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Female mate choice based on pheromone content may inhibit
reproductive isolation between distinct populations of
Iberian wall lizards
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Abstract The Iberian wall lizard Podarcis hispanica forms part of a species complex with several morphologically and geneti-
cally distinct types and populations, which may or may not be reproductively isolated. We analyzed whether female mate choice
based on males’ chemical signals may contribute to a current pre-mating reproductive isolation between two distinct populations
of P. hispanica from central Spain. We experimentally examined whether females choose to establish territories on areas
scent-marked by males of their own population, versus areas marked by males of the other population. Results showed that fe-
males did not prefer scent-marks of males from their own population. In contrast, females seemed to attend mostly to
among-individual variation in males’ pheromones that did not differ between populations. Finally, to test for strong premating re-
productive isolation, we staged intersexual encounters between males and females. The population of origin of males and females
did not affect the probability nor the duration of copulations. We suggest that the different environmental conditions in each
population might be selecting for different morphologies and different chemical signals of males that maximize efficiency of
communication in each environment. However, females in both populations based mate choice on a similar condition-dependent
signal of males. Thus, male signals and female mate choice criteria could be precluding premating reproductive isolation between

these phenotypically “distinct” populations [Current Zoology 59 (2): 210-220, 2013].
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Mate choice often requires that individuals engage in
both species recognition and mate-quality recognition
(Sherman et al., 1997). Because the types of traits used
for each form of recognition may be similar, a conflict
may often exist between species and mate recognition
(Gerhardt, 1982; Ryan and Rand, 1993; Pfennig, 2000;
Rosenthal and Ryan, 2011). Females may potentially
face this conflict whenever there is overlap in mating
signals between conspecifics and heterospecifics (Ryan
and Keddy-Hector, 1992; Andersson, 1994; Rosenthal
and Ryan, 2011). The problem is particularly acute
when extreme traits serve as signals of direct and indi-
rect benefits to females and/or offspring (Meller, 1990;
Reynolds and Gross, 1992; Andersson, 1994; Petrie,
1994). In such cases, females that engage primarily in
species recognition risk mating with relatively
low-quality males, while females that attend to extreme
secondary sexual charactersrisk heterospecific matings
(Ryan and Rand, 1993; Pfennig, 1998, 2000; Rosenthal
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and Ryan, 2011).

Chemical signals, or pheromones, are important for
species recognition but also for acquiring information
about dominance, territoriality and during mate choice
(Wyatt, 2003; Brennan and Kendrick, 2006; Johansson
and Jones, 2007). The composition and relative propor-
tion of pheromone components are highly species-

specific (Bradbury and Vehrencamp, 1998; Wyatt, 2003).

In many lizards, intraspecific communication is based
on chemical cues from femoral gland secretions of
males, which are epidermal structures on the ventral
surface of the thigh connected to glands that produce
copious amounts of holocrine secretion during the mat-
ing season (Mason, 1992; Alberts, 1993; Mason and
Parker, 2010; Martin and Lopez, 2011). Femoral gland
secretions of males deposited on substrates can convey
information about social status and competitive ability
(Aragoén et al., 2001; Lopez and Martin, 2002; Carazo et
al., 2007; Martin and Lopez, 2007; Martin et al., 2007a),
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and may transmit information about a male’s health
state or genetic compatibility (Martin and Lopez, 2000,
2006c¢, e; Olsson et al., 2003). For example, the propor-
tions of a steroid (cholesta-5,7-dien-3-ol, or provitamin
D3) in femoral secretions of male Iberian wall lizards,
Podarcis hispanica, is correlated with male immune
function (Lépez and Martin, 2005a; Lopez et al., 2008),
and might therefore serve as a predictor of direct or in-
direct benefits of mating (Lopez et al., 2008Female
mate choice decisions are at least partly based on inter-
individual variation in the proportion of cholesta-
5,7-dien-3-ol in males’ femoral secretions (Lopez and
Martin, 2005a). However, the chemical composition of
femoral gland secretions of male P. hispanica also dif-
fers among populations (Martin and Lopez, 2006a; Ga-
birot et al., 2010b, 2012). Interpopulational differences
in chemical signals of male P. hispanica, and/or in fe-
male mate preferences, could be leading to reproductive
isolation between distinct populations of this lizard spe-
cies.

Here we address the possible conflict between female
mate choice and potential speciation processes requiring
conspecific (or population) recognition in the Iberian
wall lizard P. hispanica. Molecular and morphological
studies suggest that P. hispanica forms part of a species
complex with at least five monophyletic lineages and
some now well-recognized species (Guillaume, 1987;
Harris and Sa-Sousa, 2001, 2002; Sa-Sousa et al., 2002;
Pinho et al.,, 2007, 2008; Carretero, 2008; Kaliont-
zopoulou et al., 2011). Also, there are many clearly dif-
ferent populations of this lizard that are highly variable
in size, shape, scale and color patterns, which suggest
the existence of further cryptic speciation processes
within taxa previously considered to be conspecifics.
These small common lizards have well-developed che-
mical recognition abilities, and are able to use chemical
cues alone to discriminate between conspecifics and
heterospecifics (Cooper and Pérez-Mellado, 2002; Bar-
bosa et al., 2005, 2006; Gabirot et al., 2010a), and be-
tween sexes (Gomez et al., 1993; Lopez and Martin,
2001; Lopez et al., 2002). We studied two distinct
populations of P hispanica from the Guadarrama
Mountains (central Spain), inhabiting different altitudes
and environmental conditions (Martin and Lodpez,
2006a,b). Previous studies indicated that males can dis-
criminate by chemical cues alone between males of their
own and the other population (Martin and Lopez, 2006a,
b). In contrast, females detected scent of males, but did
not show differences in chemosensory exploration be-
tween scents of males from these two populations

(Martin and Lopez, 2006a, b). These results suggested
that female mate recognition and female mate prefe-
rences might be based on some characteristics of
chemical cues shared by males from different popula-
tions. In this study, we first examined genetic, morpho-
logical, and chemical differences between these two
lizard populations. The failure to detect interpopulation
discrimination by females (Martin and Lopez, 2006a, b)
does not entirely reject the hypothesis that female P.
hispanica may still prefer to establish in areas
scent-marked by males of their own population, thus
increasing their opportunities to mate with these males
(Martin and Lopez, 2012). Then, we tested in the labo-
ratory whether females chose to establish on areas
scent-marked by males of their own population versus
areas scent-marked by males of the other population, or
whether females selected scent-marked areas based on
the concentration of some chemical compounds in
males’ scent independent of the male’s population of
origin. Finally, to evaluate the strength of premating
reproductive isolation between populations, we staged
intersexual encounters between males and females of
the same or different populations and analyzed diffe-
rences in mating behavior and whether copulations oc-
curred. We hypothesized that female mating preferences
for certain features of a chemical signal that characte-
rized males of their own population would promote di-
vergence between populations. However, if females
based their mate choice on characteristics of the chemi-
cal signal shared by males of the two populations, this
lack of population discrimination might be precluding
an effective reproductive isolation, even if other selec-
tive pressures (i.e., different environmental conditions)
were promoting phenotypic divergence between popula-
tions.

1 Material and Methods

1.1 Study animals

We captured adult male and female P. hispanica liz-
ards at two geographically close localities in the
Guadarrama Mountains (Madrid Province, Spain) by
noosing during March, before the start of their mating
season. For all experiments, we used 43 females and 25
males captured from rock-cliffs at the edge of a pine
forest (‘Fuenfria’, 40°47° N, 4°03” W, 1750 m elevation),
and we caught 45 females and 25 males from rocky
outcrops inside a large oak forest (‘Golondrina’, 40°44’
N, 4°02° W, 1250 m elevation). These two areas are only
6 km apart, but the intermediate area is not occupied by
stable populations of P. hispanica (Martin and Lopez,

6102 1990300 0g U0 1s8Nnb Aq 852988 1/012/2/6G/A0BISqE-2[01LE/Z0/W0o dNO"0IWSPEDE//:SARY WOy popeojumMod



212 Current Zoology

Vol. 59 No. 2

2006a, b). These two sites have similar rocky micro-
habitats that are adequate for P. hispanica, but the ele-
vational difference results in different microclimates.
For example, long-term records of meteorological sta-
tions located close to each lizard population indicate
that from March to August 2007 (i.e., during the main
activity season of lizards) average temperatures were
considerably higher in Golondrina (17.3 + 2.8 °C) than
in Fuenfria (9.6 + 2.5 °C), whereas average relative hu-
midity was lower in Golondrina (49.1 +3.4 %) than in
Fuenfria (66.7 £ 6.5 %). Within each population, we
captured lizards in different places over large areas (10
km?) to minimize the likelihood that individuals had not
had previous interactions, which may affect their re-
sponses (Lopez and Martin, 2002).

Lizards were individually housed at “El Ventorrillo”
Field Station, about 5 km from both capture sites, in
outdoor 80 x 50 cm PVC terraria containing sand sub-
stratum, rock for cover and water ad libitum. They were
fed mealworm larvae Tenebrio molitor every day and
kept on natural photoperiod and ambient temperature.
Lizards were held in captivity at least one week before
testing to allow acclimation to laboratory conditions.
Terraria of males and females were in different places to
avoid contact between them before the experiments. All
animals were healthy, did not show adverse behavioral
or physiological changes during the tests, and were re-
turned to their capture sites at the end of trials.

1.2 Population genetic structure

We extracted DNA from lizards’ tail samples (20
from each population) preserved in ethanol using the
DNeasy Tissue extraction kit (Qiagen). Microsatellite
procedure and PCR methods were described in Rune-
mark et al. (2008).

We analyzed the genetic structure of the two popula-
tions and the possible gene flow between these popula-
tions. Tests for significant genetic heterogeneity be-
tween samples were performed using exact tests of al-
lele and genotype frequencies and via the departure of
measures of genetic differentiation (Fst) from zero, us-
ing the software program FSTAT (Goudet, 1995). Popula-
tion genetic structure was calculated using GENEPOP
software (Raymond and Rousset, 1995). We followed
Wright (1978) to estimate the degree of genetic diffe-
rence (Fst) between populations. We assessed gene flow
between populations from the estimates of the number
of migrants per generation [Nm=(1-Fst)/4Fst; where N
is the total effective number of lizards and m is the mi-
gration rate] (Wright, 1978). We used the microsatellite
data and the STRUCTURE 2.1 software (Pritchard et al.,

2000) to show the degree of genetic population structure
and to infer the number of genetically independent
populations (or “clusters"; K) that we could find support
for in our data set. We used the method of Evanno et al.
(2005) to infer the true value of number of populations.
The likelihood of data [LnP(D)] stabilized within
20,000 iterations for all tested values of K, and thus a
run length of 100,000 was deemed as sufficient.

1.3 Morphological characteristics of males

We measured males’ body weight with a digital bal-
ance to the nearest 0.01 g, and the snout-to-vent length
(SVL) with a ruler to the nearest | mm. We also made
morphological measurements of the head of males using
digital calipers (to the nearest 0.05 mm). Head length
was the distance between the tip of the snout and the
posterior side of the parietal scales. Head width was the
greatest distance between the external sides of the pa-
rietal scales. Head depth was the greatest distance from
the highest portion of the head to the bottom of the
lower jaw.

We counted under a magnifying glass the number of
femoral pores on the right and left hind limbs of males
and calculated an average number for both sides. Finally,
we noted the number of small but distinctive and con-
spicuous blue ocelli that runs along each of the body
sides on the outer margin of the belly, and calculated an
average number for both sides. The presence, and the
experimental manipulation, of blue ocelli elicit aggres-
siveness during agonistic encounters between male
lacertid lizards, suggesting that they are used in sex
recognition and intrasexual social relationships (Lopez
et al., 2004).

1.4 Analysis of femoral gland secretions of males

The femoral gland secretions of males were extracted
by gently pressing with forceps around the femoral
pores immediately after capture. We collected secretion
in glass vials with Teflon-lined stoppers. Vials were
stored at -20 °C until analyses were performed. We used
the same procedure without collecting secretion in order
to have blank control vials. Before the analyses, we
added 250 pl of n-hexane to each vial. Samples were
analyzed in a Finnigan-ThermoQuest Trace 2000 gas
chromatograph-mass spectrometer (GC-MS) equipped
with a 30 m Supelco, Equity-5 column, and temperature
programmed from 50-280 °C at 5 °C/min and kept at
280 °C for 30 min (see Lopez and Martin, 2005b,
Martin and Lopez, 2006a for details of similar analyses).
Identification of compounds was done by comparison of
mass spectra in the NIST/EPA/NIH 1998 library, and
later confirmed with authentic standards. The relative

6102 4240100 0€ U0 3s8nb Aq 8529881/01.2/2/6G/A0BSqe-8]011E/Z0/W0o"dno"olWspeoe/:sdiy Woly pepeojumod



GABIROT M et al. : Mate choice and speciation in lizards 213

amount of each compound was determined as the per-
centage of the total ion current (TIC). The relative areas
of the peaks were transformed following Aitchison’s
formula: Zij=In(Yij/g(Yj)), where Zij is the standardized
peak area i for the individual j, Yij is the peak area i for
individual j and g(Y) is the geometric mean of all peaks
for individual j (Aitchison, 1986; Dietemann et al., 2003;
Loépez et al., 2006).

1.5 Female choice of males’ scents

We placed in males’ terraria several absorbent paper
strips (35%10 cm) fixed to the floor, and left them there
for three weeks to obtain the scents from males. Mate
choice experiments were performed at the end of April,
coinciding with the mating season of this lizard species.
Females’ terraria had two basking platforms (two iden-
tical flat tiles) placed symmetrically at each end of the
terrarium, and rocks for cover in the center. At the be-
ginning of experiments (09.00 h, GMT; when females
where still inactive) we fixed, wearing fresh gloves, one
paper strip from one male of one population on one tile,
and a paper from a male of the other population on the
other tile. Different papers from each male were used in
four choice tests against the papers of other four males
from the other population. Testing order and paper posi-
tion were randomized. Each female was tested twice,
once a day, with papers from two different pairs of
males (own vs. other population). Each trial lasted 5 h
(from 11.00 h GMT, shortly after females appeared from
refuges and until 16.00 h GMT when females hid again).
Females were monitored each 15 min from a raised
point concealed by vegetation. If a female was located
on a tile with paper strip, she was designated as having
temporarily chosen that particular paper, whereas, if she
located outside of the tiles, she was designated as hav-
ing made no choice (Martin and Lopez, 2000, 2006c¢;
Olsson et al., 2003). At the end of the trials the papers
were removed and the terrarium was thoroughly rinsed
with clean water and let to dry for a whole day in the
open.

We counted the number of times that each female
was observed on each particular stimulus paper in each
trial, and used a repeated measures three-way ANOVA
to test for differences between the two days of the trial
and between types of males (male from her own popula-
tion vs. male from other population), both as
within-subject factors. The population of origin of the
female (‘Fuenfria’ vs. ‘Golondrina’) was included as a
between-subject factor to test whether responses varied
between populations (Sokal and Rohlf, 1995). Also,
because a previous study suggested that females from

‘Golondrina’ prefer scents of males with relatively
higher amounts of cholesta-5,7-dien-3-ol (Lopez and
Martin, 2005a), we performed a similar three-way
ANOVA with the same data but classifying the two
males within each pair according to the relative abun-
dance of this lipid in their secretions (higher vs. lower)
independent of the population of origin.

In addition, individual males were also classified ac-
cording to the attractiveness of their scent; the paper on
which a female spent greater than 50 % of her time (ex-
cluding time in the no choice area) was designated as

the preferred paper in the trial (Martin and Lopez, 2000).

Each individual male was assigned an attractiveness
index, calculated as the proportion of females that pre-
ferred a paper with his scent. Then, we used the mor-
phological variables or the transformed areas of chemi-
cal compounds in femoral secretions of males (see
above) as independent variables in forward stepwise
general regression models (GRM) with male attractive-
ness index as the dependent variable.
1.6 Mating behavior

We staged encounters between male and female liz-
ards from the same or from different populations to
study whether successful copulations occurred and
whether copulatory behavior different depending on the
population of origin of the male and the female. Each
male encountered two females, once per day over two
days. Half of males were presented first with a female
from their own population and the day after with a fe-
male from the other population, and the converse for the
other half of males. Each female was used only once
with a single male. The individual males and females
used in each encounter were chosen at random. In each
trial, we gently took a female from her terrarium and
placed her in a male’s terrarium. From a blind we ob-
served whether or not a copulation occurred, and re-
corded the duration of the copulation (i.e., since the first
cloacal contact with hemipenis intrusion until the mo-
ment that cloacae of individuals were physically sepa-
rated). The female was removed from the male’s terra-
rium immediately after the copulation finished. If copu-
lation did not occur, trials were terminated after 30 min.

We used General Linear Mixed Models (GLMM) in
SAS (SAS, 1989-1996 Institute Inc., Cary, NC, USA)
to test the dependent variable with normal distribution
(i.e., duration of copulation; Kolmogorov-Smirnoff’s
test: P > 0.10) or Generalized Linear Mixed Models
(GLIMMIX) when the dependent variable was binomial
(i.e., whether or not a copulation occurred). In this
analysis, each male was used twice so we used male
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identity as a random factor. We also included the popu-
lation of the male and the female and the order of pres-
entation as categorical predictors.

2 Results

2.1 Population genetic structure

The comparison of the genetic structures of the two P,
hispanica populations showed that there was low ge-
netic divergence between the Fuenfria and Golondrina
populations (Fsr= 0.0007). In line with this result, the
estimation of the number of migrants per generation
between the two populations was high (Nm = 6.12).

The analyses of the microsatellite data demonstrated
that the clusters defined by the STRUCTURE software
corresponded to one sampling locality or one group of
sampling localities of the same subpopulation, as shown
by the log-likelihood-values reaching a plateau at K = 1.
Therefore, the hypothesis of one subpopulation (Golon-
drina and Fuenfria together) was more probable than

that of two subpopulations.
2.2 Morphology of male lizards

Males from the two populations differed significantly
with respect to morphological characteristics (weight,
SVL, head size, number of femoral pores and number of
lateral blue ocelli, all log-transformed) (MANOVA:
Wilk’s 4 = 0.16, F; 1, = 8.77, P = 0.0006; Table 1).
Males from Fuenfria were significantly larger and
heavier, and had significantly larger heads than males
from Golondrina, even controlling for body length
(ANCOVAs, head length: Fy ;= 20.78, P = 0.0003;
head width: F, ;= 8.25, P = 0.01; head depth: F; ;=
16.51, P = 0.0008). However, males of the two popula-
tions did not differ significantly in the number of femo-
ral pores or blue ocelli (Table 1).
2.3 Chemicals in femoral gland secretions of males

The lipophilic fraction of femoral secretions of male
P hispanica consisted of several fatty acids, alcohols,
waxy esters, squalene and steroids (Table 1). The most

Table 1 Morphological measurements (mean £ SE) and lipophilic chemical compounds (mean+SE of the percentage of the
total ion current, TIC, area from the chromatogram) found in femoral gland secretions of male Podarcis hispanica from two

populations (Fuenfria and Golondrina)

Fuenfria Golondrina Fis P
Morphology
Weight (g) 51+0.2 41402 16.55 0.0007
SVL (mm) 63+ 1 57+1 13.36 0.0018
Head length (mm) 14.90 £0.18 13.18 £0.15 51.69 <0.0001
Head width (mm) 9.29+£0.25 8.12+0.12 17.25 0.0006
Head depth (mm) 6.28 £0.10 5.66 +0.06 2491 <0.0001
Femoral pores 18.4+0.4 18.7+0.5 0.09 0.76
Blue ocelli 3+1 4+1 0.01 0.99
Compounds in femoral secretions
Fatty acids (C»-Cs) 1.58 +£0.22 291+0.41 12.23 0.0026
Fatty acids (C6-Cis) 7.44 £1.87 8.50+£0.97 5.43 0.03
Fatty acids (C20-Ca4) 1.49 +0.38 0.73 £0.09 3.70 0.07
Alcohols 2.25+0.36 0.87 £0.05 14.60 0.0012
Waxy esters 2.01+0.67 0.62 +0.28 3.62 0.07
Squalene 0.45+0.12 0.42+£0.04 3.02 0.10
Cholesterol 52.14+£2.24 63.88 £1.22 6.55 0.02
Cholesta-5,7-dien-3-ol 19.34£0.97 13.12+1.14 0.66 0.43
Ergosta-5,8-dien-3-ol 337+0.14 2.43+0.08 0.09 0.77
4,4-Dimethyl-cholesta-5,7-dien-3-o0l 2.04+0.17 1.01 £0.20 3.19 0.09
Campesterol 0.33+0.07 0.48 £ 0.06 4.53 0.04
Cholesta-4,6-dien-3-one 0.83£0.15 0.16 £ 0.05 12.18 0.003
Cholestanol 0.46 +£0.31 0.61+0.25 1.54 0.23
Other minor steroids 6.21 £ 0.64 4244038 0.01 0.93

Results (F, P) from protected one-way ANOVAs on transformed data (see methods) are shown. The bold values indicate that P is significant at the

0.05 level.
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abundant compounds were cholesterol and cho-
lesta-5,7-dien-3-ol. The other compounds were found in
minor quantities. There were significant overall diffe-
rences between populations in the relative proportion of
compounds in femoral secretions of males (MANOVA:
Wilks” 4 = 0.046, Fi4, s = 28.54, P < 0.001; Table 1).
Univariate protected ANOVAs showed that males from
Fuenfria had significantly lower proportions of low mo-
lecular weight (C;,-Cg) fatty acids, cholesterol and
campesterol, and significantly greater proportions of
alcohols and cholesta-4,6-dien-3-one than males from
Golondrina (Table 1). Males from Fuenftia also tended,
although not significantly, to have greater proportions of
fatty acids of high molecular weight (Cy-C,4) and of
waxy esters than males from Golondrina (Table 1). For
the other compounds there were no significant diffe-
rences between populations.

2.4 Choice of males’ scent by females

There were no significant differences between time
spent by females (log-transformed number of observa-
tions) on paper strips scent-marked by a male of their
own population or by a male from the other population
(repeated measures three-way ANOVA: F 3;3= 0.08, P
= 0.77). The population of origin of the female had no
significant effect on these responses (F ;3= 0.08, P =
0.77), and the interaction between population of male
and female population was not significant (/) ;3= 0.07,
P = 0.79) (Fig. 1a). However, the overall number of
observations of females on any of the papers varied sig-
nificantly between the two days of the trial (F ;5= 5.09,
P = 0.03). The interaction between day and female
population was significant (¥, ;5= 33.91, P < 0.0001),
but this variation between days did not affect the female
choice of paper strips (male population x day: F| ;5=
0.01, P = 0.94; three way interaction: F ;3= 1.64, P =
0.21).

There was no significant relationship between none
of the male morphological variables (weigh, size, condi-
tion, head size, etc) and the attractiveness indexes of
their scent (i.e., no variable entered the GRM model
with significance). A similar lack of relationship was
found when we analyzed each population separately.
However, when we analyzed the possible relationships
between male attractiveness and the major chemical
compounds in femoral secretions, we found a significant
positive relationship between the attractiveness index of
a male and the relative proportions of cholesta-5,7-dien-
3-o0l in male secretions (GRM: R*= 0.45, Fy 17=13.75,
P =0.0017; Fig. 2). The relationship was similar when
we calculated the attractiveness indexes of males from
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Fig. 1 Proportion of times (mean+SE), during each of
two scent choice trials, that female P. hispanica from two
populations (Fuenfria or Golondrina) were observed on
paper strips scent marked by (A) males from their own or
from the other population, or (B) by the male within each
pair with relatively higher or lower proportions of cho-
lesta-5,7-dien-3-ol in its femoral secretions, independent of
the population of origin (** = significant difference P <
0.005)
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Fig. 2 Relationship between relative proportions of cho-
lesta-5,7-dien-3-ol in femoral gland secretions and the at-

tractiveness index scores of male lizards P. hispanica from
two populations, Fuenfria (o) or Golondrina (e)

the responses of females of each of the two populations
separately (GRM, Fuenfria females: R*= 0.27, Fy, 16=
5.92, P = 0.027; Golondrina females: R*= 0.33, Fi =
8.23, P = 0.011). In addition, attractiveness residuals
were significantly higher for males from Fuenfria (GLM,
Fy 17=4.67, P = 0.045), suggesting that males from the
Fuenfria population were more successful at transform-
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ing signaling intensity to attractiveness.

Moreover, in the trials of choice of males’ scent by
females, when we classified the two males within each
pair according to the relative abundance of cho-
lesta-5,7-dien-3-ol in their secretions (higher vs. lower)
independent of the population of origin of the male,
females spent significantly more time on paper strips
scent-marked by the male, within each pair, with the
higher proportion of cholesta-5,7-dien-3-0l (repeated
measures three-way ANOVA: F ;3= 14.58, P = 0.0005;
Fig. 1b). This effect was similar independent of the
population of origin of the female (£} ;3= 0.09, P =
0.77), and there were no significant differences between
days (F 35= 2.17, P = 0.15), although the interaction
between female population and day of the trial was sig-
nificant (£ ;5= 35.40, P < 0.0001). All other interac-
tions were not significant (P > 0.16 in all cases).

2.5 Mating behavior

The overall proportion of successful copulations in
this experiment was 0.58 (29 copulations from 50
staged encounters) (Fig. 3). The probability of occur-
rence of a copulation was not significantly dependent of
the population of the male (GLIMMIX: F y=1.25, P=
0.27) nor of the population of the female (¥, ;9= 0.21, P
= 0.65), and the interaction was not significant (£ 9=
0.09, P = 0.76). The probability of copulation was sig-
nificantly higher in the first trial than in the second one
(order effect: Fy 19=9.06, P =0.007), but this effect was
independent of the population of the male or of the fe-
male (P > 0.20 for all interactions of order with all other
effects) (Fig. 3).

The duration of successful copulations did not sig-
nificantly differ depending of the population of the male
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Fig. 3 Rate of successful copulations between male liz-
ards P. hispanica from two populations (Fuenfria or
Golondrina) with females from their own or from the other
population, in two successive copulation trials of the same
male with different individual females

(GLMM, F 2= 3.60, P =0.06) or of the female (£ =
1.84, P = 0.18) and the interaction between male and
female populations was not significant (£ ,s=2.71, P =
0.11). Moreover, the duration of copulation was not
significantly affected by the order of female presenta-
tion (F,26= 0.39, P = 0.54). All other interactions were
not significant (P > 0.40 in all cases).

Males that had higher mating success did not signifi-
cantly differ in proportions of cholesta-5,7-dien-3-ol in
their secretions with respect to males with intermediate
or lower mating success (GLM, overall: F, ,4= 1.05, P
= 0.36; with females from the same population: F ;5=
0.28, P = 0.60; with females from the other population:
Fy 25=0.35, P = 0.56). The duration of copulation was
not associated with the proportion of cholesta-5,7-dien-
3-o0l (GLM, overall: Fy 5,,=0.06, P=0.81).

3 Discussion

Our results showed that female Iberian wall lizards
base their mate choice decisions on some characteristics
of males’ pheromones that vary between individuals, but
not between populations, despite these two populations
differing in other aspects of the chemical signals and in
morphology. However, in spite of these clear and dis-
tinct inter-populational differences, genetic differences
between populations are small, suggesting that they be-
long to the same population. Therefore, this mate choice
criterion may inhibit rather than promote reproductive
isolation and genetic divergence between these pheno-
typically distinct populations.

The clear differences between populations in mor-
phology and chemical secretions of males might have
arisen because natural selection may have favored indi-
viduals with characters better adapted to the different

environments and climatic conditions in each population.

Differences in body size may be simply due to different
growth rates or other life history parameters promoted
by altitude-related differences in thermal opportunities,
food availability, predation risk, etc (e.g., Sears, 2005;
Iraeta et al., 2006). Similarly, differences in proportion
of chemicals in femoral secretions might be related to
different microclimatic conditions, reflecting selection
for the persistency and efficiency of chemical signals in
different environments (Alberts, 1992; Endler, 1992;
Bradbury and Vehrencamp, 1998; Endler and Basolo,
1998) less volatile and more stable compounds (e.g.
fatty acids of high molecular weight, cholesterol), may
be favored in lizards inhabiting more humid climatic
conditions (Alberts, 1992; Martin and Lopez, 2006a;
Gabirot et al., 2012).
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The question that arises is whether these differences,
which could reflect local selection for the efficacy
component of the sexual signals, are so great as to affect
differences in preference and promote reproductive iso-
lation (Boughman, 2002). In fact, differences in chemi-
cal compounds seem relevant for population recognition
based on previous experiments that showed that male P,
hispanica of these two populations can discriminate
between scents from males from their own or from other
population (Martin and Lopez, 2006a, b), which can
have consequences for rival recognition in intrasexual
contests (Lopez and Martin, 2002; Carazo et al., 2007).
In contrast to males, females do not seem to discrimi-
nate between male populations based on chemical cues,
although females clearly detect scent of males from a
baseline odor (Martin and Lopez, 2006a,b), and dis-
criminate them from heterospecific lizards (Cooper and
Pérez-Mellado, 2002; Gabirot et al., 2010a). Moreover,
the results of the current experiment further showed that
females did not prefer, nor reject, areas scent marked by
males based on the criterion of the population of origin
of the male. Furthermore, the results of staged mating
encounters showed that males and females were equally
likely to copulate, and copulation duration was similar,
independent of their population of origin, although also
independent of male chemical attractiveness. Therefore,
our results indicate that there is a lack of pre-mating and
mating reproductive isolation between these two popu-
lations, in spite of marked differences in male mor-
phology and chemical sexual signals. Although it re-
mains to be analyzed whether interpopulation mating
results in the same reproductive success and whether
offspring from interpopulational and intrapopulational
pairs have similar fitness, our data suggest that repro-
ductive isolation between these two populations is ab-
sent.

This lack of reproductive isolation might be firstly
explained by an incapacity of female P. hispanica to
discriminate between populations of males, or perhaps
simply by a lack of female mate choice. Females might
select to establish in areas scent marked by any male,
and accept mating with any male with enough genetic
relatedness. This would explain hybridization between
populations which are not clearly distinct species within
Podarcis, as evidenced by laboratory crosses (e.g., P,
bocagei x P. carbonelli, Galan, 2002) and genetic
analyses of natural populations (Capula, 2002; Pinho et
al., 2007). However, our study showed that female P
hispanica did select scent of some specific individual
males using as a criterion the proportion of chemicals in

femoral gland secretions, independent of the population
of origin of the male. Females preferred males with
relatively higher amounts of cholesta-5,7-dien-3-ol
(=provitamin Ds) in femoral secretions. Previous studies
showed that female P. hispanica can actually detect
changes in concentration of this lipid (Martin and Lopez,
2006d). This mate choice criterion may be explained by
the positive relationship between the amount of cho-
lesta-5,7-dien-3-ol in secretions and the robustness of
the immune response of a male observed in this species
(Lopez and Martin, 2005a; Lopez et al., 2008) and in
other lacertid lizard species (Martin and Lopez, 2006c¢).
Cholesta-5,7-dien-3-0l is a precursor for vitamin D; and,
in humans and other mammals, there is considerable
scientific evidence that the active form of vitamin D is a
potent immune system modulator with a variety of ef-
fects on immune system function that may enhance
immunity (Griffin et al., 2003; Hayes et al., 2003). In
this and other lacertid lizard species, experimental die-
tary supplementations and challenge of the immune
system suggest that there may be a trade-off between
physiological regulation of the immune system and the
allocation of essential nutrients (provitamins) to sexual
ornaments (Martin and Lopez, 2006e; Martin et al.,
2007b; Lopez et al., 2008), which may allow males to
honestly signal health state via chemical cues.
Interestingly, average amounts of cholesta-5,7-dien-
3-ol in males’ secretions did not vary between our study
populations, although interindividual variability was
high in both populations. Therefore, despite females
using this chemical signal to select areas scent marked
by particular males, the population of origin would not
affect to the mate selection, which would rather depend
on the individual characteristics of each male. This mate
choice based on specific characteristics of chemical
signals of males that not differ between populations
would lead to a lack of reproductive isolation. In fact,
our results confirmed that successful copulation with
similar characteristics can occur between males and
females of both populations. Such conflicting prefe-
rences within females between sexual selection and spe-
cies recognition may be widespread. For example,
within individual female pygmy swordtails Xiphophorus
pygmaeus, directional preferences for conspicuous or-
namentation are inversely associated with discrimina-
tion against the sympatric heterospecific, X. cortezi
(Rosenthal and Ryan, 2011). Similarly, there is a trade-
off between avoiding heterospecific matings and choos-
ing attractive males in spadefoot toads (Pfennig, 2000).
In summary, we have found that despite clear diffe-
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rences in morphology and chemical signals between two
populations of P. hispanica lizards, genetic differences
were small. This could be a consequence of gene flow
between populations unimpeded by interpopulational
discrimination based on chemical recognition and
pre-mating reproductive isolation. While a previous
study showed that males can discriminate between these
populations by chemical cues (Martin and Lopez, 2006a,
b), females did not seem to discriminate between male
chemical cues, or, alternatively, did not show prefe-
rences for the scent of males from their own population,
and the probability of a successful mating did not de-
pend on the population of origin. However, females
seemed to base their mate choice on pheromone traits
shared by males of both populations. These results sup-
port that, even in phenotypically distinct populations,
sexual selection via mate choice may retard rather than
promote population divergence.
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