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Abstract

Understanding how eco-evolutionary processes and environmental factors drive population differentiation and adaptation are
key challenges in evolutionary biology and of relevance for biodiversity protection. Differentiation requires at least partial
reproductive separation, which may result from geographic isolation (allopatry), isolation by distance (IBD), environment
(IBE), adaptation (IBA), and time (IBT). We investigate how ecological and evolutionary processes influence genetic diversity
and structure in 11 populations of pike (Esox lucius) using Restriction-site Associated DNA sequencing (RADseq). Study
populations represented three ecotypes (freshwater, anadromous, and brackish water resident) along a latitudinal gradient
(54.9 - 63.6 °N). Genetic diversity and structure were investigated both for the full RADseq dataset (5993 loci) and for an
adaptive subset consisting outlier loci. Both neutral and adaptive processes influenced genetic structure, and their contributions
differed between allopatric and sympatric populations, and also within and among ecotypes. Signatures of neutral processes
were pronounced among geographically isolated freshwater populations, likely reflecting long time since divergence combined
with low gene flow. For sympatric populations, ecotype (anadromous versus resident) and geography influenced both neutral
and adaptive genetic structure, consistent with IBE. Outlier analyses pointed to a role of selection associated with salinity and
temperature, consistent with IBA. Results provide rare evidence that separate analyses of neutral and adaptive loci can help
illuminate how different, potentially interacting, processes jointly contribute to shaping spatiotemporal patterns of biodiversity.
It is argued that data on adaptive rather than neutral genetic variation should inform management and policy development.
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Johanna Sunde1*, Yeşerin Yıldırım1, Petter Tibblin1, Dorte Bekkevold2, Christian Skov2, Oscar Nordahl1,
Per Larsson1 & Anders Forsman1

Affiliations:
1 Ecology and Evolution in Microbial Model Systems, EEMiS, Department of Biology and Environmental
Science, Linnaeus University, 392 31 Kalmar, Sweden
2 National Institute of Aquatic Resources, Technical University of Denmark, 8600 Silkeborg, Denmark

ORCiD

Johanna Sunde: https://orcid.org/0000-0002-3145-1475

Yeşerin Yıldırım: https://orcid.org/0000-0002-0431-8417

Petter Tibblin: https://orcid.org/0000-0001-6804-5342

Dorte Bekkevold: https://orcid.org/0000-0002-5297-032X

1



P
os

te
d

on
A

ut
ho

re
a

1
O

ct
20

20
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

15
74

44
.4

74
16

44
1

|T
hi

s
a

pr
ep

ri
nt

an
d

ha
s

no
t

be
en

pe
er

re
vi

ew
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

Christian Skov: https://orcid.org/0000-0002-8547-6520

Oscar Nordahl: https://orcid.org/0000-0001-9667-1228

Per Larsson: https://orcid.org/0000-0003-0344-1939

Anders Forsman: https://orcid.org/0000-0001-9598-7618

* Corresponding author. E-mail: johanna.sunde@lnu.se, Phone: +46-(0)480-446743

Number of text pages (including references, tables and figures): 47

Number of figures: 5

Number of tables: 3

Supplementary material: 10 pages (including 6 figures)

Manuscript for Molecular Ecology

Version 2020-09-28

Abstract

Understanding how eco-evolutionary processes and environmental factors drive population differentiation
and adaptation are key challenges in evolutionary biology and of relevance for biodiversity protection. Dif-
ferentiation requires at least partial reproductive separation, which may result from geographic isolation
(allopatry), isolation by distance (IBD), environment (IBE), adaptation (IBA), and time (IBT). We inves-
tigate how ecological and evolutionary processes influence genetic diversity and structure in 11 populations
of pike (Esox lucius ) using Restriction-site Associated DNA sequencing (RADseq). Study populations
represented three ecotypes (freshwater, anadromous, and brackish water resident) along a latitudinal gra-
dient (54.9 - 63.6 °N). Genetic diversity and structure were investigated both for the full RADseq dataset
(5993 loci) and for an adaptive subset consisting outlier loci. Both neutral and adaptive processes influenced
genetic structure, and their contributions differed between allopatric and sympatric populations, and also
within and among ecotypes. Signatures of neutral processes were pronounced among geographically isolated
freshwater populations, likely reflecting long time since divergence combined with low gene flow. For sympa-
tric populations, ecotype (anadromous versus resident) and geography influenced both neutral and adaptive
genetic structure, consistent with IBE. Outlier analyses pointed to a role of selection associated with salinity
and temperature, consistent with IBA. Results provide rare evidence that separate analyses of neutral and
adaptive loci can help illuminate how different, potentially interacting, processes jointly contribute to sha-
ping spatiotemporal patterns of biodiversity. It is argued that data on adaptive rather than neutral genetic
variation should inform management and policy development.

Keywords: adaptation, Esox lucius , genetic differentiation, RADseq, pike, population structure, selection,
outlier loci

Introduction

Understanding how eco-evolutionary processes and environmental factors drive population differentiation and
adaptation remain key challenges in evolutionary biology. Besides informing about the origin and dynamics
of biodiversity, knowledge about drivers can promote successful management and protection of populations
and species. For differentiation to occur populations must be at least partially reproductively separated. That
geographically isolated (allopatric) populations experience such reproductive separation is self-evident. Ho-
wever, reproductive isolation may also arise through other mechanisms that restrict gene flow. For example,
the Isolation By Distance model (IBD; Wright, 1943) proposes that there is a negative association between
geographic distance and gene flow, which should translate into clinal population structures with higher de-
grees of differentiation on longer distances. Apart from geographical dispersal boundaries, ecological factors
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can influence the degree of gene flow (Rundle & Nosil, 2005). Differences in ecology and environmental pre-
ferences (e.g.different ecotypes) can instigate population differentiation via Isolation By Environment (IBE;
Sexton, Hangartner, & Hoffmann, 2014; Wang & Bradburd, 2014). There is also potential for population
genetic structure to evolve as a result of Isolation By Time (IBT), whereby reproductive separation occurs
between groups of individuals due to differences in reproductive timing (Hendry & Day, 2005).

Differences in ecology and/or environmental preferences are generally accompanied by divergent selection.
The evolution of different local adaptations can cause a feed-back loop that reinforces the reproductive
separation and speeds up the differentiation process (a case of IBE often referred to as Isolation by Adaptation
(IBA); Nosil, Egan, & Funk, 2008). The reinforcing effect is likely of particular importance when such
divergent selection acts upon traits directly connected to reproductive isolation and reproductive success,
e.g. habitat preferences (Hendry, Nosil, & Rieseberg, 2007), spawning segregation (Nosil, 2012), or early life
history traits (Momigliano et al., 2017), and it might ultimately lead to ‘ecological speciation’ (Schluter &
Rambaut, 1996).

Northern temperate freshwater fish species present good opportunities to study differentiation and eco-
evolutionary dynamics (Hume, Recknagel, Bean, Adams, & Mable, 2018). It was not until after the retreat
of the glaciers (15,000 – 10,000 years ago) that many areas were colonized via range expansions (Petit et al.,
2003; Rowe, Heske, Brown, & Paige, 2004). The geographical isolation in glacial refugia, in combination with
the subsequent range expansions, means that there has been opportunities for founder events, bottlenecks,
divergent selection, and adaptions to local conditions to influence genetic structure and diversity, and the
different contemporary ecotypes that can be observed today have likely evolved during this time. In aquatic
systems, gene flow is generally expected to be high due to the lack of apparent dispersal boundaries (Gagnaire
et al., 2015; Puebla, Bermingham, & McMillan, 2012). Despite this, genetic structuring has been reported
within open and connected waterbodies (Bergek & Björklund, 2007; Momigliano et al., 2017; Nordahl et
al., 2019; Rosenbaum et al., 2009; Willing et al., 2010; ), even on small spatial scales, which is likely due to
ecological and environmental heterogeneity imposing limits to gene flow. One example of such a system is
the Baltic Sea, one of the largest brackish-water ecosystems in the world, that exhibits steep environmental
north-south gradients in salinity and temperature (Bendtsen, Söderkvist, Dahl, Hansen, & Reker, 2007).
This makes the Baltic Sea an excellent system for studies of differentiation and local adaptation (e.g. in Guo,
DeFaveri, Sotelo, Nair, & Merilä, 2015; Guo, Li, & Merilä, 2016).

One of the most common, coastal, predatory fish species in the Baltic Sea is pike (Esox lucius ). Pike plays
an important role in many aquatic ecosystems by regulating abundances of species in lower trophic levels
(Donadi et al., 2017). It is an economically important species for both recreational and commercial fishing
(Lehtonen, Leskinen, Selen, & Reinikainen, 2009; Pierce, Tomcko, & Schupp, 1995), and an established model
species in studies of ecology and evolution (Forsman et al., 2015). It is originally a freshwater species, but
it has managed to colonise brackish waters with salinities up to approximately 15 ppt (Craig 2008). This
range expansion has been accompanied by the evolution of three different ecotypes that differ with regard to
migratory behaviour. The original ecotype (freshwater) spend the entire life in freshwater, whilst the other
ecotypes (anadromous and resident) spend either part of, or their entire life, in saline (brackish) waters.
The two latter ecotypes co-exist in the coastal waters of the Baltic Sea during most of the year (Westin
& Limburg, 2002), and separate only for a short period during spawning when the anadromous individuals
migrate to freshwater localities whilst the resident ecotype stays in the brackish coastal waters (Engstedt,
Stenroth, Larsson, Ljunggren, & Elfman, 2010; Larsson et al., 2015; Muller, 1986). An important feature of
pike in the Baltic Sea, which affects the population structure of the species (Nordahl et al., 2019), is their
homing behaviour (Engstedt, Engkvist, & Larsson, 2014; Larsson et al., 2015; Tibblin, Forsman, Borger, &
Larsson, 2016), i.e. the adults return to their natal spawning ground for reproduction (Engstedt et al., 2014;
Engstedt et al., 2010; Jacobsen et al., 2017; Muller, 1986).

While a previous study of pike in the Baltic Sea has indicated genetic differentiation between the resident
and anadromous ecotypes (Nordahl et al., 2019), studies of the genetic structuring within the ecotypes show
conflicting results. Some studies suggest weak structuring (Laikre et al., 2005; Wennerström, Olsson, Ryman,
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& Laikre, 2016), whilst others report fine-scaled genetic structuring among anadromous populations, and
point to a role of isolation by distance (Möller, Winkler, Richter, & Bastrop, 2020; Nordahl et al., 2019; Sunde,
Yildirim, Tibblin, & Forsman, 2020a). There is also evidence to suggest that environmental differences among
spawning locations have resulted in adaptive phenotypic differentiation in various traits, including salinity
tolerance (Sunde, Tamario, Tibblin, Larsson, & Forsman, 2018), temperature tolerance (Sunde, Larsson,
& Forsman, 2019), vertebral number (Tibblin, Berggren, Nordahl, Larsson, & Forsman, 2016), body size
and growth rate (Tibblin et al., 2015), early life history traits, and reproductive investment (Berggren,
Nordahl, Tibblin, Larsson, & Forsman, 2016). Pike in the Baltic Sea therefore offers possibilities to study
differentiation at different levels (between allopatric and sympatric populations, and within and among
ecotypes), to evaluate the contributions to genetic structure of different types of reproductive isolation (such
as IBD, IBE, IBA, and IBT), and to investigate the potential genetic underpinnings of local adaptations.

Increased knowledge into these issues is also important for management. Declines in pike populations in
the Baltic Sea have been observed during the last decades (Lehtonen et al., 2009; Ljunggren et al., 2010;
Nilsson, Flink, & Tibblin, 2019; Olsson, 2019), and extensive management actions, such as restoration of
spawning habitats and fisheries regualtions, have been implemeted to counteract this negative trend (Larsson
et al., 2015; Nilsson et al., 2019). Despite this, abundances remain low, and there is a need to increase the
understanding to aid successful management. Previous population assignments have mainly been based
on studies utilizing neutral microsatellite markers (Bekkevold, Jacobsen, Hemmer-Hansen, Berg, & Skov,
2015; Eschbach et al., 2019; Moller et al., 2020; Nordahl et al., 2019; Wennerstrom et al., 2016; but see
Sunde et al., 2020b). Informed decisions regarding management and conservation efforts require knowledge
about how the combination of stochastic and deterministic processes shape genetic structure and diversity.
This in turn requires that population genetic studies use molecular markers that capture variation also in
coding regions (Sunde et al., 2020a). To investigate genetic structure and decipher the roles of different
ecological and evolutionary processes for differentiation and adaptation in pike, we therefore performed a
population genetic study utilizing Restriction Site Associated DNA sequencing (RADseq). For this we used
11 populations spanning 8.7 degrees in latitude, from Denmark (Askeby) in the south to Umea in northern
Sweden (Figure 1, Table 1 ), that experience different environmental conditions (e.g. ice cover, light,
salinity, temperature, prey species, competition, and predation). The populations represented all three
ecotypes (freshwater, anadromous and resident) and, to our knowledge, this is the first population genetic
study of pike that includes populations of all three ecotypes.

The RADseq method yields thousands of Single Nucleotide Polymorphisms (SNPs) residing in both coding
(functional) and non-coding (mainly selectively neutral) genomic regions (Andrews, Good, Miller, Luikart,
& Hohenlohe, 2016). Thus, comparisons of genetic structure and diversity obtained using separate analyses
of neutral and functional SNPs, can inform about the roles of both stochastic and deterministic processes
(Andrews et al., 2016; de Villemereuil & Gaggiotti, 2015; ). In the present study, we therefore investigated
genetic structure using both neutral and adaptive SNP datasets. In addition, we performed outlier analyses
to identify loci putatively under selection and to pinpoint environmental factors contributing to evolutionary
divergence among ecotypes and populations.

Material and methods

Study populations and sampling procedure

A total of 234 pike from 11 populations (N = 8 – 27) were sampled for this study. The locations of
the populations ranged from 63.6 – 54.9 degN, and represented all three spawning ecotypes (freshwater,
anadromous, and resident; for details see Figure 1and Table 1 ). Our initial plan was to include both
anadromous and resident populations throughout the latitudinal range. However, due to the aforementioned
decreases of pike in the Baltic Sea, many of the resident populations are no longer found in their former
spawning locations, and we were therefore not able to include more resident populations. Individuals were
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captured using fyke nets, rod-and-reel fishing, or electrofishing, and a non-lethal DNA sample (fin clip) was
collected for each individual before they were released back into the water. The fin clips were placed in
separate 1.5 mL Eppendorf tubes with 70 % ethanol, which were stored in a freezer (-20 degC) until the
molecular work was conducted.

Molecular workflow

DNA was extracted from fin tissue with DNeasy blood and tissue kit (Qiagen, USA), and digested with HF
EcoRI (New England Biolabs, USA). Size-selection, library preparation, sequencing (using either Illumina
NovaSeq 6000 2 x 150 bp or Illumina HiSeq 2500 2 x 125 bp, Table 1 ), demultiplexing and quality control
with MultiQC (Ewels, Magnusson, Lundin, & Kaller, 2016) were performed by Science for Life Laboratory
(Stockholm, Sweden). Sequence data for Harfjarden, Okne and Lervik was previously published (Sunde et
al., 2020a) and retrieved from the NCBI Sequence Read Archive (Sunde, Yildirim, Tibblin, & Forsman,
2020b). In total this yielded a dataset of ~ 3,200 M raw reads (mean 13.6 M per sample). Quality filtering
of the raw reads was conducted using Trimmomatic (Bolger, Lohse, & Usadel, 2014) and process_radtags
in the Stacks pipeline (Catchen, Amores, Hohenlohe, Cresko, & Postlethwait, 2011; Catchen, Hohenlohe,
Bassham, Amores, & Cresko, 2013). The ~ 3,000 M reads (95 %) that passed the quality filtering, were
further processed with the integrated approach (Paris, Stevens, & Catchen, 2017) of the Stacks de novo
pipeline, using parameter settings determined by an initial parameter optimization (Figure S1-S2 ). This
yielded a final dataset of 5993 biallelic SNPs, for which missing data was imputed using Beagle (Browning,
Zhou, & Browning, 2018) before it was used in the downstream analyses. For details on the molecular
workflow see section ‘Supplementary methods’ in the Supplementary materials.

Investigations of neutral genetic variation

Analysis of neutral genetic diversity and population structure

The Populations software in the Stacks pipeline was used to obtain estimates of number of private alleles,
observed heterozygosity (HO ), expected heterozygosity (HE ), and fixation index (Fis ) for each population.
The same software was used to obtain estimates of the fixation index (FST ) by Weir and Cockerham (1984),
that was used to assess pairwise population differentiation.

To assess genetic structuring, the full dataset was analysed using multiple approaches. To determine the
most likely number of genetic clusters (K ), fastSTRUCTURE (Raj, Stephens, & Pritchard, 2014) was used.
Because fine-scaled differentiation might be concealed by differentiation on higher levels (Evanno, Regnaut,
& Goudet, 2005), we also ran the analysis with a subset of only the Baltic Sea populations (anadromous and
resident) to test if further differentiation became evident. A Principal Component Analysis (PCA) based on
pairwise genetic similarity between individuals (proportion of alleles shared) was visualized with the prcomp
function in RStudio 2 (RStudio Team, 2015) with R (R Core Team, 2012) . For details about settings see
‘Supplementary methods’ in the supplementary materials.

To determine whether the full dataset was representative of neutrally evolving diversity, the results were
compared to those generated by a subset ’neutral’ dataset. This ’neutral’ dataset was created by excluding
the 5 % tails of the FST distribution from the full dataset, which should exclude loci under strong selection
(both divergent and balancing). Patterns of genetic structure indicated by such a neutral dataset should
therefore be reflective of only stochastic processes. The comparison revealed that the results obtained for
the full and the ’neutral’ datasets were qualitatively similar (not shown), indicating that the full dataset was
representative of neutral diversity. We therefore chose to proceed with the full dataset for the comparisons
with adaptive genetic variation and structure (see below).
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Isolation by distance

The full dataset for only the Baltic Sea samples (anadromous and resident populations) was used to test for
the presence of a correlation between geographical and genetic distances (FST ) between the populations.
The freshwater populations were excluded because we did not expect them to exhibit an IBD pattern
because of geographical isolation among the lakes. We performed a Mantel test (Mantel, 1967) in Arlequin
(Fdist; Excoffier & Lischer, 2010), the significance was tested with 1,000 randomization, and the correlation
was visualized in ggplot2 (Wickham, 2016) in R. An additional Mantel test was performed for only the
anadromous populations to test for potential correlation between geographical and genetic distances within
this ecotype.

Testing for effects of environmental variables

To investigate the roles of salinity (ecotype) and/or latitude for neutral genetic structure, we used the simi-
larity matrix (for the full dataset) created for the PCA in a distance-based redundancy analysis (db-RDA),
which is a constrained version of a PCA (db-RDA; Legendre & Anderson, 1999). Because potential adap-
tations to salinity either could have resulted from differences in the spawning habitats, or reflect differences
in salinity in the foraging areas, we wanted to account also for the salinity gradient in the Baltic Sea in the
analysis. To this end, we chose to use midrange salinity (mean value of minimum and maximum salinity
experienced during the life-cycle) as a proxy for ecotype (salinity for each population was obtained from
Bendtsen et al. (2007); see Table 1 ). This resulted in that all freshwater populations were assigned a value
of 0, the resident population the highest value of 12, and the anadromous values in the intermediate range
of 1.5 to 6.0.

To make the variables comparable for the db-RDA, both environmental variables (latitude and midrange
salinity) were normalized (to a standard deviation of 1; by first subtracting the normal value from the
observed value, and then dividing by the standard deviation of all observed values) before running the db-
RDA. For the normalization we used 0 (psu) as the normal value for salinity (because pike is of freshwater
origin; Craig, 1996; Raat, 1988), and the mean latitude as normal value for the latitude. The db-RDA was
run in the vegan package (Oksanen et al., 2019) in R, and the statistical significance were assessed with 999
permutations.

Phylogenetic analysis

The evolutionary relationship among the samples was investigated with a maximum likelihood (ML) based
phylogenetic inference in RAxML v8.2.10 (Stamatakis, 2014). This was done by using the full dataset
following the steps described in ’The Hard & Slow Way’ in the RAxML manual (Stamatakis, 2016), which
includes optimizing the parameter settings for number of rate categories and initial rearrangement. After
the optimization, the final analysis with 200 inferences and 1,000 bootstraps was run using 10 as initial
rearrangement, 25 rate categories, the GTRCAT model of nucleotide substitution, and using the E. lucius
genome published by Rondeau et al. (2014) as outgroup. The phylogenetic tree was then visualized using
Interactive Tree Of Life (iTOL)(Letunic & Bork, 2019).

Investigations of adaptive genetic variation

Identification of loci putatively under selection

The full dataset was used in the outlier analyses to search for loci putatively under selection. To test
for locus-specific effects, populations were introduced as separate groups, and the data was analysed using
multiple approaches, in three different software (BayeScan, Fdist, and LOSITAN; for details about settings see
Supplementary methods in the supplementary materials). Only loci identified as outliers by all three software
were retained. This was done because differences in the algorithms and assumptions of the approaches might
lead to different SNPs being identified as outliers; and by conservative selection of only overlapping ones,

6
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it is more likely that the identified outliers are true positives (de Villemereuil, Frichot, Bazin, Francois, &
Gaggiotti, 2014).

To test for correlations between selection and ecotype, we utilized BayeScEnv (de Villemereuil & Gaggiotti,
2015), which aims at differentiating signals of selection from those of demographic processes by searching for
associations between co-variates (environmental variables) and allele frequencies. A benefit with BayeScEnv
when searching for outlier loci associated with co-variates is that the software can simultaneously evaluate
the roles of two environmental variables in a single analysis. Thus, using this software enabled us to search
for outlier loci associated with midrange salinity after statistically accounting for variation due to latitudinal
differences. For this, we used the same normalized values for the two environmental variables (midrange
salinity and latitude) as in the db-RDA (for details see subsection ’Testing for effects of environmental
variables’ above).

Analysis of adaptive genetic diversity and structure, and testing for effects of environmental variables

To compare the effects of neutral and adaptive processes on patterns of genetic diversity, a subset dataset
that should represent adaptive variation (henceforth referred to as the ‘adaptive dataset’) was also analyzed.
This adaptive dataset was created by selecting the 17 loci that were identified as outliers by all three software
used for the outlier analyses with population grouping, and it should therefore be reflective of deterministic
processes such as selection. To obtain estimates of HO , and HE , the populations software in Stacks was
used. The adaptive dataset was also analyzed using the same fastSTRUCTURE and db-RDA procedures
as used for the full dataset. For details on procedures see ‘Supplementary methods’ in the supplementary
materials.

Results

Patterns of neutral genetic variation

Neutral genetic diversity and population structure

The analyses of genetic diversity with the Populations software yieldedHO estimates between 0.17 - 0.28,
expected heterozygosity HE estimates between 0.19 - 0.28, and Fis estimates between 0.002 - 0.079 (Table 1 ).
The populations had 2 - 137 private alleles, and the number of private alleles were higher in the three allopatric
lake populations (63 - 137 per population) compared to all other populations (2 - 42 per population)(Table
1) . Only a small proportion of the loci were not in HWE (100 - 283 loci for each population, P < 0.05), and
the Fis distributions were unimodal and peaked at zero for all populations (Figure S3 ), suggesting that
the majority of the loci were not affected by null alleles and that the populations were in HWE (Ravinet et
al., 2016).

Analysis of pairwise population differentiation revealed that all populations were significantly differentiated
from each other (P< 0.0001; FST -value range: 0.06 to 0.25; Figure 2 ). The highest FST -values were
found in the pairwise comparisons including the anadromous population Harfjarden, or at least one of the
freshwater populations.

The fastSTRUCTURE analysis of all populations suggested that the most likely number of genetic clusters
(K ) was either 6 (for model complexity that maximizes marginal likelihood) or 7 (for model used to explain
structure in the data)(Figure 1 ). The results obtained using K = 6 and K = 7 were generally similar,
and only differed with regard to K = 7 assigning Snackstavik to a population-specific cluster, whilst it
was assigned to a shared cluster for K = 6. All three freshwater lake populations were mainly assigned to
population-specific clusters, indicating strong differentiation from all other populations. Within the Baltic
Sea samples (anadromous and resident populations), both ecotype and region seemed to influence the patterns
of genetic structuring. The majority of the anadromous populations (5 and 4 of 7 for K = 6 and K = 7,
respectively) were assigned to a shared ’anadromous genetic cluster’. All the populations assigned to this
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anadromous cluster were located on the Swedish mainland, whilst the two anadromous populations that were
not included in the main anadromous cluster (for neither K = 6 nor K = 7), were Askeby from Denmark
and Harfjarden from the island of Oland. Notably, the two populations from Denmark (Askeby and Stege
Nor) were assigned to a shared genetic cluster despite belonging to different ecotypes.

The fastSTRUCTURE analysis of the subset including only the Baltic Sea populations (anadromous and
resident) suggested that the most likely number of K was either 3 (for model complexity that maximizes
marginal likelihood) or 4 (for model used to explain structure in the data), and revealed the same patterns as
were found when analysing all populations (Figure S4 ). The results from the PCA were in agreement with
the findings from fastSTRUCTURE, showing that the freshwater lake populations formed separate distinct
clusters (suggestive of differentiation). They further indicated that the anadromous mainland populations
formed an overlapping cluster, and that the two Danish populations were genetically close to each other
(Figure S5 ).

Isolation by distance

Based on the Mantel tests, there was no association between geographic and genetic distance for either all
Baltic Sea populations (anadromous and resident; R = -0.161, P = 0.678) or within the anadromous ecotype
(R = -0.204, P = 0.640; Figure S6 ).

Associations with environmental variables

The db-RDA based on the full dataset revealed significant effects on genetic distance of both midrange
salinity (F1,232 = 9.46, P < 0.001) and latitude (F1,232 = 6.02, P < 0.001). In addition, a significant
interaction effect was found between latitude and midrange salinity (F1,231 = 8.60,P < 0.001). The biplot
revealed that the individuals clustered within populations, and that most of the populations were separated
(with the exception of some of the more closely located anadromous populations overlapping). The direction
of separation associated with midrange salinity was almost parallell with the CAP1 axis, and that the
direction of separation associated with latiude corresponded fairly well with the CAP2 axis. In addition,
the biplot revealed that the interaction effect seems to reflect that the direction of separation associated
with midrange salinity explains the differentiation between the ecotypes, whilst the direction of separation
associated with latitude explains the differentiation among the anadromous populations (the arrow aligns
along the seperation among the anadromous populations; Figure 3a ).

Phylogenetic analysis

The phylogenetic analysis revealed overall low levels of variation and shallow branching, which suggests that
the populations are closely related (Figure 4) . The samples were, however, clearly grouped into separate
populations, and recent nodes within populations were supported by relatively high bootstrap values. The
outgroup (reference genome published by Rondeau et al. (2014)) was most closely related to one of the
anadromous populations (Angeran), and the anadromous populations constituted a paraphyletic group.
However, bootstrap values associated with the deeper nodes were low, and the relationships between the
populations could therefore not be reliably resolved.

Patterns of adaptive genetic variation

Loci putatively under selection

All approaches utilized for the outlier analyses identified loci putatively under selection. Locus-specific effects
were found for 28 loci with BayeScan (q -values < 0.05), for 231 loci with Fdist (P < 0.01), and for 635 loci
with LOSITAN (P < 0.01). Of all these loci, 17 were identified by all three software (Figure 5, Table 2
). These 17 loci were used to search for candidate genes putatively under selection, which showed that 10 of
the loci were located in previously annotated genes, and because two of the loci resided in the same gene,
nine candidate genes were identified (Table 2 ).
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When utilizing BayeScEnv to search for associations between allele frequencies and the environmental vari-
ables (midrange salinity and latitude), 13 loci were identified as outliers (q -value < 0.05; Figure 5, Table
3 ), of which eight were located in previously annotated genes. Because two of the loci resided in the same
gene, seven candidate genes were identified (Table 3 ), of which three were also identified in the test of
locus-specific effects mentioned in the previous paragraph. The annotation further revealed that some of the
identified candidate genes have previously been found to be associated with salinity. One of these genes was
potassium voltage-gated channel subfamily A member 10 (KCNA10), which encodes a voltage-dependent
potassium-selective channel that has been found to be associated with salinity stress in blue mussels (Mytilus
spp.)(Lockwood & Somero, 2011). Another gene was vesicle-associated membrane protein 7 (VAMP7), which
is crucial for calcium regulated lysosomal exocytosis, and has been found to be involved in salt-tolerance in
Arabidopsis thaliana (Leshem et al., 2006). These genes therefore seem particularly interesting as candidate
genes involved in adaptation to salinity. The results also revealed some genes that might be associated with
temperature. One gene that seems extra interesting is zinc-finger protein 436-like (ZNF436-like), which was
also identified as putatively under selection in the previous study of three of the populations in the present
study (Sunde et al., 2020a). The exact function of ZNF436 in fish is not known, but it is a transcription
factor that has been found to have a critical role in regulating early cardiac development in humans (Fu et
al., 2018). Other transcription factors have also previously been found to be important in responses to heat-
stress in sea urchin (Strongylocentrotus intermedius )(Zhan et al., 2019), and some ZNF genes associated
with acclimation to low salinity in the euryhaline fish half-smooth tongue sole (Cynoglossus semilaevis )(Si
et al., 2018) and migratory behaviour in brown trout (Salmo trutta )(Lemopoulos, Uusi-Heikkila, Huusko,
Vasemagi, & Vainikka, 2018).

Adaptive genetic diversity and structure, and effects of environmental variables

The Populations software yielded HO estimates in the range between 0.08 - 0.26 and HE estimates in the
range between 0.09 - 0.27 (Table 1 ). The fastSTRUCTURE analysis revealed that the pattern of adaptive
genetic structure differed from that of netural genetic structure (Figure 1 ). The grouping of the mainland
anadromous populations in a shared genetic cluster observed for the full (neutral) dataset was not detected
in the adaptive dataset. The adaptive data set instead revealed a pattern of adaptive structuring associated
with latitude, and further suggested that two of the freshwater populations (that were strongly neutrally
differentiated) shared a genetic cluster (Figure 1 ).

As for the full dataset, the db-RDA based on the adaptive dataset revealed significant effects on genetic dis-
tance of both midrange salinity (F1,232 = 11.90 , P < 0.001) and latitude (F1,232 = 14.48, P< 0.001), and
a significant interaction effect (F1,231 = 17.29, P < 0.001). The biplot revealed that there was considerably
more overlap between populations and ecotypes compared to the full dataset. The direction of separation
associated with latitude corresponded fairly well with the CAP1 axis, and the direction of separation as-
sociated with midrange salinity did not correspond with either of the first two CAP axes. As for the full
dataset, the direction of separation associated with latitude aligned with the separation of the anadromous
populations (Figure 3b ). However, the separation among ecotypes was not as clear for the adaptive as for
the full dataset, and one of the freshwater populations overlapped with some of the anadromous populations.

Discussion

We report on the first investigation of population genetic diversity and structure among all three spawning
ecotypes of pike (freshwater, anadromous and brackish water resident) using information based on both
neutral and adaptive molecular markers (RADseq SNPs). We document patterns of genetic structure at
different spatial scales and identify the eco-evolutionary drivers of the genetic differentiation among and
within ecotypes. Besides providing rare evidence of contrasting patterns of neutral and adaptive genetic
structure, results exemplify how separate analyses of coding and non-coding variation can help disentangle
the complex interplay of different stochastic and deterministic contributing processes. Specifically, we found
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that for neutral differentiation allopatry seems to play an important role. For the sympatric Baltic Sea
populations, IBD did not explain the genetic structure. Results instead pointed to effects of ecotype (IBE)
and spatial sorting (Berggren, Tinnert, & Forsman, 2012; Shine, Brown, & Phillips, 2011), and indicated that
IBT might also influence the neutral genetic structure in pike. For adaptive differentiation, temperature and
salinity appear to be two key environmental factors driving local adaptations (IBA). Below, we discuss our
findings in relation to previous studies and predictions from theory, and their implications for management.

Within population diversity

Observed within population heterozygosity (HO ) for the full dataset (0.17 - 0.28, Table 1 ) were considerably
lower than reported in previous microsatellite studies of Baltic Sea pike (0.22 - 0.66; Bekkevold et al., 2015;
Nordahl et al., 2019; Sunde et al., 2020a; Wennerstrom et al., 2016). This may in part reflect the use of
different markers. This interpretation is supported by the results from the study by Sunde et al. (2020a), in
which both microsatellites and RADseq were utilized to study genetic diversity and structure of three pike
populations (that are also included in the present study). The results revealed similar estimates of SNP
heterozygosity as in the present study, and microsatellite heterozygosity estimates that are comparable to
those obtained in the other studies utilizing microsatellites (0.40 - 0.57). Regardless of marker type, both
the present (Table 1 ) and previous studies show that within-study estimates of HO andHE are similar,
which indicates that the populations do not interbreed to a large extent (indicated byHO > HE ), and do
not show any clear signs of inbreeding (indicated byHO < HE ).

Diversity is imperative for eco-evolutionary success. Theory and empirical evidence concur that larger genetic
and phenotypic variation among individuals within populations may promote establishment success, stabilize
population dynamics, allow for faster range expansions, and reduce extinction risk (Des Roches et al., 2018;
Forsman, 2014; Forsman & Wennersten, 2016; Hughes, Inouye, Johnson, Underwood, & Vellend, 2008;
Waldman, Wilson, Mather, & Snyder, 2016). Our present estimates do not indicate any clear differences in
intrapopulation diversity among the ecotypes, neither for estimates based on the full nor on the adaptive
dataset (Table 1 ). However, within ecotypes, some populations seem to harbor larger genetic diversity
than others, which might reflect more heterogeneous environments or result from a higher degree of gene
flow. Yet, these conclusions must be tentative because of the relatively low number of adaptive loci and the
unbalanced sampling design, with varying numbers of populations representing the three ecotypes.

Allopatric freshwater populations were strongly neutrally differentiated

We found that all populations were significantly differentiated (based on FST ; Figure 2 ), which is consistent
with previous studies (Bekkevold et al., 2015; Larsson et al., 2015; Moller et al., 2020; Nordahl et al., 2019;
Sunde et al., 2020a; Wennerstrom et al., 2016). Levels of pairwise population differentiation ranged from low
to high (FST 0.06 - 0.25), and the highest levels of differentiation were found in the comparisons including
either the anadromous population Harfjarden, or at least one freshwater lake population (Figure 2 ). This,
together with the finding that all three freshwater populations were strongly differentiated from each other,
and distinct from the other two ecotypes point to an important effect of allopatry.

It has been suggested that pike experienced drastic population declines and/or bottlenecks following post-
glacial recolonization across the Northern Hemisphere (Jacobsen, Hansen, & Loeschcke, 2004), and that the
succeeding isolation of local river and lake systems might have resulted in genetic drift and differentiation
among freshwater populations (Bekkevold et al., 2015). Along this line of argument, the substantial differen-
tiation among the freshwater populations likely reflects the combined effects of founder events, genetic drift,
low gene flow, more distinct reproductive isolation, divergent selection, and longer time since divergence
(because the freshwater ecotype is the original ecotype).
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Sympatric Baltic Sea populations were also differentiated

Estimates of population differentiation in Baltic Sea pike differ markedly among studies. Notably, studies
on smaller spatial scales report higher levels of differentiation (0.026 - 0.394 in Bekkevold et al., 2015; 0.013
- 0.396 in Nordahl et al., 2019) than those conducted on large spatial scales (0.005 - 0.135 in Laikre et al.,
2005; and -0.003 - 0.14 in Wennerstrom et al., 2016). The values in the present study are relatively high
compared to the other large-scale studies (0.06 - 0.22). While it is possible that the use of different markers
influence the estimates ofFST , Sunde et al. (2020a) arrived at similar FST -values for microsatellites and
RADseq SNPs, indicating consistency across the markers. So far, few attempts have been made to compare
the resolution yielded by various genetic markers, and little is therefore known about whether the use of
different marker types contributes to heterogeneity of results among studies of other organisms (Sunde et
al., 2020a).

Accurate estimation of genetic differentiation requires correct population assignments of individuals. In
our study system, where individuals only separate during spawning, sampling during foraging season entail
the risk of erroneously grouping individuals from several populations, which results in underestimations of
differentiation. In the present study, the anadromous individuals were therefore sampled in their freshwa-
ter spawning habitats to assure accurate population assignment. Previous studies differ in their sampling
regimes/designs, which might have affected differentiation estimates, and complicates comparisons among
studies. That we found stronger population differentiation than reported before for large-scale studies of
Baltic Sea pike nevertheless indicates that the populations are more isolated than previously believed. This
can have implications for management, as it indicates that each population should be considered as a separate
unit. The importance of sampling scheme and associated implications for interpretation of result pertaining
to population structure potentially extend also to other migrating species

(such as whitefish Coregonus maraena, Olsson, Florin, Mo, Aho, & Ryman, 2012; and perch Perca fluviatilis,
Olsson, Mo, Florin, Aho, & Ryman, 2011), but to our knowledge this issue has not been systematically
evaluated.

The analyses of genetic structure based on the full dataset showed signs of genetic clustering for the anadro-
mous ecotype (Figure 1 and S4-S5 ), which is indicative of gene flow and/or recent divergence. All
populations that were assigned to the shared ’anadromous genetic cluster’ spawn in localities on the Swedish
mainland, and even the population from Angeran (which resides in the north of the Baltic Sea) was assigned
to this cluster. The two anadromous populations that were not assigned to the shared cluster (Askeby from
Denmark and Harfjarden from the island of Oland) were the only two anadromous populations not spawning
in localities on the Swedish mainland. Genetic clustering of populations along the coast have also been
reported in previous large-scale studies of pike (Laikre et al., 2005; Wennerstrom et al., 2016). It has also
been shown for pikeperch (Sander lucioperca ) in the northern part of the Baltic Sea in a study by Saisa,
Salminen, Koljonen, and Ruuhijarvi (2010), who showed that coastal populations formed one genetic cluster,
whilst freshwater lake populations showed strong genetic differentiation and formed distinct clusters.

All the anadromous populations were differentiated from each other (Figure 2 ), and previous studies
report low levels of gene flow among anadromous pike populations (Nordahl et al., 2019; Sunde et al.,
2020a; Tibblin et al., 2015). It is therefore unlikely that gene flow is sufficient to explain the clustering
of anadromous populations. Coherent with previous studies based on mitochondrial DNA from pike across
Northern Europe (Maes, Van Houdt, De Charleroy, & Volckaert, 2003; Skog, Vollestad, Stenseth, Kasumyan,
& Jakobsen, 2014), the results from the phylogenetic analysis revealed low levels of genetic variation and
shallow branching among the populations (Figure. 5 ), which is indicative of recent divergence. However,
the results did not provide any firm evidence for more recent divergence among the mainland populations.
The use of more dense SNP data or longer reads might allow for the detection of clearer phylogenetic signals
and higher resolution (Cariou, Duret, & Charlat, 2013).

That the anadromous populations from Oland and Denmark were distinct from the other anadromous
populations may reflect different evolutionary histories, and a combination of founder events followed by
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divergent selection and stochastic processes. That the populations inhabiting the East Coast of Oland
show strong differentiation from the mainland populations in the Kalmar sound region has been reported
previously (Nordahl et al., 2019), and it has been suggested to result from the open water between the Sweish
mainland and the island acting as a reproductive barrier. Similarly, the open water between Denmark and
Sweden may constitute a reproductive barrier that has facilitated differentiation. In addition, previous work
has shown that the population from Oland and one of the mainland anadromous populations experience
different environmental conditions during spawning, and that this has resulted in the evolution of local
adaptations during early fry development (temperature, Sunde et al., 2019; salinity, Sunde et al., 2018). It
is therefore possible that the high level of differentiation partly reflects IBE/IBA, in addition to geographic
separation. The population on Oland generally spawns earlier than the mainland populations (Sunde et
al., 2019), and it is possible that IBT also has contributed to the genetic differentiation among anadromous
pike populations reproducing in localities on the mainland and the island of Oland. To the extent that the
timing of spawning migration is heritable (Tibblin et al. 2016), differences in timing of reproduction among
populations may impair the success of individuals that attempt to spawn in a population different from
where they were born, and thereby reduce gene flow. An alternative explanation is that this pattern reflects
multiple evolutionary origins of anadromy. Skog et al. (2014) suggest that there are two clades of pike in the
Baltic Sea, and it is possible that anadromy has evolved independently within the clades, but our present
results do not provide conclusive evidence.

Taken togehter, more recent divergence of the anadromous mainland populations, different evolutionary
histories, or multiple evolutionary origins all remain plausible explanations for the observed structure and
differentiation, but we are unable to discriminate among them based on existing data. Future studies that
include data for additional resident, anadromous and freshwater populations from other regions around the
Baltic Sea are required to formally evaluate the competing hypotheses.

That the two Denmark populations (Stege Nor and Askeby) clustered together, despite belonging to different
ecotypes, suggests that, in addition to ecotype, geography influence the genetic structure. Unlike previous
large-scale studies of pike (Laikre et al., 2005; Wennerstrom et al., 2016), we found no evidence of IBD. This
lack of IBD is perhaps partly explained by the long geographic distances between many of the populations.
Patterns of IBD are more pronounced for more closely located populations, and gradually disappear with
increasing geographic separation (Hutchison & Templeton, 1999; Meirmans, 2012; Tinnert, Hellgren, Lind-
berg, Koch-Schmidt, & Forsman, 2016; van Strien, Holderegger, & Van Heck, 2015). Consistent with this
notion, the results from fastSTRUCTURE showed some signs of gene flow between the more closely located
populations (Figure 1 ). It is therefore likely that IBD is of importance for local genetic structuring, but
that other processes such as selection and drift have stronger effects on large scales.

The db-RDA for the full dataset indicated that both ecotype and latitude influence neutral genetic struc-
turing. Results further indicate that whereas ecotype might be one of the main factors influencing neutral
genetic structure, latitude appear to explain variation among populations within the anadromous ecotype.

Taken together, the findings reported in the present and previous studies suggest that the patterns of genetic
structure observed in Baltic Sea pike have been shaped by an interplay between geography and divergent
selection associated with the environments occupied by the different ecotypes (i.e., combined contributions
of IBD, IBE, IBA, and IBT), as discussed below.

Adaptive genetic variation and structure

When the adaptive dataset (comprising outlier loci) was analysed, some contrasting patterns of structuring
emerged. The clustering of the anadromous mainland populations that was evident for the neutral dataset
was not present in the adaptive dataset (Figure 1 ). Instead, a main pattern of structuring associated
with latitude appeared. The importance of latitude on adaptive differentiation was also evidenced by the
db-RDA, which revealed a direction of separation associated with latitude that corresponded relatively well
with the CAP1 axis (Figure 3b ). The effect of latitude appeared to be especially important within the
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anadromous ecotype, which was indicated by the direction of separation associated with latitude aligning
with the separation among the anadromous individuals. This likely reflects that the anadromous populations
included in this study covered a latitudinal range along the environmental clines in the Baltic Sea.

The significant interaction effect between midrange salinity and latitude indicates that the importance of
these two factors differs according to the level of structuring, and further shows that salinity alone does
not explain the patterns. Instead, selection associated with multiple environmental factors that co-vary
with latitude (e.g.temperature and salinity) probably contributes to adaptive genetic structure. This is in
agreement with previous findings that salinity and temperature regimes have resulted in locally adapted
populations (Sunde et al., 2019; Sunde et al., 2018). Previous studies have also reported on evolution
associated with salinity tolerance in other fish species in the Baltic Sea, including three-spined stickleback
(Guo et al., 2015; Hasan et al., 2017), European flounder (Momigliano et al., 2017), and Atlantic herring
(Berg, Slotte, Andersson, & Folkvord, 2019; Lamichhaney et al., 2012), emphasizing the general importance
of salinity.

The role of environmental conditions in shaping adaptive structure was further supported by the finding that
two of the freshwater populations (Kosta and Hamnaryd) that showed strong neutral differentiation shared
an adaptive genetic cluster (Figure 1 ). This suggests that, despite being geographically and reproductively
separated, similarities in environmental conditions between these two freshwater lakes have resulted in adap-
tive similarity via convergent evolution. The contribution of convergent evolution was further supported
by the finding that the db-RDA based on the adaptive dataset showed considerably more overlap between
populations (including the two freshwater populations sharing a genetic cluster in fastSTRUCTURE) and
ecotypes compared to analysis of the full dataset (Figure 3 ).

The conclusion that environmental conditions, and in particular salinity, influence genetic structure was
corroborated by the the outlier analyses (Table 2 and 3 ). The results specifically revealed that outliers
residing in genes that have been suggested to be associated with salinity tolerance were identified in both
analyses.The remainder of the SNPs might reside in genes that have not yet been identified in the pike
genome, but it is also possible that these are non-coding loci linked to regions under selection.

Implications for management

Biodiversity is under threat worldwide by natural and anthropogenic environmental makeovers, climate
change, and overexploitation. The level of genetic diversity within and among populations can influence the
eco-evolutionary success of species, as well as the functioning of ecosystems, and this must inform manage-
ment and protection of fish and the ecosystem services they provide. Genetic and phenotypic variation is
required for populations to respond to selection and adapt to changing and novel environmental conditions
(Charlesworth & Charlesworth, 2017; Roff, 1997; Wennersten & Forsman, 2012). There is also potential for
the consequences of genetic variation to go beyond the level of the species, as it can influence community
structure and ecosystem functioning (Des Roches et al., 2018; Hughes et al., 2008). Being important preda-
tors, competitors, and prey to other species, there are many ways by which pike and other species of fish
can affect the functioning of lakes, rivers, coastal ecosystems and open oceans (Brodersen, Howeth, & Post,
2015; Donadi et al., 2017; Nilsson et al., 2019; Post, Palkovacs, Schielke, & Dodson, 2008; Tamario, Sunde,
Petersson, Tibblin, & Forsman, 2019). There are thus several reasons as to why the genetic diversity among
and within ecotypes of pike reported in this and previous studies must not be depleted.

A key challenge for conservation is to design management actions that maintain functional genetic and
phenotypic diversity both within and among populations (Hutchinson, 2008; Larsson et al., 2015; Nordahl et
al., 2019; Stephenson, 1999; Tamario et al., 2019; Wright, Bishop, Matthee, & von der Heyden, 2015). The
rates and directions of genetic exchange between populations may be a natural outcome of dispersal or result
from management actions, such as removal of migration barriers, compensatory breeding, supplementary
stocking, (re-)introductions, and translocations (Gjedrem, Gjoen, & Gjerde, 1991; McClelland & Naish,
2007; McGinnity et al., 2009; Seddon, Armstrong, & Maloney, 2007). While genetic diversity is beneficial,
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restoration efforts may not always generate the desirable outcome (McClelland & Naish, 2007; Verhoeven,
Macel, Wolfe, & Biere, 2011; Whitlock et al., 2013). Our finding in the present study that patterns of neutral
and adaptive genetic diversity differed, which has also been reported in previous studies (Leinonen, O’Hara,
Cano, & Merila, 2008; Reed & Frankham, 2001), indicates that neutral variation is not necessarily reflective
of adaptive variation. Given that it is adaptive, not neutral, variation that determines the evolvability of
populations and influences their capability of coping with changed environmental conditions, this emphasizes
the importance for management to base descisions on analyses of adaptive genetic diversity.

Conclusions

We utilized RADseq to study neutral and adaptive genetic variation and structuring in allopatric and sym-
patric populations of pike belonging to freshwater, anadromous and brackish water resident spawning eco-
types. To our knowledge, this is the first population genetic study of pike that has included populations of
all three ecotypes. We utilized a genetic marker that can inform on both neutral and functional diversity
and structure, and provide insights about which processes and environmental factors that influence neutral
and adaptive diversity and differentiation.

The populations in lakes formed separate distinct genetic clusters, indicating an important effect of allopatry.
For the sympatric Baltic Sea populations, we found that most anadromous populations were assigned to a
shared genetic cluster, and that the two populations from Denmark, despite belonging to different ecotypes,
were assigned to a separate cluster; pointing to important roles of geographical separation, IBE, IBA and
spatial sorting (Berggren et al., 2012; Shine et al., 2011). The differentiation among anadromous populations
may also in part reflect an effect of IBT (Sunde et al., 2019). Unlike previous studies (Laikre et al., 2005;
Wennerstrom et al., 2016), the population genetic structure detected in the present study could not be
adequately explained by IBD. We also found markedly higher levels of differentiation than previous large-
scaled studies in the Baltic Sea, which indicates that the populations are more isolated than previously
believed, and suggests that each population should be considered as a separate unit.

Besides the importance of within population diversity for variuous aspects of ecological success (Des Roches
et al., 2018; Forsman, 2014; Forsman & Wennersten, 2016; Hughes et al., 2008; Waldman et al., 2016),
there is evidence to suggest that portfolio effects associated with variation among populations may increase
the stability, productivity, and resilience of species in variable environments (Hui, Fox, & Gurevitch, 2017;
Schindler et al., 2010; Waldman et al., 2016). Given ongoing climate change and other anthropogenic
environmental makeovers, it is therefore imperative that the genetic structure of sympatric anadromous
populations of pike is maintained and that management actions are not implemented that contribute to
increased homogenization of populations.

The analysis of adaptive variation revealed different patterns of structuring than did the neutral variation,
and indicated adaptive similarity between some reproductively isolated populations - a sign of convergent
evolution. Adaptive structuring was associated with latitude, indicating that salinity and temperature drive
adaptive differentiation. The importance of salinity and temperature was also evidenced by the outlier
analyses, which identified candidate genes that have previously been shown to be associated with these two
environmental factors.

Utilization of neutral and fuctional markers together has potential to provide a comprehensive understanding
of the eco-evolutionary processes that jointly influence genetic diversity and shape genetic structure of natural
populations. Advances in next-generation sequencing has enabled the use of molecular methods that yield
thousands of loci including functional regions. Adaptive variation has a pivotal role for the evolvability
of populations, their ability to cope with environmental changes, and how they respond to admixture,
management and conservation efforts. The finding that neutral genetic variation was not reflective of adaptive
variation thus points to the need for management and conservation efforts to be based not only on netural,
but also functional, genetic diversity, to achieve desirable outcomes and ensure successful protection of
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biodiversity.
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Table 1. Genetic diversity indices based on the full and adaptive subset datasets for 234 individuals from
11 pike, Esox lucius, populations (Figure 2 ).

Full dataset Full dataset Full dataset Full dataset Adaptive dataset Adaptive dataset

Population N Coordinates Ecotype Salinity (psu) Seq. run PA HO (SE) HE (SE) Fis (SE) HO (SE) HE (SE)
Änger̊an 24 63.63132, 19.74329 Anadromous 3 2018 9 0.25899 (0.00470) 0.27544 (0.00400) 0.07889 (0.03023) 0.25961 (0.07959) 0.27034 (0.07531)
Yngern 23 59.135795, 17.419853 Freshwater 0 2019 63 0.25367 (0.00415) 0.25875 (0.00343) 0.05093 (0.02932) 0.19121 (0.07520) 0.23085 (0.06438)
Snäckstavik 26 59.121394, 17.774334 Anadromous 6 2018 7 0.22297 (0.00457) 0.24092 (0.00403) 0.07910 (0.03379) 0.07692 (0.03875) 0.08666 (0.03644)
Hamnaryd 27 57.686717, 14.845233 Freshwater 0 2018 137 0.21858 (0.00358) 0.23221 (0.00327) 0.06409 (0.02937) 0.13596 (0.06559) 0.15493 (0.07510)
Lervik 21 57.072796, 16.522322 Anadromous 7 2018 4 0.22658 (0.00460) 0.24426 (0.00408) 0.07841 (0.02710) 0.18438 (0.05809) 0.21219 (0.06147)
Okne 22 57.01936, 16.449451 Anadromous 7 2018 2 0.23646 (0.00452) 0.25251 (0.00398) 0.06929 (0.02871) 0.19697 (0.06499) 0.20871 (0.05479)
Harfjärden 22 56.816595, 16.812537 Anadromous 7 2018 8 0.17143 (0.00425) 0.18895 (0.00387) 0.07123 (0.02711) 0.10519 (0.04653) 0.10686 (0.04599)
Kosta 14 56.841368, 15.406008 Freshwater 0 2018 131 0.26200 (0.00348) 0.25087 (0.00276) 0.01555 (0.01209) 0.19373 (0.08118) 0.15541 (0.05923)
Vamb̊asa 8 56.174753, 15.44991 Anadromous 8 2018 42 0.24444 (0.00429) 0.24063 (0.00342) 0.03866 (0.00898) 0.12500 (0.03608) 0.18142 (0.05510)
Stege Nor 23 54.978127, 12.294718 Resident 12 2019 40 0.27652 (0.00503) 0.25992 (0.00375) 0.00190 (0.03030) 0.14437 (0.07969) 0.18838 (0.07293)
Askeby 25 54.942353, 12.163566 Anadromous 12 2019 36 0.25061 (0.00490) 0.24548 (0.00390) 0.01684 (0.03638) 0.17226 (0.06117) 0.19132 (0.04600)

N : number of individuals sampled. Seq. run: samples sequenced in first (2018) or second (2019) run. PA :
private alleles.HO : observed heterozygosity.HE : expected heterozygosity.Fis : fixation index. SE: standard
error.

Table 2. Annotated overlapping outlier SNPs (BayeScan q< 0.05; Fdist and LOSITAN P < 0.01) for
locus-specific effects (populations introduced as separate groups). ’-’ indicates that the annotation did not
identify any known gene for the loci.
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Accession bp LG Gene Gene ID Selection

NC_025971.3 706411 LG04 vesicle-associated membrane protein 7 LOC105007731 diversifying
NC_025971.3 706570 LG04 vesicle-associated membrane protein 7 LOC105007731 diversifying
NC_025971.3 23540277 LG04 midline 2, transcript variant X3 mid2 diversifying
NC_025972.3 7499179 LG05 - - diversifying
NC_025974.3 28719593 LG07 opioid-binding protein/cell adhesion molecule LOC105027132 diversifying
NC_025974.3 35934280 LG07 - - diversifying
NC_025975.3 5354935 LG08 ras-related protein Rab-6B LOC105029536 diversifying
NC_025976.3 1897444 LG09 - - diversifying
NC_025977.3 24790442 LG10 zinc finger protein 436-like LOC105008401 diversifying
NC_025978.3 12984145 LG11 ATP citrate lyase/ATP-citrate synthase acly diversifying
NC_025978.3 20568105 LG11 - - diversifying
NC_025979.3 3809024 LG12 probable G-protein coupled receptor 61 LOC105013497 diversifying
NC_025985.3 13795914 LG18 adhesion G protein-coupled receptor G6 adgrg6 diversifying
NC_025986.3 35565803 LG19 unconventional myosin-Ixa LOC105018477 diversifying
NC_025988.3 15770522 LG21 - - diversifying
NW_017859398.1 1628416 unplaced - - diversifying
NW_017859555.1 12358 unplaced uncharacterized LOC109615586 diversifying

Accession: genomic accession number on NCBI. bp: base position. LG: linkage group (’unplaced’ indicates
unplaced scaffolds).

Table 3. Annotated outlier SNPs for BayeScEnv (q< 0.05) with environmental variables midrange salinity
and latitude. ’-’ indicates that the annotation did not identify any known gene for the loci.

Accession bp LG Gene Gene ID Selection

NC_025971.3 706411 LG04 vesicle-associated membrane protein7 LOC105007731 diversifying
NC_025971.3 706570 LG04 vesicle-associated membrane protein7 LOC105007731 diversifying
NC_025973.3 28351759 LG06 G-protein coupled receptor family C group 5 memberC LOC105027411 balancing
NC_025984.3 22297644 LG17 - - balancing
NC_025984.3 26497648 LG17 store-operated calcium entry regulator STIMATE LOC105017311 balancing
NC_025985.3 13795914 LG18 adhesion G protein-coupled receptor G6 adgrg6 diversifying
NC_025986.3 35565803 LG19 unconventional myosin-Ixa LOC105018477 diversifying
NC_025990.3 6202544 LG23 - - balancing
NW_017858932.1 215052 unplaced potassium voltage-gated channel subfamily A member10 LOC105008161 diversifying
NW_017859115.1 496559 unplaced - - diversifying
NW_017859115.1 784614 unplaced - - balancing
NW_017859554.1 82291 unplaced zinc finger protein OZF-like/zinc finger protein 260-like LOC105008854 balancing
NW_017859578.1 1052911 unplaced - - balancing

Accession: genomic accession number on NCBI. bp: base position. LG: linkage group (’unplaced’ indicates
unplaced scaffolds).
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Figure 1. Map of study area, and genetic structuring among the pike,Esox lucius, populations. The map
shows the locations and spawning ecotypes of the study populations (blue: freshwater, black: anadromous,
and red: resident). It was created in Adobe Photoshop CC, v. 2015.0.1, and is a combined and modified
version of two base maps (one of Scandinavia, and one of Sweden) that are available from Wikimedia
Commons under the non-restrictive creative commons license. The distruct plots show the genetic structuring
among the populations for the most likely number of genetic clusters (K ) suggested by fastSTRUCTURE.
The fastSTRUCTURE analyses were run with two different datasets (one ’neutral’ and one ’adaptive’) with
data for 234 individuals.

Hosted file

image2.emf available at https://authorea.com/users/362684/articles/483757-neutral-and-
adaptive-differentiation-in-pike-esox-lucius-populations-from-contrasting-environments

Figure 2. Pairwise FST -values between pike, Esox lucius, populations (ordered based on latitude).P <
0.0001 for all comparisons.

Figure 3. Visualization of distance based redundancy analyses (db-RDAs) of pike, Esox lucius, based on a)
the full dataset, and b) a subset adaptive dataset consisting of the 17 loci identified in the outlier analyses
as putatively under selection. Shape and color of dots indicate ecotype (blue pyramids: freshwater, grey
circles: anadromous, and red squares: resident), and different shades within colors indicate populations in
latitudinal order from lower (pale) to higher (dark). The black arrows indicate the effect of latitude (P <
0.001), and grey arrows the effect of midrange salinity (P< 0.001).
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Figure 4. RAxML maximum likelihood (ML) tree of pike,Esox lucius, phylogeny based on the full dataset
(created with iTOL, edited in photoshop Adobe Photoshop CC, v. 2015.0.1). Colors indicate ecotype (blue:
freshwater, grey: anadromous, and red: resident). Rooted with the reference genome (indicated in pink)
from NCBI (Rondeau et al., 2014). Black filled circles indicate nodes with bootstrap values ([?]70).

Figure 5. Loci identified as putatively under selection in the outlier analyses of pike, Esox lucius . a)
Venn-diagrams that shows the number of loci identified by the three different software (BayeScan, Fdist and
LOSITAN). BayeScan q -value < 0.05, and Fdist and LOSITAN P < 0.01. b) Results for BayeScEnv with
midrange salinity and latitude introduced as environmental variables, significance threshold q -value < 0.05
(indicated by the dashed line).
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