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The use of molecular data to reconstruct the history of divergence and gene
flow between populations of closely related taxa represents a challenging problem. It has been proposed that the long-standing debate about the geography
of speciation can be resolved by comparing the likelihoods of a model of isolation with migration and a model of secondary contact. However, data are commonly only fit to a model of isolation with migration and rarely tested against
the secondary contact alternative. Furthermore, most demographic inference
methods have neglected variation in introgression rates and assume that the
gene flow parameter (Nm) is similar among loci. Here, we show that neglecting
this source of variation can give misleading results. We analysed DNA
sequences sampled from populations of the marine mussels, Mytilus edulis and
M. galloprovincialis, across a well-studied mosaic hybrid zone in Europe and
evaluated various scenarios of speciation, with or without variation in introgression rates, using an Approximate Bayesian Computation (ABC) approach.
Models with heterogeneous gene flow across loci always outperformed models
assuming equal migration rates irrespective of the history of gene flow being
considered. By incorporating this heterogeneity, the best-supported scenario
was a long period of allopatric isolation during the first three-quarters of the
time since divergence followed by secondary contact and introgression during
the last quarter. By contrast, constraining migration to be homogeneous failed
to discriminate among any of the different models of gene flow tested. Our
simulations thus provide statistical support for the secondary contact scenario
in the European Mytilus hybrid zone that the standard coalescent approach
failed to confirm. Our results demonstrate that genomic variation in introgression rates can have profound impacts on the biological conclusions drawn
from inference methods and needs to be incorporated in future studies.

Introduction
A number of approaches have been recently developed
to reconstruct the history of divergence and gene flow
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between populations of closely related taxa using
molecular data (Hey & Nielsen, 2004; Becquet & Przeworski, 2007). One attractive feature of these methods
is their potential to distinguish between secondary
contact and primary differentiation, a long-standing
controversy in speciation research (Endler, 1977; Barton & Hewitt, 1989; Nosil, 2008). However, this task is
particularly challenging because the true history of population divergence is often more complex than the

ª 2014 THE AUTHORS. J. EVOL. BIOL.
JOURNAL OF EVOLUTIONARY BIOLOGY ª 2014 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY

1

2

C. ROUX ET AL.

models fitted to the data. Another problem that has
received insufficient attention is that the genetic barriers to gene flow observed between parapatric populations undergoing speciation with gene flow, or
diverged populations experiencing secondary contact,
are often semipermeable (Harrison, 1993; Wu, 2001).
This leads to genomewide heterogeneity (GWH) in the
effective levels of gene flow due to the direct effect of
selection on isolation genes as well as indirect effects
on neutral loci depending on their linkage to selected
genes (Barton, 1979; Barton & Bengtsson, 1986; Harrison, 1993; Charlesworth et al., 1997; Nosil & Feder,
2012). The indirect effects of selection produce patterns
of gene flow ranging from low rates of introgression in
the neighbourhood of barrier loci (the so-called genomic islands of differentiation) to basal introgression
rates in regions devoid of selected loci and maximal
introgression around loci that have experienced the
fixation of an unconditionally favourable allele (i.e.
adaptive introgression (Pialek & Barton, 1997; Fraisse
et al., 2014)). Methods to infer the history of divergence and gene flow between closely related species
from DNA sequence data have flourished during the
last decade (Liu et al., 2003; Hey, 2006; Becquet &
Przeworski, 2009; Gutenkunst et al., 2009; Pinho &
Hey, 2010) with a progressive increase in the complexity of the underlying scenarios. The first and most frequently used method is the isolation with migration
(IM) model, which considers the divergence of two
populations from T generations in the past that continue to exchange genes at a fixed rate, Nm (Nielsen &
Wakeley, 2001; Hey & Nielsen, 2004, 2007). Although
these models have proven very useful, they may be
sensitive to violations of certain assumptions, most
importantly the absence of intragenic recombination
and the interruption of gene flow during the divergence process (Strasburg & Rieseberg, 2010). Although
more complex scenarios have been proposed (Becquet
& Przeworski, 2009; Bazin et al., 2010), the IM model
often remains popular and many papers discuss the
estimation of divergence times, levels and asymmetry
of gene flow, without formally testing alternative models. Combined with a tendency in the speciation literature to incorporate secondary contact in the broader
category of models of speciation with gene flow (Butlin, 1987; Smadja & Butlin, 2011), and the emerging
popularity of ecological speciation that champions primary differentiation (Feder & Nosil, 2010; Nosil, 2012),
it is unclear how the widespread use of the IM model
over the past decade may have resulted in a biased
perception of the relative importance of primary vs.
secondary differentiation during speciation. More studies are needed that evaluate more complex models of
incomplete reproductive isolation that incorporate formal statistical tests of alternative scenarios.
It is surprising that the assumption of similar levels of
gene flow among loci has rarely been questioned even

though interspecific genetic barriers to gene flow have
long been known to be semipermeable (Barton & Hewitt, 1989; Harrison, 1993). Two recent studies have
proposed inference methods that explicitly account for
this heterogeneity of gene flow among loci (Roux et al.,
2013b; Sousa et al., 2013). The approach of Sousa et al.
(2013) extend the IM model by considering two or
more groups of loci with different demographic parameters (migration rates and effective population sizes)
and assign each locus to a given group using a Bayesian
method. The approach of Roux et al. (2013b) takes
advantage of the flexibility offered by Approximate
Bayesian Computation (ABC) to investigate alternative
demographic scenarios and considers the migration rate
parameter for each locus as a random variable drawn
itself from a distribution estimated from the data
(according to a hierarchical Bayesian approach with
hyperparameters). Both methods enable investigation
of GWH, but only the method of Roux et al. (2013b)
allows for model comparisons and a specific test of the
scenario of secondary contact against a model of uninterrupted gene flow during divergence. This method
was first applied on highly diverged sea squirt species
whose genomes are nearly hermetic to interspecific
gene flow (Roux et al., 2013b), and its performance has
not yet been evaluated on species exhibiting more permeable barriers to gene flow.
A good system to test scenarios of speciation allowing
GWH in introgression rates is the hybrid zone between
the marine mussels Mytilus edulis and M. galloprovincialis
where a semipermeable barrier to gene flow has been
previously described (Skibinski et al., 1983; Bierne et al.,
2003a,b). The geographic structure of the zone is a
mosaic of parental and hybrid populations along the
Atlantic coasts of France (Bierne et al., 2003a,b; Hilbish
et al., 2012) and the British Isles (Skibinski et al., 1983).
The interspecific barriers to gene flow are caused by a
number of pre- and post-zygotic, intrinsic and extrinsic,
isolating mechanisms including spawning asynchrony
(Secor et al., 2001), assortative fertilization (Bierne
et al., 2002), habitat choice (Bierne et al., 2003a,b),
local adaptation (Gardner & Skibinski, 1988; Hilbish
et al., 2002) and hybrid fitness depression (Bierne et al.,
2006). First studied during the golden age of allozyme
markers, this hybrid zone was thought to result from
secondary contact because this was the prevailing
hypothesis at that time (Barton & Hewitt, 1985). However, the secondary contact hypothesis has not received
any statistical support from rigorous analyses of gene
genealogies at multiple loci. Furthermore, the Mytilus
system shares many similarities with some popular systems of the ecological speciation literature such as
selection against migrants in the fine-grained high
shore–low shore microhabitat heterogeneity (Billard
et al., 2010; Johannesson et al., 2010) and post-glacial
colonization of new regions released after glacier retreat
(Schluter & Rambaut, 1996; Pereyra et al., 2009). In
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addition, one can question the plausibility of allopatric
isolation in species with wide geographic distributions
and high dispersal capabilities through a long planktonic larval phase (Palumbi, 1992). A re-evaluation of
the secondary contact hypothesis for the European Mytilus hybrid zone is thus necessary and overdue.
In this study, we use DNA sequences data from eight
nuclear loci to reconstruct the history of divergence
and gene flow between Mytilus edulis and M. galloprovincialis. To allow for heterogeneity in migration rates
among loci, we used the hierarchical ABC approach
with hyperparameters developed by Roux et al.
(2013b), which enabled us to fit a secondary contact
model with GWH in introgression rates. We compared
nested models with homogeneous or heterogeneous
migration rates and evaluate alternative scenarios of
speciation, including secondary introgression and
parapatric primary differentiation. Our results provide
strong support for the hypothesis of introgression following secondary contact and document the advantages
of incorporating GWH in testing models of speciation.

Materials and methods
DNA polymorphism
We used Mytilus spp. samples collected at two localities
that previous publications had confirmed are representative of monospecific patches of Mytilus edulis, WS
(Wadden Sea, Holland; 48 diploid individuals) and
M. galloprovincialis, FA (Faro, Algarve, Portugal; 48 diploid individuals). The genetic composition of these samples has been analysed previously with DNA fragment
length polymorphism and AFLP markers (Bierne et al.,
2003a,b; Faure et al., 2008; Boon et al., 2009; Gosset &
Bierne, 2013). In addition to the previously published
nucleotide sequence data at three loci (Faure et al.,
2008; Boon et al., 2009), we obtained data from five
new loci with an average fragment length of ~900 bp.
PCR primers are described in Table S1. With the exception of locus mc125, which consisted exclusively of
coding sequence (Addison et al., 2008), all other loci
targeted a fragment of noncoding DNA (intron or intergenic). A standard protocol was used for the PCRs using
the PromegaGoTaq DNA polymerase (Promega, Madison, WI, USA). Sequences were cloned following the
mark–recapture (MR)-cloning protocol (Bierne et al.,
2007; Faure et al., 2007, 2008; Boon et al., 2009). Individual PCRs were labelled with unique molecular tags
using 50 -tailed primers. Tagged PCR products of similar
quantities were mixed together and cloned into a
pGEM-T vector using Promega pGEM-T cloning kits
and sequenced with the universal primers SP6 and T7
flanking the insert at the Genoscope platform (http://
www.genoscope.cns.fr/). To avoid sampling bias and to
minimize the number of artefactual mutations produced during PCR, cloning and sequencing, we used a
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single allele per individual, chosen as the most frequently captured variant.
Data analyses
Only silent positions (i.e. synonymous polymorphisms
in coding regions and noncoding polymorphisms in introns or intergenic regions) were used to study the
demographic history of Mytilus populations. For each
observed and simulated data set, we computed an
array, Sobs and Ssim, of summary statistics related to
polymorphism and divergence widely used in the literature for demographic inferences (Wakeley & Hey, 1997;
Becquet & Przeworski, 2007; Ross-Ibarra et al., 2008,
2009; Roux et al., 2011). We computed classical diversity estimators (nucleotide diversity, p and Watterson’s
hW) (Watterson, 1975; Tajima, 1983), between-species
differentiation measured by FST (computed as 1ps/pT
where ps is the average pairwise nucleotide diversity
within population and pT is the total pairwise nucleotide diversity of the pooled sample across populations)
and the departure of the site-frequency spectrum from
mutation/drift equilibrium by Tajima’s D (Tajima, 1989)
using a routine written in C (MScalc, available
from http://www.abcgwh.sitew.ch/; (Roux et al., 2011,
2013a,b)). In addition, we classified the observed polymorphic sites into four distinct categories: (i) polymorphisms exclusive to M. edulis noted Sxedu, (i.e.
polymorphic sites for which only one allele was found
in M. galloprovincialis, but two alleles segregate in M. edulis); (ii) polymorphisms exclusive to M. galloprovincialis
noted Sxgal; (iii) fixed differences between species
(noted Sf); and (iv) shared polymorphic sites (noted Ss)
(i.e. sites for which the same two alleles were segregating in both species). We tested for the presence of
intragenic recombination in our alignments using a
composite-likelihood approach (McVean et al., 2002)
implemented in the PAIRWISE program of the LDhat
2.1 package. We assessed intralocus recombination separately for each species after 1000 permutations of the
physical positions of segregating sites.
Inferring ancestral demography

Coalescent simulations
We used an ABC framework (Tavar
e et al., 1997; Beaumont et al., 2002) to investigate three scenarios of speciation with gene flow (isolation with migration, IM;
Ancient Migration, AM; and Secondary Contact, SC;
Fig. 1) and one without gene flow (Strict Isolation, SI).
All scenarios assume an instantaneous split of an ancestral population into two daughter populations of constant size. The IM model assumes continuous gene flow
between populations. In the AM scenario, the migration
events are restricted to the initial phase of speciation,
whereas in the SC scenario, the two daughter populations begin to evolve in strict isolation forward in time
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Fig. 1 Alternative scenarios of speciation for M. edulis and
M. galloprovincialis. Four classes of models with different temporal
pattern of migration are compared: strict isolation (SI), constant
migration (IM), isolation with migration (AM) and secondary
contact (SC). Four parameters are shared by all models: Tsplit is the
number of generations since the speciation time; NA, Ngal and Nedu
are the number of effective individuals in the ancestral population,
M. galloprovincialis and M. edulis, respectively. Tiso is the number of
generations as the two nascent species stopped exchanging
migrants in the AM model. TSC is the number of generations as
the two daughter species experienced secondary contact after a
period of isolation in the SC model. The asymmetrical migration
rates M1 and M2 are expressed in 4.N.m units, where m is the
proportion of a population made up of migrants from the other
population per generation.

and then experience secondary contact. For models with
gene flow, we used the scaled migration rates M = 4.Nm
(with M1 the migration rate from M. galloprovincialis to
M. edulis and M2 the migration rate to M. galloprovincialis, time being defined forward), where m is the fraction
of the population that is composed of migrants from the
other population each generation. For the IM, AM and
SC scenarios, two alternative models were compared
representing the hypotheses of identical vs. variable
effective migration rates among loci (‘homogeneous’ vs.
‘heterogeneous’ models, respectively). We thus compared a total of seven models. Following Roux et al.
(2013b), the ‘heterogeneous’ models consisted of hierarchical Bayesian models with migration rate parameters
for each locus drawn from a scaled Beta distribution
characterized by three hyperparameters (the alpha- and
Beta-shape parameters of the Beta distribution and a
scalar ‘c’ to which the Beta distribution is multiplied).
This distribution accommodates a large variety of distinct shapes, while avoiding the pitfalls of over-parametrization. We also evaluated an alternative model where
two groups of loci have different migration rates, with a
proportion p of loci having a reduced gene flow when
compared to the other group. This alternative model

was mainly used to be reassured that the prior distribution used to account for GWH in effective levels of gene
flow has little consequence on the comparison between
‘homogeneous’ and ‘heterogeneous’ models. Five million multilocus simulations were performed for each
model. We used large uniform prior distributions for all
parameters, with identical prior distributions for parameters common to all models. Prior distributions for hedu/
href,hgal/href and hA/href were uniform on the interval
0–20 with href = 4.Nref.l. Nref is the effective number of
individuals of a reference population used in coalescent
simulations, arbitrarily fixed at 100 000, and l the
mutation rate of 2.763 9 108 per bp per generation.
This rate was estimated from analysis of divergence
between M. californianus and species from the Mytilus edulis complex, assuming a divergence time of 7.6 MY (Ort
& Pogson, 2007) and a generation time of 2 years.
Although we used LDhat to test for intralocus recombination, we assumed a recombination/mutation ratio
equal to one for the following reasons: (i) although the
departure from the demographic model used by LDhat is
unlikely to bias the detection of recombination events
(McVean et al., 2002), it should bias the estimate of
population recombination rate; (ii) when using haplotype-free summary statistics, implementing intralocus
recombination in coalescent simulations does not
require an exact rate as the most important feature is to
allow for it (Molly Przeworski, personal communication). hedu,hgal and hA are values for h of the M. edulis, M.
galloprovincialis and ancestral populations, respectively.
We sampled Tsplit/4.Nref from the interval 0–25, 0–107
generations in demographic units. The parameters Tiso
and TSC were drawn from a uniform distribution on the
interval 0-Tsplit. In the ‘homogeneous’ models, values of
the two migration rate parameters M1 and M2 were randomly sampled from the uniform prior interval 0–20 for
all loci. For the alternative ‘heterogeneous’ models, a
single combination of the shape parameters from the
Beta distribution was first randomly and independently
sampled for each multilocus simulation from the uniform intervals 0–5 for alpha and 0–200 for Beta. The
multiplier ‘c’ was randomly sampled from the uniform
prior interval 0–20, once per multilocus simulation.
Then, for each locus, the two migration rate parameters
M1 and M2 were randomly sampled from the scaled Beta
distribution. For the alternative two-group parametrization of GWH, we used an uniform prior 0–1 on P. Prior
distributions were computed using a modified version of
the Priorgen software (Ross-Ibarra et al., 2008), and coalescent simulations were run using Msnsam (Ross-Ibarra
et al., 2008), a modified version of the ms program
(Hudson, 2002) that allows for different sample sizes at
each locus under an infinite site mutation model.

Model testing
To statistically evaluate alternative models of speciation,
we followed a two-step hierarchical procedure (Fagundes
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et al., 2007). First, for each scenario allowing migration
(IM, AM and SC), we evaluated posterior probabilities
for the two alternative models (homogeneous and heterogeneous). Next, we compared the best models from
these scenarios in addition to the SI scenario. Posterior
probabilities for each candidate model were estimated
using a feed-forward neural network implementing a
nonlinear multivariate regression by considering the
model itself as an additional parameter to be inferred
under the ABC framework using the R package ‘abc’
(Csillery et al., 2012). The 2000 9 n replicate simulations
nearest to the observed values for the summary statistics
were selected (where n is the number of compared
models), and these were weighted by an Epanechnikov
kernel that reaches a maximum when Sobs = Ssim. Computations were performed using 50 trained neural
networks and 15 hidden networks in the regression. As
model selection can be sensitive to prior choice, we
implemented a parametric bootstrap evaluation of
the probability of type I error by replicating the ABC
inference on thousand pseudo-observed data sets,
according to the procedure described in Fagundes et al.
(2007). We randomly sampled 1000 replicates from the
five million simulations performed for each model and
used them as pseudo-observed data sets. For each data
set, we applied the same model choice procedure to
compute the posterior probabilities of each of the
compared models. The relative distributions of these
probabilities over the 1000 replicates were then used to
compute the probability that the best-supported model
(i.e. the one with the highest value of the posterior
probability obtained from the simulated data set) is
indeed the true simulated model (Fagundes et al., 2007;
Cornuet et al., 2008; Roux et al., 2011). Hence, one
minus this probability gives the probability of type I error
(i.e. the probability of rejecting a true hypothesis = Pvalue).
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Hence, for each locus, we ran 1.5 9 106 random coalescent simulations using parameter values sampled in
the joint-posterior distribution for the five parameters
common to all loci (NA, NB, Nanc, Tsplit and TSC)
obtained using the procedure described above. Finally,
we applied the described rejection/regression analysis to
the simulations performed for each locus to jointly estimate both effective migration rate parameters.

Results
Levels of DNA polymorphism and distribution of
variable sites
Twelve to 24 multiply captured individual sequences in
M. edulis and 14–20 in M. galloprovincialis were obtained
from the MR-cloning experiment resulting in ~5.3 Kb
of alignable silent sites including 737 biallelic positions
(Table 1). Both species exhibited similar levels of silent
nucleotide diversity when measured with either p
(pedu = 0.0213 and pgal = 0.0256, Wilcoxon signed-rank
test V = 17, P = 0.9453) or Watterson’s h (hedu =
0.0256 and hgal = 0.0317, V = 8; P = 0.3525). Silent
segregating sites were mostly specific to each species
(246 and 295 sites were exclusively polymorphic in
M. edulis and M. galloprovincialis, respectively), but a
large proportion of the polymorphic positions were
shared by the two species (196 sites). Remarkably, the
two species exhibited no fixed silent differences, but
the distributions of pairwise nucleotide divergence
between species were clearly not unimodal (Fig. S1;
unimodality was rejected for each locus by the Hartigan’s DIP-test; (Hartigan & Hartigan, 1985)). For several
loci, the distributions of pairwise nucleotide divergence
between species appeared to be bimodal (Fig. S1),
reflecting that some coalescence events firstly occurred
between alleles from different species rather than
within gene pools because of secondary contact.

Parameter estimation
We first estimated parameters shared by all loci and
then inferred migration rates for each locus under the
heterogeneous models. Parameters were log-tangenttransformed (Hamilton et al., 2005), which allows minimizing heteroscedasticity problems during regressions
(the transformed and adjusted parameter values are
then back-transformed to obtain the posteriors). Only
the 2000 replicate simulations with the smallest associated Euclidean distance d = ||Sobs-Ssim|| were considered.
The joint-posterior distribution of parameters describing
the best model was then obtained by weighted nonlinear multivariate regressions of the parameters on the
summary statistics (Blum & Francßois, 2009). For each
regression, 50 feed-forward neural networks and 15
hidden networks were trained using the R package
‘abc’ (Csillery et al., 2012). When the best model
involved heterogeneous gene flow, we then estimated
the locus-specific migration rate parameters M1 and M2.

Variation in migration rates among loci and the
timing of gene flow between M. edulis and
M. galloprovincialis
Using an ABC approach with explicit modelling of intralocus recombination (as measured using the LDhat 2.1
package (McVean et al., 2002), Table S2), we first
applied a model choice procedure for each demographic
scenario implementing migration (Fig. 1) to evaluate
alternative scenarios of gene flow and test whether the
heterogeneous model explained the data better than the
homogeneous model. For all three scenarios incorporating gene flow, we observed unambiguous support in
favour of the heterogeneous migration over the commonly used homogeneous alternative (Table 2). The
posterior probabilities of the heterogeneous models were
always higher than the homogeneous models (Bayes
factors, BF, were 221 and 37 for the IM and SC models,
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0.0405
0.0059
0.0015
0.0091
0.0014
0.0088
0.0029
0.0004
0.0088
0.0132
–
0.5491
0.3426
0.0712
0.3633
0.0296
0.0931
0.0495
0.0064
0.1881
0.2018
–
14
0
17
4
21
8
91
41
–
–
196
49
44
11
47
38
19
67
20
–
–
295
49
28
20
6
30
6
78
29
–
–
246
0
0
0
0
0
0
0
0
–
–
0
0.0575
0.0117
0.0184
0.0195
0.0222
0.0586
0.0392
0.0308
0.0322
0.0180
–
1.9317
0.6937
1.4043
0.2290
1.1121
0.1777
0.9419
1.4939
0.9536
0.6917
–

*Total number of sequences.
†Silent length excluding all gaps from the total alignment.
‡Average number of pairwise differences.
§Watterson’s h based on the number of segregating positions.
¶Tajima’s D.

20
20
18
12
20
19
24
16
–
–
–
EF1
EF2
Glucanase
mac1
Mannanase2
mc125
mgd2
MytilinB
Average
Standard deviation
Sum

20
20
14
20
18
18
16
16
–
–
–

639
1133
468
825
564
108
1100
535
–
–
5372

0.0195
0.0026
0.0211
0.0043
0.0194
0.0260
0.0387
0.0385
0.0215
0.0145
–

0.0146
0.0090
0.0126
0.0164
0.0223
0.0737
0.0339
0.0223
0.0272
0.0220
–

0.0278
0.0070
0.0230
0.0040
0.0255
0.0371
0.0411
0.0394
0.0256
0.0141
–

0.0278
0.0109
0.0188
0.0174
0.0304
0.0705
0.0433
0.0344
0.0317
0.0188
–

Dgal¶
n M. edulis*
Loci

n M. galloprovincialis*

L†

pedu‡

pgal‡

hfedu §

hgal§

Dedu¶

Sf

Sxedu

Sxgal

Ss

FST

netdivAB
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Table 1 Single locus observed statistics.
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respectively), and analyses using pseudo-observed data
sets obtained by simulations indicated that these differences were highly significant. This result was not altered
by the use of the alternative two-group parametrization
of GWH (BFs were 72 and 32 for the IM and SC models,
respectively). Figure 2 shows that the ABC approach
had considerable power to detect a semipermeable barrier to gene flow for each demographic scenario: 100%,
99.9% and 100% of pseudo-observed data sets simulated under the IM, AM and SC scenarios with heterogeneous gene flow were correctly supported by our model
choice procedure (i.e. associated with posterior probabilities above 0.5). Indeed, supporting either of the two
alternative models did not require a very high posterior
probability (Fig. S2). We then studied the temporal pattern of migration by applying the model choice procedure to comparisons between the SI scenario and the
IM, AM and SC scenarios with heterogeneous migration
(Table 2). Scenarios allowing for ongoing migration (IM
and SC) had an elevated cumulative posterior probability (0.92), which strongly rejected the hypothesis that
M. edulis and M. galloprovincialis represent fully isolated
species. Among the four scenarios, SC was the best supported by our approach (Table 2), suggesting that migration between the two species is more likely a recent
evolutionary event through secondary contact following
a period of allopatric isolation rather than a continuous
process since the ancestral split. We found a better support for the SC model than for other models whether
GWH was modelled with a Beta distribution or with two
groups of loci. Because the BF in favour of the SC scenario is small in the two analysis (BF = 1.3 using a Beta
distribution, BF = 4.3 using two groups of loci), we
tested for the robustness of this result by simulating
1000 pseudo-observed data sets under the different scenarios to empirically measure the rate of false positives,
that is, the proportion of IM data sets supported as SC.
We then applied to each simulated data set the same
ABC model comparison procedure as for the Mytilus data
set in order to have the distribution of posterior probabilities of SC for each scenario. Using these distributions,
we estimated the probability that SC was the correct scenario given the observed posterior probability was 0.957
(P = 0.043 Fig. S3) with the Beta distribution and 0.97
(P = 0.03) with two groups of loci. Thus, even a priori
low BFs (e.g. 1.3) were sufficient to support the SC scenario. It is worth emphasizing that the statistical distinction between the SC and IM scenarios was only found
when migration rates were allowed to vary among loci;
support for the SC scenario disappeared when gene flow
was assumed to be homogeneous among loci.
Inference of the historical parameters describing the
best-supported SC scenario
The length of time spent in allopatry relative to the initial time of divergence is an important factor determining
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Table 2 Model classification.

SI
IM
Hetero
Hetero
AM
Hetero
Hetero
SC
Hetero
Hetero

Within
scenarios

Between
scenarios

x

0.010

(Beta)
(2G)

0.99
0.98

0.40
0.19

(Beta)
(2G)

0.68
0.81

0.07
0.01

(Beta)
(2G)

0.97
0.97

0.52
0.80

Hetero (Beta) and hetero (2G) correspond to the two different ways
we used to account for GWH in introgression rates, with a scaled
Beta-distribution or with two groups of loci differing by their Nm
respectively. The first column corresponds to the compared models.
Reported values in the second column correspond to the relative
posterior probabilities of the hetero (Beta) and hetero (2G) when
they are independently compared to their homogeneous alternative
within the three scenarios with gene flow. Reported values in the
third column correspond to the relative posterior probabilities
for each of the four scenarios and for the different Beta and
2G analysis. The best-supported scenario is in bold.

the global strength of barriers to gene flow under the
SC scenario of speciation for the two mussel species. To
explore the timing of these events, we first inferred the
five parameters common to all loci (Nedu, Ngal, Nanc,
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Tsplit and TSC) and then estimated the parameters of the
genomic distribution of migration rates. The joint-posterior distribution from 2000 accepted simulations was
strongly differentiated from the prior of each parameter
suggesting that our data provide sufficient information
and that we explored the correct parameter space
(Fig. 3). In Table 3, we report the 95% highest posterior density (95HPD) interval for the five parameters
shared by all loci as well as the mode and median of
each posterior distribution. Our estimates of the effective population size of M. edulis (195 000, 95HPD:
77 000–360 000) is slightly, but not significantly, lower
than M. galloprovincialis (318 000, 95HPD: 78 000–
1 225 000), but our analysis suggests that the ancestral
population was substantially larger than the two
daughter populations (965 000, 95HPD: 527 000–
1 429 000). Interestingly, the less supported ‘homogeneous’ scenario is less informative about the
demographic history with the exception of the two current population sizes which are the only two parameters well differentiated from their prior distributions
(Fig. 3, Table 3). Parameter estimates of the best-supported scenario suggest an ancestral subdivision about
2.5 MY ago (95HPD: 1–6.5) followed by secondary contact beginning around 0.7 MY ago (95HPD: 0.4–1.1;
Table 3). For both events, the 95HPD were considerably
wide and partially overlapped each other. Identifying
with accuracy, the timing of migration events is indeed
a general caveat in historical inferences (Sousa et al.,

Fig. 2 Empirical distributions of
estimated relative posterior probabilities
in ‘homo’ vs. ‘hetero’ model
comparisons. Each distribution was
obtained from ABC analysis of 1000
simulated pseudo-observed data sets.
The area under each curve above 0.5
represents the fraction of times that the
true model is correctly recovered by our
estimation procedure.
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Fig. 3 Posterior distributions of parameters for the two homogeneous and heterogeneous alternative SC models. Homo- and heteroposterior distributions are represented by open and shaded symbols, respectively.

2011; Strasburg & Rieseberg, 2011), and their interpretation should be taken with more caution than model
comparison. Under this scenario, both species would
have remained isolated for approximately three-quarters of their history. We then investigated the predicted
distributions of genomic introgression rates from M. galloprovincialis into M. edulis (M1) and from M. edulis into
M. galloprovincialis (M2) by 2 9 106 random samples
from rescaled Beta distributions using the estimated
joint-shape parameters (Fig. 4). According to our estimates, introgression into M. edulis occurred at a lower
rate (average M1 = 0.85) than introgression into M. gal-

loprovincialis (average M2 = 1.22), but the two distributions overlap considerably. We then compared observed
and simulated summary statistics under a goodnessof-fit procedure using the joint-posterior distributions
and found that the SC scenario with heterogeneous
migration fit the data very well except for variation
among loci in FST, which was slightly underestimated
by the scenario (Table S3).
Finally, we obtained locus-specific estimates of both
migration rates (Table 4). We note that posterior distributions for these two parameters were informative only
for a few loci (Fig. 5). Therefore, locus-specific inferences
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Table 3 Demographic and historical
parameters estimated under the SC
scenario.

Parameter

Migration model

Median

Current M. edulis
population size
Current M. galloprovincialis
population size
Size of the ancestral
population
Tsplit

Hetero
Homo
Hetero
Homo
Hetero
Homo
Hetero
Homo
Hetero
Homo

195
87
318
208
965
903
2 525
3 470
676
1 965

TSC

(Beta)
(Beta)
(Beta)
(Beta)
(Beta)

Mode

000
600
000
500
000
000
000
000
000
000

1
2
2
1

9

95HPD

200
59
222
160
059
415
084
594
589
477

000
000
000
000
000
000
000
000
000
000

77 000–360
26 000–321
78 000–1 225
87 000–547
527 000–1 429
71 000–1 912
1 041 000–6 414
773 000–8 625
390 000–1 153
573 000–5 539

000
000
000
000
000
000
000
000
000
000

The estimates were calibrated by assuming a generation time of 2 years and a mutation rate
of 2.763 9 108 per bp per generation.

Fig. 4 Estimated genomic distributions
of introgression rates into M. edulis and
M. galloprovincialis. Distributions of
introgression rates expressed in Nm are
obtained after randomly sampling 1000
values from each 2000 Beta
distributions retained by ABC analysis.

0.00

0.02

0.04

0.06

0.08
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M from edu to gal

0 0.2

0.5

of introgression rates are qualitatively informative but do
not allow precise quantification of the mean number of
migrants per generation. Nevertheless, heterogeneity in
migration rates across loci was clearly apparent, ranging
from below one for EF1a to values substantially greater
than one for mytilin B, mc125 and glucanase (Fig. 5;
Table 4). Consistent with the multilocus inference, most
locus-specific introgression rates tend to be close to the
lower bound of the prior distribution, with the introgression spectrum into M. galloprovincialis deviating slightly
towards higher values than into M. edulis.

Discussion
Detecting variation in introgression rates
Models of divergence with gene flow have increased in
sophistication since their initial development by Wake-

0.8 1 1.2

1.5

1.8 2 2.2

2.5

2.8 3 3.2

3.5

3.8 4 4.2

4.5

4.8 5

Genomic distributions of introgression rates

ley and Hey (Wakeley & Hey, 1997) and have provided
important insights into the process of speciation (Feder
& Nosil, 2010; Pinho & Hey, 2010). Here, we document
how incorporating heterogeneous gene flow among loci
within the ABC framework provided considerable
power in detecting a semipermeable barrier to introgression between two mussel species (M. edulis and M. galloprovincialis) across a well-characterized hybrid zone.
Models incorporating variable migration rates among
loci strongly outperformed models assuming equal levels
of gene flow by comparing posterior probabilities of the
alternative models using a model choice procedure. A
model-checking procedure from pseudo-observed simulated data sets (Fagundes et al., 2007; Cornuet et al.,
2008) provided statistical support for a model of allopatric isolation for the first three-quarters of time since
divergence that was followed by secondary contact and
introgression. Our simulations comparing homogeneous
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Table 4 Locus-specific estimates of the migration rates 4.Nm.
Mfrom

EF1
EF2
Glucanase
mac1
Mannanase2
mc125
mgd2
MytilinB

Mfrom

gal to edu

edu to gal

Median

95% HPD

Median

95% HPD

0.5
0.3
8.8
1.3
5.4
8.6
4.2
12

0.1–2.1
0.08–1.2
0.7–19
0.1–11.6
0.1–19
3.5–16.1
0.9–12.7
4.2–18.7

0.2
2.3
6
3
4.7
5.9
4.2
9.6

0–0.5
0.6–5.5
0.3–15.8
0.7–12
0.4–16.2
3.6–10.4
1.1–8.5
1.9–17.6

and heterogeneous models identified very small rates of
false positives and false negatives and showed how the
approach can be applied to a flexible number of alternative speciation scenarios. Two recent studies have
attempted to test for heterogeneity in migration rates
across loci using related approaches. Sousa et al. (2013)
proposed a modified version of the IM method (Hey &
Nielsen, 2004, 2007) that allows the clustering of loci
into distinct groups defined by their effective migration
rates. This method also allows for groups of loci to experience different levels of genetic drift, which is an
important improvement because different genomic

regions may not share the same effective population size
(Charlesworth, 2009). The method relies on the outlier
approach in assuming that the majority of loci behave
as neutral markers and only a few loci are affected by
selection (hitchhiking within populations, and genetic
barriers to gene flow between populations). However,
the theory of hybrid zones has established that for a
genetic barrier to be truly effective, a large proportion of
marker needs to be closely linked to a barrier locus
(Barton & Bengtsson, 1986) and data support this prediction (Barton & Hewitt, 1985; Harrison, 1993; Bierne
et al., 2013). Sousa et al. (2013) illustrated their method
by testing GWH in migration rates between two subspecies of the European rabbit (Oryctolagus cuniculus spp.)
for which a bimodal distribution of FST-values had been
previously described (Geraldes et al., 2008) and a strong
association was observed between the levels of differentiation and the assignment to two groups of loci with
shared migration parameters. The method of Sousa et al.
(2013) thus proved effective in detecting GWH in introgression rates but does not allow further evaluation of
the best-supported model of speciation (primary vs. secondary differentiation). The mode of speciation between
the two Oryctolagus subspecies was not explicitly tested,
and it remains unclear whether any gene flow occurred
after initial divergence between lineages or whether sec-

EF1α
EF2
glucanase
mac1
mannanase2
mc125
mgd2
mytilinB

Mfrom gal to edu

Mfrom edu to gal

Fig. 5 Locus-specific estimates of introgression rates 4.Nm for the sequenced loci. The eight coloured lines represent posterior distributions
for the sequenced loci. The dotted line represents the prior distribution.
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ondary introgression occurred after a period of strict
isolation.
Using an ABC-based model choice procedure, Roux
et al. (2013b) investigated GWH in introgression rates
between two highly divergent Ciona intestinalis species
(14.4% of synonymous divergence). Due to the hierarchical Bayesian design, the procedure enabled estimation of the shape of the genomic distribution of
migration rates (determined by the values of the hyperparameters alpha and Beta). A leptokurtic distribution
was observed with the majority of the genome impeded
by interspecific genetic barriers and only a small subset
of the genome showing signals of introgression. Given
the leptokurtic distribution, a large number of loci were
necessary to identify regions introgressing between
Ciona species.
For the Mytilus data set, the distribution of migration
rates was L-shaped suggesting a predominance of genomic regions loosely permeable to introgression. As a
result, GWH was identified in the Mytilus hybrid zone
with reasonable power using only 8 loci. This result is
consistent with a previous study investigating the
genetic basis of post-zygotic isolation between the two
mussel species that suggested the presence of a large
number of recessive Dobzhansky–Muller incompatibilities across the genome (Bierne et al., 2006). With
broader genomic coverage, it might be possible to determine whether introgression acts over a large fraction of
the genome or is restricted to small genomic regions
similar to the genomic hot spots of introgression identified in Ciona (Roux et al., 2013b).
Accounting for genomic variation in introgression
rates when inferring the history of speciation
Detecting variation in introgression rates from multilocus gene genealogies represents an important advancement in the study of speciation, as previously
emphasized by Sousa et al. (2013) and Roux et al.
(2013b). However, one of the most important results
of the present study is that by allowing GWH in introgression rates, we obtained statistical support for the
secondary contact scenario in a model hybrid zone
that the standard approach failed to support. Our simulations suggested that the subdivision of the ancestral
mussel population occurred ~2.5 MY ago and was followed by a ~1.8 MY long period during which both
Mytilus lineages remained completely isolated. This
long period of allopatry is favourable for the accumulation of genetic incompatibilities (Navarro & Barton,
2003; Matute et al., 2010; Moyle & Nakazato, 2010;
Nachman & Payseur, 2012), and it is likely that a
majority of the multifarious barriers to gene flow
became fixed during this time. Following secondary
contact, it is unclear whether gene flow has been continuous or intermittent due to distributional range
shifts caused by glacial oscillations. Although the latter
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seems likely, our data set does not provide sufficient
power to test for intermittent gene flow since secondary contact.
Our ABC approach supported the SC scenario, but
only when we allowed heterogeneity in introgression
rates among loci. Although the Bayes factor was moderate (BF = 1.3 with the Beta distribution and BF = 4.3
with two groups of loci with different gene flow), and
one could have worried that model selection could be
sensitive to prior choice, a parametric bootstrap procedure from thousand pseudo-observed data sets (Fagundes et al., 2007) retrieved an estimate of the probability
of type I error of 0.04 and 0.03 for the Beta distribution
and the two-group parametrization of GWH, respectively. On the contrary, alternative models with homogeneous migration rates consistently led to ambiguous
results. Neglecting genomic variation in introgression
rates failed to distinguish between the IM and SC scenarios, and parameter estimates exhibited large variances in the posterior distributions of biologically
relevant parameters (i.e. the times of initial divergence
and secondary contact). At present, the ABC approach
is the only method with sufficient flexibility to simultaneously incorporate GWH and formally test alternative
scenarios of speciation (most importantly secondary
contact vs. parapatric differentiation) with intralocus
recombination. Although GWH has been incorporated
in a full-likelihood approach (Sousa et al., 2013), rigorous testing of the secondary contact model has been
problematic, which has impeded testing of alternative
geographic modes of speciation. Support for the IM
model over the SI model has occasionally been taken as
evidence for parapatric speciation even though secondary contact could account for the data equally well.
Our results suggest that the conclusions drawn from
some studies that have assumed similar levels of gene
flow among loci may need to be revisited. Although
introducing the additional complexity of GWH in introgression rates represents one improvement, it remains
unclear how variation in other model parameters could
affect the performance of speciation models (e.g. the
divergence time, the mutation and recombination
parameters). However, this is a general problem shared
by all approaches developed to date, and the advantage
of the model-based strategy rather lies in the comparison of nested models that specifically allow one to
explore the effect of parameters that vary between
models, even if the models compared are oversimplifications (Yang, 1997). It is likely that including additional complexities might improve our inferences, but
they are unlikely to refute GWH and secondary contact
in Mytilus spp. Since variable patterns of gene flow have
been widely documented in numerous taxa including
Helianthus sunflowers (Whitney et al., 2010), Heliconius
butterflies (Pardo-Diaz et al., 2012), Mus mice (Song
et al., 2011) and Ficedula flycatchers (Ellegren et al.,
2012), it might prove useful to test these case studies
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with methods that explicitly account for GWH. It is
clear that rigorous simulation studies are needed to further explore the effects of neglecting genomic heterogeneity of other parameters. However, we believe that
the statistical evaluation of alternative models proposed
in the hierarchical ABC framework should help to
strengthen or refute modes of speciation that have
remained intractable with full-likelihood approaches.
This is especially pertinent for the model of secondary
contact that may have often be too hastily dismissed by
not taking into account variation in migration rates
among loci.
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