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Abstract
Speciation in the ocean could differ from terrestrial environments due to fewer bar-
riers to gene flow. Hence, sympatric speciation might be common, with American 
and European eel being candidates for exemplifying this. They show disjunct conti-
nental distributions on both sides of the Atlantic, but spawn in overlapping regions 
of the Sargasso Sea from where juveniles are advected to North American, European 
and North African coasts. Hybridization and introgression are known to occur, with 
hybrids almost exclusively observed in Iceland. Different speciation scenarios have 
been suggested, involving either vicariance or sympatric ecological speciation. Using 
RAD sequencing and whole-genome sequencing data from parental species and F1 
hybrids, we analysed speciation history based on the joint allele frequency spectrum 
(JAFS) and pairwise sequentially Markovian coalescent (PSMC) plots. JAFS sup-
ported a model involving a split without gene flow 150,000–160,000 generations 
ago, followed by secondary contact 87,000–92,000 generations ago, with 64% of the 
genome experiencing restricted gene flow. This supports vicariance rather than sym-
patric speciation, likely associated with Pleistocene glaciation cycles and ocean cur-
rent changes. Whole-genome PSMC analysis of F1 hybrids from Iceland suggested 
divergence 200,000 generations ago and indicated subsequent gene flow rather than 
strict isolation. Finally, simulations showed that results from both approaches (JAFS 
and PSMC) were congruent. Hence, there is strong evidence against sympatric spe-
ciation in North Atlantic eels. These results reiterate the need for careful consid-
eration of cases of possible sympatric speciation, as even in seemingly barrier-free 
oceanic environments palaeoceanographic factors may have promoted vicariance 
and allopatric speciation.
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1  | INTRODUC TION

Inference of patterns and processes of speciation remains one of 
the most important research topics in evolutionary biology, now 
increasingly empowered by developments in next-generation 
sequencing and genomics (Coyne & Orr, 2004; Seehausen et al., 
2014; Sousa & Hey, 2013). Speciation is usually thought of as a 
multifactorial process that ultimately leads to complete repro-
ductive isolation (Abbott et al., 2013). However, it is commonly 
categorized along different dimensions to emphasize the role of 
particular factors (Smadja & Butlin, 2011), such as the spatial con-
text of divergence ranging from sympatric to allopatric (Bolnick & 
Fitzpatrick, 2007), the timing and intensity of gene flow (Butlin, 
Galindo, & Grahame, 2008) and the relative importance of local 
adaptation and genetic incompatibilities in the build-up of repro-
ductive isolation (Bank, Burger, & Hermisson, 2012; Bierne, Welch, 
Loire, Bonhomme, & David, 2011; Hoffmann & Rieseberg, 2008; 
Rundle & Nosil, 2005; Schluter, 2009). Whereas much progress has 
been made in speciation genomics research, the discussion and 
controversy regarding how to relate genomic patterns to under-
lying evolutionary processes and the ubiquity and general impor-
tance of different speciation scenarios is still ongoing (Burri, 2017; 
Cruickshank & Hahn, 2014; Feder, Egan, & Nosil, 2012; Nosil, 
2008; Ravinet et al., 2017; Seehausen et al., 2014).

Much of our current knowledge of speciation is derived from 
terrestrial and freshwater systems. Important steps have also been 
taken towards understanding speciation processes in marine en-
vironments (Bernardi, 2013; Kelley, Brown, Therkildsen, & Foote, 
2016; Miglietta, Faucci, & Santini, 2011; Palumbi, 1994; Rocha, 
Robertson, Roman, & Bowen, 2005), but the complexity of marine 
environments is a challenge. Marine and especially oceanic envi-
ronments are seemingly characterized by few natural barriers to 
gene flow, and marine animals often exhibit very high fecundity and 
pelagic eggs and/or larval stages, which at first sight might seem 
to preclude geographic divergence (Palumbi, 1994). Nevertheless, 
spatial heterogeneity often exists with respect to spawning sites 
and oceanographic and environmental conditions (Palumbi, 1994; 
Riginos & Liggins, 2013; Selkoe et al., 2016), and just as in terres-
trial environments, historical vicariance in the marine realm could 
have major effects on speciation (DiBattista et al., 2013; Grant & 
Bowen, 1998; Hou & Li, 2018; Patarnello, Volckaert, & Castilho, 
2007).

Atlantic eels of the genus Anguilla represent a particularly note-
worthy case of speciation. They are subdivided into two sister spe-
cies that spend the major part of their life cycle on opposite sides of 
the North Atlantic Ocean (Tesch, 2003). The American eel (Anguilla 
rostrata) is distributed from Florida to Labrador, Caribbean islands 
and Greenland, while the distribution of European eel (Anguilla 
anguilla) extends from Morocco to Scandinavia, Mediterranean 
and Iceland. Despite their large continental distribution ranges, 
both species are considered to be genetically panmictic (Als et al., 
2011; Côté et al., 2013; Gagnaire, Normandeau, Côté, Hansen, & 
Bernatchez, 2012; Palm, Dannewitz, Prestegaard, & Wickstrom, 

2009; Pujolar, Jacobsen, Als, Frydenberg, Munch, et al., 2014), 
which is a direct consequence of their exceptional migratory life 
cycle. Hence, once in their lives, adult eels from American and 
European continents undertake a long reproductive migration to 
spawn in thermal fronts of the Subtropical Convergence Frontal 
Zone in the Sargasso Sea (Aarestrup et al., 2009; Kleckner & 
McCleave, 1987; McCleave & Kleckner, 1987; McCleave, Kleckner, 
& Castonguay, 1987; Munk et al., 2010; Schmidt, 1923; Tesch, 
2003). The larvae are then advected by ocean currents, notably 
the Gulf Stream (Schmidt, 1923; Tesch, 2003). Although they use 
the same surface currents for dispersal, American eels recruit 
to North American shores (>1,500  km from the spawning area), 
while European eel larvae drift for at least one more year towards 
European and North African habitats, >5,000 km from the spawn-
ing area. The developmental and behavioural mechanisms ensuring 
this spatial segregation remain unknown. However, transcriptome 
analysis of eel larvae of both species collected in the Sargasso Sea 
shows a differential timing of gene regulation in the two species, 
suggesting a genetic control of pelagic larval duration (Bernatchez 
et al., 2011). Also, a genome scan involving the two species sug-
gests that genomic regions showing the highest divergence are 
enriched for genes related to developmental processes and phos-
phorylation, again suggesting association with differences in larval 
phase and migration distance (Jacobsen, Pujolar, Bernatchez, et al., 
2014).

Reproduction of the two species overlaps temporally and 
spatially within the frontal zone (McCleave et al., 1987), leaving 
ample opportunities for hybridization. However, to date most 
newly hatched larvae sampled in the Sargasso Sea consist of 
pure genotypes of both species that co-occur throughout much 
of the Sargasso Sea, with only small proportions of different 
backcross categories (Jacobsen et al., 2017; Pujolar, Jacobsen, 
Als, Frydenberg, Magnussen, et al., 2014). No F1 hybrids have 
been observed in the spawning region among 552 analysed lar-
vae (Jacobsen et al., 2017). In continental Europe and North 
America, a few later-generation backcrosses have been identi-
fied (one out of 225 European eel and one out of 30 American 
eel; Pujolar, Jacobsen, Als, Frydenberg, Munch, et al., 2014), 
whereas in Iceland, it is well established that both F1 hybrids 
and backcrosses are relatively abundant (up to 10%–15%; Albert, 
Jónsson, & Bernatchez, 2006; Avise et al., 1990; Gagnaire, Albert, 
Jónsson, & Bernatchez, 2009; Pujolar, Jacobsen, Als, Frydenberg, 
Magnussen, et al., 2014). Evidence for asymmetric introgression 
from American to European eel has been revealed using nu-
clear markers (Albert et al., 2006; Gagnaire et al., 2009; Pujolar, 
Jacobsen, Als, Frydenberg, Magnussen, et al., 2014; Wielgoss, 
Gilabert, Meyer, & Wirth, 2014), and genome-wide SNP analysis 
has shown the presence of admixed individuals among American 
eel that have a European ancestor tracing back to only 3–6 gen-
erations ago (Jacobsen et al., 2017). The extent to which hybrid-
ization provides an effective bridge to interspecific gene flow 
therefore remains unclear, and so is the degree of reproductive 
isolation between species.
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The specific mechanisms underlying speciation of European and 
American eel are equally unclear. Different speciation scenarios 
have been proposed to account for the separation of American and 
European eels, including a vicariance and a dispersal scenario (Avise 
et al., 1990; Jacobsen, Pujolar, Gilbert, et al., 2014). The vicariance 
scenario, which essentially represents allopatric speciation, pro-
poses a disjunction of the spawning area during glacial periods of the 
Pleistocene, possibly leading to multiple episodes of allopatric diver-
gence and secondary contact. In the alternative scenario, which can 
be characterized as sympatric ecological speciation (Schluter, 2009), 
an ancestral species initially present in a single continent progres-
sively colonized new habitats on the other continent, promoting the 
emergence of disruptive selection acting on traits related to larval 
duration, length of migration and assortative mating. So far, most 
attempts to date speciation have relied on mitochondrial DNA (Avise 
et al., 1990; Jacobsen, Pujolar, Gilbert, et al., 2014; Minegishi et al., 
2005). However, the evolutionary history of mitogenomes does not 
necessarily reflect that of species (Ballard & Whitlock, 2004), and 
this class of markers also leaves little if any opportunity for recon-
structing the past history of divergence and gene flow.

Here, we investigated genome-wide variation patterns between 
European (Anguilla anguilla) and American eels (A. rostrata) based on 
data derived from whole-genome sequencing and RAD (restriction 
site-associated DNA) sequencing (Hohenlohe et al., 2010) using 
two different demographic inference methods: one based on the 
joint allele frequency spectrum (JAFS) (Gutenkunst, Hernandez, 
Williamson, & Bustamante, 2009) and another estimating demo-
graphic history based on the genome of F1 hybrids between the 
two species (Li & Durbin, 2011). We particularly addressed the fol-
lowing questions: (a) What is the speciation history of European and 
American eel, in particular with respect to the temporal dynamics 
of gene flow during species divergence? (b) Are all genomic regions 
equally affected by interspecific gene flow? (c) How can Atlantic 
eels in general inform us about speciation processes in oceanic 
environments?

2  | MATERIAL S AND METHODS

2.1 | RAD sequencing data: SNP filtering and JAFS 
construction

We used a previously published SNP data set (Jacobsen, Pujolar, 
Bernatchez, et al., 2014; http://datad​ryad.org/resou​rce/
doi:10.5061/dryad.f2313​) to obtain the joint allele frequency spec-
trum (JAFS) between the European and the American eels. The 
original data set contained 328,300 SNPs identified by restriction 
site-associated DNA (RAD) sequencing (Hohenlohe et al., 2010) 
using the enzyme EcoRI from 28 American and 30 European eels 
sampled as glass eels or yellow eels from six different geographic 
areas between 1999 and 2010. No minor allele frequency threshold 
was applied by the authors, and therefore, the data set contains 
all frequency classes including singletons (see Jacobsen, Pujolar, 
Bernatchez, et al. (2014) for details on the bioinformatic pipeline 
for SNP detection). The archived file (in genepop format) was first 
converted to the VCF format to apply species-specific filters with 
vcftools (Danecek et al., 2011). For each species, we removed loci 
with fewer than 25 genotypes available. We also excluded SNPs 
showing significant deviation from Hardy–Weinberg equilibrium 
within each species using a p-value significance threshold of 0.01. 
Finally, we randomly selected one SNP per RAD locus in order to 
limit the impact of linkage disequilibrium in our analyses. A total of 
9,481 SNPs retained in our filtered data set were used to construct 
the JAFS after downsizing the sample size to 20 individuals per spe-
cies. No out-group was available to polarize the SNPs. Therefore, 
the JAFS was folded, that is a lower triangular matrix represent-
ing the observed counts of the minor frequency alleles and making 
no distinction between ancestral and derived allelic states for each 
SNP. Singletons were masked to minimize the impact of genotyping 
errors during the inferences. The size of the European eel genome 
is approximately 1 Gbp (Henkel et al., 2012), and linkage disequi-
librium is low, showing rapid decay within ca. 1,000 bp (Jacobsen, 

TA B L E  1   The 12 models of divergence history tested, using δaδi (Gutenkunst et al., 2009), against the JAFS between the two Atlantic eel 
species

  Model name Description

Basic models SI Strict isolation

IM Isolation with migration

AM Ancient migration

SC Secondary contact

AMSC Ancient migration followed by strict isolation and secondary contact

Derived models IM2M IM with heterogeneous migration rates across genome

AM2M AM with heterogeneous migration rates across genome

SC2M SC with heterogeneous migration rates across genome

AMSC2M AMSC with heterogeneous migration rates across genome

SCG SC with exponential growth

SC2MG SC2M with exponential growth

AMSC2MG AMSC2M with exponential growth

http://datadryad.org/resource/doi:10.5061/dryad.f2313
http://datadryad.org/resource/doi:10.5061/dryad.f2313
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Pujolar, Bernatchez, et al., 2014). Hence, the 9,481 SNPs are as-
sumed to constitute a random sample of unlinked markers that are 
representative of genome-wide variation patterns, although they 
obviously do not cover the entire genome.

2.2 | Inferring divergence history using the JAFS

In order to infer the divergence history of the two Atlantic eel spe-
cies, we analysed their JAFS using δaδi v1.7.0 (Gutenkunst et al., 
2009). This program, given an observed JAFS, estimates the likeli-
hood of an assumed divergence history model for two species (or 
two populations) and its relevant evolutionary parameters (e.g. 
population size, duration of isolation and migration rate). Here, we 
explored 12 models capturing important demographic and selective 
aspects related to the divergence history for the two eel species 
(Table 1, Figure S1).

The simplest model of strict isolation (SI, no gene flow) is one in 
which an ancestral population (of effective size Na) splits into two 
derived populations (of effective sizes NEU and NAM, correspond-
ing to European eel and American eel, respectively) which subse-
quently diverge in the absence of gene flow during TSI generations. 
We also considered four basic extensions of that model, which dif-
fer in the timing of the gene flow since their initial split from the 
common ancestor. In these models, migration occurs with constant 
but possibly asymmetrical rates between species, replacing a frac-
tion m12 of population 1 (European eel) by migrants from population 
2 (American eel) every generation, and m21 in the other direction. 
These four gene flow models, isolation with migration (IM, continu-
ous gene flow during T generations), ancient migration (AM, ancient 
gene flow during TAM followed by isolation during TSI generations), 
secondary contact (SC, recent gene flow during TSC following isola-
tion during TSI generations) and ancient migration followed by sec-
ondary contact (AMSC, ancient gene flow during TAM followed by 
isolation during TSI and recent gene flow during TSC generations), 
are represented in Figure S1. Each of the four gene flow models was 
then extended to account for heterogeneous effective migration 
rates across the genome. These semipermeability models (called 
-2M models, Figure S1) capture the effect of selection against im-
migrant alleles by considering that the genome contains a fraction 
P of neutral loci (with migration rate parameters m12 and m12) and a 
fraction (1-P) of loci that are affected by selection (with reduced ef-
fective migration rate parameters me12 and me21) (Tine et al., 2014). 
Finally, we evaluated the need to include an exponential population 
size growth (-G models, Figure S1) only for the best-fit models, in 
order to further improve model fit. In these models, the ancestral 
population unequally splits into two derived populations that take 
a fraction s for population 1 and (1-s) for population 2 of the an-
cestral population size. When growth occurs (i.e. simultaneously to 
gene flow in SC models), population 1 effective size exponentially 
changes from s*Na to NEU, and from (1-s) *Na to NAM for population 2.

Each of the 12 models was fitted to the JAFS using a modified 
version of the δaδi program that includes two simulated annealing 

(SA) procedures (one hot and one cold) before quasi-Newton (BFGS) 
optimization (Tine et al., 2014). For each model, we implemented 20 
independent runs of optimization, and only the best fit (highest like-
lihood) was kept after checking for convergence. We then compared 
the fit of different models using the Akaike information criterion 
(AIC) to select the best-fit model while penalizing for the number of 
parameters in each model.

All estimated parameters were scaled by ancestral population 
size (Na), obtained from the formula: Na  = θ/(4*L*μ), where θ is a 
scaling factor calculated by δaδi, L is the total length of sequence 
used to discover SNPs, and μ is mutation rate per nucleotide per 
generation. Since the original data set contained 328,300 SNPs 
from 67,583 RAD loci of 75 bp each (Jacobsen, Pujolar, Bernatchez, 
et al., 2014), after accounting for the extra filtering steps as men-
tioned above, the L in our analyses is 146,380 bp. We assumed a 
standard mutation rate of 10−8 per site per generation for parame-
ter conversion. This value is close to the inferred mutation rate of 
1.1 × 10–8 in humans (Roach et al., 2010), but could obviously be 
different in eels. Parameter confidence intervals were estimated 
only for the best-fit model with 1,000 nonparametric bootstrapped 
data sets using the Godambe information matrix method in δaδi 
v1.7. The Godambe method provides estimates of standard devia-
tion for all parameters, which were converted into 95% confidence 
intervals by removing (lower bound) or adding (upper bound) two 
times the standard deviation to each estimated parameter value.

2.3 | Whole-genome sequencing and 
mapping of reads

We selected two European eels, two American eels and two F1 hy-
brids between the two species for whole-genome resequencing (see 
Table S1 for details on the sequenced individuals). The hybrids were 
sampled in Iceland, and their identity as F1 hybrids was determined 
using diagnostic genetic markers (Pujolar, Jacobsen, Als, Frydenberg, 
Magnussen, et al., 2014). Library construction (using insert size ca. 
500 bp) and Illumina sequencing (2* 100 bp paired-end reads; HiSeq 
2500 platform) were outsourced to AROS Applied Biotechnology. 
We targeted a sequencing depth of ca. 20× for each individual.

The last five base pairs of each read were trimmed off with fastx 
v0.0.13 (http://hanno​nlab.cshl.edu/fastx_toolk​it/index.html) due to 
high “N” content. Reads were subsequently mapped to the European 
eel reference genome (Henkel et al., 2012) using the “mem” subfunc-
tion of BWA-0.7.12 with default parameters (Li & Durbin, 2009). The 
resulting BAM files were filtered for mapping quality using a MAPQ 
threshold of 20.

2.4 | PSMC analysis

We ran a separate pairwise sequentially Markovian coalescent 
(PSMC) (Li & Durbin, 2011) analysis on the genome sequence of 
each of the six individuals to reconstruct population size histories. 

http://hannonlab.cshl.edu/fastx_toolkit/index.html
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The PSMC plots of F1 hybrids were used to analyse the divergence 
history of two parental species as suggested in Li and Durbin (2011). 
Mutations accumulating independently in either parental lineage 
after divergence are manifested as heterozygotes in F1 hybrids and 
interpreted in a F1 PSMC analysis as a drastic population expansion. 
Hence, if two lineages split from a common ancestor and experi-
enced no subsequent gene flow, the PSMC plots of their hybrids will 
“blow up” (i.e. exhibit seemingly vertical asymptotic growth of popu-
lation size) at the time of their split (Li & Durbin, 2011). However, if 
there was gene flow between the two species after the split, the 
plots will vary according to the timing and strength of gene flow 
(Mazet, Rodriguez, Grusea, Boitard, & Chikhi, 2016).

For each individual, a “psmcfa” file was created from the BAM 
file following the instructions in the GitHub page of the psmc pro-
gram (https​://github.com/lh3/psmc). Because the reference ge-
nome assembly of the European eel (Henkel et al., 2012) was rather 
fragmented (N50: 2,544, L50: 84,717) and PSMC requires long se-
quences of DNA to provide information concerning coalescent with 
recombination, we decided to use only scaffolds longer than 100 kb. 
We retained 1,664 out of 1,104,447 scaffolds/contigs of the assem-
bly, which together accounted for 37.1% of the total genome size. 
For converting the BAM files into genomic sequences, we applied a 
depth filter (minimum of 7× and maximum of 40×) for each individ-
ual. All the parameters for running PSMC were set as recommended 
by the PSMC GitHub page except for the bin size and the iteration 
length. The bin size was set as 20 instead of the default value of 
100 due to high heterozygosity level (the PSMC method being tuned 
by default to the human genome). The iteration length was set to 
25. The estimates of the effective population sizes (Ne) and the time 
points in the past generated by PSMC were rescaled with a standard 
mutation rate of 10–8 per site per generation. We tested through 
simulations whether the fragmented assembly would compromise 
the inferential power of PSMC, and found no support for that poten-
tial limitation (Figure S2).

2.5 | Assessing conformance between JAFS- and 
PSMC-inferred divergence history

In order to validate the correspondence of results derived from the 
fundamentally different methods implemented in δaδi and PSMC, 
we made use of the F1 hybrids to assess the divergence history in-
ferred above from the JAFS-based analyses. This was achieved by 
visually comparing the PSMC plots of simulated hybrids with those 
of the real F1 hybrids. Specifically, we simulated new hybrid ge-
nomes by incorporating the divergence history inferred by δaδi into 
the population size and gene flow history of the two parental popu-
lations using ms (Hudson, 2002). Then, we ran PSMC on the simu-
lated hybrids. Our rationale is that a high resemblance between the 
PSMC plots of the simulated hybrids and the two real hybrids would 
provide stronger support to the divergence history inferred by δaδi. 
We used the models detected by δaδi as having the highest support 
(lowest AIC) along with other models considered in the analyses. 

Because the nonhybrids showed highly similar population size his-
tories (see Section 3), we assumed the same population size history 
for the two species in the simulations. We calculated the geometric 
mean of the PSMC results of all the nonhybrids and defined that as 
the expected population size history of the nonhybrids.

We used two scripts, “psmc2history.pl” and “history2ms.pl”, 
provided in the psmc package to convert the expectation into an ms 
command and manually edited the command to make it simulate hy-
brids and to incorporate population splits, secondary contacts and 
migration according to the divergence model being applied. The time 
(T) and the migration rate estimates (m) from δaδi were converted to 
fit into the ms command using the following equations (with θ and L 
as defined previously):

For each divergence model, we simulated 30 hybrid genomes 
and ran PSMC on those. The geometric mean of the 30 PSMC results 
was calculated and was compared with the geometric mean of the 
PSMC results of the two real hybrids. We defined the latter as the 
expected population size history of the hybrids. The support for the 
different divergence models was then evaluated according to the re-
semblance between the expectation and the simulation results. As a 
safety measure for the validity of the simulations, we also simulated 
30 nonhybrids for each species under each divergence model, ran 
PSMC on them and compared the results with the expectation for 
the nonhybrids.

3  | RESULTS

3.1 | Divergence history inferred from the JAFS

Among the 12 alternative models fitted to the JAFS (Table 1), the dif-
ferent versions of the secondary contact model (SC) outperformed 
other alternative models whatever the level of complexity. Overall, 
the best-fit model that received the lowest Akaike information cri-
terion (AIC) was the SC2MG model (Figure 1, Table 2). The differ-
ence in AIC with the second best model (AMSC2MG) was 28, and 
this model also involved a secondary contact (Table 2). The SC2MG 
model represents a scenario whereby two species split from their 
common ancestor and then diverged during a period of strict iso-
lation (for TSI generations), before exchanging genes during a sec-
ondary contact period (for TSC generations). During this secondary 
contact, the two species experienced exponential growth in popula-
tion size and variation in effective migration rate across the genome 
to account for differential introgression among loci.

According to the SC2MG model, the two species split ca. 
150,000–160,000 generations ago. After a long period of isolation 

(1)mms=m
δaδi ⋅

2 ⋅θms ⋅Lδaδi

θ
δaδi ⋅Lms

(2)Tms=T
δaδi ⋅

θ
δaδi ⋅Lms

2 ⋅θms ⋅Lδaδi

https://github.com/lh3/psmc
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(ca. 63,000–73,000 generations), they came into contact ca. 87,000–
92,000 generations ago. The split involved European eels represent-
ing the largest fraction (0.7) of the ancestral population. The two 
species then underwent a demographic expansion at the onset of 
secondary contact. Gene flow upon secondary contact occurred in 
both directions, but most of the genome (ca. 64%) was inferred to 
have experienced very restricted effective gene flow.

3.2 | Whole-genome sequencing, demographic 
history and divergence time inferred using PSMC

The sequencing depth over the six genomes (two of each species 
and two F1 hybrids) averaged 19× per individual and mapping was 
of high quality (see Table S2 for mapping statistics). The observed 
mean nucleotide diversity (Pi) was 0.0072 for the two European 
eels, 0.0076 for the two American eels and 0.0096 for the two F1 
hybrids.

PSMC analysis suggested very similar demographic histories for 
the two species of the Atlantic eels (Figure 2). They both experi-
enced a gradual increase of population size for most of their his-
tories, with American eels showing slightly higher population sizes. 
This was followed by a drastic expansion in the recent period (since 
ca. 14,000 generations ago). However, this recent expansion should 
be interpreted carefully because PSMC estimation tends to suffer 
higher stochasticity for recent history (Li & Durbin, 2011). It should 
be mentioned that the slightly higher population size for American 
eel contrasts with the result based on JAFS suggesting that European 
eel constitutes a major fraction of the ancestral population. Whereas 
we are unable to identify the exact cause of the differences, we note 
that the PSMC results are in accordance with the slightly higher 
nucleotide diversity in American relative to European eel, both for 
the whole-genome sequences and for the original RAD data set 
(Jacobsen, Pujolar, Bernatchez, et al., 2014).

The PSMC plots of the two European X American F1 hy-
brids showed a pattern that differed strikingly from the expected 
“blow-up” in the case of no gene flow after divergence (Figure 2). 
The plots diverged from those of the nonhybrids ca. 200,000 gen-
erations ago and exhibited a much faster population expansion, 
but not a “blow-up,” suggesting that gene flow occurred after initial 
divergence.

3.3 | Assessing conformance between JAFS- and 
PSMC-inferred divergence history

δaδi detected the SC2MG as the best model (see above), but in-
corporation of heterogeneous migration rates across the genome 
was too complex to be implemented in ms (Hudson, 2002) with-
out making assumptions on the unknown underlying genome ar-
chitecture. We therefore chose to use the results from the SCG 
model to run the simulations. The SCG model yielded the lowest 
AIC value among the models with homogeneous migration rate, 
and it provided very similar estimations as SC2MG concerning the 
time of divergence and the time of secondary contact (see Table 2). 
In addition, we included results from the models SI and IM in the 
simulations.

The PSMC plots of the simulated hybrids obtained without 
gene flow (i.e. based on the SI model) “blew up” immediately after 
the split, showing no resemblance to the plots of the real hybrids 
(Figure 3). In contrast, hybrids simulated under the IM and partic-
ularly the SCG model showed a much better resemblance. Hence, 
the simulations demonstrated congruence between the results 
obtained using JAFS and PSMC. To test the validity of these sim-
ulations, we also compared PSMC plots based on simulated and 
real parental genomes of the two species. A nearly perfect resem-
blance was observed (Figure S3), supporting the validity of the 
simulations.

F I G U R E  1   The best-fit divergence history (SC2MG) of the two Atlantic eel species according to δaδi (Gutenkunst et al., 2009) analyses. (a) 
The observed JAFS between the European eel (EU, x-axis) and the American (AM, y-axis) eel. The colour bar illustrates the number of SNPs in 
the bins of the JAFS. (b) The expected JAFS under the SC2MG model. The colours follow the same scale as (a). (c) Diagram of the divergence 
history represented by the SC2MG model (see Table 1 for details on parameters) [Colour figure can be viewed at wileyonlinelibrary.com]
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4  | DISCUSSION

Using two independent methods and data sets for analysing the 
demographic history of Atlantic eels, we obtained new insights 
into the speciation history of these remarkable migratory species. 
Our analysis of the JAFS based on RADseq data found models in-
volving secondary contact to be the most likely. Also, the PSMC 
analysis of F1 hybrid genomes showed that the dynamics of speci-
ation deviated significantly from a simple split model and involved 
recent gene flow during the divergence history. By simulating ge-
nome-wide sequence data under the best-fit model derived from 
the JAFS analysis, we found that the PSMC plots of simulated F1 
hybrids closely resembled those obtained from real empirical ge-
nomes. Thus, the congruence of the results obtained under the 
two complementary approaches and data sets further supports 
the secondary contact scenario.

4.1 | The demographic divergence history of 
Atlantic eels

Our results showing isolation followed by secondary contact be-
tween the two species reject the hypothesis of sympatric specia-
tion, and also the “Dispersal” scenario previously suggested by 
Avise et al. (1990). This comes with the small caveat that the sec-
ond most supported model (AMSC2MG) includes both ancient mi-
gration and secondary contact, the former of which could indicate 
an initial phase of sympatric divergence followed by vicariance if 
this scenario is in fact correct. However, the difference in AIC be-
tween the first (SC2MG) and the second best model (AMSC2MG) 
was well above 10, a value considered as a threshold to reject the 
second most supported model (Burnham & Anderson, 2002). In 
contrast, the “Vicariance” scenario also proposed by Avise et al. 
(1990) is compatible with the results of our study. Assuming a 
mutation rate of 10–8 per site per generation, the JAFS analyses 
suggested that divergence has started around 160,000 (±15,000) 
generations ago, an estimate not far from the ca. 200,000 gen-
erations suggested by the PSMC analysis. Generation length is 
notoriously difficult to estimate in Atlantic eels, with proposed 
estimates ranging from 8.7 (Vollestad, 1992) to 15 years (https​://
www.iucnr​edlist.org/speci​es/60344/​45833138) for the European 
eel. Based on these extreme values and our divergence time es-
timates obtained from the JAFS analysis, the beginning of diver-
gence may have occurred between 1.3 and 2.4  mya during the 
early Pleistocene. The time of secondary contact similarly inferred 
by our JAFS analysis was estimated to 87,000 – 92,000 genera-
tions ago, corresponding to between ca. 0.8 and 1.4 mya.

The dependence of Atlantic eels on the Subtropical Convergence 
Zone in the Sargasso Sea for spawning and the Gulf Stream and 
other North Atlantic currents for dispersal of larvae (Kleckner 
& McCleave, 1987; Schmidt, 1923; Tesch, 2003) points towards 

F I G U R E  2   Population size history inferred by PSMC (Li & 
Durbin, 2011) using the six whole-genome sequenced individuals, 
including two European eels, two American eels and two F1 
hybrids of the two species [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Pleistocene ocean current changes as a probable factor causing both 
vicariance and secondary contact. Although divergence must have 
taken place several glaciation cycles back in time, data covering the 
Last (Weichselian) Glaciation may illustrate the dynamics. During the 
Last Glacial Maximum ca. 21 kya, subfossil data of European eel sug-
gest that the continental distribution of the species was restricted 
to south-western Europe, and the Gulf Stream was located further 
south compared to present time (Kettle, Heinrich, Barrett, Benecke, 
& Locker, 2008). Hence, the core areas of spawning for the two spe-
cies may have been further displaced compared to the present situa-
tion and population sizes of both species are expected to have been 
smaller, leading to a reduced overlap between the spawning areas of 
the two species in this region. Moreover, palaeoceanographic data 
have revealed intermittent massive discharges of icebergs, presum-
ably from the Laurentide Ice Sheet in North America, into the North 
Atlantic (Broecker, 1994, 2003; Heinrich, 1988). These so-called 
Heinrich events have occurred during several glaciations spanning 
the last ca. 640,000 years (Hodell, Channell, Curtis, Romero, & Rohl, 
2008). The resulting melting of freshwater is assumed to have sig-
nificantly changed and weakened oceanic circulation, including the 
Gulf Stream (Broecker, 1994, 2003), hence potentially leading to vi-
cariance in Atlantic eels.

If ocean current changes during Pleistocene glaciations indeed 
underlie vicariance in Atlantic eels, then this would imply that 
multiple episodes could have taken place involving divergence 
and partial reproductive isolation followed by secondary contact. 
In this context, it should be noted that our models that assume a 
single episode of isolation and secondary contact cannot detect 
such cyclic connectivity, if it has occurred. Hence, testing scenar-
ios of multiple events of isolation and secondary contact against 
the more simple scenario involving a single episode of vicariance 
and secondary contact would be difficult with the data and meth-
ods at hand.

Interestingly, the PSMC plots of the parental species (Figure 2) 
provide little evidence for reduced Ne during glaciations and expand-
ing populations during interglacial periods, whereas both microsatel-
lite and mitogenome data have suggested population declines during 
the Weichselian Glaciation and subsequent population expansion 
(Jacobsen, Pujolar, Gilbert, et al., 2014; Wirth & Bernatchez, 2003). 
The higher mutation rate at mtDNA and microsatellites and the 
statistical methods used in these studies make them more suitable 
for exploring the more recent demographic history, whereas PSMC 
has limitations for capturing the most recent demographic events 
(Li & Durbin, 2011). Moreover, PSMC tends to smooth demographic 
history (Li & Durbin, 2011). Possible population expansions further 
back in time during interglacial and interstadial periods typically 
encompassing <20,000 years may therefore be difficult to detect. 
This is likely to underlie the different results obtained by different 
methods.

Previous attempts to date divergence between the two spe-
cies have relied on mitochondrial sequence data (Avise, Helfman, 
Saunders, & Hales, 1986; Avise et al., 1990; Jacobsen, Pujolar, 
Gilbert, et al., 2014; Minegishi et al., 2005). The most extensive of 

these studies based on whole mitogenome sequencing yielded a 
divergence time estimate of 3.4 mya (Jacobsen, Pujolar, Gilbert, et 
al., 2014), which significantly predates the estimates obtained in the 
present study. The differences between these estimates could be 
explained by uncertainties of the mutation rates assumed in both 
approaches. However, it also raises the intriguing possibility that ini-
tial divergence has occurred earlier at the mitogenome level due to 
mitonuclear co-evolution, a process which could have started be-
fore the species split. Evidence for differential selection between 
the two species at the mitochondrial ATP6 gene has previously been 
presented (Gagnaire, Normandeau, & Bernatchez, 2012; Jacobsen, 
Pujolar, Gilbert, et al., 2014), and this furthermore involves co-ad-
aptation with functional variation at the nuclear interactor atp5c1. 
ATP6 is involved in the oxidative phosphorylation pathway and 
thereby energy production. It is therefore a strong candidate for 
being under selection associated with the different lengths of mi-
gration routes from either continents to the Sargasso Sea (1,500–
3,000  km in American eel and 5,000–6,000  km in European eel). 
Under this scenario, the mitonuclear co-evolution would have been 
one of the first genetic barriers to evolve before the accumulation 
of additional barriers genome-wide during the allopatric divergence 
period.

4.2 | Differential gene flow across the genome

Our results clearly suggest that gene flow between the two Atlantic 
eel species is still ongoing, as also supported by the detection of 
admixed individuals in both species dating back to several genera-
tions post F1 (Albert et al., 2006; Jacobsen et al., 2017; Pujolar, 
Jacobsen, Als, Frydenberg, Magnussen, et al., 2014; Pujolar, 
Jacobsen, Als, Frydenberg, Munch, et al., 2014). Interspecific gene 
flow resulting from admixture occurs at variable rates across the 
genome, indicating the presence of genomic regions that are re-
sistant to introgression (Gagnaire et al., 2009). Interestingly, nu-
merous regions of increased divergence have been found that are 
enriched in genes involved in phosphorylation and development, 
which may therefore play a role in reproductive isolation (Jacobsen, 
Pujolar, Bernatchez, et al., 2014). Nevertheless, disentangling the 
different factors underlying genome-wide variation in between-
species divergence remains challenging, due to the confounding 
effects of linked selection and barrier loci on genome divergence 
(Cruickshank & Hahn, 2014; Ravinet et al., 2017). Here, accounting 
for heterogeneous introgression rates among loci clearly improved 
the fit of the secondary contact model, thus supporting the view 
that gene flow occurs at variable rates across the genome. Overall, 
our analyses based on the JAFS indicated that a rather large frac-
tion of the genome (i.e. 64%) may be experiencing restricted gene 
flow. Thus, accounting for heterogeneous gene flow might be es-
pecially important in this case, to better integrate the information 
of contrasted gene flow histories among loci for the inference of 
divergence parameters. This finding moreover indicates that the 
two species lie at the end of the speciation continuum (Roux et al., 
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2016) and only remain compatible in a relatively small fraction of 
their genome.

4.3 | Speciation in oceanic environments

The existence of sympatric speciation and its relative importance 
compared to allo- and parapatric speciation has been discussed for 
decades (Coyne & Orr, 2004; Via, 2001). It has been pointed out that 
a strict classification is counter-productive as most empirical cases 
represent a continuum between the extreme modes of speciation. 
Nonetheless, the seemingly continuous nature of marine and par-
ticularly oceanic environments should present ample opportunities 
for identifying cases of “pure” sympatric speciation not involving 
preliminary phases of allopatry, and it has even been suggested that 
sympatric speciation could be more important than allopatric specia-
tion in pelagic species (Norris, 2000). This could particularly be the 
case for organisms with a highly dispersive planktonic life stage and 
huge population sizes, where some cases of cryptic speciation and 
sympatry of sister species have been ascribed to sympatric specia-
tion [e.g. in pelagic nudibranches Glaucus spp. (Churchill, Alejandrino, 
Valdes, & Foighil, 2013) and planktonic foraminifera (Seears, Darling, 
& Wade, 2012)], albeit also noting that allopatric speciation cannot 
be ruled out entirely. In marine fishes, sympatric speciation has been 
suggested in cases such as angelfishes (Holacanthus spp.; Tariel, 
Longo, & Bernardi, 2016) and reef fishes of the genus Hexagrammos 
(Crow, Munehara, & Bernardi, 2010). In contrast, studies of diver-
gent lineages within the European sea bass Dicentrarchus labrax 
(Tine et al., 2014) and European anchovy Engraulis encrasicolus (Le 
Moan, Gagnaire, & Bonhomme, 2016) employing genomic data and 
analysis of JAFS have found strong support for scenarios involving 
isolation followed by secondary contact implying allopatric diver-
gence. Indeed, many cases of divergence and incipient speciation in 
marine fishes have been found to be directly associated with ocean-
ographic or benthic barriers (Catarino et al., 2015; Johannesson 
& Andre, 2006; Nielsen, Hansen, Ruzzante, Meldrup, & Grønkjær, 
2003; Patarnello et al., 2007).

Given the pronounced overlap of spawning region of the two 
Atlantic eel species and the seeming continuity of the ca. 2,000 km 
long frontal system in which spawning takes place (Kleckner & 
McCleave, 1987; Miller et al., 2019; Munk et al., 2010; Schmidt, 
1923), this would seem an ideal candidate for sympatric speciation 
to have occurred, as also implied in one of the scenarios originally 
suggested by Avise et al. (1990). Our study nevertheless refutes the 
possibility of strict sympatric speciation and rather points towards 
allopatric speciation followed by secondary contact. These results 
thus reiterate the need for careful consideration of cases of possi-
ble sympatric speciation, as even in seemingly barrier-free oceanic 
environments, palaeoceanographic factors may have promoted 
vicariance and allopatric speciation. Fortunately, developments in 
speciation genomics and associated statistical and bioinformatics 
methodology keep accelerating (Ravinet et al., 2017; Seehausen 
et al., 2014). Among others, this increases the possibilities for a 

more rigorous assessment of the allopatric divergence hypothe-
sis, thus addressing one of the key requirements for demonstrat-
ing sympatric speciation (Coyne & Orr, 2004). Hence, whereas the 
jury is still out, we expect that future studies will shed much more 
light on the general significance of sympatric speciation in marine 
environments.
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