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Abstract Neutral and adaptive variation among popula-
tions within a species is a major component of biological
diversity and may be pronounced among insular popula-
tions due to geographical isolation and island specific
evolutionary forces at work. Detecting and preserving
potential evolutionary significant units below the species
rank has become a crucial task for conservation biology.
Combining genetic, phenotypic and ecological data, we
investigated evolutionary patterns among the enigmatic
threespine stickleback populations from western Mediter-
ranean islands, all of which are threatened by habitat
deterioration and climate change. We find indications that
these populations derive from different genetic lineages,
being genetically highly distinct from the stickleback of
mainland Europe and the northern Atlantic as well as from
each other. Mediterranean island stickleback populations
are also phenotypically distinct from mainland populations
but interestingly stickleback from Iceland have converged
on a similar phenotype. This distinctive island stickleback
phenotype seems to be driven by distinct selective regimes
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on islands versus continents. Overall, our results reveal the
status of western Mediterranecan island stickleback as
evolutionarily distinct units, important for conservation of
biodiversity.
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Introduction

Species and even entire ecosystems are currently threat-
ened by an array of anthropogenic changes to the envi-
ronment, including global warming (Pereira et al. 2010),
eutrophication (Seehausen et al. 1997; Taylor et al. 2006;
Vonlanthen et al. 2012) or the introduction of nonnative
species (Elton 1958; Lockwood et al. 2007). As a result,
many endemic species and distinct populations with small
geographic ranges have either become extinct, experienced
severe genetic bottlenecks that threaten their ability to
adapt to changing environments (Lande 1998), or become
genetically homogenized with introduced populations of
related species (Olden et al. 2004). In particular, insular
ecosystems, which in many cases harbor the phenotypically
and genetically most distinctive populations within other-
wise widely distributed species (Foster 1964; Case 1978;
Whittaker and Fernandez-Palacios 2007), are vulnerable to
climatic and human-induced perturbations (Ricketts et al.
2005; Courchamp et al. 2014). Freshwater organisms on
Mediterranean islands belong to the most threatened spe-
cies, but assessment of genetic and phenotypic distinc-
tiveness is in most cases still lacking (Kottelat and Freyhof
2007; Cuttelod et al. 2008; Geiger et al. 2014).

Islands may generally harbor genetically and pheno-
typically distinct populations more often than mainland
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sites, following the “island rule” (Foster 1964; Case 1978;
Lomolino 1985). The latter suggests that insular popula-
tions of small vertebrates evolve an increased body size,
whereas large vertebrates evolve dwarf populations on
islands, potentially due to partial release from competitors
and predators, often leading to further phenotypic adapta-
tion (Case 1978; Lomolino et al. 2012). Albeit the island
rule has been validated in many vertebrate taxa, examples
from freshwater fish are relatively rare (Lomolino 2005,
but see MacColl et al. 2013).

The threespine stickleback (Gasterosteus aculeatus
species complex) is an ancestrally marine species with a
circumpolar distribution in the Northern Hemisphere.
Throughout its range, it has repeatedly colonized fresh-
water systems, and most extant freshwater populations are
young, having been formed after the last glacial maximum
about 12,000 years ago (McKinnon and Rundle 2002). In
Europe, freshwater stickleback exist from Iceland down to
southern Italy and Greece, having been relatively wide-
spread in freshwaters along the Mediterranean coast (e.g.,
Crivelli and Britton 1987; Lobdn-Cervia et al. 1988;
Mikinen et al. 2006; Mékinen and Merild 2008; Araguas
et al. 2012) and reaching as far south as Syria (Krupp and
Coad 1985). The repeated evolution of freshwater popu-
lations from marine ancestors was often facilitated by the
maintenance of freshwater-adapted alleles at low frequen-
cies in the ancestral marine gene pool due to some ongoing
gene flow from freshwater adapted populations to the
ancestral marine populations (Schluter and Conte 2009;
Jones et al. 2012). Consequently marine populations harbor
a large standing genetic variation, upon which selection
can rapidly act during the colonization of new freshwater
bodies. However, marine stickleback do not occur farther
south in the Atlantic ocean than the Bay of Biscay and are
absent from the Mediterranean Sea (Miinzing 1963;
Mikinen et al. 2006). Freshwater stickleback populations
from southern Europe are thus geographically strongly
isolated from marine stickleback and cannot have
exchanged genes for a significant length of time. Despite
their patchy but geographically wide distribution in the
Mediterranean bioregion, only three Mediterranean islands
are known to harbor freshwater stickleback, all in the
western Mediterranean: Mallorca (Riera 1980; Lobdn-
Cervia et al. 1988), Corsica (Gauthier and Rose 1974) and
Sardinia (Bertin 1925; Miinzing 1963; Bianco 1980; Kot-
telat and Freyhof 2007; Orru et al. 2010).

The absence of a contemporary marine stickleback
population has rendered the current biogeographic distri-
bution of Mediterranean freshwater stickleback somewhat
of an enigma (Bertin 1925; Miinzing 1963). Some have
suggested that the existing populations may represent gla-
cial relicts, where marine fish from the Atlantic Ocean had
occurred in the Mediterranean Sea and colonized
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Mediterranean freshwater sites from there during the last
glacial maximum when water temperatures and salinities
were lower (Miinzing 1963). Genetic analyses of mainland
populations imply that Mediterranean freshwater stickle-
back may indeed be remnants of several glacial refugia
(Mikinen et al. 2006). The absence of potential gene flow
through the Mediterranean Sea among these freshwater
mainland populations has moreover led to high genetic
differentiation amongst them, even between geographically
close populations (Cano et al. 2008; Mikinen and Merild
2008; Araguas et al. 2012; DeFaveri et al. 2012).

Albeit stickleback are listed as a species of least concern
for conservation by the IUCN, they are locally threatened,
especially in the Mediterranean region (Araguas et al.
2012, NatureServe 2015). Recent conservation-related
assessments of mainland Mediterranean stickleback sug-
gested that many of the contemporary populations repre-
sent distinct evolutionary significant units, i.e., forming
unique adaptive groups due to their genetic and ecological
distinctiveness (Ryder 1986; Moritz 1994). They differ
from other European populations genetically and pheno-
typically (Mikinen et al. 2006; Cano et al. 2008; Mikinen
and Merild 2008; DeFaveri et al. 2012) as well as on a few
occasions in their life history (Crivelli and Britton 1987,
Clavero et al. 2009). Many of the populations have
declined or even become extinct since the beginning of the
20th century. The remaining populations are currently
threatened by an array of factors, including habitat frag-
mentation, the release of non-native fish species or
anthropogenic changes of the flow regime due to the
withdrawal of water for agricultural irrigation (Clavero
et al. 2009; Orru et al. 2010; Araguas et al. 2012). More-
over, the Mediterranean climate itself with its alternate dry
and wet periods and irregular flash floods may negatively
affect the remaining populations (Gasith and Resh 1999),
with climate change likely to result in extended dry periods
with often very low residual water flow (Palmer and Rai-
sianen 2002).

Much of the current knowledge on the genetic and
phenotypic distinctiveness of Mediterranean stickleback is
based on mainland populations, whereas island populations
are understudied. Using microsatellite markers, we first
infer the genetic relationships between populations from
the three Mediterranean islands where stickleback were
known to occur in relation to other mainly mainland pop-
ulations from across Europe. Based on mitochondrial
DNA, we further assess if the observed population genetic
structure may be a result of different colonization histories
and/or glacial refugias. Subsequently, we test to which
degree these Mediterranean island populations may differ
in their ecology and phenotype from their mainland
counterparts and moreover compare them to an island
population in northern Europe (Iceland).
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Materials and methods

Stickleback were collected from all Mediterranean islands
where their presence had previously been indicated, i.e.,
Corsica (Gauthier and Rose 1974), Mallorca (Lob6n-Cer-
via et al. 1988) and Sardinia (Bianco 1980). To assess the
degree of genetic and phenotypic distinctiveness of these
Mediterranean island stickleback in relation to other
European populations, ten populations from across Europe
were included (Fig. 1; Table 1). Individuals were collected
using minnow traps and hand nets. In all cases, fish were
sacrificed with an overdose of clove oil and preserved in
70 % ethanol. A fin clip was additionally taken for genetic

Fig. 1 Overview of the studied
populations: a Map of Europe
(© Wikimedia) with the
populations included in this
study highlighted. Populations
from islands are highlighted in
color (orange Iceland, red
Mediterranean).

b Representative examples of
each sex for the different
stickleback populations:

A Iceland Marine, B Iceland
Lake, C Poland, D Constance
Lake, E Constance Stream,

F Geneva Lake, G Geneva
Stream, H France Stream 2,

I France Stream 1, J Galicia,
K Mallorca, L Corsica,

M Sardinia. Pictures for
populations C, J and M were
taken from preserved
specimens. Note that individuals
are not scaled by size. See
Table 1 for details. (Color figure
online)

analysis and preserved in absolute ethanol. Our studied
populations originate from different freshwater habitats
(i.e., lakes and streams) in order to cover much of the
ecological variation among European freshwater stickle-
back to which the Mediterranean populations can be
compared. In addition, one marine population from Ice-
land, representing a putative ancestral state of all European
freshwater stickleback was included (Orti et al. 1994,
Mikinen et al. 2006). Populations were further assigned to
belong either to northern or southern Europe, depending on
whether the respective catchment was in reach of the
contemporary population of Atlantic marine stickleback
(populations A-F in Fig. 1) or not (populations G-M).
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Table 1 Summary of all populations used in this study with their
coordinates and country of origin, their relative geographical origin
within Europe and their connectivity as well as the habitat they were

sampled in and the sample size for morphology, stomach content
analysis and microsatellites respectively (see main text for details)

Population Country Geography  Connectivity Habitat Latitude (N) Longitude NMorphology ~ Nstomachs ~ Nysats
Mallorca Spain South Island Stream  39°47'18.5”  3°04'39.1” E 26 26 29
Galicia Spain South Mainland Stream  42°36'13.2"  7°43'16.1” W 9 9 30
Corsica France South Island Stream  41°59'46.1”  9°22/41.,5" E 32 32 29
Sardinia Italy South Island Stream  39°26'06.2" 8°45'13.0" E - - 21
Sardinia® Italy South Island Stream  39°16/9.32”  8°48'40.6" E 14 - -
France Stream 1 France South Mainland Stream  43°54'33.6”  5°05'08.7” E 20 20 21
France Stream 2 France South Mainland Stream  45°58'03.6”  5°17'39.6” E 32 - 26
Geneva Lake Switzerland ~ South Mainland Lake 46°31'02.07  6°34'40.7" E 40 37 29
Geneva Stream Switzerland ~ South Mainland Stream  46°12'47.7”  7°18'25.5" E 51 33 30
Constance Lake Switzerland  North Mainland Lake 47°29'08.4"  9°32'384” E 30 25 27
Constance Stream  Switzerland  North Mainland Stream  47°19'36.8”  9°34'04.5” E 30 32 23
Poland Poland North Mainland Stream  50°03'13.17 19°14'46.4” E 20 - 22
Iceland Lake Iceland North Island Lake 65°36'52.1”  17°03/30.1” W 30 - 31
Iceland Marine Iceland North Island Marine  65°02/39.5”  22°27'28.6" W 45 - 41

% Samples from the Natural History Museum Vienna (NHW-83118)

Because only subadult individuals were caught in Sardinia,
which differ phenotypically from adults (Bell 1981), the
respective phenotypic data was collected from adult
museum specimens that were collected from a different site
in the same catchment ~20 km away (natural history
museum in Vienna ID: NHW-83118). Due to formalde-
hyde preservation, none of the museum specimens were
available for DNA extraction.

Morphology

Sixteen linear morphological traits that are known to be
linked or involved in ecological diversification of stickle-
back (e.g., Kristjansson et al. 2002; Mori and Takamura
2004; Berner et al. 2008) were measured to the nearest
0.01 mm using a digital caliper. These traits were either
related to anti-predator defense (length of the first and
second dorsal spine, the pelvic spine and the pelvic girdle),
feeding ecology (head length, upper jaw length, snout
length, eye diameter) or to general body shape and swim-
ming performance (standard length, width of the pelvic
girdle, body depth measured after the first and second
dorsal spine, caudal peduncle length, basal length of the
anal and dorsal fin, total length of the pelvic fin). Because
all linear traits were significantly correlated with standard
length (results not shown), a size correction was applied by
using the residuals of a regression of each trait against
standard length, pooling all individuals and populations. In
addition to the linear morphological measurement, the
number of lateral plates was counted for each individual on
its left flank.
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To estimate the overall phenotypic differentiation
among individuals, a principal component analysis (PCA)
was conducted combining all size-corrected linear mea-
surements. A second PCA was performed using only size-
corrected defense-related linear measurements, as these
traits commonly differ between stickleback from northern
and southern Europe (e.g., Gross 1978; Lob6n-Cervia et al.
1988; Cano et al. 2008). To subsequently test if geography
(northern or southern Europe) or insularity (island or
mainland) may account for the observed phenotypic vari-
ation among freshwater populations along the two leading
PC axes of either analysis, a linear mixed model was
employed using the population identity as a random factor.
The best fitting model was determined using a backward
elimination procedure starting with a model including both
factors. Given the low levels of statistical replication for
each factor (Table S1), no interaction was tested. Similarly,
both the number of lateral plates and standard length were
tested for potential effects of geography or insularity
among freshwater populations. All statistical analyses were
performed in R 2.15.1 (R Core Team 2012).

Feeding ecology

To study potential trophic specialization among Mediter-
ranean stickleback, the stomachs of 214 adult individuals
from eight populations (Corsica, Mallorca, Galicia, France
Stream 1, Geneva Lake and Stream, Constance Lake and
Stream) were extracted and all food items were counted
using a dissection microscope. Due to access restrictions,
stomachs could not be extracted for the Sardinian museum
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specimens. Food items were assigned to the following
taxonomic classes: Amphipoda, Isopoda, Cladocera,
Copepoda, Ostracoda, Decapoda, Diptera imagos, Chi-
ronomidae, Ephemeroptera, Trichoptera, Odonata, Acaria,
Lumbricidae, Gastropoda, parasites and stickleback fry
and eggs. To test for feeding-related divergence along the
limnetic-benthic feeding axis, the percentage of planktonic
prey (%PPP) was then calculated as the fraction of
Cladocera and Copepoda to the total number of all food
items present for each individual following Lucek et al.
(2012). Similarly the percentage of each prey category per
population was calculated to allow a qualitative compar-
ison of feeding habits across populations.

Genetic analysis

DNA for all individuals was extracted using a 10 % Chelex
solution, following the manufacturer’s protocol (Biorad,
California, USA). Seven species-specific microsatellite
markers (Gaest66, Stn26, Stn30, Stn96, Stn130, Stn173 and
Stn196) were amplified in one multiplex kit. Detailed
information on the multiplexing setup and the PCR pro-
tocol can be found in Lucek et al. (2014b). Alleles were
visualized on an ABI 3130XL and scored with GENEMAPPER
4.0 (Applied Biosystems, Zug, Switzerland).

Deviation from Hardy—Weinberg equilibrium was cal-
culated using GENoDIvE 2.0 using 10,000 bootstrap repli-
cates (Meirmans and Van Tienderen 2004). To estimate the
genetic variation within a population, a number of genetic
indices were calculated in GeEnoDivE 2.0: the average
number of observed alleles (Ay), the effective number of
alleles, i.e., the number of alleles weighted for their fre-
quency (Ag), the observed heterozygosity (Hp) and the
expected heterozygosity within a population (Hs). The
inbreeding coefficient (Fg) was estimated for each popu-
lation. All genetic indices were subsequently compared
between populations from northern and from southern
Europe (Table S1) as well as between insular populations
from the south, south European mainland populations and
populations from northern Europe using Wilcoxon tests. In
addition, pairwise genetic differentiation (Fgt) among all
populations was estimated in GENoDivE using 10,000
bootstrap replicates to assess significance. Pairwise Fgr
were also compared between populations from northern
and southern Europe as well as between the marine pop-
ulation and the freshwater populations using an ANOVA
with a Tukey HSD post hoc test. Because Fgt estimates can
be biased towards lower values in cases where the level of
heterozygosity within populations is high (Meirmans and
Hedrick 2011), the analysis was repeated using Fg;
(Hedrick 2005). Fg; was calculated in R with the package
DIVERsITY (Keenan et al. 2013), calculating its 95 %

confidence interval using 10,000 bootstrap replicates. The
genetic structuring was estimated using an admixture
model implemented in STRUCTURE 2.3.3 (Falush et al. 2007)
with 30,000 burnin steps followed by 300,000 MCMC
steps. The simulation was performed assuming 1-13
genetic clusters (K) with 10 replicates for each assumed K.
The optimal number of clusters was determined based on
the estimated log likelihood of each run and its variation
among runs for the same K, following Evanno et al. (2005).
To further infer the genetic relationship among popula-
tions, a neighbour joining tree was established based on
Cavalli-Sforza distances among populations based on
microsatellite allele frequencies. Statistical support for
each node of the inferred tree was obtained using a boot-
strap procedure with 1000 replicates in PHyLP 3.69
(Felsenstein 2012). Lastly, a PCA was conducted on pop-
ulation-based allele frequencies in GENODIVE.

To assess the phylogenetic relationships between the west
Mediterranean island populations and other European
stickleback, and to estimate the divergence time among
different lineages, a fragment of the mitochondrial control
region spanning over 426 consecutive base pairs was
amplified with primers and protocols described in Mékinen
and Merild (2008) using one individual from Mallorca and
Sardinia and including the previously identified haplotype
from Corsica (Lucek et al. 2010). The phylogenetic analyses
were performed in Beast 2.2.1 (Mikinen and Merild 2008;
Bouckaert et al. 2014), adding all available stickleback
sequences from GenBank, including samples from Europe,
Atlantic North America (Mikinen and Merild 2008; Lucek
et al. 2010) and Pacific North America (California; Rich-
mond et al. 2014). The best model of molecular evolution
was determined in JMODELTEST 2.1.7 (Darriba et al. 2012)
using a Bayesian information criterion (BIC). An uncorre-
lated lognormal relaxed clock model was selected with a
constant size coalescent tree prior. Substitution rate was set
to 0.028 substitutions/site/million years following (Alden-
hoven et al. 2010). The analysis was run over 50 million
generations, sampling every 5000 generations. TRACER 1.6.0
(Rambaut et al. 2014) was then used to examine conver-
gence and mixing based on effective sample sizes (ESS).
Lastly, TREEANNOTATOR 2.2.1 was used to generate a maxi-
mum clade credibility tree using 50 % of trees as burnin. In
addition, a maximum likelihood tree was estimated in MEGA
5 (Tamura et al. 2011) with 1000 bootstrap replicates.

Results
Feeding ecology

Out of the 214 extracted stomachs, 13 were empty (6.1 %)
and were subsequently excluded from all analyses. The
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percentage of planktonic prey (%PPP) was highest in the
two lake populations from Lake Geneva and Lake Con-
stance, feeding predominantly on copepods in comparison
to all stream populations (Fj 99 = 52.8, p < 0.001;
Fig. 2). Stream-dwelling individuals in contrast fed pre-
dominantly on chironomid larvae. In both populations from
Galicia and the France Stream 1, several individuals had
fish eggs or even stickleback fry in their stomachs.

Genetics

Deviation from Hardy—Weinberg equilibrium occurred in
three out of 91 estimates following a sequential Bonferroni
correction (STN26: Iceland Lake; STN96: Sardinia and
Corsica). Genetic diversity was overall significantly
reduced in land-locked south FEuropean populations,
showing a lower number of alleles (An: W = 6, p = 0.045;
Agr: W =0, p =0.002; Table 2) and decreased heterozy-
gosity (Ho: W =1, p=0.007; Hs: W =0, p = 0.004).
But there was no overall difference in the degree of
inbreeding between populations from northern and south-
ern Europe (Fis: W = 21, p = 0.943). Comparing popu-
lations from northern Europe with insular Mediterranean
populations, the latter showed a significantly lower effec-
tive number of alleles (Ag: W =0, p = 0.036) but not
observed alleles (An: W =4, p = 0.365) and decreased
heterozygosity (Ho: W =0, p=0.036; Hs: W=0,
p = 0.036), where inbreeding coefficients did not differ
(Fis: W =10, p = 0.571). None of the genetic indices
differed between insular Mediterranean populations and

Table 2 Measures of genetic diversity: Ax—average number of
observed alleles within a population, Ag—effective number of alleles
(number of alleles weighted for their frequencies), Ho—observed
heterozygosity, Hs—within population heterozygosity, Gig inbreed-
ing coefficient

Population AN AR Ho Hg Gis

Mallorca 2.857 1.609  0.291 0.315 0.078
Galicia 2.714 1.669  0.261 0.282 0.076
Corsica 3.286 1.457 0.207  0.286 0.277
Sardinia 3.000 1.863 0.279  0.308 0.094
France Stream 1 2.571 1.557 0.291 0.286 —0.017
France Stream 2 2.571 1.504 0.211 0.270 0.219
Geneva Lake 2.857 1.683 0.324  0.327 0.011
Geneva Stream 3.000 1.851 0.290 0.314 0.075
Constance Lake 3.571 2.356 0.506  0.502 —0.009
Constance Stream 3.000 2.131 0.461 0.497 0.073
Poland 2.857 1.999 0414 0465 0.110
Iceland Lake 4.571 2.170  0.307  0.445 0.310
Iceland Marine 8.571 4.350 0.690 0.713 0.033

the populations from the south European mainland (all
p > 0.100).

Pairwise Fgrs (Table S1) and Fg,s (Table S2) were
highly correlated (R* = 0.884; F, -, = 588.6, p < 0.001),
where F§; values were on average significantly higher than
Fgr (paired ¢ test: t;77 = 24.8, p < 0.001). The pairwise
comparisons differed overall significantly among the

Fig. 2 Stomach content e - o —_ —_ —
. . . I I
analysis for eight populations. ° i !
Top percentage of planktonic 24 !
prey found within a population o ° ° °
sample (see main text for o 24
details). Bottom percentage of o o |
. PR !
each prey category found in S S o ; !
each population. N indicates the ‘ | ‘
number of individuals that had S : o —_ : i
at least one prey item in their ] ! !
o [.1 T I I
stomachs S~ - - - -
Mallorca Galicia Corsica France Geneva Constance
Stream Stream Stream  Stream 1 Lake Stream Lake Stream
‘C_? - ! ® Cladocera
E - - * Copepoda
o _| Isopoda
»nw o Chironomidae
E Diptera
L o o Amphipoda
- Trichoptera
% Ephemeroptera
bl g _ Parasite
o Acaria
°\° ~ ® Lumbricidae
= ® Gastropoda
Ostracoda
o | G. aculeatus eggs
5] G. aculeatus fry
N 20 9 17 Decapoda
Odonata
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geographic groups for both Fgr (Fs73 = 18.1, p < 0.001;
Fig. 3a) and Fg; (F473 = 5.6, p < 0.001; Fig. 3b). Com-
parisons involving the marine population yielded signifi-
cantly lower Fst (average Fgr marine vs. north European
populations = 0.178 &+ 0.016 SE; average Fst marine vs.
south European populations = 0.309 + 0.021 SE) than
allopatric comparisons between freshwater populations from
north and south Europe (average Fst = 0.483 £ 0.013 SE,
post hoc p < 0.001). They were also lower than compar-
isons among south FEuropean populations (average
Fsr = 0.579 + 0.032 SE, post hoc p < 0.001) but was not
statistically different from comparisons among freshwater
populations from northern Europe only (average
Fst = 0.296 £ 0.060 SE, post hoc p = 0.960). The pair-
wise genetic differentiation among south European popula-
tions was furthermore significantly higher than all other
comparisons (all p < 0.018), but did not differ between
insular populations and populations from the south European
mainland (¢, 1, = 1.87, p = 0.092). The increased level of
heterozygosity in the marine population (Table 2) may bias
the Fgt estimation towards lower values (Hedrick 2005;
Meirmans and Hedrick 2011). Using F; to correct this bias
(Hedrick 2005), the level of genetic differentiation between
the marine population and populations from northern Europe
(average Fy = 0.4006 + 0.038 SE) was still significantly
lower than that among populations from southern Europe
(average F¢; = 0.783 £ 0.047 SE, post hoc p = 0.005) and
between populations from northern and southern Europe
(average Fgr = 0.726 £+ 0.026 SE, post hoc p = 0.023).
Also the differentiation among south European populations

(a) ek
e *k

*kk

0.8

|
i

Pairwise F'sT

i

Pairwise FST

0.2

B I o
o
o | o
o
Marine  Marine  North North South
vs. vs. vs. vs. vs.
North South North South South
N 4 8 6 32 28

Fig. 3 Boxplots summarizing of the pairwise genetic differentiation
among different geographic groups based on a Fs and b Fg;. Genetic
differentiation was calculated between the marine and freshwater
populations from either northern or southern Europe, between
freshwater populations from northern Europe, between freshwater
populations from northern and southern Europe and between south

was higher than that among north European populations
(average Fgr = 0.505 £ 0.100 SE, post hoc p = 0.018).
Lastly, F¢ did also not differ between insular populations
and populations from the south FEuropean mainland
(t111 = 1.99, p = 0.074).

Ten genetic clusters (K = 10) was the best supported K in
STRUCTURE based on the observed variation of the estimated
log likelihood values within a run and the increase in the log
likelihood for each K (Fig. 4a; Figure S1). Consistent with
previous findings (Lucek et al. 2014a), both the Geneva lake
and stream populations as well as the France Stream 2 pop-
ulation were all assigned to a single genetic cluster with
evidence for some introgression from the Constance cluster,
comprising both the Constance lake and stream site. All other
populations formed their own distinct genetic cluster except
for the Iceland lake population showing some evidence for
introgression from the marine population.

The two leading PC axes that were constructed using
population-based microsatellite allele frequencies accounted
for 30.4 and 15.5 % of the total variance among populations
respectively (Fig. 4b). The first PC axis separated the
Mediterranean island populations from all other populations,
where the populations from Geneva and France Stream 2 are
genetically most distinct from the latter. The second PC axis
separated the France Stream 1 population from all other
populations, whereas populations from Iceland, Constance,
Poland and Galicia were intermediate to the other popula-
tions along the two PC axes. Interestingly the France Stream
1 population clusters closely with the population from Mal-
lorca in the population based neighbor-joining tree (Fig. 4c),

(b) ok

o *

0.6

|
|

0.2

o

o
o

0.0
L

Marine  Marine North North South
VS. VS. VS. VS. VS.
North South North South South
N 4 8 6 32 28

European populations respectively (see Tables S1, S2 for the actual
Fst and Fg values respectively). Asterisks indicate the level of
statistical significance of comparisons between geographic groups,
indicated by horizontal bars, based on post hoc ANOVA comparisons
(*p < 0.05, **p <0.01, ***p < 0.001). The number of pairwise
comparisons are indicated for each geographic group (N)
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Fig. 4 Genetic relationship between populations based on seven
microsatellites: a Individual genetic assignment using STRUCTURE.
Shown is the best run, where ten genetic clusters were inferred
(K = 10), which showed the highest posterior likelihood. b Principal
component analysis, where the two leading axes capture 45.9 % of
the genetic variation among populations. ¢ Phylogram showing the

but is otherwise consistent with the PC analysis, where
Corsica, Sardinia and Galicia form a distinct clade.
JmopELTEST selected the HKY+G+I model of molecular
evolution as the best fitting model for the partial mito-
chondrial control region. All ESS values for the Beast
analysis were >200, suggesting an adequate sampling of the
posterior. The Beast analysis shows a deep divergence
between a clade that comprises all haplotypes from the
North American Pacific, North American Atlantic, the Black
Sea, and the Mediterranean Lake Skadar and a clade that
includes all other haplotypes from across Europe plus one
North American Atlantic haplotype (Fig. 5). However,
whereas this deeper split is not statistically supported, sev-
eral clades within these groups are well supported (see
below). Mediterranean stickleback populations occur widely
scattered across both clades with several Mediterranean
specific clusters, including ancient splits as well as recent
ones. Two ancient populations from the Balkans (Ska, Ner)
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Poland
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Geneva Lake
Geneva Stream

France Stream 2

genetic relationship among populations based on Cavalli-Sforza
distances. Numbers indicate statistical support based on 1000
bootstrap replicates (only values >50 % are shown). Populations
from islands are highlighted in color (orange Iceland, red Mediter-
ranean). (Color figure online)

are strongly supported monophyletic groups with deep
divergence from other populations, confirming previous
studies (DeFaveri et al. 2012). In particular, the haplotypes
of Lake Skadar fall into a relatively old clade (divergence
from other stickleback 0.0419-0.3886 mya; diversification
within the Skadar clade started 0.0069-0.1212 mya as sug-
gested by the 95 % highest posterior density for this node
height). Its closest relatives are haplotypes from North
America, which is consistent with an ancient colonization of
Europe that may be independent of that of the main clade
(Bell and Foster 1994).

The haplotypes found on the three Mediterranean islands
are spread across the European main clade: The haplotype
from Mallorca (estimated age: 0.0070-0.1160 mya) forms a
clade together with haplotypes from the Font Dame springs
in southern France and the River Sorgue in the southern
Rhone valley albeit with only weak support (BPP = 0.65).
This clade has an estimated age of 0.0426-0.2360 mya. The
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Fig. 5 Bayesian maximum
clade credibility tree based on a
426 base pair fragment of the
mitochondrial control region
showing the genealogical
relationships among threespine
stickleback. Node values
represent Bayesian posterior
probabilities >0.50. Additional
percentages reflect bootstrap
support from an additional
maximum likelihood tree for the
same node, based on 1000
bootstrap replicates (only values
>50 % are shown). Error bars
depict 95 % highest posterior
density for node heights (see
main text for details)

s
" 1.00/ 78%, BL’gega o1
0.94/58% ,—% sy
= LCA_04
10/ LCA_10
1.00/88% _ LCAIC,
SanAntonio3

Oxnard_03
Sespe_04
Bouquet_04
Matilija_02
McGrath_05
SanFran_05

e S—GAL LS
Bouquet_05

SanAntonio1
SanAntonio2
McGrath_02
Oxnard_01

Sespe_05

McGrath_03
Oxnard_04
| McGrath_04

| MicGrath o1

M Oxnard_05

| Matilja 01
Sespe_03

S 02
0.99 / 76%| |~ Sanfran 04

Bodega 02

Newhall_01
Newhall 02

Newhall_03

0.89 / 59% Valencia_02
Valencia_03

Valencia_04

Valencia_01

Soledad 04
Soledad_05
Piru_04
Soledad_08
1.00 / 94% Oxnard 702

iru
|_: Scledad 06
Soledad_07

Sort

Sor2
0.65 Eul8

3 Dam2
0.56 Dam3

“Mallorca

Dam1

0.80 1.00/87% — Eyas

Sardinia

0.94/ 50%,

34 .
s Corsica
Eu27
Eu39
Eud1

1.00/95% —{— Nert

——— Ner2

m zm mmm
=0 00F
~3 Boh
I BN N N D

1 0.75

Mediterranean Sea

Corsican  haplotype with a divergence time of
0.0001-0.0724 mya, clustered closely with the EU43 hap-
lotype, which has formerly been reported from the Loire
drainage in Central France that drains into the Atlantic
(Mékinen and Merild 2008). The Sardinian haplotype clus-
tered closest to the EU19 and EU20 haplotypes, which
derive from the Baltic Sea and the Northern Atlantic.
However, the age of the Sardinian haplotype could not be
reliable dated.

Phenotypic differentiation

The PC analysis comprising all size-corrected linear mea-
surements accounted for 39.2 and 17.2 % of the overall

== Atlantic (Europe)

0.5 0.25 0
Million years ago

== Black Sea == Atlantic (America) == Pacific

phenotypic variation on the first and second PC axis
respectively (Fig. 6). Defense-related traits accounted for
most of the variation observed along the first PC axis,
whereas the second PC axis was mainly driven by differ-
ences in fin sizes and body depth (Table S3). The best
statistical model explaining the variation in PC scores
along PC1 for freshwater populations using all linear traits
combined included only the factor island, where island
populations differed significantly from mainland popula-
tions (F110 = 19.65, p = 0.001). The difference between
island and mainland population was also the best fitting
model to explain variation on the second axis albeit being
not significant (Fy ;0 = 4.57, p = 0.058). Using only
defense-related linear morphology, the two leading PC
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Fig. 6 Phenotypic variation
across populations: Principal
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axes accounted for 72.2 % and 16.6 % of the total phe-
notypic variation respectively, where both axes were
mainly driven by variation in pelvic girdle and spine length
(Table S3). The best fitting statistical model to explain the
variation among freshwater populations on the first PC axis
also included only a significant effect of island
(F1.10 = 22.17, p < 0.001). Similarly to the analysis
comprising all traits, all the island populations are sepa-
rated from all the mainland populations and from the
marine population, where mainland south European pop-
ulations seem to resemble the insular populations most
(Fig. 6). None of the tested factors was significantly
associated with the variation observed along the second PC
axis for defense-related traits (all p > 0.1, results not
shown).

The best statistical model for body size (standard length)
retained only geography as a factor, where south European
individuals were significantly smaller than individuals
from the north (£ ;0 = 11.23, p = 0.007; Fig. 7). For the
number of lateral plates, the best fitting model showed
significant effects of both geography and island, where
individuals from the south had significantly fewer plates
(F10 =44.31, p <0.001), which was equally true for
individuals originating from islands (F;q¢ = 15.08,
p = 0.004).

Discussion

Many insular ecosystems are currently threatened by cli-
matic changes and other human-induced perturbations
(Ricketts et al. 2005; Courchamp et al. 2014). Detecting
and preserving insular endemics thus is pressing as, in
many cases, islands harbor populations of otherwise widely
distributed species that are phenotypically and genetically
most distinct (Foster 1964; Case 1978; Lomolino 2005).
Combining genetic, phenotypic and ecological data we
aimed to determine the status of the little known and
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biogeographically exceptional populations of the three-
spine stickleback on Mediterranean islands. We find that
these populations are both phenotypically and genetically
distinct from mainland populations underlining their status
as evolutionary significant units for conservation (Ryder
1986; Moritz 1994). Convergence on a similar phenotype
was furthermore observed between these populations and
an insular population from Iceland, northern Europe, sug-
gesting that similar evolutionary forces may act during
phenotypic adaptation to insular ecosystems.

Genetic relationship and divergence
of Mediterranean populations

For many organisms, the Mediterranean region has acted as
a glacial refugium from which subsequent postglacial
expansions have taken place (Hewitt 2000). The contem-
porary distribution of freshwater-dwelling threespine
stickleback in the Mediterranean region is likewise thought
to originate from a distinct glacial refugium, but expansion
to northern Europe is thought to not have occurred from
this refugium. In contrast, freshwater stickleback popula-
tions from northern Europe are believed to derive from
recolonization events from Atlantic marine populations
(Mikinen et al. 2006). Analyses of mitochondrial haplo-
types further suggested that some Mediterranean popula-
tions may have survived the last Pleistocene glaciation
(Mikinen and Merild 2008; DeFaveri et al. 2012). Whereas
earlier phylogeographic work focused on populations from
the Eastern Mediterranean, we focused on island popula-
tions in the western Mediterranean. Our phylogeographic
estimate based on mitochondrial control region sequences
suggests that each western Mediterranean island population
represents a distinct genetic lineage (Fig. 5). Interestingly,
the haplotype found on Mallorca clusters closely to hap-
lotypes originating from a population in southern France,
and together may be remnants of one glacial freshwater
refugium as indicated by our Bayesian estimate of
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Fig. 7 Phenotypic
differentiation among the
sampled populations for a size
(standard length) and b the
number of lateral plates.

1

Populations from islands are
highlighted in color (orange
Iceland, red Mediterranean).
(Color figure online)
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divergence. The haplotypes of Corsica and Sardinia, not
known from anywhere else, are most closely related to
haplotypes found in central or northern Europe. They may
either originate from a more recent colonization event of
the Mediterranean region, or may represent lineages that
expanded northward again after the glacial maximum.
Threespined stickleback likely originated in the Pacific
Ocean, with the most divergent lineage being the Japanese
Pacific clade (Watanabe et al. 2003; Jones et al. 2012;
Rezansoff et al. 2015). We could not include this lineage in
our tree because sequences of the mitochondrial control
region are not present in GenBank. However, studies based
on other mitochondrial genes have shown that this lineage
diverged from the clade that we studied about 2.5 mya
(Rezansoff et al. 2015). Our tree is consistent with the
hypothesis that stickleback of Europe derive from several
distinct colonization events (Bell and Foster 1994). Rem-
nants of one relatively ancient colonization event seem to
persist in the Black Sea and in Lake Skadar, being known
otherwise from both sides of North America (Fig. 5). The
other colonization event, similarly ancient, would have
formed the Neretva River clade from the Balkans and to the
main European clade of freshwater stickleback. The deep
divergence between these two, and the lack of statistical
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support for nodes deeper in the tree make it plausible that
Europe was colonized more than twice. Indeed, stickleback
from the Black Sea, Lake Skadar, Neretva and the clade
comprising all other European haplotypes may derive from
four colonization events. Clearly much more sequencing
effort is needed to resolve the phylogeography of the genus
Gasterosteus in Europe and beyond.

The potential for a Mediterranean-based refugium is
further indicated by the levels of pairwise genetic differ-
entiation found with nuclear markers, where the levels of
genetic differentiation involving populations from southern
Europe tend to be higher than comparisons involving north
European or the marine population (Fig. 3; Tables S1, S2).
Also, the levels of pairwise genetic differentiation between
populations from southern Europe and the marine popula-
tion tend to be higher than the levels of genetic differen-
tiation between the marine population and populations
from northern Europe. This may reflect the absence of
contemporary gene flow from the Atlantic marine popula-
tion into the Mediterranean region or could indicate that
the overall split between the Atlantic marine and the
freshwater populations from southern Europe predates the
one between the marine and northern European freshwater
populations. In contrast, the pattern found in northern
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Europe is consistent with a recent postglacial recoloniza-
tion of freshwater bodies from the Atlantic, with a signif-
icantly lower genetic differentiation between marine and
freshwater (Jones et al. 2012). Lastly, almost all popula-
tions from southern Europe cluster closely together in the
distance-based tree based on microsatellites (Fig. 4). A
second genetic southern European cluster is formed by the
three populations in the upper Rhone drainage (i.e., France
Stream 2, Geneva Lake and Stream). This is in agreement
with another study showing that the latter populations
originate from a very recent (less than 140 years) expan-
sion event following the translocation of stickleback within
this region (Lucek et al. 2014a).

Despite clustering together in the distance-based tree,
almost all populations from southern Europe represent
distinct genetic clusters in the individual based assignment
(Fig. 4). Moreover, the same populations show the highest
degree of pairwise genetic differentiation, which in most
cases even surpasses the level of genetic differentiation
between populations from southern and northern Europe
(Fig. 3; Tables S1, S2). This is in line with other studies on
Mediterranean stickleback, where genetic differentiation
was found to be high even between geographically proxi-
mate populations (Cano et al. 2008; Mikinen and Merild
2008; Araguas et al. 2012; DeFaveri et al. 2012). This
pattern, combined with the significantly decreased genetic
variation within south European populations is consistent
with a reduction of gene flow due to the absence of a
connecting marine population. The reduced genetic varia-
tion may furthermore be explained by a decrease in their
population size due to habitat loss, fragmentation or the
introduction of non-native species that compete with
stickleback (Clavero et al. 2009; Orru et al. 2010; Araguas
et al. 2012).

Evolution of phenotypically distinct island
populations

The island rule predicts the evolution of phenotypically
distinct insular populations (Foster 1964; Case 1978;
Lomolino 1985), where on the one hand insular populations
of small vertebrate species evolve an increased body size as
a consequence of partial release from competitors and
predators. On the other hand, large vertebrate species may
evolve dwarfism due to resource limitations. These changes
may in both cases trigger subsequent phenotypic adaptations
(Foster 1964; Case 1978; Lomolino 1985; Lomolino et al.
2012). In stickleback, differences in anti-predator related
phenotypes have been commonly attributed to distinct
selection pressures imposed by differences in the strength
and composition of the predation regimes (Reimchen 1994).
Specifically, stickleback may evolve long spines and an
increased number of lateral plates in environments with
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strong predation pressure dominated by piscivorous fishes
and birds, such as in the marine environment as opposed to
freshwater populations (Reimchen 1994). The evolution of
low armour plate phenotypes among freshwater stickleback
can occur rapidly through selection on standing genetic
variation from the marine population (Colosimo et al. 2005).
Indeed, the best example so far for insular phenotypes in
stickleback derives from Scotland, where stickleback
reduced their body size and defense-related traits, following
the island rule (MacColl et al. 2013). The evolution these
insular phenotypes was potentially mediated by a distinct
water chemistry (i.e., a low pH and few dissolved alkaline
metals (Spence et al. 2013)) and the presence of small
predators (MacColl et al. 2013).

The phenotypic differentiation observed in our study is
consistent with the evolution of distinct insular phenotypes,
where populations from islands, including Iceland, differ
phenotypically from populations on the European conti-
nent. This pattern is largely driven by a reduction in
defense-related traits in insular populations (Figs. 6, 7;
Table S3). Albeit the number of lateral plates differs
overall between northern and southern Europe, where
populations from the latter region have a much lower plate
number (Fig. 7b), Mediterranean island populations show
nevertheless more extreme phenotypes, in comparison to
populations from the southern European mainland (Fig. 7).
Similarly reduced lateral plate numbers, below the com-
mon freshwater phenotype with 5-7 lateral plates, are rare
across Europe, where they occur mainly in the south (Gross
1977, 1978) or among insular populations in Scotland
(Spence et al. 2013). Thus, the reduction in anti-predator
related traits among our studied insular populations and
insular populations from Scotland (Spence et al. 2013),
may reflect common features in terms of the reduced
predator and competitor communities on islands (Case
1978; Lomolino et al. 2012).

Body size itself differed overall mainly between fresh-
water populations from northern and southern Europe,
where populations from the latter were significantly smaller
(Fig. 7a). The evolution of distinct body sizes among
freshwater stickleback has been associated previously with
differences in water chemistry (McGuigan et al. 2011) and
foraging strategies (Nagel and Schluter 1998). Whereas we
cannot exclude differences in water chemistry, we found no
support for feeding-related ecological differentiation among
populations from southern Europe (Fig. 2). Remarkably,
adult individuals from Mallorca showed a more reduced
body size, resembling subadult phenotypes from northern
Europe (i.e., Frommen et al. 2011; Lucek et al. 2012).
Similar dwarfism has otherwise only rarely been recorded in
stickleback. The best examples are the insular populations
from Scotland that have reduced their body size potentially
as a response to water chemistry and the presence of small
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predators (MacColl et al. 2013). The Mallorcan population
is moreover exceptional as we observed breeding individuals
in November (Lucek personal observation), suggesting
either an extended (from spring to November) or shifted
breeding period. Analogous life-history adaptations in
stickleback where stickleback shift their breeding effort to
periods with decreased water temperatures have only been
recorded in populations from Japan (Mori 1987) and the
southern Rhone valley in France (Crivelli and Britton 1987).
The latter is in the range of the other French populations that
form a distinct cluster with the Mallorcan haplotype in the
phylogenetic analysis (Fig. 5).

Conclusions

Taken together, our results suggest that endemic insular
forms exist in threespine stickleback, where the popula-
tions from the Mediterranean islands are both phenotypi-
cally and genetically highly distinct from all mainland
populations including those from southern Europe, and
from each other. The genetic evidence suggests that they
likely derive from glacial refugia in the Mediterranean
region. Thus given their genetic distinctiveness (Figs. 3, 4)
and phenotypic differentiation (Figs. 6, 7), Mediterranean
island populations should be considered as evolutionary
significant units (Ryder 1986; Moritz 1994), each endemic
to one island. The status as evolutionary significant unit is
particularly highlighted in the Mallorcan population, which
shows specific life-history adaptations that have otherwise
only been reported in a single population in Southern
France in the Mediterranean region (Crivelli and Britton
1987). However, no such data was available for Sardinian
and Corsican populations.

The low genetic variation observed within these popu-
lations, combined with their restricted range, and ecologi-
cal requirements (such as year round cool water which is
rare in the Mediterranean region), renders them especially
vulnerable to habitat loss, fragmentation and alteration
(including deforestation) (Araguas et al. 2012) or non-na-
tive fish species that outnumber native stickleback [(Orru
et al. 2010); Gambusia holbrooki in Mallorca (Lucek
personal observation)]. For instance the Corsican popula-
tion is historically only known from two neighboring rivers
in a small part of the island’s coastal lowlands (Gauthier
and Rose 1974). Despite intensive search, we found it in
only one of them. This river is exceptional among Corsican
coastal lowland rivers in having relatively cold water
coming from the nearby mountains, and is well shaded by a
thin strip of riparian forest. Further protective measures are
thus needed that allow the monitoring of these populations,
the safe-guarding of their habitats, and aim to decrease the
threat made by non-native species.

Acknowledgments This work was partially supported by EAWAG
action field project AquaDiverse to OS. KL was further supported by
a Swiss National Science Foundation Early Postdoc. Mobility grant
P2BEP3_152103. We thank Miguel Hermida, Rafat Bernas, Flavio
Orru and David Marques for providing specimens and Helmut Wel-
lendorf from the Museum of Natural History in Vienna for his
assistance in obtaining phenotypic data for Sardinian specimens.
Mélissa Lemoine, Joana Meier, Victor Soria-Carrasco and two
anonymous reviewers provided valuable comments on an earlier
version of the manuscript.

References

Aldenhoven JT, Miller MA, Corneli PS, Shapiro MD (2010)
Phylogeography of ninespine sticklebacks (Pungitius pungitius)
in North America: glacial refugia and the origins of adaptive
traits. Mol Ecol 19:4061-4076. doi:10.1111/j.1365-294X.2010.
04801.x

Araguas RM, Vidal O, Pla C, Sanz N (2012) High genetic diversity of
the endangered Iberian three-spined stickleback (Gasterosteus
aculeatus) at the Mediterranean edge of its range. Freshw Biol
57:143-154. doi:10.1111/j.1365-2427.2011.02705.x

Bell MA (1981) Lateral plate polymorphism and ontogeny of the
complete plate morph of threespine sticklebacks (Gasterosteus
aculeatus). Evolution 35:67-74

Bell MA, Foster SA (1994) The evolutionary biology of the
threespine stickleback. Oxford University Press, Oxford

Berner D, Adams DC, Grandchamp A-C, Hendry AP (2008) Natural
selection drives patterns of lake-stream divergence in stickleback
foraging morphology. J Evol Biol 21:1653-1665. doi:10.1111/j.
1420-9101.2008.01583.x

Bertin L (1925) Recherches bionomiques, biométriques et syséma-
tiques sur les épinoches (Gastérostéidés). Ann Inst Océanogr
Monaco 2:1-204

Bianco PG (1980) Areale Italico, rinvenimento in Calabria e origini
delle popolationi metiterranee di Gasterosteus aculeatus L. Boll
Mus Vic St Nat Verona 7:197-216

Bouckaert R, Heled J, Kiihnert D et al (2014) BEAST 2: a software
platform for Bayesian evolutionary analysis. PLoS Comput Biol
10:e1003537. doi:10.1371/journal.pcbi. 1003537

Cano JM, Mikinen HS, Leinonen T et al (2008) Extreme neutral
genetic and morphological divergence supports classification of
Adriatic three-spined stickleback (Gasterosteus aculeatus) pop-
ulations as distinct conservation units. Biol Conserv
141:1055-1066. doi:10.1016/j.biocon.2008.01.015

Case TJ (1978) A general explanation for insular body size trends in
terrestrial vertebrates. Ecology 59:1-18. doi:10.2307/1936628

Clavero M, Pou-Rovira Q, Zamora L (2009) Biology and habitat use
of three-spined stickleback (Gasterosteus aculeatus) in intermit-
tent Mediterranean streams. Ecol Freshw Fish 18:550-559

Colosimo PF, Hosemann KE, Balabhadra S et al (2005) Widespread
parallel evolution in sticklebacks by repeated fixation of
Ectodysplasin alleles. Science 307:1928-1933. doi:10.1126/
science.1107239

Courchamp F, Hoffmann BD, Russell JC et al (2014) Climate change,
sea-level rise, and conservation: keeping island biodiversity afloat.
Trends Ecol Evol 29:127-130. doi:10.1016/j.tree.2014.01.001

Crivelli AJ, Britton RH (1987) Life history adaptations of Gasteros-
teus aculeatus in a Mediterranean wetland. Environ Biol Fish
18:109-125

Cuttelod A, Garcia N, Malak DA et al (2008) The Mediterranean: a
biodiversity hotspot under threat. The 2008 Review of The
TUCN Red List of Threatened Species. IUCN, Gland, p 1-16

@ Springer


http://dx.doi.org/10.1111/j.1365-294X.2010.04801.x
http://dx.doi.org/10.1111/j.1365-294X.2010.04801.x
http://dx.doi.org/10.1111/j.1365-2427.2011.02705.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01583.x
http://dx.doi.org/10.1111/j.1420-9101.2008.01583.x
http://dx.doi.org/10.1371/journal.pcbi.1003537
http://dx.doi.org/10.1016/j.biocon.2008.01.015
http://dx.doi.org/10.2307/1936628
http://dx.doi.org/10.1126/science.1107239
http://dx.doi.org/10.1126/science.1107239
http://dx.doi.org/10.1016/j.tree.2014.01.001

1332

Conserv Genet (2015) 16:1319-1333

Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest 2:
more models, new heuristics and parallel computing. Nat
Methods 9:772. doi:10.1038/nmeth.2109

DeFaveri J, Zanella LN, Zanella D et al (2012) Phylogeography of
isolated freshwater three-spined stickleback Gasterosteus
aculeatus populations in the Adriatic Sea basin. J Fish Biol
80:61-85. doi:10.1111/j.1095-8649.2011.03147.x

Elton CS (1958) The ecology of invasions by animals and plants.
University Of Chicago Press, Chicago

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of
clusters of individuals using the software STRUCTURE: a
simulation study. Mol Ecol 14:2611-2620. doi:10.1111/j.1365-
294X.2005.02553.x

Falush D, Stephens M, Pritchard J (2007) Inference of population
structure using multilocus genotype data: dominant markers and
null alleles. Mol Ecol Notes 7:574-578. doi:10.1111/5.1471-
8286.2007.01758.x

Felsenstein J (2012) PHYLIP (Phylogeny Inference Package) version
3.69. Distributed by the author. Department of Genome
Sciences. University of Washington, Seattle, WA.

Foster JB (1964) Evolution of mammals on islands. Nature
202:234-235

Frommen JG, Herder F, Engqvist L et al (2011) Costly plastic
morphological responses to predator specific odour cues in three-
spined sticklebacks (Gasterosteus aculeatus). Evol Ecol
25:641-656. doi:10.1007/s10682-010-9454-6

Gasith A, Resh VH (1999) Streams in mediterranean climate regions:
abiotic influences and biotic responses to predictable seasonal
events. Annu Rev Ecol Evol Syst 30:51-81. doi:10.2307/221679

Gauthier A, Rose B (1974) Presence de I’épinoche en Corse. Bull Sco
Sci Hist Nat Corse 44:41-48

Geiger MF, Herder F, Monaghan MT et al (2014) Spatial hetero-
geneity in the Mediterranean Biodiversity Hotspot affects
barcoding accuracy of its freshwater fishes. Mol Ecol Resour
14:1210-1221. doi:10.1111/1755-0998.12257

Gross HP (1977) Adaptive trends of environmentally sensitive traits
in the three-spined stickleback, Gasterosteus aculeatus L. Z Zool
Syst Evol 15:252-278

Gross HP (1978) Natural selection by predators on defensive
apparatus of the three-spined stickleback, Gasterosteus aculeatus
L. Can J Zool 56:398-413

Hedrick PW (2005) A standardized genetic differentiation measure.
Evolution 59:1633-1638

Hewitt G (2000) The genetic legacy of the Quaternary ice ages.
Nature 405:907-913. doi:10.1038/35016000

Jones FC, Chan YF, Schmutz J et al (2012) A genome-wide SNP
genotyping array reveals patterns of global and repeated species-
pair divergence in sticklebacks. Curr Biol 22:83-90. doi:10.
1016/j.cub.2011.11.045

Keenan K, McGinnity P, Cross TF et al (2013) diveRsity: an R
package for the estimation and exploration of population
genetics parameters and their associated errors. Methods Ecol
Evol 4:782-788. doi:10.1111/2041-210X.12067

Kottelat M, Freyhof J (2007) Handbook of European freshwater
fishes. Kottelat, Cornol and Freyhof, Berlin

Kristjansson BK, Skulason S, Noakes D (2002) Morphological
segregation of Icelandic threespine stickleback (Gasterosteus
aculeatus L). Biol J Linn Soc 76:247-257

Krupp F, Coad BW (1985) Notes on a population of the threespine
stickleback, Gasterosteus aculeatus, from Syria (Pisces: Oste-
ichthyes: Gasterosteidae). Senckenberg Biol 66:35-39

Lande R (1998) Anthropogenic, ecological and genetic factors in
extinction and conservation. Res Popul Ecol 40:259-269

Loboén-Cervia J, Penczak T, de Sostoa A (1988) Morphological
variability and distribution of stickleback (Gasterosteus aculea-
tus L.) in Spain. Cybium 12:219-227

@ Springer

Lockwood JL, Hoopes MF, Marchetti MP (2007) Invasion ecology.
Blackwell, Malden

Lomolino MV (1985) Body size of mammals on islands: the island
rule reexamined. Am Nat 125:310-316. doi:10.2307/2461638

Lomolino MV (2005) Body size evolution in insular vertebrates:
generality of the island rule. J Biogeogr 32:1683-1699. doi:10.
1111/5.1365-2699.2005.01314.x

Lomolino MV, Sax DF, Palombo MR (2012) Of mice and mammoths
evaluations of causal explanations for body size evolution in
insular mammals. J Biogeogr 40:1427-1439

Lucek K, Roy D, Bezault E et al (2010) Hybridization between distant
lineages increases adaptive variation during a biological inva-
sion: stickleback in Switzerland. Mol Ecol 19:3995-4011.
doi:10.1111/j.1365-294X.2010.04781.x

Lucek K, Sivasundar A, Seehausen O (2012) Evidence of adaptive
evolutionary divergence during biological invasion. PLoS One
7:€49377. doi:10.1371/journal.pone.0049377

Lucek K, Lemoine M, Seehausen O (2014a) Contemporary ecotypic
divergence during a recent range expansion was facilitated by
adaptive introgression. J Evol Biol 27:2233-2248. doi:10.1111/
jeb.12475

Lucek K, Sivasundar A, Kristjansson BK et al (2014b) Quick
divergence but slow convergence during ecotype formation in
lake and stream stickleback pairs of variable age. J Evol Biol
27:1878-1892. doi:10.1111/jeb.12439

MacColl ADC, El Nagar A, de Roij J (2013) The evolutionary
ecology of dwarfism in three-spined sticklebacks. J Anim Ecol
82:642-652. doi:10.1111/1365-2656.12028

Maikinen HS, Meriléd J (2008) Mitochondrial DNA phylogeography of
the three-spined stickleback (Gasterosteus aculeatus) in Europe-
Evidence for multiple glacial refugia. Mol Phylogenet Evol
46:167-182. doi:10.1016/j.ympev.2007.06.011

Maikinen HS, Cano JM, Merild J (2006) Genetic relationships among
marine and freshwater populations of the European three-spined
stickleback (Gasterosteus aculeatus) revealed by microsatellites.
Mol Ecol 15:1519-1534. doi:10.1111/j.1365-294X.2006.02871.x

McGuigan K, Nishimura N, Currey M et al (2011) Cryptic genetic
variation and body size evolution in threespine stickleback.
Evolution 65:1203-1211. doi:10.1111/j.1558-5646.2010.01195.x

McKinnon JS, Rundle H (2002) Speciation in nature: the threespine
stickleback model systems. Trends Ecol Evol 17:480-488

Meirmans PG, Hedrick PW (2011) Assessing population structure:
FST and related measures. Mol Ecol Resour 11:5-18

Meirmans PG, Van Tienderen P (2004) GENOTYPE and GENOD-
IVE: two programs for the analysis of genetic diversity of
asexual organisms. Mol Ecol Notes 4:792-794

Mori S (1987) Divergence in reproductive ecology of the three-spined
stickleback, Gasterosteus aculeatus. Jpn J Ichthyol 34:165-175

Mori S, Takamura N (2004) Changes in morphological characteristics
of an introduced population of the threespine stickleback
Gasterosteus aculeatus in Lake Towada, northern Japan.
Ichthyol Res 51:295-300. doi:10.1007/s10228-004-0232-8

Moritz C (1994) Defining “Evolutionarily significant units” for
conservation. Trends Ecol Evol 9:373-375. doi:10.1016/0169-
5347(94)90057-4

Miinzing J (1963) The evolution of variation and distributional
patterns in European populations of the three-spined stickleback,
Gasterosteus aculeatus. Evolution 17:320-332

Nagel L, Schluter D (1998) Body size, natural selection, and
speciation in sticklebacks. Evolution 52:209-218

NatureServe (2015) Gasterosteus aculeatus. The TUCN Red List of
Threatened Species. Version 2015.1. www.iucnredlist.org.
Accessed 29 April 2015

Olden JD, Leroy Poff N, Douglas MR et al (2004) Ecological and
evolutionary consequences of biotic homogenization. Trends
Ecol Evol 19:18-24. doi:10.1016/j.tree.2003.09.010


http://dx.doi.org/10.1038/nmeth.2109
http://dx.doi.org/10.1111/j.1095-8649.2011.03147.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1111/j.1365-294X.2005.02553.x
http://dx.doi.org/10.1111/j.1471-8286.2007.01758.x
http://dx.doi.org/10.1111/j.1471-8286.2007.01758.x
http://dx.doi.org/10.1007/s10682-010-9454-6
http://dx.doi.org/10.2307/221679
http://dx.doi.org/10.1111/1755-0998.12257
http://dx.doi.org/10.1038/35016000
http://dx.doi.org/10.1016/j.cub.2011.11.045
http://dx.doi.org/10.1016/j.cub.2011.11.045
http://dx.doi.org/10.1111/2041-210X.12067
http://dx.doi.org/10.2307/2461638
http://dx.doi.org/10.1111/j.1365-2699.2005.01314.x
http://dx.doi.org/10.1111/j.1365-2699.2005.01314.x
http://dx.doi.org/10.1111/j.1365-294X.2010.04781.x
http://dx.doi.org/10.1371/journal.pone.0049377
http://dx.doi.org/10.1111/jeb.12475
http://dx.doi.org/10.1111/jeb.12475
http://dx.doi.org/10.1111/jeb.12439
http://dx.doi.org/10.1111/1365-2656.12028
http://dx.doi.org/10.1016/j.ympev.2007.06.011
http://dx.doi.org/10.1111/j.1365-294X.2006.02871.x
http://dx.doi.org/10.1111/j.1558-5646.2010.01195.x
http://dx.doi.org/10.1007/s10228-004-0232-8
http://dx.doi.org/10.1016/0169-5347(94)90057-4
http://dx.doi.org/10.1016/0169-5347(94)90057-4
http://www.iucnredlist.org
http://dx.doi.org/10.1016/j.tree.2003.09.010

Conserv Genet (2015) 16:1319-1333

1333

Orru F, Deiana AM, Cau A (2010) Introduction and distribution of
alien freshwater fishes on the island of Sardinia (Italy): an
assessment on the basis of existing data sources. J Appl Ichthyol
26:46-52. doi:10.1111/j.1439-0426.2010.01501.x

Orti G, Bell MA, Reimchen TE, Meyer A (1994) Global survey of
mitochondrial DNA sequences in the threespine stickleback:
evidence for recent migrations. Evolution 48:608-622

Palmer TN, Rdiisdnen J (2002) Quantifying the risk of extreme
seasonal precipitation events in a changing climate. Nature
415:512-514. doi:10.1038/415512a

Pereira HM, Leadley PW, Proenga V et al (2010) Scenarios for global
biodiversity in the 21st century. Science 330:1496—1501. doi:10.
1126/science.1196624

R Development Core Team (2012) R: A language and environment
for statistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria. www.r-project.org

Rambaut A, Suchard MA, Xie D, Drummond AJ (2014) Tracer v1.6.
Available from http://beast.bio.ed.ac.uk/Tracer

Reimchen TE (1994) Predators and morphological evolution in
threespine stickleback. In: Bell M, Foster S (eds) The evolu-
tionary biology of the threespine stickleback, 1st edn. Oxford
University Press, Oxford, pp 240-276

Rezansoff AM, Crispo E, Blair C et al (2015) Toward the genetic
origins of a potentially non-native population of threespine
stickleback (Gasterosteus aculeatus) in Alberta. Conserv Genet.
doi:10.5061/dryad.pc1th

Richmond JQ, Jacobs DK, Backlin AR et al (2014) Ephemeral stream
reaches preserve the evolutionary and distributional history of
threespine stickleback in the Santa Clara and Ventura River
watersheds of southern California. Conserv Genet. doi:10.1007/
$10592-014-0643-7

Ricketts TH, Dinerstein E, Boucher T et al (2005) Pinpointing and
preventing imminent extinctions. Proc Natl Acad Sci USA
102:18497-18501. doi:10.1073/pnas.0509060102

Riera F (1980) Breves notas y primera cita del Espinoso (Gasteros-
teus aculeatus L.) en S’ Albufera, Mallorca. Boll Soc Hist Nat
Balears 24:109-111

Ryder OA (1986) Species conservation and systematics—the
dilemma of subspecies. Trends Ecol Evol 1:9-10

Schluter D, Conte GL (2009) Genetics and ecological speciation. Proc
Natl Acad Sci USA 106(Suppl 1):9955-9962. doi:10.1073/pnas.
0901264106

Seehausen O, vanAlphen J, Witte F (1997) Cichlid fish diversity
threatened by eutrophication that curbs sexual selection. Science
277:1808-1811

Spence R, Wootton RJ, Barber I et al (2013) Ecological causes of
morphological evolution in the three-spined stickleback. Ecol
Evol 3:1717-1726. doi:10.1002/ece3.581

Tamura K, Peterson D, Peterson N et al (2011) MEGAS: molecular
evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol
Biol Evol 28:2731-2739. doi:10.1093/molbev/msr121

Taylor EB, Boughman JW, Groenenboom M et al (2006) Speciation
in reverse: morphological and genetic evidence of the collapse of
a three-spined stickleback (Gasterosteus aculeatus) species pair.
Mol Ecol 15:343-355. doi:10.1111/j.1365-294X.2005.02794.x

Vonlanthen P, Bittner D, Hudson AG et al (2012) Eutrophication
causes speciation reversal in whitefish adaptive radiations.
Nature 482:357-362. doi:10.1038/nature10824

Watanabe K, Mori S, Nishida M (2003) Genetic relationships and
origin of two geographic groups of the freshwater threespine
stickleback, “hariyo”. Zool Sci 20:265-274. doi:10.2108/zsj.20.
265

Whittaker RJ, Fernandez-Palacios JM (2007) Island biogeography:
ecology, evolution and conservation. Oxford University Press,
Oxford

@ Springer


http://dx.doi.org/10.1111/j.1439-0426.2010.01501.x
http://dx.doi.org/10.1038/415512a
http://dx.doi.org/10.1126/science.1196624
http://dx.doi.org/10.1126/science.1196624
http://www.r-project.org
http://beast.bio.ed.ac.uk/Tracer
http://dx.doi.org/10.5061/dryad.pc1th
http://dx.doi.org/10.1007/s10592-014-0643-7
http://dx.doi.org/10.1007/s10592-014-0643-7
http://dx.doi.org/10.1073/pnas.0509060102
http://dx.doi.org/10.1073/pnas.0901264106
http://dx.doi.org/10.1073/pnas.0901264106
http://dx.doi.org/10.1002/ece3.581
http://dx.doi.org/10.1093/molbev/msr121
http://dx.doi.org/10.1111/j.1365-294X.2005.02794.x
http://dx.doi.org/10.1038/nature10824
http://dx.doi.org/10.2108/zsj.20.265
http://dx.doi.org/10.2108/zsj.20.265

	Distinctive insular forms of threespine stickleback (Gasterosteus aculeatus) from western Mediterranean islands
	Abstract
	Introduction
	Materials and methods
	Morphology
	Feeding ecology
	Genetic analysis

	Results
	Feeding ecology
	Genetics
	Phenotypic differentiation

	Discussion
	Genetic relationship and divergence of Mediterranean populations
	Evolution of phenotypically distinct island populations

	Conclusions
	Acknowledgments
	References




