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A B S T R A C T

Stickleback fishes in the family Gasterosteidae have become model organisms in ecology and evolutionary
biology. However, even in the case of the most widely studied species in this family – the three-spined stick-
leback (Gasterosteus aculeatus) – the worldwide phylogenetic relationships and colonization history of the dif-
ferent populations and lineages remain poorly resolved. Using a large collection of samples covering most parts
of the species distribution range, we subjected thousands of single nucleotide polymorphisms to coalescent
analyses in order to reconstruct a robust worldwide phylogeny of extant G. aculeatus populations, as well as their
ancestral geographic distributions using Statistical-Dispersal Vicariance and Bayesian Binary MCMC analyses.
The results suggest that contemporary populations originated from the Pacific Ocean in the Late Pleistocene, and
the Atlantic was colonized through the Arctic Ocean by a lineage that diverged from Pacific sticklebacks ca
44.6 Kya. This lineage contains two branches: one that is distributed in the Mediterranean area, from the Iberian
Peninsula to the Black Sea (‘Southern European Clade’), and another that is comprised of populations from
northern Europe and the east coast of North America (‘Trans-Atlantic Clade’). Hence, the results suggest that the
North American East Coast was colonized by trans-Atlantic migration. Coalescence-based divergence time es-
timates suggest that divergence among major clades is much more recent than previously estimated.

1. Introduction

During the past two decades, the three-spined stickleback (Gasterosteus
aculeatus), a small teleost easily reared in laboratory conditions, has be-
come one of the most important model species in ecology and evolutionary
biology (Bell and Foster, 1994; Gibson, 2005; Hendry et al., 2013; Östlund-
Nilsson et al., 2006). With a nearly circumpolar marine distribution in the
Northern Hemisphere, this species has colonized freshwater habitats mul-
tiple times since the last glacial maximum, evolving dramatic morpholo-
gical, physiological and behavioral adaptations in remarkably short periods
of time (Barrett et al., 2011). In recent years, the development of restriction
site-associated DNA (RAD) and whole-genome sequencing (WGS) has re-
sulted in a plethora of studies exploring the genomic basis of these adap-
tations (Baird et al., 2008; Hohenlohe et al., 2010; Jones et al., 2012, etc.).
As such, the combination of a broad geographic distribution, high degree of
morphological, physiological and behavioral diversity, and the availability
of extensive genomic resources has made the three-spined stickleback an
ideal candidate species to test hypotheses in the fields of biogeography
(Mäkinen et al., 2006; Orti et al., 1994), physiology (Barrett et al., 2011;
Bell, 2001; Kitano et al., 2010), developmental biology (Shapiro et al.,

2004), population genetics (Cresko et al., 2004; Leinonen et al., 2006),
comparative genomics (Guo et al., 2013), ethology (Huntingford and Ruiz-
Gomez, 2009; Von Hippel, 2010), adaptive evolution and speciation
(Gibson, 2005; Jones et al., 2012; McKinnon and Rundle, 2002).

A well-supported and highly resolved phylogeny is a prerequisite for
understanding evolutionary processes and testing ecological and evolu-
tionary hypotheses, and in particular, for untangling processes that have
shaped genomic divergence, such as natural selection and demographic
changes (Delsuc et al., 2005). Interestingly, despite its importance as a
model species for ecological and evolutionary studies, the worldwide
phylogenetic relationships and the colonization history of three-spined
sticklebacks in different ocean basins has yet to be fully resolved. As a
result, the dispersal routes and refugial origins of various lineages and
populations have been disputed. There are a number of reasons for this.

The first reason is restricted geographic sampling. Previous phylo-
geographic studies have mostly been based on limited geographic
sampling, with focus on specific geographic regions (Cano et al., 2008;
Lucek et al., 2010; DeFaveri et al., 2012; Deagle et al., 2013; Ravinet
et al., 2014; Sanz et al., 2015; Vila et al., 2017; Table 1). Although there
are a few comprehensive studies that encompass a broader geographic
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Table 1
A review of previous representative large-scale phylogenetic studies for G. aculeatus. The table contains the type of genetic marker used, the number of sampling
localities across the regions listed, and brief synopsis of the main results of each study. The most comprehensive studies conducted so far have focused on few
mitochondrial gene fragments and a handful of microsatellite loci, or based on limited geographic sampling.

Studies Years Genetic marker Location
number

Sampling range

Pacific Iberian Mediterranean

Western
Pacific basin

Eastern
Pacific basin

Iberian
peninsula

Mediterran-
ean

Adriatic sea Black sea

Haglund et al. 1992 Allozyme 16 ✓ ✓ ✓
Orti et al. 1994 mtDNA 25 ✓ ✓

Colosimo et al. 2005 SNPs 25 ✓ ✓
Mäkinen et al. 2006 Microsatellite 73 ✓ ✓ ✓ ✓
Mäkinen and

Merilä
2008 mtDNA 49 ✓ ✓ ✓ ✓

Cano et al. 2008 mtDNA &
Microsatellite

18 ✓

DeFaveri et al. 2012 mtDNA &
Microsatellite

10* ✓

Ravinet et al. 2014 mtDNA &
Microsatellite

46* ✓ ✓ ✓ ✓

Sanz et al. 2015 mtDNA 7* ✓ ✓ ✓ ✓
Liu et al. 2016 SNPs 5* ✓
Vila et al. 2017 mtDNA &

Microsatellite
17* ✓ ✓ ✓

This study 2018 Genome-wide
SNPs

70 ✓ ✓ ✓ ✓ ✓ ✓

Studies Sampling range Main findings

Europe

Western
Atlantic

Atlantic Norwegian
Sea

North sea Barents sea White sea Baltic sea Mainland
Europe

Haglund et al. ✓ ✓ ✓ Interpopulation divergence between
Pacific and Atlantic

Orti et al. ✓ ✓ ✓ ✓ Two divergent mitochondrial clades:
Japanese and North American-Atlantic
clade;
Colonization of Atlantic dates to
260–90 Kya.

Colosimo et al. ✓ ✓ ✓ ✓ Two major lineages: Atlantic and Pacific
lineage

Mäkinen et al. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ Marine ancestors colonize freshwater
during post-glaciation;
Mediterranean region colonization dates
back to the Pleistocene

Mäkinen and
Merilä

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ Three major mtDNA lineages: Trans-
Atlantic, European and Black Sea lineage;
The divergence between major lineages
occurred 170–130 Kya based on a
molecular clock calibration

Cano et al. ✓ ✓ ✓ ✓ ✓ ✓ Adriatic lineage may have a long
independent evolutionary history.

DeFaveri et al. ✓ ✓ ✓ ✓ ✓ Two divergent lineages: Adriatic and
European lineage;
Adriatic lineage is most divergent and
ancient

Ravinet et al. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ Two major lineages: European and
Trans-Atlantic lineage

Sanz et al. ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ Two independent lineages in the
Mediterranean region are divergent
from Atlantic (Portuguese) lineage;
Divergence among Iberian
Mediterranean populations precedes last
glaciation

Liu et al. ✓ ✓ ✓ Four lineages: Japanese, Euro-American,
Transatlantic and Europe lineage;
Freshwater populations are founded by
marine ancestors post-glacially

Vila et al. ✓ ✓ ✓ ✓ ✓ ✓ ✓ Iberian Peninsula has a history of
multiple colonization

This study ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ See discussion

* Other published haplotype data from previous literature were also included in the analyses.
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range, these have still failed to include either Pacific populations
(Mäkinen et al., 2006; Mäkinen and Merilä, 2008; Ravinet et al., 2014;
Sanz et al., 2015; Vila et al., 2017) or Iberian-Mediterranean popula-
tions (Orti et al., 1994), leading to an incomplete picture of the overall
phylogenetic relationships between distant lineages. The second reason
is that most phylogenetic studies conducted thus far have used either
one or two mitochondrial gene fragments and/or a few microsatellite
loci (Mäkinen et al., 2006; Mäkinen and Merilä, 2008; Orti et al., 1994;
Ravinet et al., 2014; Sanz et al., 2015). While mitochondrial DNA
(mtDNA) has remained an important marker for species phylogenies, it
is nevertheless a single, non-recombining locus that is maternally in-
herited. Thus, any tree that is reconstructed with mtDNA will only re-
flect the phylogenetic history of female lineages. Moreover, the high
and variable substitution rates in mtDNA can lead to longer branch
lengths, which may generate aberrant attraction between lineages that
is independent of the actual underlying phylogeny (Felsenstein, 1978).
Finally, mtDNA-based phylogenies (as well as phylogenies based on
single nuclear markers) are often affected by introgression and hence
may not reflect the dominant phylogenetic history of a species or po-
pulation (Leache et al., 2016). When it comes to nuclear markers,
quickly evolving microsatellites lack the power to resolve deep and
complex phylogenetic relationships (Goldstein and Pollock, 1997).
However, with the exception of a few recent SNP-based studies (e.g.,
Colosimo et al. (2005); Deagle et al. (2013)), microsatellites have re-
mained the more widely used marker among stickleback phylogenetic
studies. Hence, despite the numerous phylogenetic studies of three-
spined sticklebacks (see Table 1 for synopsis), our understanding of the
evolutionary history of this widely distributed species remains frag-
mented and incomplete, sometimes with conflicting evidence of an-
cestry.

The development of genome complexity reduction protocols such as
RAD-seq, which allows sampling a random selection of markers across
the genome, together with a rich repertoire of analytical tools has
opened the door for large phylogenomic analyses using thousands of
genome-wide polymorphisms (Andrews et al., 2016). Phylogenetic
studies that employed supermatrices of concatenated RAD loci played a
pivotal role in resolving difficult phylogenetic challenges, such as de-
fining species boundaries in recent and rapid adaptive radiations
(Wagner et al., 2013). Constructing phylogenies from multiple loci does

pose challenges, since different genomic regions likely undergo dif-
ferent sorting processes and can therefore depict different phylogenies
that do not accurately represent the species tree (Maddison, 1997;
Takahata, 1989). Rapid adaptive radiations may result in incomplete
lineage sorting (ILS), causing incongruence between phylogenetic trees
for different genomic segments and the overall population tree (Pamilo
and Nei, 1988; Rogers and Gibbs, 2014). However, under a wide range
of scenarios, methods based on the concatenation of multiple loci into
supermatrices accurately recover the underlying species tree
(DeGiorgio and Degnan, 2009; Lambert et al., 2015; Liu et al., 2014;
Rivers et al., 2016; Tonini et al., 2015), even in cases where incomplete
lineage sorting causes incongruences between individual gene trees and
the species tree (Mirarab et al., 2014). Lambert et al. (2015) show that
relaxed clock Bayesian analyses of concatenated data such as the ana-
lyses performed in BEAST2 (Bouckaert et al., 2014) can yield results
which are nearly identical to species tree methods which are still
computationally prohibitive to run on large datasets.

The aims of this study were to (1) construct a comprehensive and
robust phylogenetic hypothesis of historical relationships among three-
spined stickleback populations collected throughout their worldwide
distribution range, (2) estimate divergence times among the major
lineages, and (3) reconstruct their colonization routes. To these ends,
we utilized a large amount of RAD-seq data from samples collected
from 70 locations covering most of the species range, and reconstructed
their worldwide phylogeny and colonization routes using coalescent
and biogeographic modeling methods, respectively.

2. Materials and methods

2.1. Samples

A total of 126 three-spined sticklebacks from 70 locations spanning
the entire species’ distribution range were used in this study (Fig. 1).
Sampling included populations in the Eastern and Western Pacific
Ocean, the east coast of North America (Western Atlantic), and multiple
locations across most of Europe, covering both northern and southern
parts of the continent (Fig. 1 and Supplementary Table S1). Samples
from Northern Europe and the Pacific area included fish from both
marine (N=27) and freshwater (N=99; ponds, lakes and rivers)

Fig. 1. Map showing the 70 worldwide sampling localities of G. aculeatus spanning most parts of the species distribution range. The three-letter abbreviations refer to
sample codes used in the phylogenetic tree. Different colors refer to different regions of the sampling. See Supplementary Table S1 for sampling location details.
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habitats; only freshwater populations were sampled from Southern
Europe (Iberian Peninsula and Mediterranean; see Supplementary Table
S1 for details on habitat and sampling coordinates). Most samples had
been previously used in earlier microsatellite and mtDNA studies
(DeFaveri et al., 2013; DeFaveri et al., 2012; Mäkinen et al., 2006;
Mäkinen and Merilä, 2008), however several new locations were sam-
pled specifically for this study. Fish were collected with seine nets,
minnow traps or by electrofishing, and preserved in ethanol after an
overdose of MS-222. Two individuals of Gasterosteus nipponicus
(Higuchi et al., 2014), a sister species of G. aculeatus, were included as
an outgroup taxon to root the tree.

2.2. DNA extraction, restriction site associated DNA library construction
and sequencing

High molecular weight DNA was extracted from ethanol-preserved
pectoral fins or muscle tissues using a standard phenol-chloroform
(Sambrook and Russell, 2006) or modified salting out (Sunnucks and
Hales, 1996) protocol. A total of 128 individuals were used to build the
genomic libraries. Restriction site associated DNA (RAD) library pre-
paration and sequencing were carried out by Beijing Genome Institute,
(BGI Tech Solutions Co., Ltd, Hong Kong), following a protocol mod-
ified (see details below) from Baird et al. (2008). Briefly, genomic DNA
was digested using the restriction enzyme PstI (5′-CTGCAG-3′ re-
cognition site) and a P1 adapter containing a unique barcode, forward
amplification and sequencing primer were ligated. Ligation products
were then pooled in equimolar concentrations, randomly sheared and
size selected using a 300–500 bp window through agarose. Y-adaptors
(P2) were ligated and PCR amplification selectively enriched fragments
with P1 and P2 adaptors. The barcoded RAD libraries were paired-end
sequenced (read length of 100 bp) on four lanes of an Illumina
HiSeq2000 platform. The sequence quality was checked via Fastx-
toolkit (Gordon and Hannon, 2010). The latest reference genome of the
three-spined stickleback (release-88) was retrieved from Ensembl da-
tabase (Hubbard et al., 2005).

2.3. SNP calling

SNP calling was performed using the ipyrad pipeline (v.0.7.11;
http://ipyrad.readthedocs.io/; Eaton (2014)) with the reference as-
sembly method. First, adaptors were trimmed using cutadapt and all
bases with a Phred quality score below 20 were converted in Ns. Low-
quality bases at the 3′ end of the reads were trimmed, and reads that
contained five or more Ns after trimming (or were shorter than 50 bp)
were discarded. Second, filtered reads were mapped to the reference
genome in BWA using the function BWA mem (Li, 2013) with default
parameters in the ipyrad pipeline. The rest of the pipeline was run with
default ipyrad parameters, and in the final step of the pipeline the data
were filtered to retain only loci with a minimum read depth of six, a
maximum read depth of 1000, no more than 20 SNPs per locus,
HE < 0.5, and no more than 25% missing data as suggested by
Takahashi et al. (2014). Given that our populations share a relatively
recent ancestry, and that we used the reference assembly method rather
than a de novo assembly of RAD loci, extensive testing of ipyrad para-
meters that are known to be affected by the extent of divergence among
lineages (such as the clustering threshold, see Eaton, 2014) were not
deemed necessary.

Considering potential sources of genomic heterogeneity in sex
chromosomes (e.g., Hedrick (2007); Schaffner (2004)), we used
VCFtools v0.1.15 (Danecek et al., 2011) to exclude markers on linkage
groups IX and XIX (neo-sex chromosome system in G. aculeatus; Kitano
et al. (2009); Natri et al. (2013)). VCFtools was used to thin the dataset
for computational efficiency; a subset of unlinked markers was gener-
ated by selecting sites that were greater than 10 kb from each other. We
further filtered the final dataset by retaining only bi-allelic SNPs with a
Minor Allele Count (MAC) greater than or equal to two, and removed

SNPs with read depth exceeding 200 to exclude highly repetitive re-
gions. The final dataset consisted of a supermatrix (de Queiroz and
Gatesy, 2007), including 8079 concatenated SNPs which were con-
verted to a FASTA alignment with PGDspider v. 2.1.1.0 (Lischer and
Excoffier, 2011).

2.4. Phylogenetic inference

The most appropriate nucleotide substitution model for the final
FASTA alignment containing 8079 genome-wide SNPs was determined
using jModelTest 2 (Darriba et al., 2012). The results suggested the
general time reversible substitution model with a gamma distribution of
rates (GTR+G). We used the Bayesian Evolutionary Analysis by
Sampling Trees (BEAST2) software package v.2.4.4 to construct a
coalescent phylogeny (Bouckaert et al., 2014) using the Bayesian su-
permatrix approach (Ogilvie et al., 2016). The Bayesian phylogenetic
inference was implemented through Markov Chain Monte Carlo
(MCMC) simulations based on the relaxed log-normal molecular clock
(Drummond et al., 2006), an approach that has been shown to be less
affected by ILS than ML methods (Lambert et al., 2015). The input data
for BEAST2 was the concatenated alignment of 8079 SNPs, in FASTA
format. We ran 15 independent chains for 200million generations,
sampling the chain every 1000 trees after discarding the first 40,000
trees (20%) as burn-in. Stationarity and convergence of MCMC chains
were visually checked in TRACER v1.6 (http://beast.bio.ed.ac.uk/
tracer/). TREEANNOTATOR (Drummond et al., 2012) was used to
summarize posterior parameters from tree samples and compose a
consensus tree which was visualized with FigTree v.1.4.3 (http://tree.
bio.ed.ac.uk/software/figtree/).

2.5. Divergence time estimation

Divergence time was estimated from analyses of the concatenated
dataset in BEAST2; for recent examples of other studies that have used
concatenated genome-wide SNPs to estimate divergence time see Liu
et al. (2015), Longo and Bernardi (2015), Tariel et al. (2016) and Zhou
et al. (2018) . Time to the most recent common ancestor (TMRCA) for
lineages was estimated through BEAST2 with the joint inference of
phylogeny. To date the tree, three calibration points were used, in-
cluding two geological events and the divergence time to the outgroup
taxon.

As to the first geological calibration point, we note that the
Mediterranean Sea became connected to the Black Sea following the
end of the last glaciation. While the exact timing of this event remains a
contentious issue, multiple studies provide a rough time estimate for
the birth of the Black Sea-Mediterranean connection. The Black Sea
deluge hypothesis (Ryan and Pitman, 2000) suggests a massive flooding
event occurred about 7550 ya through the Bosphorus, a strait con-
necting the Black Sea and the Mediterranean. A radiocarbon dating
study of mollusk shells in the Black Sea continental shelf indicated that
the flooding of the Black Sea took place around 7000 ya (ca.
7460–6820 yr, Ballard et al. (2000)). Also, a study on the origin of the
Bosphorus suggests the Black Sea was in its present condition about
7000 ya (Gökaşan et al., 1997). Hence, we used 7000 ya for Black Sea
lineages as the first calibration point. A tentative tree inferred by
BEAST2 without any calibration prior supported this choice: it revealed
comparable branch lengths between Black Sea and post-glacial
northern European lineages, suggesting a recent rather than a pre-
Pleistocene origin of sampled Black Sea populations.

As to the second geological calibration point, the Baltic Ice Lake – a
historical stage of the Baltic Sea – was a large water body formed ca.
12 kya when the modern Gulf of Bothnia was still covered by the ice
cap. The lake was connected to the Atlantic Ocean ca. 10.3 kya (Nilsson
et al., 2001) via a waterway through the Närke Strait, which might have
facilitated three-spined stickleback colonization from the Atlantic to the
Yoldia Sea (the following stage of the Baltic Sea after Baltic Ice Lake)
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through Lake Vänern. Under this scenario, the TMRCA of the Baltic Sea
stickleback populations was assumed to be around ca. 10 kya.

The third calibration point was the divergence between G. aculeatus
and the outgroup taxon G. nipponicus, which according to Higuchi et al.
(2014) started two million years ago due to reproductive isolation
caused by geological changes and sea level fall in the ancient Sea of
Japan.

From the above, we assigned three calibration points respectively
for the Black Sea, Baltic Sea and the outgroup divergence. Specifically,
the monophyletic group including populations in the Black Sea (KUB,
CHO, ALM, KOL) and Aegean Sea (GAS) was assigned a TMRCA of 7 ky,
with a normally distributed prior having a mean of 0.007 (mya) and
sigma 0.00035 in BEAST2. The TMRCA of the monophyletic group
consisting of the Baltic Sea populations (Gulf of Bothnia (SWE); Gulf of
Finland (ROU, PRI, SLI, UJA)) was assumed to be 10 ky, with a nor-
mally distributed prior with a mean of 0.01 (mya) and sigma 0.00035.
Finally, we set the divergence time from the outgroup to 2mya, again
with a normally distributed prior with a mean of 2mya and sigma 0.18.

To verify the accuracy of time divergence estimation based ex-
clusively on variable sites, we estimated divergence times using both
the SNP data as well as a subset of 1000 concatenated RAD loci (i.e.,
including both SNPs and invariant bases) selected using the R package
Radami (Hipp et al., 2014) from the “loci” output file from ipyrad. The
latter dataset was used exclusively to calculate divergence times given
the tree topology estimated using the SNP data, and solely for the
purpose of confirming divergence time estimates generated with the
SNP dataset. In BEAST2, priors were given according to the topology of
the SNP tree. The rest of the settings, as well as the numbers of chains
and running generations, were identical to those used in the analysis of
the abovementioned SNP dataset. This verification analysis showed that
the two sets of markers, (i.e., SNPs and concatenated loci) yielded si-
milar divergence time estimates for all nodes, having overlapping and
very similar HPD intervals (Supplementary Table S2).

2.6. Biogeographic analyses

The ancestral geographic ranges at each node were reconstructed by
Statistical-Dispersal Vicariance Analysis (S-DIVA) and Bayesian Binary
MCMC (BBM) analysis in the program Reconstruct Ancestral States in
Phylogenies v4.0 (RASP; Yu et al. (2015)). In RASP, the BBM method
inputs posterior distribution of Bayesian inference, in this study the
consensus tree from BEAST, to reconstruct the possible ancestral dis-
tributions of given nodes via a hierarchical Bayesian approach
(Ronquist and Huelsenbeck, 2003). Enhanced S-DIVA method re-
construct s the frequencies of ancestral distribution at each node by
utilizing all posterior distribution to account for phylogenetic un-
certainty and DIVA optimization (Yu et al., 2010).

Using the R package BioGeoBEARS we collapsed the phylogeny to a
monophyletic population tree (Matzke, 2013), whose tips are mono-
phyletic populations instead of samples. Outgroups were excluded as
the input phylogeny should include only monophyletic groups (Matzke,
2013) without outgroup (Yu et al., 2015).

Distribution ranges in the analysis were divided into 10 areas, ac-
cording to geographic proximity shown in the coalescent tree (Fig. 3B).
These areas were: A (Norwegian, Barents & White Seas), B (France in-
land), C (North Sea), D (Mainland Europe), E (Baltic Sea), F (Western
Atlantic), G (English Channel), H (Mediterranean & Black Sea), I
(Iberian Peninsula), J (Pacific Ocean). For both methods, the number of
maximum areas for each node was kept at two. In the Bayesian analysis,
fixed JC+G (Jukes-Cantor+Gamma) model was used with 5,000,000
cycles, 10 chains, a temperature parameter of 0.1 and sampling every
100 generations.

2.7. Computational process

All computations were conducted in the High-Performance

Computing system provided by the Finnish IT Center for Science (CSC).
For runs with BEAST software, a BEAGLE library (Ayres et al., 2011)
was used to enhance the computational efficiency by using multi-core
and parallel graphics processors.

3. Results

3.1. Genome-wide sequencing data

The ipyrad pipeline identified a total of 15,678 loci with an average
read depth of 25.09 (average read depth ranged from 7.1 to 71.8 across
samples; see Supplementary Table S3). After filtering and thinning in
VCFtools, the final dataset for phylogenetic analysis contained 8079
genome-wide SNPs.

3.2. Worldwide phylogenetic relationships

Independent runs of Monte-Carlo Markov chains converged to equal
posterior likelihood and with high Effective Sample Size (ESS > 500).
The phylogenetic analysis revealed a well-supported topology whereby
populations generally clustered according to their geographic proximity
(Fig. 2). All but three of the interior nodes had very high posterior
probability (P > 0.99), and all had posterior probabilities higher than
0.8 (Fig. 2). Only a few peripheral nodes had lower support (see pos-
terior probabilities highlighted in red in Supplementary Fig. S1). The
phylogenetic tree identified three distinct clades in the Pacific Ocean,
with populations from the Eastern Pacific being a sister lineage for the
rest of the lineages (Fig. 2). All populations from the Western Atlantic,
the Eastern Atlantic as well as southern and northern Europe form a
monophyletic clade that diverged from the Pacific lineages within the
last 60 ky (Fig. 2). Within this monophyletic group there were two
major lineages: an older Southern European Clade, which includes all
populations from the Iberian Peninsula, the Mediterranean and the
Black Sea regions, and a Trans-Atlantic Clade composed of mostly
young populations (< 20 ky old) from the North Sea, the Baltic Sea, the
White Sea, the Barents Sea and the Western Atlantic (Fig. 2). As for the
result of divergence time estimation, TMRCA and its 95% highest
probability density (HPD) intervals for each clade were obtained from
the MCMC stationary parametric distribution (Fig. 2). The analyses
using the dataset of concatenated loci yielded similar divergence time
estimates, with all nodes having overlapping and very similar HPD
intervals to those obtained using variable sites only (Supplementary
Table S2). The probabilities of ancestral distribution areas for each
node from BBM and S-DIVA methods were basically consistent in terms
of most likely states (MLS) in nodes (MRCA) for all major lineages, with
some minor variations (see Supplementary Fig. S2 for comparison of
BBM and S_DIVA results). In view of the high degree of concordance
between BBM and S-DIVA results, only the BBM result are shown in
Fig. 3.

3.2.1. Pacific Clades
Within the Pacific, populations were grouped into three distinct

clades. The first clade included freshwater populations (PYE, MIS, BEV)
in the Eastern Pacific Basin in Vancouver and Queen Charlotte Islands,
British Columbia; the second clade consists of a marine population
(CAM) in the Eastern Pacific Basin around Vancouver Island, British
Columbia; and the third clade consists of populations in the Western
Pacific Basin, including a freshwater population in the Alaskan Kodiak
(ALA), marine populations in the Russian Anadyr Bay of the Bering Sea
(ANA) and Russian Poluostrov Kamchatka bordering the Sea of Okhotsk
(KHA, ASH), as well as populations from the East Coast of Japan (OTS,
OIR, SHI; Fig. 2). According to the BEAST analyses, the Eastern Pacific
populations are phylogenetically the most ancient ones (diverged be-
tween ca. 78.7–37.3 kya), and hence placed on a sister lineage position
with respect to the rest of the worldwide populations (Fig. 2).

The biogeographic analyses suggest the Pacific was the ancestral
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region for the worldwide populations since the ancestral range for
nodes 137 and 134 was Pacific Ocean in both BBM and S-DIVA with
almost 100% marginal probability (Fig. 3, marginal probability in
parenthesis hereafter). Node 133 was the postulated ancestral range of
Pacific Ocean (area J, 98.92%) in BBM (Fig. 3), and the Pacific Ocean
plus Iberian Peninsula (area IJ, 100%) in S-DIVA (Supplementary Fig.
S2). Hence, S-DIVA suggests the early colonization from the Pacific
Ocean to the Iberian Peninsula.

3.2.2. Southern European Clade
All samples from southern Europe formed a well-supported mono-

phyletic group composed of three clades: a French, an Iberian and a
Mediterranean clade (Fig. 2). The French clade includes only one po-
pulation (VAL) in central Le Rhône River, which started to diverge from
the rest of the European populations between ca. 42.6–23.4 kya. The
Iberian clade includes eight freshwater populations from the Iberian
Peninsula in Portugal (TER, SAD, MIB, LIM, MOG, VOU, ANC, ANO) as
well as a population in the Xúquer River discharging into the Medi-
terranean Sea in Southeast Spain (ANT; Fig. 2). The Mediterranean
clade, which started to diverge from the Iberian clade between 38.8 and
21.1 kya, is comprised of freshwater populations bordering the Medi-
terranean Sea, including populations in rivers draining into the Balearic
Sea (DAR, DAM, REC), a population in the Dalaman Stream in south-
west Turkey (TUY), Adriatic freshwater populations distributed along
the western margin of the Balkans (MIR, KRK, SKA, NON, NER, BUN),
populations in the Black Sea drainage (KOL, ALM, KUB, CHO), as well
as a population in the Eastern Spercheios River connecting to the Ae-
gean Sea in southern Greece (GRE; Fig. 2). The Adriatic Sea populations
were split into two separate groups, one of which (the southern Adriatic
Sea populations) forms a monophyletic group with the Black Sea po-
pulations (Fig. 2).

In the biogeographic analyses at node 126, shared by all Atlantic
lineages, S-DIVA suggested English Channel and Iberian Peninsula (area
GI, 100%) as ancestral areas, while BBM mostly favored Pacific Ocean
(area J, 79.26%). At node 125, representing southern European
lineages, Iberian Peninsula plus inland France (area BI, 100%) were
suggested as ancestral areas by S-DIVA while BBM postulated Inland
France (area B, 65.87%) as most likely ancestral area. In spite of slightly
different results from BBM and S-DIVA at node 125, the ancestral area
for Southern European Clade was most likely in the Iberian Peninsula
and inland France, which were not glaciated before and during LGM.

3.2.3. Trans-Atlantic Clade
The Trans-Atlantic Clade structure was characterized by two major

subclades, with a freshwater population (BUT) in southeast Britain as
sister lineage (Fig. 2). One subclade (‘Trans-Atlantic subclade’) – which
diverged from the other subclades (‘North Sea-Baltic Sea subclade’) ca.
27.6–14.7 kya – includes freshwater populations in the Norwegian Sea
area (SKF, MYV), marine and freshwater populations from the East
Coast of America (LPD, MAI, FOR), as well as populations from the
Barents and White Seas (SBJ, BOL, LEV, IND, MAS, KVA, BAR; Fig. 2).
The North Sea-Baltic Sea subclade included marine and freshwater
populations from the eastern part of the North Sea Basin (FIS, KRI,
MYR, ORR), a freshwater population in Scotland (QUI), marine and
freshwater populations from the Baltic Sea drainages (ROT, VAT, PRI,
SLI, UJA), mainland European freshwater populations (SZO, MUR,

NEV, SLU, TET), as well as populations from various northern European
regions (Norwegian Sea: TAK, FAR; Barents and Whites Seas: KEV;
North Sea: KIN, ORR; France: CHA; Fig. 2). The Trans-Atlantic Clade is
younger than all other major phylogeographic lineages, as all of its
populations, with the exception of the population from the English
Channel (BUT), were estimated to have originated following the end of
the last glaciation. In all cases, divergence time HPD intervals were
residing well within the post-glacial period that commenced in the
Northern Hemisphere approximately 20 kya (Clark et al., 2009).

The biogeographic analyses suggest that the ancestral area for node
101 was the English Channel (BBM: area G, 64.68%) or areas AG (50%)
and CG (50%; S-DIVA). The possible ancestral range for the node 100
was area AC (100%; S-DIVA) or area A (47.85%; BBM). Putting together
nodes 126, 101 and 100, BBM suggested a colonization route from the
Pacific to the English Channel then through the Atlantic to Northern
Europe, while S-DIVA indicated colonization from the Pacific plus
Iberian Peninsula to English Channel, and through the Atlantic to
Northern Europe. Hence, both results indicated a colonization scenario
from south to north in the Atlantic region after dispersal from the
Pacific, and that the ancestral area for the trans-Atlantic populations
was around the English Channel.

At node 99, which represents the most recent common ancestor for
populations from the Western Atlantic (area F) and the majority of
Norwegian Sea, Barents Sea and White Sea areas (area A), area A was
postulated as the ancestral region by both BBM (97.19%) and S-DIVA
(100%). Hence, the agreement between both analyses suggests that the
Western Atlantic populations were colonized from northern Europe.
The possible ancestral area for the node 85 was North Sea (BBM:
98.42% S-DIVA; 100%), suggesting colonization from the North Sea to
the Baltic Sea and Inland Europe.

4. Discussion

4.1. Worldwide phylogeny and colonization scenario

In this study we reconstructed the phylogeographic history of three-
spined sticklebacks using genomic data from populations representing
the entire species distribution range. By employing the most geo-
graphically comprehensive sampling design to date and the analyses of
thousands of independently assorting nuclear loci we unveiled the re-
lationships and estimated divergence time for all the major lineages,
overcoming the limitations of previous studies due to sparse sampling
and the inherent biases associated with the use of mtDNA data. The
results suggest that all sampled populations of three-spined sticklebacks
share a very recent ancestry, and are the result of multiple waves of
colonization that started from the Eastern Pacific in the Late Pleistocene
(< 80 kya), much more recently than previous estimates based on
mtDNA data (Mäkinen and Merilä, 2008; Orti et al., 1994). Northern
European as well as eastern American populations were likely re-
colonized from marine populations in western Europe advancing along
the margin of the retreating ice sheet, rather than from a northern range
expansion of Balkan populations as previously suggested (DeFaveri
et al., 2012; Hewitt, 2000). Furthermore, the discovery that the Black
Sea lineage forms a monophyletic group with populations from the
Aegean Sea and is very closely related to the Southern Adriatic lineage
disproves the hypothesis of a pre-Pleistocene colonization of the Black

Fig. 2. Time-calibrated worldwide phylogenetic tree of G. aculeatus. (A) The schematic globe shows the sampling localities (colored dots) and hypothesized major
colonization routes; shaded colors indicate the distribution of major clades and colors correspond to those in the phylogenetic tree: blue (Pacific Clades), red
(Southern European Clade) and yellow (Trans-Atlantic Clade). (B) The time-calibrated worldwide phylogenetic tree of G. aculeatus including sampling codes,
sampling regions and habitat. ‘Distribution’ indicates the sea basins the samples originate from. Marine habitats are labeled with blue rectangles on the left side of the
sampling code. The horizontal axis of evolutionary time is labeled by geographic events: Bering Seaway opening period (ca. 60–30 kya) and the Last Glacial
Maximum (LGM, ca. 26–20 kya). Almost all nodes had extremely high posterior probability and unlabeled nodes have posterior probability values ≥0.99. Purple
horizontal bars depict the 95% highest posterior density (HPD) intervals around the mean ages and values are presented in the parentheses. Time calibration points
are given in nodes with squares. Nodes with black dots refer to major colonization events at (A). Closely related samples are collapsed and marked with triangles. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Reconstruction of ancestral distribution using RASP. (A) The schematic globe shows the sampling localities (colored dots) and hypothesized major coloni-
zation routes inferred in this study. Shaded colors and letters indicate ten distribution ranges considered in the analysis. (B) The key indicating the 10 distribution
ranges, corresponding coded letters (A to J) and colors in this figure. (C) The results of the Bayesian Binary MCMC (BBM) analysis. Pie charts illustrate the probability
of distribution areas of the most recent common ancestor (MRCA). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Sea from the Atlantic through the Baltic Sea and northeastern Europe
(Crivelli and Britton, 1987; Münzing, 1963; Sanz et al., 2015) and
supports the view that the Black Sea was colonized very recently from
the Mediterranean through the Bosphorous as suggested by Mäkinen
et al. (2006) and Mäkinen and Merilä (2008), settling a decade-long
controversy. This result is unlikely to be driven by a constraint imposed
by the calibration point, as preliminary analyses with no time calibra-
tion revealed that the Black Sea populations formed a monophyletic
lineage nested within the Mediterranean clade. Hence the results pre-
sented in this study change our understanding of the evolutionary
history of three-spined stickleback populations, particularly in Europe
and the Eastern Atlantic. The results suggest that molecular dating
based on long-time phylogenetic rates of mtDNA in past studies led to
greatly overestimated divergence times among major G. aculeatus
lineages, a hypothesis first discussed by Mäkinen and Merilä (2008) but
never tested.

4.1.1. Pacific region
Our results confirm the Eastern Pacific lineage is the sister lineage of

other Pacific lineages, which coincides with the mtDNA Trans-North-
Pacific (TNP) lineage sensu Lescak et al. (2015) first identified by Orti
et al. (1994), but suggest that geographic expansion from ancestral
populations in the Eastern Pacific occurred in the Late rather than
Middle Pleistocene. The ancestors of present-day three-spined stickle-
backs likely originate from a refuge in the Eastern Pacific Basin, from
which dispersal to the west occurred between ca. 78.7–37.3 kya, in the
Late Pleistocene but before the LGM. During the following westward
colonization course, the three-spined sticklebacks reached the Bering
Sea region and likely migrated to the Atlantic Ocean following a Trans-
Arctic connection (ca. 59.4–31.3 kya) through the Bering Seaway
(Bering Strait) during its opening period (ca. 60–30 kya) preceding the
LGM.

This interpretation postulates a far more recent colonization sce-
nario than previously hypothesized. The Bering Seaway opened around
3mya creating the possibility for marine fauna to colonize the Atlantic
from the Pacific Ocean via a trans-Arctic route (Herman and Hopkins,
1980; Laakkonen et al., 2013; Orti et al., 1994; Väinölä, 2003). Ac-
cording to fossil evidence, the earliest migration of three-spined stick-
lebacks from the Pacific to the Atlantic could be traced back to the late
Tertiary or Early Pleistocene (Bell and Foster, 1994), approximately
2mya. Orti et al. (1994) dated the colonization from the Pacific to the
Atlantic ca. 90–260 kya using mtDNA data, and suggested a more re-
cent replacement of the original Atlantic mitochondrial lineage as a
result of local extinctions or severe bottleneck followed by a more re-
cent invasion from the Pacific.

Orti et al. (1994) used cytochrome b sequence data and a molecular
clock calibration based on the divergence between three- and nine-
spined sticklebacks, which initiated ca. 10mya (Bell and Foster, 1994).
As it is now widely recognized, mutation rates can be strongly time-
dependent, a phenomenon known as heterotachy: rapid short-term
mutation rates decay exponentially to long-term phylogenetic rates
over periods of hundreds of thousands to millions of years (Burridge
et al., 2008; Ho and Larson, 2006). This phenomenon, in part due to the
disappearance of transient polymorphism (see review in Ho et al.
(2011)), has important implications when reconstructing recent evo-
lutionary events, as the use of distant calibrations based on fossil re-
cords might lead to greatly overestimate divergence times. Mäkinen
and Merilä (2008), who also used the divergence of three- and nine-
spined sticklebacks to calibrate the molecular clock in their study,
discussed these limitations.

Within the Pacific, the Alaskan population (ALA) on Kodiak Island
diverged prior to the rest of the Western Pacific lineages, suggesting
that the three-spined sticklebacks firstly reached the Northern Pacific
from the east. Russian populations in the Bering Sea and Sea of Okhotsk
(ANA, KHA, ASH), and the Japanese populations (SHI, OIR, OTS) are
younger and share a recent ancestry with the Kodiak Island population,

suggesting both phylogenetic groups are the result of a westward co-
lonization from ancestral populations in the Eastern Pacific. The
Atlantic basin lineages are phylogenetically closer to the Western
Pacific lineages than the Eastern Pacific ones. This pattern is in contrast
with the previous findings of a Japanese mtDNA clade (Orti et al.,
1994), where sticklebacks in Japan (major Japanese clade in that study)
were more divergent from the Atlantic basin sticklebacks. In support of
our suggestion, Colosimo et al. (2005) identified two divergent lineages
across the trans-Pacific region using 193 SNPs from 25 random nuclear
loci, and indicated the Western Pacific lineage is closely related to the
Atlantic sticklebacks.

4.1.2. Europe and the Atlantic region
The phylogeny of European and Atlantic three-spined sticklebacks

suggests that the latest colonization of both Northern Europe and the
Western Atlantic followed the end of the last glaciation. The biogeo-
graphic analyses indicate that the three-spined stickleback colonization
of Northern Europe and the Western Atlantic occurred most likely from
southern European refugia. The divergence of Southern European,
Northern European and Eastern Atlantic lineages is also more recent
than previous studies suggested. Mäkinen and Merilä (2008) estimated
that major lineages within the trans-Atlantic clade diverged roughly
130–170 kya, much earlier than we estimated in our study (45–25 kya).
Mäkinen and Merilä (2008) admitted that with a more recent calibra-
tion point (between 1 and 2 Mya, as we have used in this study), the
substitution rate could have been faster and the divergence time of the
main lineages more recent. They noted that if the short-term substitu-
tion rate for cytochrome b was approximately 0.1/Mya (Mäkinen and
Merilä, 2008) – a more likely short-term substitution rate for this gene
(Burridge et al., 2008) – then different lineages within the Atlantic
clade would have diverged between 32 and 25 kya, congruent with our
findings.

The nuclear phylogeny uncovered in this study differs in topology
from previous studies from the Atlantic and Mediterranean regions. In
southern Europe, two independent Adriatic lineages as well as a distinct
Black Sea lineage were identified, consistent with the two independent
Adriatic lineages in mtDNA phylogenies found by DeFaveri et al. (2012)
and Mäkinen and Merilä (2008). However, there are several incon-
gruences between our phylogenetic reconstruction and previously
published mtDNA phylogenies. For example, in our tree both Adriatic
lineages are grouped in the Southern European Clade while in the
previous mtDNA tree the northern Adriatic sublineage belonged to the
present Trans-Atlantic Clade (the European lineage sensu Mäkinen and
Merilä (2008)). Our phylogeny also supports the hypothesis that the
Black Sea was recently colonized from the Mediterranean (Mäkinen
et al., 2006; Mäkinen and Merilä, 2008), and refutes the hypothesis of a
pre-Pleistocene colonization of the Black Sea from the Atlantic through
North-Eastern Europe, as suggested by Sanz et al. (2015) on the basis of
mtDNA data.

The scenario of colonization of Northern European populations we
present in this study is also different from previous hypotheses based on
mtDNA data. For example, noticing that based on mtDNA data northern
Adriatic populations were similar to Northern European lineages,
DeFaveri et al., (2012) hypothesized that Northern Europe might have
been re-colonized following the LGM via a northern expansion of
Balkan ancestral populations, as it has been suggested for terrestrial
fauna and flora (Buj et al., 2008; Cooper et al., 1995; Demesure et al.,
1996; Konnert and Bergmann, 1995; Ursenbacher et al., 2008). Our
results, however, suggest that colonization of Northern Europe was
achieved by an expansion of marine populations (see below).

Such discrepancy between phylogenetic reconstruction from nu-
clear data and mtDNA haplotypes are common (Toews and Brelsford,
2012), and often reflect the fact that mtDNA is inherited as single
linkage group providing only one independent estimate of the species
tree. This issue is particularly important when there is incomplete
lineage sorting and/or gene flow and is exacerbated by the higher
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genetic drift due to lower effective size of the mitochondrial genome
and sex-biased dispersal (Hoelzer, 1997).

Of particular interest is the finding that the Western Atlantic po-
pulations share a recent ancestry with Northern European populations,
suggesting a very recent colonization from Europe by way of surface
current circulation in the North Atlantic during the Holocene (12.4–4.5
kya). The Trans-Atlantic Clade includes many closely related popula-
tions from a wide range of open sea regions, which covers the north-
western Atlantic, the Norwegian Sea, the Barents Sea and the White
Sea. The ability of long-distance migration of G. aculeatus, even across
the oceans, has been confirmed by phylogenetic analysis and genetic
evidence that identical haplotypes appear on opposite sides of the
Pacific ocean (Johnson and Taylor, 2004; Mäkinen and Merilä, 2008;
Orti et al., 1994; Vila et al., 2017). The trans-Atlantic subclade diverged
ca. 27–14 kya, at the end of the LGM period at a time when the surface
glacial North Atlantic Currents in the central North Atlantic were
flowing counterclockwise (Seidov et al., 1996). When they reached the
western margin of Europe and eastern margin of North America, there
was a northward flow towards the Norwegian Sea area in the west of
Ireland (Seidov et al., 1996). The existence of a monophyletic Trans-
Atlantic Clade including Northern European as well as Eastern Amer-
ican populations, along with the proven long-distance dispersal ability
of the species and the fact that past current patterns provided a plau-
sible mean of dispersal and colonization strongly suggest that the
Norwegian, Barents and White Sea as well as North American popula-
tions were colonized from the western margin of Europe following the
end of the last glaciation periods via dispersal along oceanic currents.

Eastern North Sea sticklebacks could have been the first to colonize
the modern North Sea and Baltic Sea region, since they were identified
as the earliest diverging lineage in the North Sea-Baltic Sea subclade
(diverged ca. 25.9–13.9 kya). This interpretation is concordant with the
physical geography of the North Sea region during later Weichselian
glaciation and Bølling-Allerød interglaciation (before ca. 13 kya), when
there was just a Norwegian Trench (nowadays Eastern North Sea part)
surrounding the southern border of Norway and above the Doggerland
landmass (Coles, 2000). It is plausible that three-spined sticklebacks
initially reached the North Sea area through either the Norwegian Sea
or continental river catchments flowing to the North Sea basin.

The biogeographic analyses suggest that the ancestral area for the
Trans-Atlantic Clade was around the English Channel, and that for the
Southern European Clade in the Iberian Peninsula and inland France. It
is noteworthy that the British Isles and France went through major
geological changes during the Pleistocene. Before 17 kya there was a
landmass, known as 'Doggerland', connecting the British Isle to con-
tinental Europe across the North Sea (Gaffney et al., 2007). The location
around the English Channel harboring a population (BUT; 51°43′43″N,
0°9′38″E) was not covered by the ice cap during the LGM according to
the reconstructions of the maximum extent of the Fennoscandian ice-
sheet (Boulton and Hagdorn, 2006). The southern British Isle was once
connected to northern France, and all the indigenous freshwater fishes
are supposed to have invaded England during the existence of the
Doggerland landmass through a connected river system from the
southern part of continental Europe, or survived in refugia (Ravinet
et al., 2014; Wheeler, 1977).

Refugia for G. aculeatus and other taxa have been identified across
southern Europe (Hewitt, 2000). In our phylogeny, the most ancient
population (VAL) in the Southern European Clade diverged from the
rest of South European lineages ca. 42.6–23.4 kya, and resides in the Le
Rhône River drainage in southern France, a known refuge during the
last glaciation (DeFaveri et al., 2012; Mäkinen and Merilä, 2008; Sanz
et al., 2015). Moreover, plenty of studies have suggested multiple co-
lonization events in southern Europe, which is also corroborated by the
latest mtDNA phylogeny studies (Lescak et al., 2017; Vila et al., 2017).
In particular, Vila et al. (2017) detected a haplotype (H19) which ap-
peared in both northwestern Spain and the British Isles, but did not
determine an explicit dispersal direction for this haplotype. On the

whole, we suggest that ancestral three-spined sticklebacks survived in
the area of English Channel and France through the LGM and dispersed
thereafter across the Atlantic and towards northern Europe.

Interestingly, the Trans-Atlantic Clade also includes a lineage
comprising of freshwater populations from mainland Europe, and a
group of populations from multiple scattered regions. This complicated
phylogenetic pattern in the post-glacial clade might be accounted by
repeated recolonization events, as well as by numerous glacial refugia
sources or ancestral population origins for present populations. The
phenomenon of complex and shallow phylogenetic relationships in
post-glacial lineages has also been noted in previous studies, as for
instance in a limited geographic region like Switzerland (Lucek et al.,
2010) and across vast regions of Europe (Sanz et al., 2015). Accord-
ingly, it is not surprising that a freshwater population in France (CHA),
which would be expected to belong to the Southern Europe Clade,
clusters in this mixed group. This might be explained by a post-glacial
migration event from the south.

4.2. Analytical considerations

Our analyses suggest substantially more recent divergence among
major three-spined lineages than indicated by previous studies.
However, divergence time estimates are only as good as the underlying
data, and various unaccounted factors can influence them.

First, there may be heterogeneity in nucleotide substitution rates
among different lineages (Martin and Palumbi, 1993; Weir and
Schluter, 2008), owing, for instance, to differences in their physiology
and life history. Generation length in southern and northern three-
spined sticklebacks are known to differ (Baker, 1994; DeFaveri and
Merilä, 2013), but unfortunately, the generation time for most of our
study populations is unknown. Nevertheless, to reduce the possible
effects of variation in generation time to the time calibration, we
adopted the relaxed-clock phylogenetic model in BEAST2 to estimate
lineage-specific substitution rates. Hence, variations in evolutionary
rates among lineages were accounted for in phylogeny construction.

Second, also complex population histories involving gene flow and
admixture could affect genetic distances and divergence time estima-
tion (McKinnon and Rundle 2002). In fact, cases of introgression have
been reported in three-spined stickleback (Lescak et al., 2015; Liu et al.,
2016; Yamada et al., 2001). However, divergence in the presence of
gene flow is a general challenge for constructing calibrated phylogenies
(Nosil, 2008). Incorporating genetic data from multiple nuclear loci can
help to reduce the bias due to this effect (Hare, 2001), at least compared
to single locus trees. While relaxed clock Bayesian analyses of con-
catenated data are robust to issues such as incomplete lineage sorting
(Drummond et al., 2006; Lambert et al., 2015), the possibility that in-
trogression is affecting our results cannot be completely discarded.
However, gene flow between the major phylogenetic lineages (Pacific
vs. Europe/Atlantic) seems very unlikely. Previous studies have de-
monstrated complete mitochondrial lineage sorting (Orti et al., 1994)
and very high FST estimated from microsatellite data (Mäkinen et al.,
2006) among the major lineages, suggesting that large-scale gene flow
between the Pacific and the Atlantic, or between Southern and
Northern European populations is unlikely. Hence, our divergence time
estimates of major lineages are unlikely to be affected by recent or
contemporary gene flow. Within the southern European lineage, only
freshwater populations exist today. Hence gene flow among these lo-
cations and recent events of introgression can be discarded. The main
regions where introgression could affect phylogenetic reconstruction
are Northern Europe and the north Pacific. In both regions we have
some of the least supported nodes in our phylogeny (Fig. S1). Lambert
et al. (2015) noted that relationships strongly affected by incomplete
lineage sorting usually appear as weakly supported nodes in con-
catenated trees, particularly in short branches. Previous studies have
uncovered extensive patterns of admixture between the Eastern and
Western Pacific lineages, particularly in the northern populations of
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British Columbia and Alaska (Lescak et al., 2015). In this light, it seems
at least possible that the phylogenetic position of two populations in
our tree (CAM, British Columbia and ALA, Alaska, Fig. 2), which form
two groups separated from both the Eastern and Western Pacific
lineages and somehow intermediate between them, are in part a re-
flection of introgression between the Eastern and Western Pacific
lineages.

5. Conclusions

In conclusion, our analyses based on genome-wide SNPs and
worldwide sampling of populations resulted in a robust phylogenetic
hypothesis of evolutionary relationships among sampled three-spined
stickleback populations. The results confirm the hypothesis that the
area of origin for this species resides in the Eastern Pacific, but suggest
that geographic expansion was far more recent than previously thought.
After dispersal to the Western Pacific, the species likely colonized
Europe through the Arctic Ocean before the LGM, and subsequently
(and post-glacially) recolonized Northern Europe and the North
American East Coast. Within the three main clades identified, most of
the populations were estimated to have diverged post-glacially, and
even the divergence times between main clades appear to be more re-
cent than suggested by previous studies. Furthermore, we resolved
controversies over hypothesis of colonizations of both the Baltic Sea
and the Black Sea, which we suggest to stem from inherent limitations
of the mtDNA data that were used in previous studies.

6. Data availability

The short sequence reads (RAD sequences) used in this study have
been deposited in the GenBank Short Read Archive (Bioproject
PRJNA453151, Short Read Archive SRP142676, Accessions
SRR7067148- SRR7067275). VCF file and the alignments used for
phylogenomics analyses, ipyrad parameter file and phylogenetic trees
from this study are accessible via the DRYAD digital repository (doi: 10.
5061/dryad.2529hr1).
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