitable for popula-
tion-level studies (Zane et al., 2002). This high degree of 
polymorphism is due to a high mutation rate (from 10⁻⁶ 
to 10⁻² per generation per site, Schlötterer, 2000). These 
high levels of variability make microsatellites useful for 
answering questions at very fine (ecological) time scales 
(Maudet et al., 2002). For example, one can estimate vari-
ability within and between populations, consanguinity, 
mating systems, parenthood relationships and reproduc-
tive success, gene flow and dispersal of individuals, and, 
for populations and metapopulations, levels of differen-
tiation and hybridization (Schlötterer and Pemberton, 
1998).

Microsatellites have been widely used for reptile 
studies in the last decade (e.g., Cooper et al., 1997; Stow 
et al., 2001; Laloi et al., 2004; Johansson et al., 2008), but 
only one study (Ariani et al., 2013) has used microsatel-
lites to answer ecological questions within a single species 
of the widespread and species-rich lizard genus Liolaemus 
Wiegmann, 1834. A recent study characterized 10 poly-
morphic microsatellite loci for L. fitzingerii Duméril and 
Bibron 1837, and their cross-amplification in L.  chehu-
achekenk Avila et al. 2008 (Hanna et al., 2012). Among the 
oviparous species of Liolaemus, no records exist of a taxon 
being able to incubate and hatch eggs in captivity. These 
eggs are extremely fragile and, until now, no protocol has 
been optimized to allow the hatching of Liolaemus eggs in 
the laboratory. The present study is the second to use mi-
crosatellites to estimate the genetic structure in a single 
species of Liolaemus and the first to estimate paternity 
within a natural population of this genus.

Here, we focus on Liolaemus xanthoviridis Cei and 
Scolaro 1980, an arenicolous species restricted to an area 
of approximately 50 × 200 km around the Montemayor 
Plateau (Rawson, Gaiman and Florentino Ameghino De-
partments) in Chubut Province, Argentina. This species 
is sexually dimorphic in size; males are larger and more 
robust than females (adult male mean snout vent length 
= 82.34 ± 7.75 mm, females = 78.39 ± 6.48 mm; Escudero, 
2016). In both sexes, individuals are polymorphic in dor-
sal coloration (yellow-green to orange, Escudero, 2016) 
and in ventral melanism (Escudero et al., 2016). The ac-
tivity period of these lizards begins in late September and 
early October and continues until mid-late March, de-
pending on environmental temperature (Escudero, 2016). 
A behavioral study showed that males of L. xanthoviridis 
are not territorial, yet they perform “custody behavior” of 
females (Escudero, 2016). In this paper, we describe the 
distribution of genetic diversity within a well-defined re-
gion of occurrence of this species, estimate paternity of 
several clutches of eggs and the effective size of the sam-
pled population of L. xanthoviridis, and briefly discuss the 
correlation between the microsatellite-based results here 

obtained and the social organization of the species, as in-
ferred from behavioral studies.

MATERIALS AND METHODS

Study area

The study area is located in the Patagonian Steppe 
ecoregion (Burkart et  al., 1999), a homogeneous plant 
community dominated by low shrubs. The climate is cold 
and dry; mean annual precipitation is ~ 250 mm, winds 
are strong, and mean annual temperatures range be-
tween 5–14°C. In the spring (October–December), tem-
peratures range between 10–20°C; in the summer (Janu-
ary–March), they can reach 38°C. The focal population of 
this study occupies the coastline of Isla Escondida Bay, a 
marine coastal dune environment located 50 km south of 
Playa Unión village, Rawson Department (43°40ʹ38.49ʹS; 
65°20ʹ26.54ʹW, Datum WGS84, 6  m above sea level), 
Chubut province, Argentina.

Field methodology

We used a system of capture-mark-recapture on 
a grid, and collected data during four sampling seasons 
(January–March 2012, November 2012–February 2013, 
October 2013–March 2014, and October 2014–March 
2015), which correspond to periods of lizard activity. 
We demarcated a grid of 100 × 100 m², captured lizards, 
marked them with colored beads as per Fisher and Muth 
(1989) and toe-clipping as per Ferner (1979), and released 
them at their capture points. We determined sex through 
hemipenial eversion, by comparing the relative width at 
the base of the tail, or by the presence of precloacal pores. 
These animal handling procedures do not require permis-
sion from the provincial fauna authority and are in agree-
ment with regulations detailed in Argentinian National 
law Nº 14346.

Along the Isla Escondida Bay and around the demar-
cated grid, we also captured adult Liolaemus xanthoviridis 
(including ten gravid females), and transported them to 
our laboratory at the Instituto Patagónico para el Estudio 
de Ecosistemas Continentales (IPEEC)–Centro Nacional 
Patagónico. We introduced each lizard into a terrarium 
with enough sand to enable females to dig small bur-
rows, simulating natural conditions. Once females laid 
their eggs, we carefully extracted each clutch and placed 
them in sterilized plastic containers with sand substrate 
(taken from the burrow built by the female), along with 
sterilized vermiculite and distilled water. We recorded 
the length and width of each egg for the complete clutch 
of each female. All containers were incubated at a tem-
perature of 25°C. Hydration levels of the clutch substrates 

Distribution of Genetic Diversity within a Population of Liolaemus xanthoviridis and an Assessment of its Mating System, as inferred with Microsatellite Markers
Paula C. Escudero, Derek B. Tucker , Luciano J. Avila, Jack W. Sites Jr., Mariana Morando184

South American Journal of Herpetology, 12(3), 2017, 183–192



were maintained according to the condition of the eggs. 
Once females completed oviposition, they were returned 
to their capture points in good health.

Laboratory work

We marked lizards by removing digits, which were 
stored in 96% ethanol and used to extract genomic DNA 
with the Qiagen Genomic Tissue Kit DNeasy® 96 following 
the manufacturer protocol. We extracted DNA from 227 
individuals (148 from the grid and 80 from nearby areas 
maintained in terrariums), of which 214 amplified micro-
satellites (145 from the grid and 69 from the terrariums). 
Of the 214, 16 were embryos from three clutches of eggs.

Microsatellite loci were amplified with the M13-tailed 
protocol of Schuelke (2000), where each forward primer is 
5ʹ-augmented with the same M13 forward sequence (5ʹ–
CACGACGTTGTAAAACGAC–3ʹ). This tailed primer is then 
used in combination with a 6-FAM fluorescently labeled 
M13 primer. With this protocol, the polymerase chain re-
actions contain three primers: a forward M13 fluorescent 
primer, a 5’-augmented microsatellite forward primer, and 
an unmodified microsatellite reverse primer. We originally 
attempted to amplify all 10 loci developed by Hanna et al. 
(2012), but two of them lacked polymorphism and were 
discarded prior to analysis, so we amplified the following 
eight loci: DI-7938, DI-159, TET-3500, DI-1570, TET-
2216, DI-3138, TET-1177, TET-1501. Reactions consisted 
of 1.5 μL of DNA, 0.04 μL of the 10 μM forward M13 tailed 
primer, 0.45 μL of the 10 μM reverse primer, 0.45 μL of 
10 μM fluorescently labeled M13 forward primer, 1.25 μL 
of 10X MgCl₂, 1.25 μL of 5X PCR buffer, 0.21 μL of a 10 μM 
dNTP mixture, 0.1 μL of taq, and 7.75 μL of water for a to-
tal volume of 13.0 μL. The thermal profile was set to 94°C 
for 2 min, followed by 19 cycles of 94°C for 30 s, followed 
by a primer-specific annealing temperature (see Hanna 
et al., 2012 for details) for 30 s and 68°C for 30 s, and a 
final 3 min extension at 68°C. A second round of 10 cycles 
was run with an annealing temperature of 53°C to ensure 
proper annealing of the fluorescently labeled primer. Gel 
electrophoresis was used to confirm the presence of ap-
propriate sized DNA fragments. No clean-up step was nec-
essary and the microsatellites were genotyped on an ABI 
3730xl DNA Analyzer at the Brigham Young University 
DNA Sequencing Center. Fragment lengths were called us-
ing Geneious software v6.1.8 (Kearse et al., 2012).

Data analysis

Population genetic diversity

Using the program Cervus 3.0.7 (Marshall et  al., 
1998), we estimated the following genetic diversity 

indices: number of alleles per locus, observed and ex-
pected heterozygosity, polymorphic information content 
(PIC), conformance to Hardy-Weinberg expectations, in-
breeding coefficient (Fis), and probability of null alleles.

Paternity analysis

With Cervus 3.0.7 (Marshall et  al., 1998), we per-
formed a parentage analysis of the three clutches of eggs 
that were obtained in the laboratory. Cervus uses maxi-
mum likelihood to estimate relationships between pa-
rental candidates and the group of descendants (Wang, 
2012). The algorithm calculates a logarithm of odds 
(LOD) score, which reports the probability that an indi-
vidual (or pair of individuals, Trio LOD score) is the fa-
ther (or parent) of a particular descendant, divided by 
the probability that those individuals are not related. The 
offspring is assigned to the parent with the highest LOD 
score. The analysis consists of three steps: (1) calculate al-
lele frequencies, (2) a simulate kinship probabilities, and 
(3) with these estimates, perform parentage analysis.

Of the 10 apparently gravid females collected in Oc-
tober 2014, seven oviposited between 7–25 November. 
Unfortunately, none of these eggs hatched; most dehy-
drated or developed fungus. All eggs (n = 49) of the seven 
females that oviposited were preserved in 96% ethanol 
and dissected, and three of the seven clutches had suffi-
ciently developed embryos for DNA extraction (Table 1).

Population structure

We used a Bayesian clustering method to infer the 
population structure of Liolaemus xanthoviridis at Isla 
Escondida Bay (Fig. 1). The landscape at this site is not 
completely homogeneous and, in general, the patches oc-
cupied by the lizards are widely separated from each oth-
er. Therefore, we tested whether all sampled individuals 
belong to the same population or if, within that environ-
ment, there were genetically structured smaller groups. 
STRUCTURE 2.3.3 (Pritchard et  al., 2000; Falush et  al., 

Table 1. Characteristics of clutches of 10 females brought into the lab 
during this study; tissues providing DNA for paternity analyses were 
available for three of these.

ID Eggs laid Clutch size DNA extracted
H269 Yes 6 n = 3, remainder damaged
H272 Yes 9 n = 7, remainder damaged
H263 No — —
H267 Yes 6 damaged
H270 No — —
H271 Yes 8 damaged
H273 Yes 8 damaged
H274 Yes 5 damaged
H275 Yes 7 n = 6, remainder damaged
H276 No — —
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2003) can assign individuals (probabilistically) to differ-
ent groups without a priori specification of the units and/
or population limits. We used a mixed model (admixture), 
which considers that individuals might have multiple an-
cestry (calculating the proportion of membership in each 
group), correlated with a pattern of frequencies (Falush 
et al., 2003), which implies that the allele frequencies in 
different populations might be very similar (probably by 
migration or shared ancestry). The number of possible 
groups/populations (K) analyzed ranged from one to 

eight, with eight replicates performed per run to verify 
the consistency of the results between different analy-
ses for each K. The length of Monte Carlo Markov chain 
(MCMC) operations and the process of burn-in were set 
at 25,000 and 10,000, respectively. The optimal value of 
K was selected from two methods: (1)  the logarithm of 
the maximum likelihood, where the best value of K to 
explain population structure is the one with maximum 
value of the logarithm of the posterior probability of the 
data [Ln  Pr (X|K)] and the lowest standard deviation 

Figure 1. Map of South America showing the location of the sampling area, Isla Escondida Bay in the Province of Chubut, Argentina. Orange shaded area 
around the collection of individuals, comprising an area of 2.25 km and within that grid study area is shown.
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(Pritchard et al., 2000), and (2) ∆K, determined following 
the Evanno method (Evanno et al., 2005) whereby ∆K is 
based on the rate of change of the logarithm of the data 
probability on successive values of K. Both methods were 
evaluated using Structure Harvester v0.6.94 (Earl and 
vonHoldt, 2012). As a starting point, we considered that 
all individuals in the area belonged to the same popula-
tion (i.e., we did not assign possible groups a priori).

Although these two methods are alternative ways 
to estimate K, Structure provides other parameters to 
analyze the congruence of these estimates. For each in-
dividual,  STRUCTURE 2.3.3 assigns probabilities that it 
belongs to a certain population. When these probabilities 
are very similar, individuals are assigned symmetrically to 
the inferred populations (e.g., an individual would get a 
33% probability of belonging to population 1, 33% prob-
ability of belonging to population 2, 33% probability of 
belonging to population 3). In these cases, it is likely that 
these populations are not structured and are actually a 
single population (Pritchard et al., 2010). Another useful 
parameter estimated by STRUCTURE 2.3.3 is α, the level 
of relative mixing between populations. When popula-
tions are structured, this parameter will normally stabi-
lize to be relatively constant (often with a range of 0.2 
or less).

Effective population size (Ne)

We determined effective population size using the 
linkage disequilibrium (LD) method of Waples and Do 
(2008), as implemented in NeEstimator v.2 (Do et  al., 
2014). This method is based on the assumption that, in 
a reproductive system in which gametes are randomly 
distributed among a small number of zygotes, deviations 
from expected gametic and genotypic frequencies occur 
and LD is affected only by drift, which can be used to 
estimate Ne (Hill, 1981; Waples, 2006; Waples and Do, 
2010).

RESULTS

Population genetic diversity

We recorded high genetic diversity in this popula-
tion of Liolaemus xanthoviridis. Table 2 summarizes esti-
mates of genetic diversity per locus for this population of 
L. xanthoviridis. Considering all loci, the average number 
of alleles per locus was 14.6, the average observed het-
erozygosity was 0.705, and the average expected hetero-
zygosity was 0.808. Given that these values are above 
0.5, they have high genetic variability and are useful for 
paternity analysis (Sosa et  al., 2002). The average poly-
morphic information content (PIC) was 0.785, providing 
similar information as expected heterozygosity (Botstein 
et al., 1980). As shown in Table 2, the ADI locus is the only 
one that is not in Hardy-Weinberg equilibrium and segre-
gates the greatest proportion of null alleles. The degree 
of inbreeding (FIS) was 0.127 (considering the eight loci) 
and 0.076 (excluding the ADI locus), indicating a slight 
deficit of heterozygotes. The probability of parental ex-
clusion was 0.003 for the first father, < 0.001 for the sec-
ond parent, < 0.001 for the parental pair, and 2.62E⁻¹¹ for 
the combined probability of exclusion for non-parental 
identity.

Paternity analysis

The majority of clutches had only one male that fa-
thered the embryos within each clutch. The three embry-
os of female 269 were assigned to male 268, with a strict 
confidence level of 95% (Table 3). Cervus 3.0.7 also esti-
mates the probability of both female 269 and male 268 
being parents of the three embryos (trio confidence), and 
for this case the level of confidence assigned to these can-
didate parents was 95% (Table 3, trio confidence). Five of 
the offspring of female 272 were assigned to male 264, 

Table 2. Estimation of genetic diversity per locus. k: number of alleles, N: number of individuals analyzed, HO: Observed heterozygosity, HE: Expected 
heterozygosity, PIC:  polymorphic information content, NE-1P:  Average non-exclusion probability for one candidate parent., NE-2P:  Average non-
exclusion probability for one candidate parent given the genotype of a known parent of the opposite sex., NE-PP: Average non-exclusion probability for 
a candidate parent pair., NE-I: Average non-exclusion probability for identity of two unrelated individuals., NE-SI: Average non-exclusion probability for 
identity of two siblings., HW: Hardy-Weinberg equilibrium, F(Null): Frequency of null alleles , NS: non-significant, ***: significant.

Locus k N HO HE PIC NE-1P NE-2P NE-PP NE-I NE-SI HW F(Null)
ADI 11 186 0.457 0.856 0.838 0.451 0.289 0.121 0.037 0.332 *** 0.303

BDI 13 208 0.615 0.646 0.623 0.736 0.546 0.329 0.148 0.465 NS 0.033

CTET 23 212 0.792 0.885 0.873 0.375 0.231 0.08 0.024 0.314 NS 0.054

DDI 6 212 0.59 0.678 0.622 0.74 0.575 0.396 0.159 0.452 NS 0.069

ETET 26 210 0.781 0.932 0.926 0.247 0.141 0.033 0.009 0.287 NS 0.087

FDI 16 207 0.845 0.823 0.805 0.501 0.329 0.142 0.048 0.352 NS -0.019

HTET 11 206 0.845 0.848 0.829 0.468 0.303 0.132 0.041 0.337 NS 0.001

ITET 11 205 0.712 0.796 0.765 0.574 0.397 0.213 0.071 0.371 NS 0.057

Mean 14.625 205.75 0.705 0.808 0.785 0.512 0.351 0.181 0.067 0.363 0.073
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four with 95% confidence and one with 80% confidence 
(Table  3). Offspring 272–275 only amplified for three 
loci, and the most likely parents were males 264 and 279 
(no confidence level); as in the previous case, female 272 
and male 264 were assigned with 95% confidence as the 
most likely parents of all offspring except for 272–275, 
whose data are not sufficient to obtain an accurate result. 
For female 275, three offspring were assigned to male 
229, one with a 95% confidence level and two with 80% 
(Table  3). Of the three remaining offspring, two were 
assigned to male 229 and one to male 264, but without 
any confidence level (Table 3). Of the first three embryos 

that have an assigned father (male 229) with some level 
of confidence, female 275 and male 229 were assigned as 
the most likely parents with 95% confidence, while for the 
other three offspring those same parents were the most 
likely in two cases but without a confidence level.

Population structure

The Bayesian clustering method, under the approxi-
mation of the value of maximum likelihood, estimates 
three populations (K = 3) on Isla Escondida Bay (Fig. 2). 
The ∆K method estimates only two populations (Fig. 3), 
although this algorithm cannot estimate a single popula-
tion, and therefore fails to identify K when the real struc-
ture comprises a panmictic population (Evanno et  al., 
2005). Liolaemus xanthoviridis population structure esti-
mates are characterized by symmetric probability assign-
ments of individuals and a highly variable α value during 
the course of the analysis (Pritchard et al., 2010). This is 
reflected in the bar graph of probabilities (Fig. 4), in which 
every individual is a bar and every color is a population; 
the majority of individuals have similar probabilities of 
belonging to any population. The effective population size 
(Ne) estimated from eight loci is 196.5 (CI 158.4–252.1). 
Excluding the ADI locus, it is 210.4 (CI 166.1–277.7).

DISCUSSION

Genetic diversity is one of the most important attri-
butes of populations because high levels of genetic varia-
tion increase their potential to respond to environmental 
change (Garrigós Esquer, 2008). In fact, there is abundant 
evidence that genetic diversity enhances features related 
to fitness. For example, heterozygosity levels have been 

Figure 2. Mean values of LnP(D) (maximum likelihood) and the stan-
dard deviation obtained depending on the different values of K. The red 
rectangle shows the highest likelihood value with the smallest deviation 
occurs when K = 3.

Figure 3. Exchange rate LnP(D) (∆K) depending on the different values 
of K. The red box shows that the highest value of ∆K occurs when K = 2.

Table 3. Results of the paternity test in Cervus 3.0.7 (Marshall et al., 
1998). (*: 95% confidence, +: 80% confidence, –: father most likely, 
empty cell: no father was named as the most likely).

ID Off-
spring NE-1P NE-2P ID 

Mother
ID Father 
candidate

Par 
confi-
dence

Trio 
confi-
dence

269-1 4.24E-05 4.70E-13 269 268 * *
269-2 1.89E-04 2.12E-10 269 268 * *
269-3 9.66E-05 7.48E-12 269 268 * *
272-1 6.78E-03 7.35E-07 272 264 * *
272-2 4.26E-03 1.68E-07 272 264 * *
272-3 7.24E-03 7.64E-08 272 264 * *
272-4 2.57E-03 1.55E-08 272 264 * *
272-5 3.46E-02 2.80E-04 272 264
272-5 3.46E-02 2.80E-04 272 279
272-6 1.38E-03 1.65E-08 272 264 + *
275-1 3.71E-04 9.17E-11 275 229 * *
275-2 4.98E-04 7.45E-11 275 229 –
275-3 2.03E-04 2.32E-10 275 229 –
275-4 2.66E-04 1.54E-10 275 229 + *
275-5 5.09E-04 1.95E-10 275 264 –
275-6 4.76E-04 3.08E-09 275 229 + *
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associated with increases in morphological variation, in-
dividual performance, and developmental homeostasis 
(Mitton and Grant, 1984; Allendorf and Leary, 1986; Mit-
ton, 1993). In contrast, low levels of genetic diversity are 
associated with reduced survival and reproductive success 
of individuals and, as a consequence, compromise popula-
tion survival (Freeland, 2005).

A parameter that describes the genetic variability of 
a population is its effective size, defined as the number of 
reproductive individuals that contribute to the next gen-
eration in terms of demographics and especially genetic 
variability (Wright, 1969; Hedrick, 2000). It is expected 
that a large effective population size will reduce rate of 
loss of genetic variation by genetic drift, and maintain 
diversity for many generations (Cruzan, 2001; Kawata, 
2001). In this population of Liolaemus xanthoviridis, we 
found genetic diversity to be higher than previously re-
ported for L.  lutzae Mertens, 1938 (Ariani et  al., 2013) 
and other lizard species (Gullberg et al., 1997; Rowe et al., 
2002; Garrigós Esquer, 2008). This is shown by the high-
est average number of alleles per locus, high observed 
and expected heterozygosities (greater than 0.7), poly-
morphism information content (PIC), and low level of 
inbreeding (FIS). Ariani et al. (2013) recorded a very low 
effective population size in L. lutzae, finding evidence of 
a bottleneck event, as observed when populations experi-
ence a loss of rare (low frequency) alleles and reductions 
in heterozygosity, as well as in total population size. Small 
effective population sizes were also reported by Rowe 
et  al. (2002) and Garrigós Esquer (2008) for the island 
lizards Cnemidophorus vanzoi Baskin and Williams, 1966 
(Maria Major Island) and Aspidoscelis hyperythra Cope, 
1864 (Baja California Sur, from Loreto to Los Cabos and 
several islands), respectively. Those authors suggested 
that the low levels of genetic variation were due to small 
effective population sizes since the studied populations 
were thought to have had originated from few individu-
als. Not surprisingly, in our study of a continental species 

that retains a large population size, L.  xanthoviridis, we 
find the opposite pattern. The high levels of total genetic 
diversity inferred from the neutrally evolving microsatel-
lites and effective population size suggest the adaptive 
potential of these populations may be sizable.

The genetic structure of a species refers to the geo-
graphic distribution of allele frequencies among its popu-
lations and can be influenced by the interaction between 
environmental factors and life histories (e.g., mating sys-
tems), random forces (e.g., genetic drift, mutation), spatial 
(isolation by distance, Balloux and Lugon-Moulin, 2002) 
and deterministic factors (e.g., selection; Hartl and Clark, 
1997; Freeland, 2005). In this study we found evidence 
consistent with the interpretation of a single panmictic 
population of Liolaemus xanthoviridis over the entire sam-
pling area. We found no evidence of population structure 
among samples; however, it remains to be seen whether 
structure exists outside the sampled area. Although the 
total linear distance between both extremes of our sam-
pling region was small (2 km), the Sotomayor Plateau iso-
lates some of our sampling sites. Our data, nonetheless, 
demonstrate that the plateau is not sufficient to lead to 
genetic structure across sampling sites.

The information provided by the microsatellite loci 
(i.e., high genetic diversity and low probability of a par-
ent misassignment, no parental exclusion) reports on the 
reliability of paternity analysis in Liolaemus xanthoviridis. 
The paternity tests revealed that the clutches of two fe-
males were each sired by a unique and distinct male. The 
third clutch, belonging to female 275, which was not cap-
tured near a male, was also assigned to a single male as 
the most likely father of the offspring (with variable levels 
of confidence).

Although our sample size is limited to three clutches 
(n = 3), we suggest that this species does not exhibit mul-
tiple paternity. We are aware of our small sample size, but 
we consider these results to be very relevant in provid-
ing new information for this species-rich genus, for which 

Figure 4. Bar graph of the probability (0–1) of each individual belonging to each of three populations (blue, green and red).
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very few ecological data are available given that the eggs 
are extremely fragile: after years of failed attempts, this 
was the first time we (or anyone else working with this 
genus) obtained eggs sufficiently developed to recover 
embryonic tissue. Multiple paternity is usually associ-
ated with competition between males for female access 
and has been observed in several other species of lizards 
(Olsson et al., 1996; Abell, 1997; Laloi et al., 2004; Fitze 
et al., 2005; Calsbeek et al., 2007). It often occurs in ter-
ritorial species (e.g., Abell, 1997; Lebas, 2001; Morrison 
et al., 2002).

In non-territorial species like Liolaemus xanthoviridis 
(Escudero, 2016), multiple paternity mating systems are 
rare, and in some species males have “custodial” care of 
females (Olsson, 1993; Olsson et  al., 1996; Cooper and 
Vitt, 1997; Bull and Pamula, 1998; Cuadrado, 1998; Mar-
tín and López, 1999). In a typical custody behavior, the 
male chases the female a short distance and does not de-
fend a territory, but he defends an exclusive area around 
the female that varies in space and time, according to 
the position that she occupies. This behavior has been 
recorded in L. xanthoviridis (Escudero, 2016). In this spe-
cies, the custody behavior of the male towards the female 
after copulation might occur while the female remains re-
sponsive, thereby preventing another male from mating 
with her. Although this behavior would be costly for the 
male (lost mating opportunities with other females), the 
absence of multiple paternity would ensure the paternity 
of all offspring with the female in custody without the 
need to establish a territory and allocate resources to its 
defense. It has been widely accepted that a male’s fitness 
depends on the number of females with which he mates 
(Bateman, 1948), and polygyny is the more widespread 
mating system among lizards, (e.g., Blanc and Carpen-
ter, 1969; Stamps, 1977; Schoener and Schoener, 1980; 
Fox and Shipman, 2003). Nevertheless, there is consid-
erable variation in its degree, from monogamous species 
(Tinkle, 1967; Jenssen, 1970; Milstead, 1970) to others 
having harems of two or three females per male (Harris, 
1964; Rand, 1967; Ruby, 1981).

There is no general scientific agreement if the fe-
male’s fitness depends on the number of males with 
which she mates. Unlike males, females produce a lim-
ited number of eggs per litter and/or season. Different 
authors (Thornhill and Alcock, 1983; Uller and Olsson, 
2004; Wolff and Macdonald, 2004) have suggested that 
females could benefit directly and indirectly from mul-
tiple matings by obtaining food resources from their part-
ners, improving the genetic quality or diversity of their 
descendants, and protecting themselves against male in-
fertility or genetically defected partners. However, Shel-
don (1993) suggests that mating with multiple males can 
be costly for the female, for example due to increased risk 
of sexually transmitted diseases, higher amounts of time 
and energy used to mate, or increased predation risk. For 

female Liolaemus xanthoviridis, for which we did not de-
tect multiple paternity, one can envision multiple scenari-
os: on one hand, the costs of multiple matings might out-
weigh the benefits; alternatively, the custodial behavior 
of males might prevent them from mating with multiple 
partners. Future studies of higher numbers of litters may 
clarify this question.
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