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Abstract

Ecologically based divergent selection is a factor that could drive reproduc-

tive isolation even in the presence of gene flow. Population pairs arrayed

along a continuum of divergence provide a good opportunity to address this

issue. Here, we used a combination of mating trials, experimental crosses

and population genetic analyses to investigate the evolution of reproductive

isolation between two closely related species of lampreys with distinct life

histories. We used microsatellite markers to genotype over 1000 individuals

of the migratory parasitic river lamprey (Lampetra fluviatilis) and freshwater-

resident nonparasitic brook lamprey (Lampetra planeri) distributed in 10

sympatric and parapatric population pairs in France. Mating trials, parentage

analyses and artificial fertilizations demonstrated a low level of reproductive

isolation between species even though size-assortative mating may

contribute to isolation. Most parapatric population pairs were strongly differ-

entiated due to the joint effects of geographic distance and barriers to migra-

tion. In contrast, we found variable levels of gene flow between sympatric

populations ranging from panmixia to moderate differentiation, which

indicates a gradient of divergence with some population pairs that may

correspond to alternative morphs or ecotypes of a single species and others

that remain partially isolated. Ecologically based divergent selection may

explain these variable levels of divergence among sympatric population

pairs, but incomplete genome swamping following secondary contact could

have also played a role. Overall, this study illustrates how highly differenti-

ated phenotypes can be maintained despite high levels of gene flow that

limit the progress towards speciation.

Introduction

Understanding the process of speciation, that is the

evolution of reproductive isolation, is a central issue in

evolutionary biology. Reproductive barriers among

populations can be due to genetic incompatibilities that

cause intrinsic reproductive isolation and/or divergent

selection that produces extrinsic reproductive isolation

(Coyne & Orr, 2004; Seehausen et al., 2014). In allopa-

try, the cumulative effects of selection (including sexual

selection), genetic drift and mutation can lead to speci-

ation. Alternatively, sympatric speciation has been

regarded as less likely as gene flow between nascent

species will contribute, via recombination, to continu-

ously break down associations between alleles linked to
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divergent adaptation (Felsenstein, 1981; Kirkpatrick &

Ravign�e, 2002). In parapatry, reproductive isolation can

be maintained only under restricted values of gene flow

(Bank et al., 2012). The spatial context of speciation

could thus greatly influence the evolution of reproduc-

tive isolation by constraining or facilitating gene flow

(Sobel et al., 2010; Marie Curie Speciation Network

et al., 2012).

Studies under these different geographic settings

(sympatry, allopatry and parapatry) have provided

evidence for the role of natural selection in promot-

ing speciation (Jiggins et al., 2001; Nosil et al., 2002;

McKinnon et al., 2004; Barluenga et al., 2006; Langer-

hans et al., 2007; Soria-Carrasco et al., 2014) and have

shown variable levels of divergence from panmixia to

complete reproductive isolation resulting in a diver-

gence continuum (Hendry, 2009; Nosil et al., 2009a;

Præbel et al., 2013). It remains challenging to discrim-

inate the respective roles of gene flow, mutation and

population size relative to the action of natural selec-

tion along this continuum (Barrett & Hoekstra, 2011).

The relative importance of these factors is usually

assessed by studying replicate pairs of taxa or popula-

tions either in sympatry (Nosil et al., 2009b; Gagnaire

et al., 2013; Powell et al., 2013) or in parapatry (Ber-

ner et al., 2009; Kaeuffer et al., 2012; Roesti et al.,

2012) but rarely in both situations simultaneously. In

most cases, results have been interpreted as evidences

of recent and independent parallel divergence due to

ongoing (ecological) selection and the role of demo-

graphic history has been usually overlooked (Bierne

et al., 2013). However, it can be particularly difficult

to disentangle the role of different past demographic

events that can leave similar signatures in the genetic

makeup of present-day populations (e.g. Hewitt,

1996, 2011). For instance, it is often challenging to

distinguish between primary divergence in sympatry

vs. a secondary contact following differentiation in

allopatry because neutral markers often used for

demographic inference may converge to the same

equilibrium under both scenarios (Endler, 1977; Bar-

ton & Hewitt, 1985; Bierne et al., 2013). In addition,

population divergence after primary or secondary con-

tact does not always lead to complete reproductive

isolation (sensu Mayr, 1947) and to the formation of

a new species (Mallet, 2008; Hendry, 2009; Elias

et al., 2012; Nosil, 2012). As a result, it is important

to combine experimental approaches analysing repro-

ductive barriers with inferences of gene flow in repli-

cated population pairs to measure the level of

reproductive isolation between putative species (e.g.

Dey et al., 2012; Sobel & Streisfeld, 2015). Here, we

used such an integrative approach by focusing on

both parapatric and sympatric population pairs in an

emerging model species that displays two extremely

different life-history strategies.

Lampreys are ancient jawless vertebrates (ag-

nathans) in which most genera are described as

‘paired’ species (Zanandrea, 1959) with divergent life

histories, which represent putative cases of ecological

speciation (Salewski, 2003). These paired species

reproduce in freshwater but have extremely different

feeding strategies at the adult stage: some taxa are

parasitic (haematophagous) and anadromous (i.e.

migrate at sea), whereas others are nonparasitic and

freshwater-resident. Larvae from both taxa are

morphologically undistinguishable, but adults can be

distinguished mainly by the larger body size of

parasitic taxa (Hardisty & Potter, 1971; Vladykov &

Kott, 1979; Potter, 1980). Paired species are phyloge-

netically closely related, and it is usually assumed

that nonparasitic species derived from their parasitic

counterparts (Zanandrea, 1959; Vladykov & Kott,

1979; Docker, 2009).

In Western Europe, the nonparasitic brook lamprey

(Lampetra planeri, Bloch, 1784) and the parasitic river

lamprey (Lampetra fluviatilis, Linnaeus, 1758) display a

low-to-moderate genetic differentiation as measured

with allozymes (Schreiber & Engelhorn, 1998), mito-

chondrial DNA and microsatellite markers (Espanhol

et al., 2007; Blank et al., 2008; Mateus et al., 2011;

Bracken et al., 2015). In addition, the high viability of

F1 hybrid larvae (Hume et al., 2013a), communal

spawning of both species on the same nest (Huggins &

Thompson, 1970; Lasne et al., 2010) and sneaking

behaviour of males towards spawning females from the

other species have been observed (Hume et al., 2013b).

These results led to the hypothesis that brook and river

lampreys may represent alternative life-history strate-

gies (or ecotypes) within a single species (Beamish,

1987; Yamazaki et al., 2006; April et al., 2011; Docker

et al., 2012; Knebelsberger et al., 2015). Alternatively, it

was argued that the divergence between the two spe-

cies may be very recent (Docker et al., 1999; Salewski,

2003; Espanhol et al., 2007; Okada et al., 2010). How-

ever, Mateus et al. (2013) found a strong genome-wide

divergence between L. fluviatilis and L. planeri sampled

in a single river and concluded on the taxonomic valid-

ity of the two species. In addition, the different size of

adults of both species has been hypothesized to induce

size-assortative mating leading to reproductive isolation

(Beamish & Neville, 1992). Nevertheless, this hypothe-

sis has never been thoroughly investigated by testing

whether the sneaking behaviour of L. planeri males can

lead to the fertilization of L. fluviatilis eggs and the pro-

duction of viable hybrids (Hume et al., 2013b). The var-

ious population genetic studies led so far have also

rarely distinguished the situations of sympatry and

parapatry, and it remains unclear whether the moder-

ate-to-strong levels of genetic differentiation observed

between both species within the same river were due

to reproductive isolation in sympatry, isolation by
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distance (IBD) or anthropogenic barriers (e.g. dams or

weirs) in parapatry (Schreiber & Engelhorn, 1998;

Mateus et al., 2013; Bracken et al., 2015).

In this study, we used an integrative approach com-

bining experimental measures of reproductive isolation

and estimates of gene flow in replicated population

pairs to better understand the evolution of divergence

between L. fluviatilis and L. planeri. Hereafter we use

the term ‘species’ as it is the current taxonomic status

of these lampreys, but we acknowledge that other

terms such as ‘ecotypes’ or ‘forms’ may also be appro-

priate. First, we measured the reproductive success of

L. fluviatilis and L. planeri males under semi-natural

conditions where only L. fluviatilis females were present

to test whether size-assortative mating induces a strong

prezygotic isolation. Second, we realized in vitro fertil-

izations of L. fluviatilis eggs with semen from L. fluviatilis

and L. planeri males to compare the fertilization and

hatching rates of eggs from intra- and interspecific

crosses. Third, we performed a large-scale population

genetic analysis including five sympatric and five parap-

atric population pairs to infer the level of gene flow

between species and among populations within species.

We hypothesized that if the level of reproductive isola-

tion between L. fluviatilis and L. planeri is high, a strong

level of pre- and post-zygotic isolation will be observed

in our experiments as well as a low level of gene flow

among sympatric populations. Alternatively, if L. fluvi-

atilis and L. planeri were ecotypes of a single species at

a very early stage of divergence or lineages subject to a

secondary contact after a period of allopatric diver-

gence, we expected a low reproductive isolation

combined with high levels of gene flow in natural

populations.

Materials and methods

Reproductive isolation: reproductive success under
semi-natural conditions

We quantified the reproductive success of L. fluviatilis

and L. planeri males under semi-natural conditions

where only L. fluviatilis females were present. We aimed

at testing whether size-assortative mating may prevent

any mating between L. planeri males and L. fluviatilis

females. Four L. planeri males, two L. fluviatilis males and

two L. fluviatilis females were caught by electrofishing in

March 2013 on the downstream part of the Oir River

(Fig. 1). Individuals were kept in a 300-L tank with

3–5 cm of fine gravel (0.5–1.5 cm diameter) in a recircu-

lated water system. Temperature was set at 12 � 1 °C
with a 12 : 12 photoperiod. After spawning of both

females, 129 larvae as well as tissue samples from each

adult were collected and genotyped using 13 microsatel-

lite markers (Gaigher et al., 2013). Parentage analyses

were performed with CERVUS 3.0 (Kalinowski et al., 2007)

using the trio logarithm of the odd score, a 95%

confidence level and allowing either no or up to two

mismatches between putative parents and offspring.

Reproductive isolation: artificial fertilization

We performed in vitro fertilizations of L. fluviatilis eggs

with sperm from both species. Six L. fluviatilis females

were crossed with four males of each species in a

full-factorial design producing 48 sib groups. Eight

males and three females were captured by electrofish-

ing in the Oir River (Fig. 1), whereas three

other females were collected in the Loire River by a
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professional fisherman. We used females from two

genetically differentiated populations (Oir and Loire) to

discriminate the effects of outbreeding among popula-

tions and reproductive isolation between species (Waser

& Price, 1985, 1994; Schierup & Christiansen, 1996).

We used an experimental design similar to that of

Rodr�ıguez-Mu~noz & Tregenza (2009) presented in

detail as supporting information. The fertilization

success for each sib group was estimated 3 h after fertil-

ization based on the presence of a perivitelline space in

the eggs (Ciereszko et al., 2000). We then measured the

hatching rate at the individual level in microplates

Table 1 Genetic diversity estimates of Lampetra fluviatilis (Lf, n = 523) and Lampetra planeri (Lp, n = 500) populations based on 13

microsatellite loci for each site and year.

Site N Mean size (mm) Ar An Ho He Fis

Populations

Lf Aa D 2014 2 (S) 34 310.5 3.511 3.846 0.504 0.514 0.019

Lf Hem D 2014 4 (S) 30 300.1 3.313 3.769 0.497 0.504 0.013

Lf Bre D 2010 6 (S) 38 335.9 3.415 3.692 0.467 0.480 �0.005

Lf Bre D 2011 6 (S) 41 334.6 3.252 3.615 0.478 0.484 �0.004

Lf Bet D 2014 7 (S) 17 306.8 3.761 3.538 0.475 0.514 0.078

Lf Ris D 2010 9 19 NA 3.555 3.769 0.526 0.517 �0.018

Lf Ris D 2011 9 40 320.4 3.212 3.615 0.478 0.500 0.041

Lf Ris D 2014 9 35 315.9 3.769 3.769 0.515 0.503 0.024

Lf Odo D 2011 11 32 316 3.207 3.692 0.502 0.486 �0.035

Lf Oir D 2010 13 (S) 34 222 3.399 3.846 0.554 0.542 �0.048

Lf Oir D 2011 13 (S) 40 229.4 3.188 3.692 0.506 0.505 �0.009

Lf Oir D 2014 13 (S) 30 222.9 3.462 3.462 0.505 0.52 �0.03

Lf Loi D 2010 15 32 290.8 3.089 3.308 0.468 0.461 �0.016

Lf Loi D 2011 15 32 NA 3.223 3.38 0.483 0.507 0.047

Lf Dor D 2010 18 39 250.7 3.068 3.308 0.527 0.486 �0.110*

Lf Dor D 2011 18 15 291.9 3.138 3.154 0.543 0.500 �0.09

Lf Gar D 2011 19 15 258.3 3.210 3.231 0.547 0.542 �0.016

Lp Aa D 2014 2 (S) 30 129.9 2.921 3.231 0.563 0.528 �0.068

Lp Aa U 2014 1 39 129 3.091 3.462 0.492 0.522 0.059

Lp Hem D 2014 4 (S) 39 155 3.738 3.462 0.469 0.477 0.017

Lp Hem U 2014 3 26 126 2.996 2.923 0.504 0.471 �0.071

Lp Bre D 2011 6 (S) 21 132.4 2.763 2.923 0.349 0.347 �0.005

Lp Bre U 2011 5 28 133.1 2.690 2.923 0.342 0.345 0.009

Lp Bet D 2014 7 (S) 17 144 3.791 3.385 0.482 0.472 �0.023

Lp Ris D 2011 9 (S) 1 147 NA NA NA NA NA

Lp Ris U 2011 8 16 143.3 3.323 3.385 0.335 0.335 �0.114

Lp Ris U 2014 8 28 136.5 3.770 3.769 0.466 0.435 0.066

Lp Odo D 2011 11 2 117.5 NA NA NA NA NA

Lp Odo U 2011 10 33 124.7 2.257 2.385 0.343 0.329 �0.043

Lp Oir D 2010 13 (S) 34 112 3.114 3.385 0.503 0.511 �0.043

Lp Oir D 2011 13 (S) 17 125.2 2.980 3.077 0.516 0.481 �0.075

Lp Oir D 2014 13 (S) 23 129.1 3.154 3.154 0.492 0.534 �0.087

Lp Oir U 2011 12 35 114.6 2.929 3.154 0.481 0.495 0.027

Lp Oir U 2014 12 31 122.8 3.000 3.000 0.458 0.466 �0.018

Lp Cen U 2011 14 33 163.3 2.248 2.462 0.257 0.262 0.008

Lp Jal U 2011 16 17 117.9 2.699 2.769 0.443 0.457 0.031

Lp Sau U 2011 17 30 109 2.459 2.538 0.405 0.400 �0.012

Species (mean)

L. fluviatilis 287.9 3.270 3.570 0.502 0.501 �0.002

L. planeri 131.2 2.871 3.077 0.446 0.444 �0.005

Site numbers refer to Fig. 1, N, number of individuals; Ar, allelic richness (based on resampling of 14 individuals); An, number of alleles

(averaged over loci); Ho, observed heterozygosity; He, expected heterozygosity; Fis, inbreeding coefficient (*significant deviation from the

Hardy–Weinberg equilibrium); (S), U, and D refer to sympatric, upstream and downstream sites, respectively.

Bet, B�ethune; Bre, Bresle; Ris, Risle; Odo, Odon; Oir, Oir; Loi, Loire; Cen, Cens; Dor, Dordogne; Gar, Garonne; Jal, Jalle de Tiquetorte;

Sau, Saucats. Jalle de Tiquetorte is a tributary of the Gironde estuary that is common to Garonne and Dordogne rivers. The Bresle, Risle

and Jalle de Tiquetorte L. planeri samples from 2011 include 1, 2 and 5 juvenile individuals, respectively. The L. planeri Risle U, Hem U and

Aa U samples from 2014 are composed only of juveniles. The Odon L. fluviatilis samples include seven juveniles. All other samples include

adult individuals only.
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using only successfully fertilized eggs to avoid

confounding dead and nonfertilized eggs.

Generalized linear mixed models with a binomial

error family were used to test the influence of the cross

type (within species ♀Lf 9 ♂Lf vs. between species

♀Lf 9 ♂Lp) and maternal population (Oir vs. Loire) on

fertilization success and hatching rate. Cross type, pop-

ulation and cross type 9 population were considered as

fixed effects. Sire, dam, sire 9 dam and microplates

(only for hatching rate) were treated as random effects.

To test the significance of each factor on the response

variable, we compared models including or not the

focal variable using likelihood ratio tests (LRTs) based

on a chi-square distribution (Zuur et al., 2009). Differ-

ences among populations were also investigated for

each cross type separately to account for significant

cross type 9 population interactions. Statistical analyses

were performed with the lme4 package (Bates et al.,

2014) in the R software (R Development Core Team

2011). Experiments were approved by the Ethics

Committee for Animal Experiment of Rennes (file

number: R-2012-EG-02).

Sampling for population genetic analyses

A total of 1023 lampreys were sampled in 19 sites

spread over 13 rivers in France during the spawning

period in 2010, 2011 and 2014 (Table 1, Fig. 1). Indi-

viduals were anesthetized with benzocaine and

measured to the nearest millimetre, and a fin clip was

collected on each specimen and preserved in 95%

EtOH. We sampled both species in sympatry simultane-

ously on the same spawning ground in the Aa,

B�ethune and Oir rivers. Two other sites were also con-

sidered as sympatric: the Bresle River, where the two

species were captured 8 km apart (with no anthro-

pogenic barrier in between), and the Hem River, where

L. planeri individuals were sampled above a dam occa-

sionally passable for L. fluviatilis, depending on water

level. We also sampled L. planeri in five parapatric

upstream sites inaccessible to L. fluviatilis due to dams

or weirs: Risle, Odon, Cens, Saucats and Jalle de Tique-

torte rivers. Such upstream sites inaccessible to L. fluvi-

atilis were also sampled in the Aa, Hem, Bresle and Oir

rivers (i.e. the sympatric sites) to quantify the within-

river genetic variability of L. planeri.

Molecular and statistical analyses

Genomic DNA was extracted from fin clips using a

modified Chelex protocol (Estoup et al., 1996).

Genotyping was performed with 13 microsatellite mark-

ers specifically developed for L. planeri and L. fluviatilis

(Gaigher et al., 2013). Allelic richness (Ar), observed

heterozygosity (Ho), expected heterozygosity (He) and

inbreeding coefficient (Fis) for each population were

calculated using FSTAT 2.9.3 (Goudet, 2001). The

number of private alleles (Pa) was estimated with

GENALEX 6.5 (Peakall & Smouse, 2012). Exact tests

implemented in GENEPOP 4.1.0 (Rousset, 2008) were

used to test the Hardy–Weinberg equilibrium (HWE)

and the linkage disequilibrium. The Bonferroni correc-

tion was used to adjust the significance level for multi-

ple tests (Rice, 1989; a = 0.05). Potential differences of

expected heterozygosity (He) and allelic richness (Ar)

between species were investigated using the permuta-

tion test implemented in FSTAT (15 000 permutations).

Differences of He and Ar between L. fluviatilis and

L. planeri from the same river and the same year were

further tested with Wilcoxon paired signed-rank tests

(using values per locus) in R. FST among populations

within species was estimated by h (Weir & Cockerham,

1984), and pairwise values were tested using 17 000

permutations and the Bonferroni correction in FSTAT.

An analysis of molecular variance (AMOVA) was

performed with ARLEQUIN 3.5.1.2 (Excoffier & Lischer,

2010) to quantify the hierarchical distribution of

genetic variability between the two species, among pop-

ulations within each species and within populations.

The significance of variance components was tested

with 15 000 permutations.

Genetic structure and gene flow

The genetic structure was analysed with the Bayesian

clustering approach implemented in STRUCTURE 2.3.3

(Pritchard et al., 2000). The number of genetic clusters

(k) varied from 1 to 12, and 20 independent replicates

per k value were performed. Markov chain Monte

Carlo simulations were based on 250 000 burn-in

followed by 500 000 iterations using an admixture

model with correlated allele frequencies (Falush et al.,

2003). The most likely number of clusters was deter-

mined with the estimated log likelihood Ln Pr(X|K) and

the DK method (Evanno et al., 2005) using STRUCTURE

HARVESTER (Earl & vonHoldt, 2012). Plots were drawn

using DISTRUCT 1.1 (Rosenberg, 2004) by averaging indi-

vidual membership values over the 20 runs for the best

k. A global analysis using the full data set of 1023

individuals was performed, and then, the level of

divergence was investigated within population pairs

and in each species separately.

Ongoing gene flow between sympatric and parapatric

pairs of L. planeri and L. fluviatilis was estimated using

BAYESASS 1.3 (Wilson & Rannala, 2003). Delta values

for migration rates, inbreeding coefficient and allele

frequencies were optimized to obtain acceptance rates

between 40% and 60% of the total number of itera-

tions to ensure proper chain mixing. The program was

run with a burn-in of 2 000 000 followed by 7 000 000

iterations with five runs initiated with random seed

numbers.

To test for a pattern of IBD, the correlation

between pairwise geographic and genetic distances
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measured by FST/(1 � FST) (Rousset, 1997) was tested

using a Mantel test in R with 10 000 permutations.

Geographic distances between each sampling site

along coastline and within rivers were computed

using ARCGIS 9.3.

Results

Reproductive success under semi-natural
conditions

The 129 larvae were all successfully assigned with a

95% confidence level and up to two locus mismatches

to a pair of parents, and 73 of 129 were assigned with

no locus mismatches between parents and offspring

(Fig. 2). From these 73 larvae, 59 (81%) were assigned

as pure L. fluviatilis and 14 as hybrids (19%). Each

L. planeri male produced two to four offspring, whereas

the two L. fluviatilis males sired 35 and 24 offspring,

respectively. The two L. fluviatilis females produced 47

and 26 offspring, respectively.

Artificial fertilization: fertilization success and
hatching rates

Fertilization rates (� SE) of eggs from both homospeci-

fic (♀Lf 9 ♂Lf) and heterospecific (♀Lf 9 ♂Lp) crosses

were extremely high: 95.5 � 3.2% and 95.8 � 3.8%,

respectively. We found a significant interaction

between cross type and maternal population on fertil-

ization success (Table S1). However, considering each

cross type separately, no population effect was found

for both hetero- and homospecific crosses (LRT

v² = 3.28, P = 0.07; LRT v² = 1.50, P = 0.22). Hatching

rates were also extremely high: all eggs from homo-

specific crosses successfully hatched (100%) and only 5

of 563 eggs (99.1 � 1.74%) from heterospecific crosses

failed to hatch. Given the lack of variance in homo-

specific crosses, we could not statistically test for an

effect of cross type on hatching rate. Considering

heterospecific crosses, no population effect was found

(LRT v² = 0, P = 1).

Within-species and population genetic diversity

A total of 1023 individuals were successfully geno-

typed at 13 loci. The number of alleles per locus var-

ied from 4 to 12, for an average of 5.8 (Table S2). No

linkage disequilibrium was observed between pairs of

loci after Bonferroni correction. Tests on deviation

from HWE showed a significant excess of heterozy-

gotes only for the Lf Dor D 2010 population after cor-

rection (Table 1). Average allelic richness (based on 14

samples) and average expected heterozygosity were

significantly higher (15 000 permutations, P < 0.01) in

L. fluviatilis (3.270 and 0.501, respectively) than in

L. planeri (2.871 and 0.444) (Table 1). Lampetra planeri

sampled in upstream and downstream parts of the Aa,

Hem, Bresle and Oir rivers showed no difference of

genetic diversity (two-sided paired Wilcoxon test,

P > 0.05, Table S3) except for expected heterozygosity

in Aa 2014 and allelic richness in Oir 2014, which

were both significantly higher downstream (Table S3).

In most rivers, the allelic richness was significantly

higher in L. fluviatilis than in L. planeri (two-sided

paired Wilcoxon test, P < 0.05, and Tables 1 and S3),

except in sympatric populations and in the Risle River.

The same trend was observed for expected heterozy-

gosity (Table S3).

Genetic structure

Pairwise FST values ranged from 0 to 0.324 (Tables 2, 3

and S4), with an overall FST of 0.082 (99%

CI = 0.065–0.106). The AMOVA revealed that the

percentage of variance among populations of the same

species (6.25%) was much higher than between species

(1.55%) and the largest part of variance (92.20%) was

found within populations. FST among L. fluviatilis popu-

lations was significant but much smaller than among

L. planeri populations: 0.022 and 0.134, respectively

(15 000 permutations, P < 0.001). L. planeri popula-

tions sampled upstream and downstream of barriers in

the same river (Aa, Hem, Bresle and Oir rivers) were

not significantly differentiated (FST-Aa = 0.006; FST-

Hem = 0.008; FST-Bresle = 0.005) except in the Oir River

(FST-Oir-2011 = 0.031, FST-Oir-2014 = 0.020).
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Fig. 2 Reproductive success of four Lampetra planeri and two

Lampetra fluviatilis males under semi-natural conditions after

spawning with two L. fluviatilis females. White bars represent the

percentage of offspring assigned to a male at the 95% confidence

level when no mismatch was allowed in assignment tests (73

individuals assigned). Grey bars represent the percentage of

offspring assigned to a male at the 95% confidence level when up

to two mismatches were allowed (129 individuals assigned).

Numbers on top of each bar depict the absolute number of

offspring assigned.
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We observed contrasting levels of population differ-

entiation between L fluviatilis and L. planeri depending

on rivers (Tables 2 and 3). The sympatric population

pair in the Oir (2014) was not significantly differenti-

ated (FST = 0.008), whereas a moderate structuration

was observed in the Aa, Hem, Oir (2010 and 2011),

B�ethune and Bresle (2011) rivers (FST = 0.080; 0.081;

0.048; 0.032; 0.028 and 0.074, respectively, Table 2).

FST was generally higher in parapatry with population

pairs from the Odon, Loire–Cens and Garonne–Saucats
rivers being the most differentiated (Table 3). The para-

patric population pair from the Risle River was an

exception with a low FST of 0.028 and 0.036 in 2011

and 2014, respectively (Table 3). Overall, FST between

L. planeri and L. fluviatilis from the same river system

was always smaller than the mean FST between the

L. planeri population from this river and all other

L. planeri populations (Fig. 3). Similarly, the mean FST
between a given L. planeri population and all other

L. fluviatilis populations was always smaller than among

L. planeri populations (Fig. 3).

A positive correlation between genetic and geo-

graphic distances was found in the global data set

(rSpearman = 0.27, P = 0.004), but when each species

was considered separately, the pattern of IBD was

stronger in L. fluviatilis (rSpearman = 0.79, P < 0.001)

than in L. planeri (rSpearman = 0.40, P = 0.005).

Bayesian clustering analyses

Results from STRUCTURE for each population pair illus-

trated a continuum of differentiation from apparent

panmixia in some rivers to strong differentiation in

other cases (Fig. 4). In the Oir, B�ethune (sympatry)

and Risle (parapatry) rivers, all individuals were

assigned to both clusters, hence suggesting that

L. planeri and L. fluviatilis formed a single population.

However, in the three other sympatric situations (Aa,

Hem and Bresle) where the differentiation was higher,

two clusters were observed, but some individuals were

assigned to the cluster of the other species. In the para-

patric Loire–Cens, Dordogne–Garonne–Saucats and

Dordogne–Garonne–Jalle de Tiquetorte systems, both

species clustered in two groups and very few individu-

als were assigned to the cluster of the other species.

Interestingly, the few L. planeri individuals (n = 3) cap-

tured in sympatry on the Risle and Odon rivers were

mostly assigned to the cluster of L. fluviatilis (Figs 4 and

S1a–c).
Results from STRUCTURE based on the 1023 individuals

showed the highest likelihood for k = 8 and 10

(Table S5a). The best Δk values were observed at k = 3, 6

and 8 (Table S5a). We also investigated k = 2 to illustrate

the level of admixture between both species (Fig. S1a).

At this clustering level, all individuals had mixed mem-

bership proportions between the two species. When con-

sidering k = 8 (Fig. S1b), we found two widely admixed

clusters for L. fluviatilis: the first one included samples

from the Atlantic coast and the second one those from

the English Channel area. The six other clusters included

L. planeri samples: four clusters corresponded each to

one river (the Aa, Hem, Jalle de Tiquetorte and upstream

part of the Oir River), the fifth cluster gathered samples

from the Odon and Garonne–Saucats rivers, and the

sixth cluster included samples from the Bresle and Loire–
Cens rivers. L. planeri samples from the Oir, Risle and

B�ethune were strongly admixed with L. fluviatilis popu-

lations. Analysing species separately confirmed the exis-

tence of two clusters for L. fluviatilis (Table S5b and

Fig. S1d). For L. planeri, the most probable number of

cluster was k = 9, and each population formed a distinct

cluster except the B�ethune and Risle, which clustered

together (Table S5c and Fig. S1e).

Estimates of recent migration rates within the differ-

ent population pairs obtained with BAYESASS revealed

an asymmetric pattern when considering the whole

Table 2 Pairwise FST values for sympatric populations (nonsignificant values are grey-coloured, and negative values were set to zero).

Populations

Lf Aa

2014

Lf Hem

2014

Lf Bre

2011

Lf Bet

2014

Lf Oir

2010

Lf Oir

2011

Lf Oir

2014

Lp Aa

2014

Lp Hem

2014

Lp Bre

2011

Lp Bet

2014

Lp Oir

2010

Lp Oir

2011

Lf Hem D 2014 0

Lf Bre D 2011 0 0

Lf Bet D 2014 0.002 0.001 0.003

Lf Oir D 2010 0.013 0.023 0.021 0.024

Lf Oir D 2011 0.001 0.001 0.002 0.017 0.018

Lf Oir D 2014 0 0 0 0 0.018 0

Lp Aa D 2014 0.080 0.083 0.092 0.076 0.074 0.102 0.083

Lp Hem D 2014 0.083 0.081 0.082 0.094 0.087 0.074 0.062 0.112

Lp Bre D 2011 0.081 0.092 0.074 0.111 0.089 0.077 0.087 0.185 0.187

Lp Bet D 2014 0.022 0.025 0.018 0.028 0.034 0.015 0.027 0.110 0.093 0.080

Lp Oir D 2010 0.080 0.087 0.080 0.086 0.048 0.073 0.071 0.091 0.12 0.115 0.072

Lp Oir D 2011 0.030 0.041 0.025 0.027 0.033 0.032 0.029 0.078 0.122 0.090 0.034 0.032

Lp Oir D 2014 0.013 0.019 0.013 0.018 0.019 0.013 0.008 0.082 0.075 0.072 0.031 0.035 0.019
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data set with a significant tendency for a higher gene

flow from L. planeri to L. fluviatilis (two-sided paired

permutations test, T = 78, P = 0.015) (Table S6).

Interestingly, this pattern was driven by asymmetric

migration occurring mainly in parapatric situations

(T = 45, P = 0.006), whereas there was no significant

difference in the direction of migration in sympatry

(T = 3, P = 0.343).
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between sympatric (S) and parapatric

(P) pairs of river and brook lampreys
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Discussion

The main aim of our study was to investigate the level of

reproductive isolation between two lamprey species by

combining experimental measurements of reproductive

barriers and analyses of gene flow between sympatric

and parapatric population pairs. Our experiments

demonstrated that brook lamprey males could reproduce

with river lamprey females under semi-natural condi-

tions despite the important size difference between spe-

cies. Results from artificial fertilizations further

supported a low level of reproductive isolation. Popula-

tion genetic analyses of replicated pairs revealed a con-

tinuum of gene flow between species with a pattern of

panmixia in some sympatric populations, a moderate dif-

ferentiation in some other sympatric sites and a strongly

reduced gene flow between populations separated by

anthropogenic barriers. This gradient of divergence sug-

gests ongoing gene flow in certain sympatric population

pairs and some degree of reproductive isolation in other

sites. However, secondary contacts after a period of

allopatry could also explain this variable degree of

genetic differentiation among sympatric sites. In addi-

tion, anthropogenic barriers strongly restrict the level of

gene flow between species and may thus ultimately pro-

mote the evolution of reproductive isolation.

Using artificial fertilizations, we found that L. planeri

and L. fluviatilis males have the same capacity to fertilize

eggs of L. fluviatilis females. Hatching survival of larvae

was also high (nearly 100%) and identical regardless of

the male’s species. Using a genetically distinct female

population (FST = 0.055), we found that hatching rates

were as strong as with crosses using females from the

same population, further suggesting a low post-zygotic

isolation and no outbreeding depression. Recently, Hume

et al. (2013a) also observed viable hybrids using a similar

experimental approach, but they obtained much lower

values of survival potentially because their experimental

design did not allow a distinction of unfertilized and

dead embryos. Viable hybrid crosses have been obtained

between different pairs of lamprey species, but they have

always been raised only for a few weeks due to the diffi-

culty of rearing juvenile lampreys (Weissenberg, 1925;

Piavis et al., 1970; Beamish & Neville, 1992; Hume et al.,

2013a). As a result, the fitness of hybrids has never been

thoroughly assessed and was only limited to the F1

generation, which prevents an accurate assessment of

intrinsic post-zygotic barriers. Indeed, genetic incompati-

bilities are generally best revealed in F2s or backcrosses,

whereas heterosis is expected in the F1 generation (e.g.

Edmands, 1999; Wiley et al., 2009). For instance, Bierne

et al. (2002, 2006) found a pattern of heterosis in F1

crosses of Mytilus edulis and Mytilus galloprovincialis,

whereas F2s were selected against at the larval stage. As

a consequence, further studies are needed to better

understand the potential mechanisms of post-zygotic

isolation in lampreys.

Even when post-zygotic isolation is low, premating

barriers can contribute to reproductive isolation (e.g.

Sobel & Streisfeld, 2015). Our results based on mating

trials under semi-natural conditions showed for the first

time that L. planeri males were able to fertilize L. fluvi-

atilis females despite the important size difference

between species. This interbreeding produced viable

hybrid larvae, which suggested a low level of premating

isolation and confirmed the low post-zygotic isolation

at an early developmental stage observed with in vitro

fertilizations. Size-assortative mating has been suggested

to promote divergence and partial or complete repro-

ductive isolation in many taxa including seahorses

(Jones et al., 2003), sticklebacks (McKinnon et al.,

2004) or water striders (Han et al., 2010). A similar

process has been suggested to induce reproductive iso-

lation in lampreys (Beamish & Neville, 1992), a

hypothesis that was not confirmed by our results. How-

ever, in our experiment the reproductive success of

L. planeri males was much lower than the one of L. flu-

viatilis males (Fig. 2); hence, some degree of size-assor-

tative mating may occur. L. planeri males may also

adopt a sneaking strategy, in which they would fertilize

some eggs of a L. fluviatilis female despite its tendency

to mate with larger conspecific males (Hume et al.,

2013b). This tactic is widespread in many fish species

and may thus limit the evolution of prezygotic isolation

in species pairs of lampreys (Gross, 1984; Gage et al.,

1995; Fleming, 1996). However, in the absence of

L. planeri females in our experiment, L. planeri males

may have been somehow ‘forced’ to mate with inter-

specific females, which may have led to an underesti-

mation of the strength of prezygotic barriers. Further

experiments including males and females from both

species are thus required to produce quantitative

estimates of prezygotic isolation in this system.

The low reproductive isolation measured in our

experiments on individuals from a single river (Oir)

was mirrored by high levels of gene flow in this sym-

patric site. However, by studying a total of 10 popula-

tion pairs, we found a gradient of increasing

differentiation with some sympatric pairs forming a

genetically homogeneous population, some others

being significantly differentiated and parapatric pairs

displaying a high level of divergence. Such a gradient

of divergence across multiple pairs in sympatry suggests

variable levels of reproductive isolation within a single

species complex, which has been observed in relatively

few systems (e.g. Gagnaire et al., 2013; Powell et al.,

2013) and emphasizes the interest of using lampreys as

a model in speciation studies.

Sympatric pairs in the Oir and B�ethune rivers were

not (or weakly) genetically differentiated demonstrating

that gene flow can be high between resident and

migratory lampreys as suggested in earlier studies

(Schreiber & Engelhorn, 1998; Espanhol et al., 2007;

Blank et al., 2008; Bracken et al., 2015). Similarly, a
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low differentiation has been observed between ecotypes

of resident and migratory in rainbow trout Oncorhynchus

mykiss (e.g. Docker & Heath, 2003) and is also well

documented in brown trout Salmo trutta (e.g. Hindar

et al., 1991; Cross et al., 1992; Pettersson et al., 2001;

Charles et al., 2005). This suggests that L. planeri and

L. fluviatilis may also represent two ecotypes of a single

species. However, we found other sympatric situations

(Aa, Hem and Bresle rivers) where the two species were

moderately but significantly differentiated. Accordingly,

Mateus et al. (2013) found a strong differentiation

(FST = 0.37) in a population pair sampled in the same

river system in Portugal. These pairs may be a step fur-

ther along the divergence continuum, which suggests

that disruptive selection and other isolating factors may

act in these systems. For instance, some temporal isola-

tion during the spawning season and patchiness of

breeding habitat may contribute to ecological divergence

between the two species. Analogously, temporal and spa-

tial differences in spawning were linked to genetic differ-

entiation between ecotypes or subpopulations of various

salmonid species (Deiner et al., 2007; Pearse et al., 2009).

In addition, the magnitude of size differences between

species seems to vary among rivers (Table 1) and this fac-

tor may contribute to variations of reproductive isolation

as predicted by theory (Bolnick, 2011) and observed in

other taxa (Arnqvist et al., 1996; McKinnon et al., 2004;

Martin, 2013). Our experiments showed a low premating

isolation in lampreys from the Oir River where the size

difference and the genetic differentiation are low

between species. Similar experiments in other sympatric

sites would thus be required to better understand the

role of size-assortative mating in the evolution of repro-

ductive isolation. Besides, the significant genetic differ-

entiation observed in sympatric situations may also

reflect some genetic barriers to gene flow (Wu, 2001;

Turner et al., 2005). However, if they exist, these barriers

may not be distributed over large portions of the genome

and may not efficiently counteract gene flow as genetic

differentiation and overall reproductive isolation were

low (Barton & Bengtsson, 1986; Wu, 2001).

The continuum of genetic differentiation observed in

sympatric sites could arise from two different historical

scenarios of divergence: (1) ecologically based speciation

with gene flow or (2) differential introgression following

a secondary contact after a period of allopatric diver-

gence. If the populations have diverged in allopatry for a

period of time too short to allow complete reproductive

isolation, it is also possible that secondary contacts have

occurred at different times in different areas so that in

some cases (e.g. Oir River) a single panmictic population

is currently found, whereas in other situations the gen-

ome swamping between L. planeri and L. fluviatilis is still

incomplete. Such scenarios of secondary contacts have

been suggested in many taxa including Cameroon crater

lake cichlids (Martin et al., 2015), whitefish (Gagnaire

et al., 2013) and voles (Beysard & Heckel, 2014) and may

have also played a crucial role in the evolution of repro-

ductive isolation in the apple maggot, which is consid-

ered as a classical model of sympatric speciation (Feder

et al., 2003). Nevertheless, cases of ongoing gene flow in

sympatry between closely related species have been

often interpreted as evidences for ecological speciation,

whereas the hypothesis of admixture following a

secondary contact (or the one of local adaptation) was

either not considered or could not be definitively rejected

(Via, 2001; Michel et al., 2010; Hohenlohe et al., 2012;

Kautt et al., 2012). These different scenarios of diver-

gence are difficult to disentangle, but new modelling

approaches may help tackle this issue as described in sev-

eral recent studies (Duvaux et al., 2011; Roux et al.,

2013, 2014; Butlin et al., 2014; Tine et al., 2014).

In contrast to sympatric situations, we observed high

levels of differentiation in most parapatric sites as

expected under the joint effects of IBD and anthro-

pogenic barriers to migration. In these situations, migra-

tion was reduced and asymmetric from L. planeri

(upstream) to L. fluviatilis (Table S6), highlighting the

low migratory ability of L. fluviatilis in the presence of

obstacles (Russon et al., 2011; Foulds & Lucas, 2013;

Bracken et al., 2015). Combined negative effects of

distance and barriers on gene flow have also been

observed in several fish species (Thrower et al., 2004;

Raeymaekers et al., 2008; Gomez-Uchida et al., 2009) and

more generally in many taxa (see Templeton et al., 2001;

Fahrig, 2003). Our results thus highlight the importance

of untangling the effects of habitat fragmentation induc-

ing restricted gene flow from ecological divergence

between habitats when studying speciation. Inferences

about the speciation process might be obscured by the

effect of barriers to migration and IBD. Sampling should

thus be carefully designed to clearly distinguish sympatric

and parapatric sites even at a within-river scale. Ulti-

mately, habitat fragmentation could promote the evolu-

tion of reproductive isolation and lead to founder-

induced speciation, but it seems more likely to induce

local extinctions (Templeton, 1980, 2008).

Anthropogenic barriers to migration did not have the

same impact on patterns of genetic diversity and differ-

entiation of L. planeri and L. fluviatilis populations. We

found high levels of genetic structure combined with

clustering at the river level in L. planeri suggesting that

each resident population tends to evolve as an indepen-

dent evolutionary unit due to low dispersal ability and

isolation by anthropogenic barriers in upstream reaches.

Similar results were obtained in earlier studies based on

allozyme or mtDNA in northern Europe and in the Ibe-

rian Peninsula (Schreiber & Engelhorn, 1998; Pereira

et al., 2010) and also recently based on microsatellite

data in United Kingdom (Bracken et al., 2015). In con-

trast, populations of the migratory L. fluviatilis were

weakly differentiated and structured at the regional

level. The genetic diversity (both allelic richness and

expected heterozygosity) of L. planeri populations was

ª 20 1 5 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I OL . 2 8 ( 2 0 15 ) 2 24 8 – 2 26 3

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2015 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

2258 Q. ROUGEMONT ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/article/28/12/2248/7412054 by C

N
R

S user on 01 D
ecem

ber 2024



also lower than the one of L. fluviatilis populations indi-

cating an important role of genetic drift in isolated

brook lamprey populations. A similar pattern has been

observed in several salmonid species between freshwa-

ter-resident and anadromous populations (Gomez-

Uchida et al., 2009; Perrier et al., 2013). Finally, the fact

that IBD was lower in L. planeri than in L. fluviatilis

further highlights the impact of anthropogenic barriers

on the genetic differentiation among L. planeri popula-

tions (see also Bracken et al., 2015).

To conclude, our results suggest that L. fluviatilis and

L. planeri may form partially reproductively isolated

ecotypes. The variable levels of gene flow among

sympatric sites show that different pairs of populations

are either at different stages of divergence along the

speciation continuum or at different levels of fusion

following secondary contacts. In the first hypothesis,

size-assortative mating and selection could act together

to maintain phenotypic differences in the face of gene

flow. The relative strength of these factors may vary

among rivers, resulting in variable progress towards

sympatric speciation or even stalled speciation (Bol-

nick, 2011). In the second hypothesis, similar patterns

of varying levels of divergence would arise by sec-

ondary contacts (Bierne et al., 2013). Combining gen-

ome-wide analyses and modelling of complex historical

processes may help untangling these different scenar-

ios. Ultimately, experimental approaches testing the

long-term fitness of F1s and later-generation hybrids

will allow deeper investigations of the mechanisms of

post-zygotic reproductive isolation in this system. Com-

mon garden experiments may also allow clarifying the

relative roles of phenotypic plasticity and genetic fac-

tors in the emergence of parasitic and nonparasitic life

histories.
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tions.
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Figure S1 Bayesian individual clustering results with

STRUCTURE: k = 2, 8 and 10 for the two species analysed

together (a, b and c, respectively) and k = 2 and 9 for Lam-

petra fluviatilis (d) and Lampetra planeri (e) respectively.

Table S1 Results of a Generalized Linear Mixed Model

(GLMM) testing the effect of cross type (homo- vs.

heterospecific) and maternal population (Loire vs. Oir) on

fertilization success of Lampetra fluviatilis eggs.

Table S2 Genetic diversity estimates for each locus in each

population.

Table S3 Results of permutations tests comparing Allelic

richness (Ar) and expected heterozygosity (He) between Lf

and Lp in each river system.

Table S4 Pairwise FST among all populations (non-signifi-

cant values are grey coloured).

Table S5 Results of STRUCTURE analysis for each dataset: (a)

full dataset, (b) Lampetra fluviatilis only and (c) Lampe-

tra planeri only.

Table S6 Estimates of ongoing migration rates (m)

obtained with BayesAss (Wilson & Rannala, 2003) from

river lampreys to brook lampreys (m in Lp from Lf) and

from brook lampreys to river lampreys (m in Lf from

Lp).
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