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Abstract

Hybridisation is increasingly recognised as an important cause of diversification and adaptation.
Here, we show how divergence in male secondary sexual characters between two lineages of the
common wall lizard (Podarcis muralis) gives rise to strong asymmetries in male competitive ability
and mating success, resulting in asymmetric hybridisation upon secondary contact. Combined
with no negative effects of hybridisation on survival or reproductive characters in F1-hybrids,
these results suggest that introgression should be asymmetric, resulting in the displacement of sex-
ual characters of the sub-dominant lineage. This prediction was confirmed in two types of sec-
ondary contact, across a natural contact zone and in two introduced populations. Our study
illustrates how divergence in sexually selected traits via male competition can determine the direc-
tion and extent of introgression, contributing to geographic patterns of genetic and phenotypic
diversity.
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INTRODUCTION

Gene transfer between species, sub-species or genetic lineages
via hybridisation is increasingly recognised as an important
cause of diversification and adaptation (Arnold 2007; Abbott
et al. 2013; Hedrick 2013). Because hybridisation does not
necessarily lead to an even mix of genetic and phenotypic
characters of the parental lineages, it can cause new charac-
ters to arise or existing characters to be unequally trans-
ferred between lineages. This may be particularly likely when
phenotypes that have diverged in allopatry confer a fitness
advantage to one lineage upon secondary contact, making it
advantageous for the other lineage to express the same char-
acters. For example, expression of hetero-specific characters
can have a survival advantage, which has been suggested to
explain introgression of wing patterns between Heliconius
butterflies (Pardo-Diaz et al. 2012), pest resistance in mice
(Song et al. 2011) and the evolution of climate adaptation
and herbivore resistance in sunflowers (Whitney et al. 2006,
2010). Alternatively, characters that confer a reproductive
advantage in the competition for mates can enhance hybridi-
sation rates as well as provide hybrids with a selective
advantage relative to subdominant pure-bred competitors. In
the absence of severe genetic incompatibilities, this may
enable secondary sexual characters to rapidly spread from

one lineage to another (Parsons et al. 1993; Prado et al.
2009; Baldassarre et al. 2014).
Sexually selected hybridisation has primarily been studied

with respect to female choice. While female choice will often
restrict gene flow (e.g. Saetre et al. 1997; Seehausen et al.
2008), increasing evidence suggests that it can also lead to
asymmetric rates of hybridisation and introgression of male
sexual characters (Wirtz 1999; Stein & Uy 2006; Pfennig
2007). For example, in a hybrid zone between the golden-col-
lared (Manacus vitellinus) and white-collared (Manacus candei)
manakins, females prefer golden-collared males on mixed leks,
which results in asymmetric introgression of golden plumage
colouration across the hybrid zone (Parsons et al. 1993; Stein
& Uy 2006). In contrast, evidence that divergence in sexual
characters conferring an advantage in male–male competition
can promote asymmetric gene flow between lineages is very
limited (Hedrick 2013). This is despite that competition
between males for resources is important for the evolution of
character displacement and reproductive isolation (Grether
et al. 2013), and hence features frequently in speciation theory
(Price 2008). Behavioural experiments suggest that competitive
exclusion of males of the sub-dominant lineage may con-
tribute to the golden-collared male mating advantage at mixed
leks in manakins (McDonald et al. 2001), cause differences in
the frequency of hetero-specific pairings between pied and

1Department of Zoology, Edward Grey Institute, University of Oxford, Oxford,

UK
2School of Biological Sciences, University of Tasmania, Hobart, Tasmania,

Australia
3Centre for Research in Animal Behaviour, College of Life and Environmental

Sciences, University of Exeter, Exeter, UK
4Department of Biogeography, Trier University, Trier, Germany
5Cavanilles Institute of Biodiversity and Evolutionary Biology, University of

Valencia, Valencia, Spain
6CIBIO Research Centre in Biodiversity and Genetic Resources, Universidade

do Porto, Vair~ao, Vila do Conde, Porto, Portugal

7Department of Earth and Environmental Sciences, University of Pavia, Pavia,

Italy
8Museum Natural History, University of Pisa, Calci (Pisa), Italy
9Institute of Environmental Sciences, Jagiellonian University, Krak�ow, Poland
10Department of Life Sciences, University of Alcal�a, Alcal�a, Spain
11Federal Agency for Nature Conservation (BfN), Bonn, Germany
12Department of Biology, Lund University, Lund, Sweden

*Correspondence: E-mail: tobias.uller@biol.lu.se
†Joint second author.

© 2015 John Wiley & Sons Ltd/CNRS

Ecology Letters, (2015) doi: 10.1111/ele.12531

https://www.researchgate.net/publication/7132480_Whitney_KD_Randell_RA_Rieseberg_LH_Adaptive_introgression_of_herbivore_resistance_traits_in_the_weedy_sunflower_Helianthus_annuus_Am_Nat_167_794-807?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/7132480_Whitney_KD_Randell_RA_Rieseberg_LH_Adaptive_introgression_of_herbivore_resistance_traits_in_the_weedy_sunflower_Helianthus_annuus_Am_Nat_167_794-807?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/12885027_Wirtz_P_Mother_species-father_species_unidirectional_hybridization_in_animals_with_female_choice_Anim_Behav?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/12885027_Wirtz_P_Mother_species-father_species_unidirectional_hybridization_in_animals_with_female_choice_Anim_Behav?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/5854661_Facultative_Mate_Choice_Drives_Adaptive_Hybridization?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/5854661_Facultative_Mate_Choice_Drives_Adaptive_Hybridization?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/228071888_Adaptive_Introgression_across_Species_Boundaries_in_Heliconius_Butterflies?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==


collared flycatchers (Vallin et al. 2012) and between hermit
and Townsend’s warblers (Pearson 2000). However, even in
these relatively well-studied systems the link between
intraspecific sexual selection and genetic and phenotypic intro-
gression remains largely circumstantial.
We studied how behavioural interactions as well as post-

copulatory and post-zygotic reproductive isolation influence
gene flow between two phenotypically distinct lineages of the
common wall lizard, Podarcis muralis. This species has formed
a number of genetic lineages in Southern Europe reflecting
isolation in ice age refugia (Salvi et al. 2013). Our focus was
on lizards native to Western Europe, which correspond mor-
phologically to the P. muralis brongniardii subspecies, and on
lizards native to northern Italy (Tuscany), which correspond
morphologically to the P. muralis nigriventris subspecies
(B€ohme 1986). These lineages now form a natural contact
zone in Liguria (northwestern Italy, see Results) and have also
come into secondary contact more recently as a result of
human introductions in both Germany and southern England
(Schulte et al. 2012a; Michaelides et al. 2013).
We used an experimental approach to generate predictions

regarding how natural and sexual selection should influence
the direction of introgression, followed by genetic and pheno-
typic analyses in all three regions of secondary contact to test
these predictions. First, we conducted an extensive phenotyp-
ing of lizards from the two main lineages in allopatric native
populations to establish the extent to which they exhibit diver-
gence in sexually selected characters. Second, we used experi-
mental populations in outdoor enclosures to test whether such
differences translate into an asymmetry in male dominance
and realised hybridisation upon secondary contact. Third, we
assessed the reproductive compatibility of between lineage
crosses and the survival and reproductive competence of F1
hybrids. Finally, we made use of these data to predict the
direction of introgression, which we tested using mitochon-
drial DNA, microsatellites and phenotypic data across three
locations (one native and two introduced) of hybridisation.

METHODS

Common wall lizards are small, 45–75 mm snout-to-vent
length, diurnal lizards that inhabit a range of natural and
anthropogenic habitats. We studied native populations in
France, western Germany, and northwestern Italy, which col-
lectively belong to a mitochondrial lineage that we here refer
to as the western European lineage, and populations in north-
ern Italy (Tuscany), which we refer to as the Italian lineage
(Schulte et al. 2012a). The data in this paper also involve 11
introduced populations in England of single native origin, and
two introduced populations of mixed origin (i.e. presence of
animals of both western European and Italian origin or
hybrids), one in England and one in Germany. Further details
on the populations are found in Table S1.

Character divergence in allopatry

We collected morphological and colouration data on 793 ani-
mals from 31 native populations of pure Western European
and Italian origin. We captured all lizards by noosing,

weighed them to the nearest 0.01 g and measured their snout-
to-vent length, total length, head length and head width to
the nearest mm. Using photographs, animals were scored for
ventral (blackness) and dorsal (greenness) colouration. Ventral
blackness was scored by quantifying the proportion of black
to non-black pixels on each lizard’s chest (Fig. S1). Dorsal
greenness was scored based on an intensity scale from 1 to 10
(1 being pure brown, 10 being pure green, Fig. S2), which was
confirmed to be highly correlated with scores from digital
photographs analysed in Photoshop CS4 and with values for
green chroma extracted using spectrophotometry [see Support-
ing Information (SI) for full details]. We also collected data
on bite force and male testes mass, which are both commonly
under sexual selection in lizards (Olsson & Madsen 1998; see
SI for full details and sample sizes).

Patterns of dominance, courtship and paternity upon secondary

contact

To generate predictions regarding the direction of hybridisa-
tion, we carried out two separate experiments using outdoor
enclosures (7 9 7 m), designed to simulate conditions during
secondary contact. Each enclosure was fitted with suitable
habitat (bricks, wooden pallets) and stocked with 16 animals,
four males and four females of each lineage (with the excep-
tion of four enclosures in 2010; see SI for details). In 2010, 10
enclosures were stocked with a total of 160 animals of either
Italian or Western European origin sourced from introduced
populations in England. In 2013, we conducted a similar
experiment using eight enclosures stocked with a total of 128
animals captured from native populations in western France
or Tuscany. In both experiments, we collected individuals
from multiple populations (n = 10 in 2010 and n = 7 in 2013).
To reduce population-of-origin effects, animals from the same
source population were distributed among all enclosures as
evenly as possible. Within this constraint the location of each
individual was assigned randomly. The two experiments dif-
fered slightly in the distribution of habitat within enclosures,
but followed the same protocol for data collection (see SI for
full details).
Individuals were captured from the wild prior to females

laying their first clutch and were transported to the labora-
tory. The experiments were conducted following oviposition
of the first clutch (females typically lay at least two clutches
per season). All individuals of each sex were released into a
given enclosure at the same time. Males were released first to
allow them to establish territories, followed by females
(~ 7 days between the release of males and females). Females
released more than 3 days after oviposition were kept cool
(~ 10 °C) during this period to avoid progression through the
next ovulation cycle. Behavioural interaction data were
obtained throughout the experiment from rotating 45 min
observation periods per enclosure, conducted by three (in
2010) or two (in 2013) observers in an ethogram (Table S2,
see SI for full details). This resulted in a total observation per-
iod of ~ 510 h in 2010 and ~370 h in 2013.
Once females were ready to lay, all individuals were recap-

tured and returned to cages in the laboratory. Cages were
inspected in the morning and late afternoon for signs of egg
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laying. Eggs were incubated at a constant 24 °C (2010) or
28 °C (2013) in standard refrigerated incubators fitted with
water baths to maintain humidity. At hatching, offspring were
euthanised (using concussion followed by permanent destruc-
tion of the brain) and their tissues used for genetic analysis.
DNA was isolated from tail–tip tissue using standard proto-
cols (see SI for full details). Paternity was assigned using
microsatellites (Table S3) in CERVUS v 3.0 (Marshall et al.
1998) based on the trio (mother, father, and offspring) LOD
score and a strict confidence level of 95%.
To confirm whether these patterns were the result of pre- as

opposed to post-copulatory mechanisms, we carried out 16
sperm competition trials in the laboratory in which Western
European (n = 6) and Italian (n = 10) females were mated to
males of both their own and the other lineage. All trials were
carried out in the same type of terrarium used for housing the
animals (see above) in the first 5 days following oviposition,
which corresponds to the female receptive period under labo-
ratory conditions. Females were introduced to the terrarium
and allowed to acclimatise for 20 min after which one of the
males was introduced to the female. Once mated (all within
an hour) that male was removed and the second male was
immediately introduced (all also mated within an hour). The
order of males with respect to lineage was reversed each trial.
Offspring were genotyped along with their mother and the
two potential fathers as described above.

Fertility and viability of F1 hybrids

To test for decreased hybrid fitness we carried out 62 crosses
between males and females of the two lineages. We introduced
a male of either the same lineage or the other lineage into a
female cage 3 days after she had laid her first clutch and left
them together for 5 days. Eggs were collected following
oviposition, scored for infertility based on presence and calci-
fication of the egg shell (Olsson & Shine 1997) and incubated
at 24 °C. Embryonic mortality was scored and assessed using
dissection of eggs that did not show any evidence of heart
beat (using a digital egg monitor: Buddy; Avitronics, Truro,
England). Ninety-six offspring from these crosses were raised
to maturity under laboratory conditions. After reaching
mature size (~ 5 months after hatching) they were hibernated
for 10 weeks at 4 °C. For logistical reasons we were unable to
conduct further crosses to establish a F2 generation and there-
fore assessed reproductive capacity under captive conditions
for a subset of animals. We recorded whether or not females
produced eggs within 2 months of emergence of hibernation
and the resulting clutch size. We also recorded the testes mass
of 23 males. These characters should reflect fertility of F1
hybrids, but it should be noted that it does not establish
sperm characteristics in males and that incompatibilities may
not be evident until the F2 generation; our data may therefore
underestimate genetic incompatibilities in hybrids.

Statistical analyses

All data were analysed using R version 3.0.3 (R Development
Core Team 2010). We used linear (mixed) models to analyse
differences between lineages and sexes in phenotypic charac-

ters in both wild-caught animals and experimental crosses and
to establish patterns of behaviour and parentage in the experi-
mental enclosures. Detailed description of all models can be
found in the SI.

Genetic and phenotypic patterns in regions of secondary contact

We examined phenotypic and genetic patterns of introgression
within three separate regions of secondary contact between
the Italian and Western European lineage. In the native
hybrid zone, we sampled 17 populations from central Tuscany
(where animals are known to fall within the Tuscan haplotype
lineage; sensu Schulte et al. 2012a; and exhibit P. m. nigriven-
tris phenotypes) to western Liguria (where animals are known
to belong to the western European haplotype lineage and
exhibit typical P. m. brongniardi phenotype) (B€ohme 1986)
(Fig. 1). Second, we sampled 27 animals from a location in
England (Holmsley) that is known to have both Italian and
Western European origins (Michaelides et al. 2013). Third, we
sampled 203 animals from a population in south-western Ger-
many (Mannheim) where animals from the Italian lineage
have been introduced in a region where the western European
lineage is native (Schulte et al. 2012b). In each of these popu-
lations, we recorded traits as described above and removed
~ 5 mm of the tail or took buccal swabs for DNA analyses.
In the native hybrid zone, we tested predictions regarding the

direction of gene flow using a geographic cline approach (Szy-
mura & Barton 1986; Gay et al. 2008). Because microsatellite
loci were highly variable and showed few private alleles, typically
at low frequencies, we estimated the nuclear genetic cline from a
Bayesian hybrid index (HI) based on allele frequencies at all loci
using the programme STRUCTURE v 2.3.4 (Pritchard et al.
2000). Because phylogeographic studies have established two lin-
eages in this geographic region we conducted all analyses assum-
ing two genetic clusters (i.e. K = 2). The simulations, using the
admixture model, run with a burn-in of 105 iterations and a fur-
ther run length of 106 iterations. Runs were replicated five times
and combined using CLUMPP (Jakobsson & Rosenberg 2007).
We used the probability that an individual was assigned to the
Italian cluster (Q) as our hybrid index. The hybrid index was
subsequently used to assign individuals as either pure Western
European (Q ≤ 0.1), pure Italian (Q ≥ 0.9) or hybrid
(0.1 < Q < 0.9) (e.g. Baldassarre et al. 2014). We also fitted the
corresponding cline for haplotypes based on the cytochrome b
mitochondrial gene. Phenotypic clines using population averages
were fitted for three traits: dorsal greenness, ventral blackness
and relative head length. These are all quantitative characters
with large and well-established differences between lineages
(greater in the Italian lineages, e.g. B€ohme 1986, Fig. S3; see
Results). Relative head length was calculated as the residual
score from a regression of head length on snout-to-vent length.
Clines were treated separately for males and females.
Genetic and phenotypic clines were fitted using the Metro-

polis-Hastings Markov chain Monte Carlo algorithm imple-
mented in the package hzar in R version 3.0.3 (Derryberry
et al. 2014). For the genetic analyses we ran two sets of five
models. Each model estimated cline centre (cumulative dis-
tance from sampling location Colle di Val D’Elsa in Tuscany,
c) and width (1/maximum slope, w), but could also fit

© 2015 John Wiley & Sons Ltd/CNRS

Letter Asymmetric introgression via sexual selection 3

https://www.researchgate.net/publication/257537824_Human_introductions_create_opportunities_for_intra-specific_hybridization_in_an_alien_lizard?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/6346845_CLUMPP_A_Cluster_Matching_and_Permutation_Program_for_Dealing_with_Label_Switching_and_Multimodality_in_Analysis_of_Population_Structure?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/12483622_STRUCTURE_version_233_inference_of_population_structure_using_multilocus_genotype_data?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/12483622_STRUCTURE_version_233_inference_of_population_structure_using_multilocus_genotype_data?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/228329678_Rapid_genetic_assimilation_of_native_wall_lizard_populations_Podarcis_muralis_through_extensive_hybridization_with_introduced_lineages?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/259489781_HZAR_hybrid_zone_analysis_using_an_R_software_package?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==
https://www.researchgate.net/publication/259489781_HZAR_hybrid_zone_analysis_using_an_R_software_package?el=1_x_8&enrichId=rgreq-c4b6d306-4429-4f4a-82ba-054e4aa92522&enrichSource=Y292ZXJQYWdlOzI4Mjg2NzE3MDtBUzoyODUxMDczNjI1MTY5OTNAMTQ0NDk4NjMwMDgyNQ==


different combinations of the exponential decay curve parame-
ters d and s (none, right tail only, left tail only, mirrored tails,
or both tails separately). One set of models fixed the cline
ends at the empirically observed values, whereas the other
set also estimated these values from the data. We also ran the
corresponding models for each of the phenotypic traits, but
because of small sample size (< 10) for the Westernmost pop-
ulation, the models with fixed cline ends used the value of the
closest population (i.e. Noli, NL). For each of the clines we
compared models based on the AIC corrected for small sam-
ple size (AICc) and selected the model with the lowest AICc
as the best-fitting model. The coincidence of cline centres for
mtDNA vs. ncDNA, and for ncDNA vs. phenotypic clines
was assessed using the maximum-likelihood derived confi-
dence intervals, where we considered non-overlapping confi-
dence intervals as statistically supported differences in cline
location. We verified the conclusions by re-fitting models that
constrained the cline centre to correspond to that of the cline
to which it was compared.
For the two non-native populations we tested for the pres-

ence of hybrids and the direction of hybridisation. First, we
conducted a principle coordinate analysis (PCoA) to visualise
pair-wise individual multi-locus genetic distance calculated in
GenAlEx (Peakall & Smouse 2012). For the non-native popu-
lation in England, we included four non-native populations of
pure origin (three of Italian and one of Western European

origin) that served as source populations (Michaelides et al.
2015). For the non-native population in Germany (Man-
nheim) we did not include reference populations as the exact
origins are unknown. Instead, we pooled individuals into two
groups based on the lineage assignment from the cytochrome
b gene (Western European and Italian). Second, we conducted
Bayesian assignment tests to identify individuals of mixed ori-
gin. We used the admixture model as implemented in
STRUCTURE to assign individuals as either pure Western
European (Q ≤ 0.1), pure Italian (Q ≥ 0.9) or hybrid
(0.1 < Q < 0.9). We also did the corresponding analysis in the
programme NewHybrids (Anderson & Thompson 2002),
which computes posterior probabilities of individual assign-
ment into different categories of hybrids based on their multi-
locus genotypes (F1 or F2). We used uniform priors with 105

sweeps before and 106 sweeps after burn-in. The direction of
hybridisation was assessed by comparing the outcome of these
assignment tests to the mitochondrial haplotype.

RESULTS

Character divergence in allopatry

Lizards from the Italian lineage displayed the characteristic
green dorsal and black ventral colouration typically ascribed
to P. m. nigriventris and had larger heads, stronger bite

Figure 1 Map of the native hybrid zone in northern Italy. We used 17 populations that created a cline from mid Tuscany up the Ligurian coast. The colour

of the dots indicates the association with a particular mitochondrial lineage. Two populations in the middle of the cline contained a mix of haplotypes (VI

and BT). At the top of the figure a STRUCTURE output indicates the extent of admixture (using microsatellite nuclear DNA) within these populations as

a function of distance from the far western end of the cline (running left to right). Insert shows the location of the geographic region and the two hybrid

regions in England (Holmsley) and Germany (Mannheim).
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force and greater testes mass (Table S4; Fig. 2). Sexual dimor-
phism was generally greater in the Italian lineage (Table S4,
Fig. 2).

Patterns of paternity upon secondary contact

We found highly consistent results across both experiments.
Italian males were strongly dominant over Western European
males, winning more agonistic interactions (permutation test
using QAP – 2010, lineage: P = 0.019, snout-to-vent length:
P = 0.012, QAP – 2013, lineage: P < 0.001, snout-to-vent
length: P = 0.05; Fig. 3a). Across both experiments, dorsal
greenness, ventral blackness and head length, phenotypic
characters that are exaggerated in Italian males, were all
strong phenotypic predictors of dominance (Table S5).
Italian males courted significantly more females (Table S6;

Fig. 3b), and had higher reproductive success overall and with
females of the opposite lineage, than Western European males
(Table S6; Fig. 3c). Accordingly, Western European females
produced a significantly higher proportion of hybrid offspring
compared to Italian females (Table S6; Fig. 3d). Rerunning
models including dominance as a predictor suggested that dif-
ferences in reproductive success between Italian and Western
European males were well explained by dominance and hence
consistent with male–male competition (Table S7).
Males were more likely to sire offspring with females from

their own lineage under sperm competition (intercept:
v2 = 8.45, d.f. = 1, P < 0.01), but there was no statistical sup-
port for a bias in reproductive success with females from the
other lineage between Western European and Italian males
(proportion of hybrids in Italian clutches = 0.21 � 012, pro-

portion of hybrids in Western European clutches =
0.42 � 0.20, lineage: v2 = 0.22, d.f. = 1, P = 0.64).

Fertility and viability of F1 hybrids

Embryonic mortality was not higher for between-lineage
crosses (17%) compared to within-lineage crosses (16%) (male
lineage: v2 = 3.19, P = 0.07, female lineage: v2 = 3.19,
P = 0.43, male lineage 9 female lineage: v2 = 0.42, P = 0.51).
Animals of pure Western European origin had slower growth
rates and were smaller following hibernation than animals of
Italian and hybrid origin (Western European off-
spring = 47.3 � 1.19 mm, Italian offspring = 52.5 � 0.78 mm,
Hybrid offspring = 51.6 � 0.64 mm, cross: v2 = 245.3,
P < 0.001, sex: v2 = 16.8, P = 0.32). We found no significant
difference between the crosses in testes mass for a given body
size (Western European males = 0.017 � 0.01 g, Italian
males = 0.035 � 0.01 g, Hybrid males = 0.031 � 0.01, cross:
v2 = 1.81, P = 0.24, snout-to-vent length: v2 = 0.07,
P = 0.72). Captive-reared females of French origin did not
reproduce, but female hybrids were as likely to reproduce as
pure-bred Italian females (36% of Italian females reproduced
vs. 45% of hybrid females: v2 = 0.03, P = 0.85), and there
was no significant difference in clutch size (Italian
females = 3.20 � 0.58, Hybrid females = 3.55 � 0.17: v2 = 0.
51, P = 0.48).

Genetic and phenotypic patterns in regions of secondary contact

The results above predict that introgression should be male-
driven and asymmetric from the Italian lineage into the
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Figure 2 Means � SE for Western European and Italian animals in morphological and colour phenotypes. Black dots indicate females and grey dots

indicate males.
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Western European lineage. As predicted, the location of the
geographic cline for microsatellites was shifted westwards
compared to the cline for mtDNA (Table 1; Fig. 4). A
microsatellite cline with its centre constrained to that of the
mtDNA cline provided a significantly worse fit to the data
(DAICc = 43.1). The locations of both genetic clines were sig-
nificantly different from the cline centres for all three pheno-
typic traits (dorsal greeness Fig. 4, ventral blackness and
relative head length Fig. S4), which were shifted even further
to the west (Table 1). Notably, we failed to identify significant
levels of genetic admixture for several of the western-most
populations with Western European haplotypes (e.g. US, RA,
SL; Fig. 1) that were phenotypically very similar to popula-
tions identified as being of pure Italian origin (Fig. 4). The
best-fitting models for the phenotypic clines differed between
traits and, for black ventral colouration, between the sexes
(Table S8). There was a significant correlation between genetic

differentiation and geographic distance (r2 = 0.70, P < 0.001,
Fig. S5).
STRUCTURE assigned all individuals in the putative

hybrid population in southern England as being of pure Ital-
ian origin despite four individuals having mtDNA haplotypes
from Western Europe (Fig. S6). The results were corroborated
by the output from NewHybrids in which all individuals were
assigned as being pure Italian (Table S9) and the PCoA in
which hybrid individuals were found within the cluster of pure
Italian individuals (Fig. S7). In Mannheim, STRUCTURE
identified 23 out of 203 individuals as hybrids (0.1 < Q < 0.9;
Fig. S8) and NewHybrids tended to classify these as being F2
hybrids (e.g. F1 9 F1 hybrids; Table S11). Eight hybrid indi-
viduals in Mannheim harboured Italian mtDNA haplotypes
and the rest (15) had mtDNA haplotypes from Western Eur-
ope (Table S10). The PCoA placed these within and/or
between the clusters of pure individuals (Fig. S9).
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Figure 3 Means � SE for Western European and Italian lizards in male dominance, number of courtships males initiated, the number of offspring males

sired and the proportion of a females clutch that were hybrids. All outputs are the result of our experimental secondary contact zone experiments carried

out with non-native (2010) and native (2013) lizards. Black dots indicate Western European lizards and grey dots indicate Italian lizards. Note that the

higher reproductive success of Italian males (panel c) is the result both of a greater number of clutches with paternity assignment for Italian females and

higher reproductive success with females of the opposite lineage (panel d).

Table 1 Parameter estimates for best-fitting cline models for genetic and phenotypic clines using HZAR (Derryberry et al. 2014). Parameter c indicates the

estimated cline centre (distance from sampling location VE in Tuscany) and w indicates the cline width (1/maximum slope). The parameters pmin and pmax

indicate the allele frequencies at the ends of the cline for genetic markers and the corresponding values for phenotypic markers (transformed values to the

second decimal point), and d and s are exponential decay curve parameters for the left and right tails. Two log-likelihood unit support limits are presented

in parentheses. Note that the very high introgression of phenotypic characters makes the parameter estimates for the fit in the western part of the cline

unreliable (see Fig. 4; Fig. S4)

Character Sex Best model c (km) w (km) pmin pmax dL sL dR sR

mtDNA Model I 61.2 (56.0–68.8) 29.9 (18.3–50.3) 0 1 None None None None

Hybrid Index Model VII 100.5 (88.7–118.7) 15.2 (1.2–50.2) 0 1 None None 2.37 (0.0–18.2) 0.131 (0.011–0.705)
Greenness M Model II 273.0 (254.3–278.0) 76.1 (56.2–93.6) 1.44 2.71 None None None None

Greenness F Model II 228 (225.7–230.0) 5.1 (3.7–5.9) 0.07 1.82 None None None None

Blackness M Model II 156.2 (124.3–279.8) 105.7 (20.1–309.3) 0.18 0.45 None None None None

Blackness F Model VIII 226.6 (219.7–231.5) 22.1 (14.7–56.7) 0.06 0.23 None None 292.4 (1.2–307.4) 0.743 (0.006–0.972)
Head length M Model I 213.2 (207.2–222.8) 14.8 (0.1–30.2) �0.38 0.14 None None None None

Head length F Model I 227.5 (215.2–238.9) 62.6 (25.4–125.7) �0.72 0.08 None None None None

© 2015 John Wiley & Sons Ltd/CNRS
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DISCUSSION

The evolutionary consequences of secondary contact should
depend on the genetic and phenotypic divergence between
lineages. Our results show that divergence in male competi-
tive ability in allopatry causes asymmetric hybridisation and
gene flow upon secondary contact in wall lizards. As a con-
sequence, sexually selected introgression shapes phenotypic
and genetic variation in both native and non-native popula-
tions.
Wall lizards in north-central Italy show exaggeration of

characters that are under sexual selection in this (Sacchi et al.
2009) and other lizard species (Olsson & Madsen 1998). Our
experiments show this is associated with an advantage in
male–male competition for females, leading to an overall

greater courtship, mating success and increased rates of
hybridisation with females of the other lineage compared to
males from the Western European lineage. These patterns are
unlikely to be mediated by female choice as we have shown
elsewhere that females do not discriminate between males of
different lineages, whereas males prefer females from their
own lineage (Heathcote 2013). Post-copulatory mechanisms
also appear unlikely to explain patterns of paternity as there
was no evidence for a competitive advantage for Italian males
in sperm competition trials. Our results therefore suggest that
male–male competition and male mate choice should drive
patterns of genetic exchange in zones of secondary contact.
This is in contrast with the majority of previously studied ver-
tebrates, where female choice is believed to be both the pri-
mary barrier to hybridisation as well as the major cause of
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asymmetric introgression of male characters (Wirtz 1999;
Stein & Uy 2006; Pfennig 2007).
Even if small differences in viability or fertility remained

undetected in our experimental crosses, the differences in male
competitive ability should create asymmetric introgression;
that is male-driven gene flow from the Italian lineage into the
Western European lineage. Data from the native hybrid zone
provide strong support for this prediction. Nuclear microsatel-
lite markers revealed a westward shift in the position of the
hybrid cline compared to mitochondrial markers. As a result
virtually all hybrids exhibited Western European haplotypes.
Furthermore, the phenotypic clines were shifted even further
westwards, such that several populations that were genetically
(i.e. based on both ncDNA and mtDNA) assigned to the
Western European lineage were phenotypically indistinguish-
able from pure populations of the Italian lineage. Even if
head size and dorsal and ventral colouration are not the direct
targets of sexual selection, our enclosure experiments show
that these characters are strong predictors of male dominance,
a robust predictor of reproductive success. Thus, the stronger
introgression of phenotypic characters compared to
microsatellite markers imply that these characters not only
bias the direction of hybridisation, but are also selectively
favoured within the hybrid zone. However, analysis of selec-
tion at the leading front of the hybrid zone would be neces-
sary to establish ongoing selection on male secondary sexual
characters.
The results from the native hybrid zone were supported by

genetic data from two locations where at least one of the lin-
eages has been introduced. These patterns were weaker than
those observed in the native zone, potentially because of
strong founder effects that are likely to have occurred during
establishment. Nevertheless, in both of the non-native popula-
tions the mitochondrial–nuclear discordance was consistent
with hybridisation being primarily between males of the Ital-
ian lineage and females of the Western European lineage.
Thus, the results from all three regions of secondary contact
point towards asymmetric introgression and displacement of
male characters of the less dominant lineage by intrasexual
selection (Schulte et al. 2012b), providing evidence that intro-
gression can be a source of secondary sexual characters.
Is male–male competition a general mechanism of direc-

tional introgression? Differences in male competitive ability
are commonly invoked to explain displacement of one species
by another in sympatry (Grether et al. 2013). This could pro-
mote asymmetric hybridisation by making males of one spe-
cies rare relative to females (Hubbs 1955). This mechanism is
supported by studies of interspecific competition over nest
sites in flycatchers (Vallin et al. 2012), but introgression in this
species is very limited due to low hybrid fitness (Veen et al.
2001). Species-specific male aggression is also consistent with
the direction of introgression of plumage colour in manakins
(McDonald et al. 2001), the movement of hybrid zones
between hermit and Townsend’s warblers (Peason & Rohwer
2000) and between two species’ of house mice (Teeter et al.
2007). Nevertheless, the best evidence that sexual selection
drives introgression still comes from studies of female choice
(Parsons et al. 1993; Stein & Uy 2006; Baldassarre & Webster
2013; Baldassarre et al. 2014). This could partly be because

of taxonomic bias. In lizards, male–male competition appears
to be a stronger driver of variation in male reproductive
success than female choice (Olsson & Madsen 1995). We
therefore suggest that male–male competition often will be
more important for the strength and direction of gene flow in
lizard hybrid zones compared to, for example, bird hybrid
zones.
The clines we observe in wall lizards are wider relative to

the species dispersal ability than in other studies of sexually
selected introgression (e.g. Manacus sp.; Uy & Stein 2007). In
manakins, plumage introgression has been suggested to be
limited by either habitat, which influences the conspicuousness
of colour and geographically limits the benefit of golden plu-
mage (Uy & Stein 2007), or by geographic barriers to disper-
sal (McDonald et al. 2001). In contrast, the habitat across the
hybrid zone in the wall lizards typically consists of rocks and
manmade structures (e.g. dry-stone walls) and geographic dif-
ferences in the properties of this habitat are unlikely. Thus,
there may be no limit to introgression along the coast in
northwestern Italy and the geographic cline may be best
viewed as a snapshot of an ongoing process of adaptive intro-
gression that will eventually replace the phenotypes of the
Western European lineage in this part of the species’ distribu-
tion. In the introduced populations, we expect the formation
of a hybrid swarm biased towards Italian characteristics, a
process that evidently has already taken place in Holmsley.
Despite the close fit between our experimental data and the

genetic and phenotypic clines, discordances between markers
could also arise for a number of other reasons. We can refute
most, if not all, of these for the native hybrid zone. First, the
geographic scale of the discrepancy, compared to species dis-
persal distances, makes sex differences in dispersal highly unli-
kely as the cause of asymmetric introgression (Petit &
Excoffier 2009). Lizard densities are also uniformly high
across the zone. Second, we found no evidence that hybrid
females are sterile, which rules out loss of fitness in female
hybrids explaining differences in the mitochondrial and
nuclear genetic clines (as expected from Haldane’s rule; Hal-
dane 1922). Third, environmental differences cannot explain
the geographic pattern of phenotypic variation since the lin-
eage differences persist in non-native populations and in cap-
tivity. Finally, the quantitative nature of the phenotypic
characters means that it is unlikely that we are observing
stochastic variation in introgression of loci across the genome,
as could be the case for characters controlled by a single locus
(e.g. colour polymorphisms; Mundy 2005).
In summary, we provide strong evidence that divergence in

sexually selected traits in allopatry drives asymmetric hybridis-
ation in wall lizards. This creates pronounced discordance
between the phylogeography inferred from genetic markers
and geographic patterns of phenotypic variation across multi-
ple zones of secondary contact. These results suggest that,
where post-reproductive isolation evolves slowly and female
choice on male quantitative traits is absent or weak (as in
lizards; Olsson & Madsen 1995), male–male competition may
be an important cause of asymmetric introgression. This can
lead to rapid introgression of potentially advantageous alleles
and traits between species and ultimately promote novel
genetic and phenotypic diversity in recipient populations.
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