
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Introgressive hybridization in North American hakes after secondary contact

Gonzalo Machado-Schiaffino a, Francis Juanes b, Eva Garcia-Vazquez a,*

a Department of Functional Biology, University of Oviedo, C/Julian Claveria s/n, Oviedo 33006, Spain
b Department of Natural Resources Conservation, University of Massachusetts, Amherst, MA 01003, USA

a r t i c l e i n f o

Article history:
Received 17 July 2009
Revised 22 January 2010
Accepted 30 January 2010
Available online 4 February 2010

Keywords:
Hybridization
Introgression
Merluccius albidus
Merluccius bilinearis
Microsatellite loci
mtDNA
Secondary contact

a b s t r a c t

High levels of bidirectional introgressive hybridization were found between the two Atlantic North Amer-
ican hakes Merluccius albidus and M. bilinearis in their overlapping distribution area between the 34 and
the 42�N parallels, employing mitochondrial and nuclear DNA markers. Absence of F1 hybrids, and varied
levels of bidirectional introgression, indicate long-time hybridization and backcrossing. Based on the evo-
lutionary history of the genus Merluccius, originated in this area from the ancestor of the present M. biline-
aris by the rise of the Panama Isthmus, secondary contact between the two species has probably been
promoted by northwards displacement of M. albidus. Higher introgression rates in southern areas of M.
albidus could be explained by restricted gene flow in that area which may allow long-term accumulation
of introgressed genes.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Hybridization followed by interspecific introgression of nuclear
genes is an evolutionary path which remains poorly understood in
the context of the biological definition of species. Classically, spe-
cies are reproductively isolated taxonomic units, two separate ge-
netic pools (Dobzhansky, 1935; Mayr, 1942; Coyne, 1992; Mallet,
1995). With the advent of molecular genetics there is a growing
body of evidences of at least some interchange of genes between
related species, which in some cases can be beneficial (Mallet,
2005), although it usually constitutes a population load due to low-
er fitness of F1 and post-F1 hybrids (Mayr, 1963; Coyne and Orr,
2004). Two species may maintain their separate integrity with a
low-level interchange of genes (e.g. Wiley et al., 2009; Kappas
et al., 2009), but hybridization may also interfere in the process
of speciation. For example, when introgressive hybridization is in-
tense, speciation may revert and formerly separate species may
fuse together (e.g. Wolfe, 2003; Seehausen, 2006; Seehausen
et al., 2008).

The spatial distribution of species determines opportunities for
hybridization. Some species are entirely sympatric and exhibit a
certain level of hybridization, although maintain their integrity
(Mallet, 1995; Coyne and Orr, 2004). Other species are partially
allopatric, and hybridize in the overlapping distribution areas
forming hybrid zones which are maintained more or less stable

without compromising the rest of the species (e.g. Pastorini et al.,
2009). Hybridization can be promoted when two species enter in
secondary contact, especially if those species are relatively young
and reproductive isolation is still not complete. In a changing
world where geographical barriers are often broken by human
activity, hybridization becomes increasingly frequent when allo-
patric species establish new contacts (Vellend et al., 2007). But
anthropogenic activities are not the only cause of secondary con-
tacts between species. Geological and climate changes largely drive
variations in the geographical distribution of species and may al-
low secondary contacts and opportunities for hybridization; many
examples have been demonstrated employing a vast variety of ge-
netic tools in many taxa (e.g. Saetre et al., 2001; Lu et al., 2001;
Gava and Freitas, 2003; Good et al., 2003).

In the marine realm warmer temperatures are causing rapid
northwards expansion of species adapted to temperate climate
(e.g. McFarlane et al., 2000; De Young et al., 2004). Exploring the
overlapping areas of partially allopatric marine species can con-
tribute to understanding the extent and evolutionary implications
of secondary contacts and hybrid zones. During the expansion of a
species, genetic drift occurs at the wavefront, where alleles of the
colonizing populations can reach high frequencies even if they
have no selective advantage (Klopfstein et al., 2006). Petit and
Excoffier (2009) suggested that high rates of intraspecific gene flow
can efficiently mitigate interspecific introgression, because intro-
gressed genes will compete with genes migrating from the interior
of the wavefront, making it less likely that introgressed genes
reach high frequencies.
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In this study we have chosen as model species two hake spe-
cies (genus Merluccius) distributed along the northwest Atlantic
Ocean, the offshore hake Merluccius albidus and the silver hake
M. bilinearis. M. bilinearis is distributed on the continental shelf
of the northwest Atlantic ranging from Newfoundland to South
Carolina (Helser et al., 1995; Morse et al., 1999). This is the area
where the genus arose (Roldan et al., 1999; Quinteiro et al., 2000;
Campo et al., 2007), during the middle Oligocene, around 30 mil-
lion years ago (MYA). M. albidus likely appeared in the southern
Hemisphere because in phylogenetic trees it clusters with South
American species (Campo et al., 2007, 2009). Its overlapping dis-
tribution with M. bilinearis could be attributable to a northerly
expansion of M. albidus along North American waters to reach
its present distribution, from the Caribbean, the Gulf of Mexico,
Suriname and French Guiana to the continental shelf and slope
of the northwest Atlantic up to 42�N (Chang et al., 1999). The
two species overlap in the southern and northern distribution
area of M. bilinearis and M. albidus, respectively, approximately
between the 34 and the 42�N parallels.

Employing five microsatellite loci, the nuclear locus 5S rDNA
and the mitochondrial control region (CR) and cytochrome oxi-
dase I (COI) gene as molecular markers we examined the level
of intraspecific gene flow in Merluccius albidus and M. bilinearis,
and the extent and direction of introgressive hybridization of
these two species, to determine if there is an association be-
tween intraspecific and interspecific gene flow as suggested by
Petit and Excoffier (2009), in an area of extensive secondary
contact.

2. Materials and methods

2.1. Samples

A total of 380 samples were collected from the NMSF-NEFSC
(National Marine Sanctuary Foundation-Northeast Fisheries Sci-
ence Center) bottom trawl survey. Fish were identified de visu as
137 M. albidus and 243 M. bilinearis. The species was determined
based on morphological characteristics, principally by the number
of gill rakers (Chang et al., 1999). They were weighed and mea-
sured, and a small sample of tissue (1 g of gill or muscle) was pre-
served in 95% ethanol and stored at room temperature until DNA
extraction. A total of 58 sampling stations were considered to pro-
vide extensive latitudinal coverage of the overlapping areas of the
two species (Fig. 1). For the analysis we initially joined the M.
bilinearis and M. albidus samples by latitudinal region in four and
three groups, respectively (Table 1). The samples were collected
in spring, fall and winter surveys in 2001, 2002, 2004 and 2005.

2.2. DNA analysis

DNA was extracted from the tissue (1 mm3) with a Chelex-
based protocol following Estoup et al. (1996). The species-specific
marker 5S rDNA (partial region) was amplified using the primers
5S A 50-TACGCCCGATCTCGTCCGATC-30 and 5S B 50-CAGGCTGG
TATGGCCGTAAGC-30 (Pendas et al., 1995). PCR reactions and con-
ditions were as described by Garcia-Vazquez et al. (2009).

Fig. 1. Map with the sampling sites for Merluccius albidus (triangles) and M. bilinearis (circles). N: North; CN: Central North; C: Central; CS: Central South; S: South.
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The samples were genotyped for five microsatellite loci: Maus7,
Maus30 and Maus32 (Machado-Schiaffino and Garcia-Vazquez,
2009); Mmer-UEAW01 (Rico et al., 1997) and Mmer-Hk20 (Morán
et al., 1999). PCR protocols and genotyping followed Machado-
Schiaffino and Garcia-Vazquez (2009).

The mitochondrial CR was amplified employing the primers
MmerHK01 and MmerHK02 (Lundy et al., 2000) with the PCR reac-
tions and conditions described therein. In addition, the COI gene
was amplified in ten individuals of each species which yielded
the typical species-specific CR sequences, to confirm species iden-
tification. The primers CO1Fish-F1 and CO1Fish-R1 were employed
for PCR amplification as described in Ward et al. (2005). PCR prod-
ucts were visualized, purified and sequenced (both forward and re-
verse DNA strands) as described in Machado-Schiaffino et al.
(2009).

2.3. Statistical methodology

Mitochondrial CR and COI sequences were edited using the Bio-
Edit Sequence Alignment Editor software (Hall, 1999). Sequences
were aligned with the ClustalW application included in BioEdit.
The different haplotypes found for each species were obtained with
the program DnaSP (Rozas et al., 2003). To examine possible spatial
differentiation within species, population variation was analyzed
with the program ARLEQUIN version 3.01 (Excoffier et al., 2005),
weighting 1:2 transitions and transversions, respectively. Within-
population variation was estimated by nucleotide diversity (p)
and haplotype diversity (h) (Nei, 1987). Differentiation between
populations within species based on haplotype frequencies was
estimated by Markov chain methodology (10,000 steps, 1000
dememorization steps). Deviations from equilibrium expectations
were tested with Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997)
neutrality tests based on infinite-site model without recombina-
tion. Under a model of sudden population expansion, both Fu’s F
and Tajima’s D are expected to be significantly negative.

For microsatellites, scoring errors, large allele dropout and null
alleles were checked employing the program MICROCHECKER (Van
Oosterhout et al., 2004). Allelic richness was estimated with the
program FSTAT (Goudet, 1995) with 10,000 permutations. Confor-
mity of genotypes with Hardy–Weinberg (HWE) and linkage dis-
equilibrium were estimated by the Markov chain method (1000
dememorization steps, 1000 batches, 10,000 iterations per batch)
employing the program ARLEQUIN version 3.01 (Excoffier et al.,
2005). Sequential Bonferroni adjustments for simultaneous tests
(Rice, 1989) were applied whenever relevant.

The software STRUCTURE (v2.2, Pritchard et al., 2000) was em-
ployed for determining K, the number of clusters in the dataset (an
indicator of the number of genetic units, independent of popula-
tion and locality information), using Bayesian algorithm. Ten inde-
pendent runs were performed between K = 1 and K = 7 using

admixture model (each individual draws some fraction of its gen-
ome from each of the K populations) and correlated allele frequen-
cies model. A burn-in period of 30,000 steps followed by 300,000
Markov chain Monte Carlo (MCMC) iterations were enough to en-
sure convergence. The classical model choice criterion (Ln P(D)),
which is the mean of the log likelihood of the data at each step
of the MCMC from which half of the variance is subtracted, was
used to estimate K. Maximum value of Ln P(D) gives an estimation
of the K which best fits the data. STRUCTURE software provides the
estimation of the membership fraction in each of the K inferred
clusters (Q), for each individual. DK, a measure of the second order
rate of change in the likelihood between successive K values, was
found to accurately detect the most pronounced genetic subdivi-
sions (the uppermost hierarchical levels of population structure)
(Evanno et al., 2005). The height of the modal value of DK can be
used as an indicator of the strength of the detected signal. Conse-
quently, we calculated and plotted DK to validate K estimates
and to detect eventual hierarchical structures in the dataset
analyzed.

Spatial differentiation within species based on microsatellite
loci, once discarded hybrids, was detected based on the statistical
significance of FST values (10,000 permutations for significance,
10,000 steps in Markov chain) employing the program ARLEQUIN
version 3.01 (Excoffier et al., 2005). Sequential Bonferroni adjust-
ments for simultaneous tests (Rice, 1989) were applied whenever
relevant.

3. Results

The mitochondrial DNA yielded clearly different control region
sequences for Merluccius bilinearis (GenBank Accession Nos.
GQ204141 to GC204166 and EU410453–EU410455) and M. albidus
(GQ204121–GQ204140). They differed in 33 positions which can
be considered species-specific polymorphisms, as they always
exhibited the same nucleotides for each species. In addition there
were also within-species polymorphisms distributed all along the
CR sequences. In general M. bilinearis was more variable than M.
albidus, exhibiting higher nucleotide diversity in the region consid-
ered (Table 2). No spatial differentiation was found within each
species based on this mitochondrial sequence (FST = 0.0162 with
P = 0.337 and FST = 0.0135 with P = 0.32 for M. bilinearis and M. albi-
dus, respectively). Although Fu’s tests were significant for three
areas, M. bilinearis did not exhibit significant values of D (Tajima’s
test) in any sample (Table 2), indicating that the species was not
subjected to a recent expansion. In contrast M. albidus provided
highly significant negative values in both Tajima’s and Fu’s tests,
strong signals of recent population expansion.

For microsatellites, MICROCHECKER did not detect dropouts or
null alleles. Linkage disequilibrium was not found for any of the 40
and 30 possible pairwise comparisons for M. bilinearis and M. albi-
dus, respectively, thus the loci can be considered independent.
However many of the loci were significantly in discordance with
HWE in the three M. albidus and four M. bilinearis populations con-
sidered (data not shown). The program STRUCTURE allowed us to
identify two main genetic units (K) in the dataset (Fig. 2), as the
highest Ln P(D) and DK were obtained for K = 2. These two genetic
units roughly corresponded to the two different species (as classed
by morphological characteristics and the mitochondrial CR) with a
proportion of individuals of clearly mixed origin (Fig. 3). Ten of the
individuals of each species which seemed to be of hybrid origin
(exhibiting mitochondrial CR of one species and more than 90%
membership of the other species based on microsatellites) were
analyzed for the COI gene which yielded sequences corresponding
to the same species assigned by mitochondrial CR (GenBank
Accession Nos. of COI sequences: GQ204167–GC204169 and

Table 1
Samples available from M. bilinearis (Mb) and M. albidus (Ma). Coordinates, latitude
and longitude of the central point each marine area sampled for each species. N:
North; CN: Central North; C: Central; CS: Central South; S: South. Sampled stations,
number of sites where each species was caught within a marine area; n, sample size.

Sample Coordinates Sampled stations n

M. bilinearis
Mb-N 43�N 66.5�W 7 29
Mb-CN 41�N 69�W 11 143
Mb-CS 39.5�N 72�W 7 36
Mb-S 37.5�N 74�W 10 35

M. albidus
Ma-N 40�N 70�W 8 47
Ma-C 37.5�N 74�W 9 55
Ma-S 35.5�N 74.5�W 6 35
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Table 2
Mitochondrial control region haplotypes found for silver (M. bilinearis) and offshore (M. albidus) hake at the sampling locations considered. n, sample size; h, gene diversity; SE,
standard error; p, nucleotide diversity; D, Tajima’s test of selective neutrality; Fs, Fu’s test of selective neutrality. Significance level: NS, non-significant. Sample locations are
identified in Table 1.

M. bilinearis M. albidus

Mb-N Mb-CN Mb-CS Mb-S Ma-N Ma-C Ma-S

n 29 117 32 30 27 28 35
Haplotypes 13 23 7 5 11 10 10
Exclusive haplotypes 4 11 1 1 8 5 3
h 0.855 0.827 0.699 0.637 0.655 0.548 0.694
SE 0.051 0.022 0.055 0.054 0.105 0.114 0.081
p 0.0047 0.0044 0.0029 0.0024 0.0798 0.0669 0.0793
D �0.617NS �0.730NS �0.399NS �0.455NS �1.444** �2.029** �1.463**

Fs �6.887** �14.320** �1.782* �0.523NS �7.417** �6.740** �5.017**

* P < 0.05.
** P < 0.01.
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Fig. 2. (a) Values of Ln P(D) for each number of putative genetic units (K) in the North American Merluccius samples analyzed for microsatellite loci. Error bars correspond to
the different runs. (b) Values of DK (rate of change of the likelihood function estimated as in Evanno et al. (2005)) plotted against K for the same samples.

Fig. 3. Estimation of the membership fraction to each of the two inferred clusters for North American hakes, based on microsatellite loci. Each vertical bar represents one
individual and horizontal lines mark species limits as deduced from mitochondrial DNA. Each cluster is represented by one gray color: cluster 1 is dark gray, cluster 2 is light
gray. N: North; CN: Central North; C: Central; CS: Central South; S: South.
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GQ204170–GQ204171 for M. bilinearis and M. albidus, respec-
tively). This confirmed discrepancy between mitochondrial and
nuclear markers. When using nuclear markers, some individuals
of both species were completely assigned to the species different
from that identified based on morphological characteristics and
mtDNA. Other individuals exhibited intermediate values of mem-
bership of the two species.

Based on microsatellite loci, the proportion of individuals with
significant (more than 50%) membership in the other species ranged
from 4.3% to 28.6% for the northernmost and the southernmost sam-
pling areas of M. albidus, respectively (Table 3). These proportions
were similar to the three southern samples of M. bilinearis, but we
detected stronger differences among the three M. albidus samples.
Considering the entire overlapping area of these two species as
one region, the proportion of individuals with genetic components
from the other species was similar for both species at around 15%.

When examining the population structure of these two hake spe-
cies as revealed by microsatellite variation, we found some differ-
ences between the species after removing from the analysis the
individuals with hybrid components. For the five microsatellite loci
analyzed M. bilinearis exhibited slightly more variation than M. albi-
dus (Table 4), with more alleles per locus and generally higher heter-
ozygosity. M. bilinearis had significantly higher allelic richness than
M. albidus (average allelic richness of 18.40 and 13.59, respectively;
P = 0.028). With respect to population structuring, M. bilinearis did
not exhibit between-population spatial variation of allele frequen-
cies (non-significant FST values between pairs of samples; Table 5)
whereas for M. albidus the southern sample provided significant
FST values with the two other samples, indicating spatial within-spe-
cies differentiation. As expected the microsatellites analyzed pro-
vided highly significant differences between M. bilinearis and M.
albidus samples caught from the same and from distinct areas, con-
firming their value for differentiating the two species.

5S rDNA, a nuclear marker with functional significance, detects
first-generation hybrids. M. bilinearis yields two amplification frag-
ments 703 and 586 bp long whereas M. albidus provides 593 and
383 bp long fragments (Garcia-Vazquez et al., 2009). In the sam-
ples analyzed, hybrid amplification patterns exhibiting 5S rDNA
fragments of the two species simultaneously were not found,
which suggests that we have found high degree of interspecific
introgression at nuclear loci but no direct evidence of first-genera-
tion (F1) hybrids.

4. Discussion

The results obtained in this study depict a situation of extensive
introgression between the two Atlantic North American hake spe-
cies Merluccius bilinearis and M. albidus. Introgression has been de-
tected with five microsatellite markers. Four microsatellites,

including the markers employed here, have provided unambiguous
species-specific identification in the genus Merluccius (Castillo
et al., 2003), thus the tool can be considered adequate for our pur-
pose. The levels of interspecific introgression found here were
unexpectedly high. Although introgressive hybridization is com-
mon in contact zones of partially overlapping species (e.g. Alves
et al., 2008; Trigo et al., 2008), such cases are very rare in oceanic
species (e.g. Roques et al., 2001), and in the present case the intro-
gression rate, as high as 29% in some areas, is likely the highest
ever described for two sympatric but well differentiated species.
The pattern of population differentiation and introgressive hybrid-
ization observed at microsatellites was in contrast with that re-
vealed by mtDNA variation, as occurs for other fish lineages in
secondary contact (Lu et al., 2001). Hybridization and recurrent
backcrossing with parental species likely occurred for many gener-
ations, as deduced from individuals with diverse degrees of bidi-
rectional introgression, from total mixture to greater proportion
of one of the species. Coincidence of mitochondrial DNA with mor-
phological identification suggests a phenotypic dominance of the
maternal species, although this conclusion should be taken with
caution since F1 hybrids were not found.

For M. bilinearis, the level of introgression was higher in the
three areas where the two species overlap and lower in the north-
ern area where overlapping is not expected. Movements of hybrid
adults around all distributional areas are expected, as this species
is highly migratory (Helser et al., 1995), therefore occurrence of
some hybrids in areas where the other species is not present can
be considered normal.

For M. albidus, however, interspecific introgression rate was
higher in the southern area (29%; Table 3). This species exhibited
weak but significant spatial differentiation, and it should be re-
marked that M. albidus inhabiting the southern area were signifi-
cantly different from those distributed in other regions (Table 5),
indicating at least partial isolation and restricted gene flow. As sug-
gested by Petit and Excoffier (2009), limited intraspecific gene flow
would be accompanied by higher interspecific introgression rates.
In the present case, the effect would not be directly related with
gene drift favoring introgression of some alien genes (marine fish
species have usually large breeding stocks and the effects of gene
drift are likely weak, e.g. Ely et al., 2005; Machado-Schiaffino
et al., 2009), but rather to the possibility of accumulating hybrids
in areas with older contact. If M. albidus is advancing to the north
(it exhibits signals of population expansion, Table 2), it has been in
contact with M. bilinearis for more generations in the south, thus
hybrids and backcrossed could have accumulated in that area for
a longer time. Restricted gene flow (at least for males, as no differ-
entiation has been found for mitochondrial DNA) would maintain
the hybridization cline along the species distribution.

Are the observed hybridization events ancient or is hybridiza-
tion still occurring? It is not easy to have complete certainty given
that the analysis was carried out on adults (F1 hybrids may exhibit
high mortality at embryonic or larval stage as documented in other
species, Rogers and Bernatchez, 2006). Absence of F1 hybrid geno-
types at the 5S rDNA can not be confirmed, as first-generation
hybridization rates lower than 1% (described for other plant and
animal taxa, e.g. Kay, 2006; Castillo et al., 2008) are not expected
to be detected with sample sizes lower than 400 individuals as
was the case in this study. In any case, lack of detection of F1 hy-
brids supports the idea of ancient hybridization. In long-term
hybridizing sympatric species, first-generation hybrids are gener-
ally the least frequent, due to reproductive barriers between clo-
sely related sympatric species (Coyne and Orr, 1997; Price and
Bouvier, 2002). Recurrent hybridization between sympatric species
has been described for taxa as diverse as for example for the bird
skua (Ritz et al., 2008) and the plant Malva (Escobar García et al.,
2009).

Table 3
Number (proportion) of individuals of each species assigned to the same species as
identified by mitochondrial DNA (mt-nuclear coincidence) or with significant (P50%)
membership of the other species (hybrid origin), based on microsatellite loci
genotypes analyzed with the STRUCTURE software assuming two genetic units
(K = 2). The percentage of individuals from each sample assigned to each species is
shown in brackets. n, sample size.

n mt-nuclear coincidence Hybrid origin

M. bilinearis 243 206 (0.848) 37 (0.152)
Mb-N 29 27 (0.931) 2 (0.069)
Mb-CN 143 121 (0.846) 22 (0.154)
Mb-CS 36 27 (0.750) 9 (0.250)
Mb-S 35 31 (0.886) 4 (0.114)

M. albidus 137 116 (0.847) 21 (0.153)
Ma-N 47 45 (0.957) 2 (0.043)
Ma-C 55 46 (0.836) 9 (0.164)
Ma-S 35 25 (0.714) 10 (0.286)
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Selection has been reported to be implicated in promoting and
maintaining introgression in other marine species (Roques et al.,
2001). However in the case studied here we have not found an
asymmetrical pattern of introgressive hybridization, differential
patterns of linkage disequilibrium among samples, restricted intro-
gression areas or any other sign which could indicate selective
introgression. It seems that introgression levels simply depend
on the time elapsed since the secondary contact.

Hybridization in secondary contact areas has been suggested for
other Merluccius species. For example, M. australis seems to be of
hybrid origin based on discrepancy between mitochondrial and
nuclear phylogenetic trees (Campo et al., 2009). The common
ancestor of all Merluccius species likely inhabited the area now
occupied by M. bilinearis. M. albidus and the rest of American spe-
cies distributed in the South Hemisphere and in the Pacific Ocean
would have originated in the south after the closure of the Panama
Isthmus (Roldan et al., 1999; Campo et al., 2007). The contact of M.

albidus with M. bilinearis would have occurred after migration of
the former species from the south. The final outcome of recurrent
introgressive hybridization may be a new species, or the fusion of
two formerly separated genetic units through reversal speciation
(Wolfe, 2003; Seehausen, 2006), or sympatric persistence of two
reproductively isolated introgressed groups (Roques et al., 2001).

The current warming of sea temperatures would allow M. albi-
dus to expand northwards as are many other marine species
(McFarlane et al., 2000; De Young et al., 2004), progressively
enlarging the area of overlap with M. bilinearis. The introgressive
process observed in our dataset was likely initiated long time
ago, but for other species could start in a next future, increasing
opportunities for new hybridizations and introgression. Explora-
tion of such processes will help to understand the role of interspe-
cific gene flow in shaping species boundaries.
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SR 127–139 205–235 177–233 217–281 226–264
Na 5 15 20 26 16 13.66 (5.75) 0.841 (0.148) 0.736 (0.153)
HWE NS ** ** NS **

Ma-S 24
SR 127–139 205–235 177–233 221–303 230–254
Na 4 14 22 21 12 14.45 (7.26) 0.812 (0.201) 0.775 (0.185)
HWE NS NS NS NS NS

** P < 0.01.

Table 5
Tests for genetic differentiation between populations for M. bilinearis and M. albidus.
Above diagonal: Pairwise genetic distances (FST) based on five microsatellites. NS, not
significant. Sample locations are identified in Table 1.

Mb-N Mb-CN Mb-CS Mb-S Ma-N Ma-C Ma-S

Mb-N – 0.001 0.003 0.004 0.071 0.064 0.074
Mb-CN NS – 0.003 0.001 0.063 0.059 0.063
Mb-CS NS NS – 0.007 0.061 0.056 0.070
Mb-S NS NS NS – 0.062 0.061 0.062
Ma-N ** ** ** ** – 0.005 0.028
Ma-C ** ** ** ** NS – 0.019
Ma-S ** ** ** ** ** * –

* P < 0.05.
** P < 0.01.
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