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ABSTRACT

The contemporary distribution of genetic diversity in widespread freshwater species reflects a complex interplay between histori-
cal processes and recent demographic events. We investigated the postglacial recolonization history of the Eurasian perch (Perca
fluviatilis L.) across its native range spanning Europe and Western Siberia, aiming to understand how historical and recent
demographic processes have shaped contemporary genetic diversity in a widespread freshwater species. Using an integrative
genomic approach, we combined whole mitochondrial genome resequencing with nuclear SNP-array genotyping (3660 SNPs) for
382 individuals from 188 locations to reconstruct patterns of lineage divergence, population structure, and admixture. We iden-
tified five highly divergent mitochondrial lineages, consistent with the existence of multiple glacial refugia across Southwestern,
Southeastern, and Central Europe, as well as Siberia. Nuclear data (3660 SNPs) revealed three major genetic clusters correspond-
ing to Western, Northern, and Southeastern Europe, along with strong regional admixture. The Baltic Sea region emerged as a
contemporary hotspot of genetic diversity, likely resulting from the admixture and convergence of distinct maternal lineages
during the postglacial recolonization of Northern Europe. Signals of isolation by distance were evident both within and across
lineages, highlighting the role of limited dispersal in shaping current genetic patterns. The integration of mitochondrial and
nuclear genomic data provided a comprehensive view of the evolutionary history of P. fluviatilis, revealing both deep historical
divergence and recent admixture events. The existence of multiple glacial refugia and subsequent secondary contact underscores
the complexity of postglacial recolonization processes in freshwater fauna. These findings advance our understanding of how
historical and contemporary factors interact to shape biodiversity across Europe.

1 | Introduction enabling researchers to investigate genetic diversity, demo-

graphic history, and adaptive evolution with unprecedented
The rapid progress in high-throughput sequencing technolo- resolution (Ellegren 2014; Goodwin et al. 2016). Genomic
gies has transformed population genetics and phylogenomics, tools have been especially impactful in biodiversity studies,
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allowing detailed reconstructions of phylogeographic patterns
across broad geographic ranges and the detection of fine-scale
population structure and signatures of selection (Ekblom and
Galindo 2011; Ouborg et al. 2010; Edwards et al. 2022).

Despite these technological developments, many genome-wide
studies remain constrained by limited geographic coverage and
small sample sizes, hindering our understanding of global ge-
netic diversity patterns (Fuentes-Pardo and Ruzzante 2017) and
the reconstruction of postglacial recolonization routes (Emerson
et al. 2010), particularly in species with complex demographic
histories. Broadly distributed taxa require extensive and spa-
tially representative sampling, but trade-offs between the num-
ber of individuals, sequencing depth, and geographic scope
can reduce the power to detect evolutionary processes across
spatial and temporal scales (Ellegren and Galtier 2016; Bravo
et al. 2019). Cost-effective strategies, such as low-density SNP
genotyping assays (Andersson et al. 2024) and genome skim-
ming (Chang et al. 2024), offer large-scale assessments while
maintaining population-level resolution. Still, carefully balanc-
ing sampling design and sequencing depth remains essential
for producing robust phylogenomic inferences (Fumagalli 2013;
Shafer et al. 2015).

To effectively interpret genome-wide data in an evolutionary
context, historical processes such as glacial cycles and postgla-
cial recolonization must be considered (G. M. Hewitt 2004b).
The classical postglacial colonization model (G. M. Hewitt 1996,
1999; G. Hewitt 2000) proposes that repeated fluctuations in
global temperature throughout the Pleistocene (approximately
2.6 million to 11,700years ago) drove glacial-interglacial cy-
cles, with glacial maxima confining species to southern refu-
gia: the Iberian, Italian, and Balkan peninsulas, where complex
topography and buffered climates preserved genetic diver-
sity (Taberlet et al. 1998; Bennett et al. 1991; G. Hewitt 2000).
These refugia also functioned as biodiversity hotspots due to
their environmental stability and the persistence of deep evo-
lutionary lineages (Médail and Quézel 1999; Myers et al. 2000;
Schmitt 2007). Following glacial retreat, northward expan-
sions produced gradients of declining genetic diversity through
founder effects and serial bottlenecks (G. M. Hewitt 2004a).

This model, while widely supported across many taxa (Comes
and Kadereit 1998; Schonswetter et al. 2005), has been refined
with evidence for multiple extra-Mediterranean refugia in the
Alps, the Carpathians, and parts of Central and Eastern Europe
(Stewart and Lister 2001; Bhagwat and Willis 2008; Schmitt and
Varga 2012). Furthermore, some authors have emphasized the
role of northern refugia and demonstrated that postglacial recol-
onization often involved admixture from several distinct source
populations (Gémez and Lunt 2007), leading to a more nuanced
understanding of glacial survival and postglacial range dynam-
ics across Europe (Stewart et al. 2010; Schmitt and Varga 2012).

The Eurasian perch (Perca fluviatilis L.) provides a useful focal
species for studying phylogeographic structure and postgla-
cial dynamics across its broad distributional range, which ex-
tends through temperate and northern Eurasia (Collette and
Banarescu 1977; Thorpe 1977). It occupies diverse aquatic habi-
tats, including lakes, rivers, and brackish coastal environments,
and displays tolerance to a wide range of environmental gradients

such as temperature, oxygen, salinity, and pH (Diehl 1992;
Nilsson et al. 2004; Devlin et al. 2015; Vejiik et al. 2016;
Christensen et al. 2019; Noreikiene et al. 2020). This combina-
tion makes the Eurasian perch a valuable system for exploring
species-specific responses and for investigating environmental
adaptation (Ozerov et al. 2022, 2025; Noreikiene et al. 2024;
Loépez et al. 2025). Earlier genetic studies of perch, based on
short mitochondrial DNA (mtDNA) fragments, microsatellites,
and a small set of SNPs, have provided important initial insights
into its phylogeography, historical demography, and population
genetic structure. For instance, Nesbg et al. (1999) suggested the
presence of four major mitochondrial lineages and admixture
zones located alongside the areas where these lineages converge.
More recently, Toomey et al. (2020) refined earlier findings by
clarifying the patterns of genetic variability using four mtDNA
regions and eight microsatellite markers. However, these stud-
ies were constrained either by limited geographic coverage or
low genomic resolution. As pointed out by the authors, key
regions such as the Balkans and Pannonia (Middle-Danubian
Basin) were underrepresented in the sampling of both Nesbo
et al. (1999) and Toomey et al. (2020), leaving a gap that, from
a phylogenomic perspective, limits the ability to draw robust
evolutionary inferences. Furthermore, while microsatellites and
short mtDNA fragments can reveal broad-scale patterns, they
lack the power of genome-wide approaches to detect finer-scale
population structure (Allendorfet al. 2010; Andrews et al. 2016).

The availability of whole-genome assemblies (Ozerov et al. 2018;
Roques et al. 2020) has now positioned the Eurasian perch as a
promising model for exploring ecological, geological, and evolu-
tionary processes (Vasemadgi et al. 2023). The rapid expansion
of genomic resources has facilitated detailed investigations of
spatiotemporal genomic patterns (Lichman et al. 2024), tran-
scriptome responses to parasites (Taube et al. 2023), compar-
ative genomics (Kuhl et al. 2024) and adaptation (Skovrind
et al. 2023; Ozerov et al. 2022, 2025; Lopez et al. 2025).

The objectives of this study are threefold. First, we test the util-
ity of whole mtDNA genome resequencing for delineating the
geographic spread of distinct maternal lineages, and nuclear
SNP genotyping for assessing genetic diversity across an ex-
panded sampling range. Second, we characterize global genetic
diversity hotspots and assess potential latitudinal and longitu-
dinal gradients to understand how historical climatic fluctua-
tions and postglacial recolonization have shaped present-day
diversity patterns of perch. Finally, we explore the relationships
between genetic divergence and geographic distance at both
global and lineage-specific levels to gain deeper insights into
the spatial distribution of genetic differentiation. Using high-
coverage mtDNA resequencing and 3660 nuclear SNPs from 188
locations spanning the species’ native range, we provide novel
insights into the evolutionary history of Eurasian perch and the
mechanisms shaping biodiversity.

2 | Materials and Methods
2.1 | Sample Collection

We analyzed a dataset comprising 382 individuals of Eurasian
perch (hereafter perch) collected from 188 distinct sampling sites
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FIGURE1 | (a) Sampling locations of 269 Perca fluviatilis individuals from 149 sites used for mtDNA analyses. Different colors represent loca-
tions corresponding to five highly divergent mtDNA lineages (1-5) and Group 6, as shown in both (a) and the boxes in (b). (b) Maximum likelihood
(ML) representation of mtDNA phylogenetic relationships among 270 Perca fluviatilis individuals as an unrooted tree, with the reference genome
(KM410088.1) included. Tips of the phylogenetic tree, representing individuals, are colored according to their country of origin, consistent with the

color scheme shown in Figure 2.

(Figure 1a and Table S1), spanning approximately 10,000km
from east to west (from Mongolia to Azores Islands) and approx-
imately 3000km from south to north (from Turkey to northern
Finland). Most locations comprised two or more individuals
(n=179), whereas a few locations (n=9) included only a single
specimen. The sampling sites encompassed wild populations
from a variety of environments, including lakes, rivers, ponds,

canals, reservoirs, estuaries, and seas, spanning 29 countries
across the species' natural distribution range (Stepien and
Haponski 2015). These regions include continental Europe,
the British Isles, Ireland, Northern Europe, the Caucasus, the
Middle East, Central Asia, and Siberia (Figures 1a and 2a). We
also included samples from perch introduced to the Iberian
Peninsula and Azores (part of the Macaronesia Archipelago in

Ecology and Evolution, 2026

30f19

8518017 SUOWILIOD 3AIERID 3|qedldde 8y Aq pauenob aie I YO ‘@SN JO S3NJ Joj ARIg1T 8UIIUO /8|1 UO (SUORIPUOD-PUR-SWLBYW0D" A3 | 1M AReq1 Ut UO//Sd)Y) SUORIPUOD PUe SLWLB | 34} 83S *[9202/50/70] U0 ARIqIT3UIIUO AB]IM ‘NN L Jo AISRAIIN AQ Z0GEL €899/200T OT/I0P/W00" A 1M AReaq 1 jeuluoy/Sdiy wouy papeojumod ' ‘9202 ‘86LLS02



70°N- %“

2]

0°N-

g Latitude
Z

ORO Country
| OPTONLODE@CZOMK@PL@ TR
QIE @GBOCH@®SI OF OLT @ GE

40°N
0 OESODKQOQSK@RSQEE@SEQRU
i ] S OFR @BE @HUOBG@ LY QUAQMN
20°W : 40°E 60°E 80°E 100°E
Longitude
(b) Global Fst: 0.39 (c)
10
—_~ 0_
] 9
i i (C_\‘)
i : [a Q
o1 40wl i
L ] -104 e ® ® ®
- i . Ty I I{ - " ! ‘
- LT N | h | |
|.-..:| sEem ! .. .
1 i ! ! °
R R ® (f)
e ‘8
Lol 2 him
WE IR
-20 10 0 10 20 30
PC1 (16%)
EE
() E .8 - @ ¢ (f
RS
10 L 20 .RS HU
(] s g BG &
N @a® . sg:.o:; 3 % o
o ) SE o
E. ? 3\‘.10 EESEEE’E.EF i %\r.
~ 0 EET_EE g ~ RS
= (074 ~ R0 =0
8V [aY) FI al '. HU
£ 3@ _» 2 ¢ e g s
@ 0 MN Vi @ ' [ ]
) S(b) .EE [ ] (]
UA ya ° RU -3 ® SK
290 g EE @
. ’ ¢ UA . SK
- -10 LT e " g
10 -10 0 10 -10 0 10 20 0 5 10
PC1 (10.8%) PC1 (5.9%) PC1 (9.4%)

FIGURE 2 | (a) Sampling locations of 363 Perca fluviatilis individuals from 184 sites included in the SNP array analysis. Dot colors in (a) and in
the PCA plots (c-f) represent different countries. (b) Heatmap of pairwise F; values between populations with paired samples (npop =169) based
on the nuclear SNP array. (c) PCA plot of 363 individuals. Clusters defined as Western (d), Northern (e), and Central (f) groups are highlighted. BE,
Belgium; BG, Bulgaria; CH, Switzerland; CZ, the Czech Republic; DE, Germany; DK, Denmark; EE, Estonia; ES, Spain; FI, Finland; FR, France; GB,
England; GE, Georgia; HU, Hungary; IE, Ireland; LT, Lithuania; LV, Latvia; MK, North Macedonia; MN, Mongolia; NL, the Netherlands; PL, Poland;
PT, Portugal; RO, Romania; RS, Serbia; RU, Russia; SE, Sweden; SI, Slovenia; SK, Slovakia; TR, Turkey; UA, Ukraine.
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the Atlantic Ocean) (Ribeiro et al. 2009; Dias et al. 2025). To
further supplement the collected dataset, we incorporated 48
previously analyzed samples obtained from Finland, Estonia,
Lithuania, and Sweden (Table S1) (Ozerov et al. 2022; Vasemigi
et al. 2023).

The sample collection complied with national regulations and
international agreements under the Nagoya Protocol. Ethical
considerations during sampling followed the requirements out-
lined in Directive 2010/63/EU of the European Parliament and
of the Council of 22 September 2010 on the protection of animals
used for scientific purposes. All perch specimens were collected
and euthanized in compliance with national legislation and
under permits issued by local authorities (Berthelsen et al. 2025;
Table S5).

2.2 | DNA Extraction

Genomic DNA (gDNA) from 313 fish tissue samples (from vari-
ous tissues, such as fins, scales, and muscle tissue) was isolated
using the NucleoSpin Tissue Kit (Macherey-Nagel GmbH) or the
QIAamp 96 DNA QIAcube HT Kit (QIAGEN). An additional 69
samples of gDNA were obtained either from previous studies
(Ozerov et al. 2022; Noreikiene et al. 2020, n=48) or provided
by collaborators (n=21).

The concentration of gDNA was quantified using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific), and DNA
quality was evaluated via 1% agarose gel electrophoresis stained
with ethidium bromide. Samples were then diluted to 10ng/uL
for mitochondrial DNA (mtDNA) sequencing and 30ng/uL for
nuclear SNP genotyping, using either buffer EB (for samples ex-
tracted with the NucleoSpin Tissue Kit) or buffer AE (for those
isolated with the QIAcube HT Kit).

2.3 | Analyses of Mitogenomes and Genome-Wide
Nuclear SNPs

To obtain a more comprehensive understanding of how con-
temporary diversity and the distribution of the species have
been shaped by evolutionary history, we aimed to incorporate
both whole mtDNA genome and nuclear SNP data in our anal-
yses. Due to differences in data generation protocols for whole-
genome sequencing and SNP-array genotyping, the number
of samples included for the initial screening of the mtDNA
and nuclear SNPs varied slightly (374 and 382, respectively).
Consequently, we used slightly different datasets for various
analyses (Table 1).

2.4 | Library Preparation and Whole Genome
Sequencing (WGS)

Sequencing libraries for 374 mtDNA samples were pre-
pared following the Illumina TruSeq DNA PCR-Free Library
Preparation Guide. Libraries were sequenced using a NovaSeq
X Plus sequencer with 0.5 lanes of a 10B-300 flow cell (standard
paired-end read setup of 2 X150bp) at the National Genomics

TABLE 1 | Overview of Perca fluviatilis samples and datasets used
for various analyses (additional details are provided in Table S1). Nind
and npop indicate number of individuals and populations used for
specific analyses, respectively.

Data type
Nearly
complete
Nuclear SNP array mtDNA
Type of (MultiFishSNPChip) genomes
analysis nind npop nind npop
Phylogenetic 269 149
relationships
PCA 363 184
Genetic 363 184
diversity
Admixture 363 184
IBD 349 169

Abbreviations: IBD, isolation by distance; PCA, principal component analysis.

Infrastructure (NGI), Stockholm, from 1ug of gDNA. The aver-
age insert size was 350 bp.

2.5 | Quality Control and Axiom SNP Genotyping
Array (MultiFishSNPChip)

A total of 382 perch samples were genotyped using the
MultiFishSNPChip_1.0 (DNA TRACEBACK Fisheries SNP
array, FSHSTK1D), a custom high-throughput SNP genotyp-
ing array developed for multiple fish species, including perch
(Andersson et al. 2024; Vasemigi et al. 2023). Genotyping
was performed by IdentiGEN Limited (Dublin, Ireland) on the
Axiom platform. Allele calling and quality control were per-
formed using THERMO FISHER'S AXIOM SUITE software, fol-
lowing the manufacturer's recommended best practices. The
final dataset included 3660 high-quality polymorphic SNPs
(from an initial set of 3741 SNPs) genotyped across 363 individu-
als from 184 locations, with an average SNP call rate of 98.32%.
The final filtered SNP dataset was exported as a VCF file and
subsequently converted into a genind object using the R package
‘adegenet’ v.2.1.8 (Jombart 2008; Jombart and Ahmed 2011) in R
v.4.1.3 (R Core Team 2022).

2.6 | Quality Control and Generation of Consensus
mtDNA Sequences From WGS

Quality assessment of the mtDNA dataset, including 374 indi-
viduals, was conducted using FASTQC (Andrews 2010). Reads
were trimmed using FASTP v.0.20 (Chen et al. 2018) to remove
sequences < 60bp, low-quality reads (mean Phred score <25),
and Illumina adapters. Cleaned paired-end reads were then
aligned to the perch mitochondrial reference genome (NCBI
accession: KM410088.1) using BOWTIE2 v.2.3.5.1 (Langmead
and Salzberg 2012), with modified parameters to adjust the
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minimum alignment score threshold (—score-minL, —0.3, —0.3)
and the maximum fragment length for valid paired-end reads
(=X 700).

Consensus mtDNA sequences were extracted with BCFTOOLS
v.1.17 (Li 2011), applying a minimum mapping quality threshold
of 20 (—q 20), and converted to FASTA format using SEQTK v.1.3
(Li 2013). After quality filtering, 269 nearly complete mtDNA
genomes met both inclusion criteria: >95% genome coverage
and a minimum average read depth (DP) of 5.

2.7 | mtDNA Alignment and Phylogenetic Tree
Construction

The mtDNA alignment of the 270 sequences (including the ref-
erence genome) was trimmed at both ends to remove 130bp
from the 5’ end and 221bp from the 3’ end, resulting in a final
alignment of 16,186bp (97.88% of the 16,537bp reference ge-
nome). The start and end positions were determined as the
first and last sites consistently aligned across all sequences.
Phylogenetic reconstruction was performed using IQ-TREE2
(Minh et al. 2020), employing the MODELFINDER module
(Kalyaanamoorthy et al. 2017) to identify the best-fit substitu-
tion model. The TN +F +R3 model was selected based on the
Bayesian Information Criterion (BIC) and used to infer a maxi-
mum likelihood (ML) consensus tree with 1000 bootstrap repli-
cates. The final phylogenetic tree was visualized using ITOL v.4
(Letunic and Bork 2019).

2.8 | Genetic Divergence

To assess genetic differentiation among populations, we calcu-
lated pairwise Fg, values for 169 populations, each represented
by at least two individuals. Previous studies have shown that
reliable Fg. estimates can be obtained even from small sam-
ple sizes (i.e., two individuals), provided that a sufficient num-
ber of SNPs (>1500) are used (Willing et al. 2012; Nazareno
et al. 2017). Allele frequencies were estimated from a genpop ob-
ject created with the genind2genpop function, and pairwise Fy,
values were then computed with the pairwise.fst function, both
available in the ‘adegenet’ R package.

2.9 | Principal Component Analysis (PCA) on
Nuclear SNPs

To explore genetic relationships among individuals, we per-
formed PCA using the dudi.pca function from the ADE4 R
package v.1.7-19 (Dray and Dufour 2007). PCA was conducted
on two datasets: (i) all 363 genotyped individuals and (ii) a
subset of 269 individuals for which overlapping mtDNA data
were available. In addition, we defined several subgroups
within explored groups of all individuals, for which sepa-
rate genind objects were created and analyzed independently
using PCA. Visualizations of all PCA results were generated
using the FACTOEXTRA R package v.1.0.7 (Kassambara and
Mundt 2020).

2.10 | Admixture Analysis on Nuclear SNPs

We employed ADMIXTURE v.1.3 (Alexander et al. 2015) to es-
timate individual ancestry proportions in the nuclear SNP data-
set (363 individuals). To minimize linkage disequilibrium (LD)
effects on the inferred population structure (Falush et al. 2003;
Kaeuffer et al. 2007), LD pruning was conducted using PLINK
v.1.9 (Purcell et al. 2007) with the parameter —indep-pairwise
1000 100 0.2, resulting in a pruned dataset of 2297 SNPs.
ADMIXTURE was run across values of K from 1 to 30 using
500 bootstrap replicates (-B500) and 30-fold cross-validation
(-cv=30).

211 | Genetic Diversity Estimates Based on
Nuclear SNPs

Observed heterozygosity (H,), defined as the proportion of het-
erozygous loci, was estimated using two datasets: (i) the full
dataset comprising 363 individuals from 184 locations, and (ii)
a subset of 349 individuals from 169 populations, where each
population was represented by 2-4 individuals (populations
represented by a single individual were excluded). H, values
were computed in PLINK v.1.9 using the -het option and cross-
validated with the allel.heterozygosity_observed function from
SCIKIT-ALLEL v.1.3.11 (Miles et al. 2024). H distributions were
analyzed by country, and their associations with geographic co-
ordinates (latitude and longitude) were assessed.

2.12 | Isolation by Distance (IBD)

We tested for isolation by distance (IBD) to evaluate the rela-
tionship between genetic and geographic distances among
populations. Geographic distances were calculated using the
distVincentyEllipsoid function from the ‘geosphere’ R package
v.1.5-18 (Hijmans 2022), based on transformed coordinates.
Genetic distances (pairwise Fg;) were computed using the
pairwise.fst function from ADEGENET. We then applied a two-
dimensional linear model (Rousset 1997), regressing the natural
logarithm of geographic distance (In km) against Fy;./(1—Fgp).
Mantel tests (Pearson, 999 permutations) were performed on
all 169 paired-individual populations and separately for each
mtDNA lineage group. Additionally, Mantel correlograms
were generated using the mgram function from ‘ecodist’ v.2.1.3
(Goslee and Urban 2007) with a uniform interval of 100km for
both the full dataset and lineage-specific subsets.

2.13 | Inverse Distance Weighting (IDW) Map

To visualize spatial variation in genome-wide genetic diversity,
we constructed an inverse distance weighting (IDW) map of ob-
served heterozygosity. Following the approach of Testo (2021),
we interpolated individual H, values using the World Geodetic
System 1984 (WGS 84) projection. A spatial buffer of 250km was
applied to limit the influence of each point, and the IDW inter-
polation was performed with a power of 0.5 to ensure a smooth
surface with moderate influence from distant samples. Based
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on optimization criteria, we used a minimum of 13 neighboring
points for reliable surface construction.

3 | Results

3.1 | Phylogenetic Relationships and Distribution
of mtDNA Lineages

Based on 269 nearly complete mtDNA genomes, we identified
five deeply divergent monophyletic lineages (1-5), each sup-
ported by strong bootstrap support for the clades (Figure 1b).
Furthermore, the broader sample coverage of our study re-
vealed a group of haplotypes located between lineages 1 and 2
occurring in Southeastern Europe (Georgia, Ukraine, Bulgaria,
Hungary, Slovakia, and Slovenia). We denote this group tenta-
tively as Group 6 because of its clear geographical separation
despite its non-monophyletic nature.

The major mtDNA lineages are separated by long internal
branches, indicating substantial evolutionary divergence and
supporting their deep-rooted origin. In particular, Lineage 5
exhibits an early split in the phylogeny, as evidenced by pro-
nounced internal branch lengths that clearly distinguish it from
all other lineages. This topology is more consistent with a basal
divergence event than with a recent or hierarchically nested sub-
division within the principal radiation. In turn, Group 6 diverges
from the evolutionary framework observed in the other mtDNA
lineages, reflecting a more recent evolutionary divergence.

The geographic ranges of each lineage are as follows: Lineage 1
is exclusively represented by populations sampled from the Ural
and Siberian regions of Russia (Figure 1a). Lineage 2 is primar-
ily composed of samples from Western Europe, with a subset of
individuals reaching the Baltic Sea basin. Lineage 3 is restricted
to samples from the Baltic Sea region. Similarly, Lineage 4 pre-
dominantly consists of samples from the Baltic Sea basin, oc-
curring northward and eastward relative to Lineage 3, with a
few cases reaching the Black Sea basin. Lineage 5 is distributed
across Central Europe (Pannonian Basin and surrounding areas,
Danube basin) and the Balkans. Lastly, Group 6 is found in the
Black Sea region, with partial representation in the Balkans and
Central Europe.

3.2 | Genetic Divergence and Structuring

Genome-wide nuclear SNPs revealed substantial divergence
among the studied perch populations, with a global Fg; value
of 0.39, reflecting a high level of structuring (Figure 2b and
Figure S1b; Table S2). The most highly divergent groups (mean
F=0.43-0.48; Figure S4) were observed in populations from
Hungary (HU), Bulgaria (BG), Serbia (RS), and Ireland (IE).
Notably, many populations exhibited significant divergence
regardless of geographic proximity, indicating a strong influ-
ence of genetic drift and isolation. The lowest Fg; values were
observed within the Baltic countries (mean Fg;=0.16-0.19):
Sweden (SE), Estonia (EE), Finland (FI), and Poland (PL), as
well as in Ukraine (UA) and Germany (DE). Pairwise FST val-
ues among populations from these countries were considerably

lower compared to those within countries in Central Europe and
the Balkans (Figure S4).

PCA of the nuclear SNP dataset identified three broadly defined
genetic groups (Figure 2c). The first group, located on the left-
most side of the PC1 axis, comprises individuals from Western
Europe, including samples from Ireland, Portugal, Spain,
Switzerland, Germany, England, Belgium, France, and the
Czech Republic. The second group, located on the uppermost
side of the PC2 axis, primarily includes individuals from the
Baltic Sea region (Poland, Sweden, Finland, Estonia, Latvia, and
Lithuania), with some divergence from samples from Ukraine,
Russia, Mongolia, and Georgia. The third group, located on
the rightmost side of PC1, consists mainly of individuals from
Hungary, Bulgaria, and Serbia (Central and Southeastern
Europe).

Figure 2d-f provide more detailed PCA results of groups 1, 2,
and 3, respectively. Figure 2d highlights Western European
samples, emphasizing the genetic divergence of Irish and
Czech samples from the rest. Further analysis of this group
(Figure 3a) also reveals the isolation of samples from Spain and
Lake Geneva (France and Switzerland) compared to individu-
als from the rest of the countries (Portugal, Germany, Spain, the
Netherlands, England, France, Belgium, and Poland). Finally,
PCA of the densest subgroup within this group (Figure 3c)
shows a clear separation along PC1 between populations from
Belgium, Germany, and the Netherlands on one side, and France
and Portugal on the other, while samples from England remain
the most distinct along PC2.

Figure 2e shows a detailed view of individuals mainly distrib-
uted in the Baltics, while also highlighting the separation of
Russian samples, a single specimen from Georgia, and two from
Mongolia. Further differentiation (Figure 3b) reveals distinct
Latvian populations and a split between Finnish and Swedish
samples from eight locations and the rest of the group. Zooming
into the densest cluster (Figure 3d) shows a clear separation along
PC1 between Ukrainian populations from the Dnipro River and
its tributaries and those from Sweden and Finland, with Polish
and Lithuanian populations in intermediate positions.

The most genetically distinct group (Figure 2f) comprises pri-
marily Lineage 5 and Group 6 individuals, with a core of sam-
ples from Central Europe, particularly Hungary and Slovakia.
Overlaying mitochondrial lineages on the PCA (Figure Sla) re-
veals a consistent pattern: Western European individuals cluster
together as mtDNA Lineage 2, also present in Northern Europe,
while the Northern group includes Lineages 1, 2, 3, and 4, and
the Southeastern European cluster is dominated by Lineage 5
and Group 6.

To further investigate genetic structure and ancestry proportions
across all populations, we performed an ADMIXTURE anal-
ysis (Figure 4 and Figure S2). Cross-validation error identified
K=13 as the optimal clustering level, revealing strong genetic
divergence by country and clear regional groupings. At K=2,
Southeastern and Central European populations (Bulgaria,
North Macedonia, Serbia, Slovenia, and Hungary) separate
from Western European populations (Switzerland, France,
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FIGURE 3 | Principal component analysis (PCA) plots of Perca fluviatilis samples within the Western (a) and Northern (b) groups, with subse-
quent magnification of densely clustered regions for subsets of the Western (c, d) Northern groups, respectively.

the Netherlands, Belgium, Spain, Portugal, Great Britain, and
Ireland), while other samples show varying levels of admix-
ture. As the number of clusters increases (K= 3 to K=15), genetic
structure within Europe becomes more pronounced: at K=3,
Bulgarian specimens separate from other Balkan populations;
at K=4, populations from Fennoscandia and the Baltic region
(Sweden, Finland, Estonia, Latvia, and Lithuania) form a shared
ancestry group; and at K=35, the Czech Republic emerges as a
distinct genetic group, diverging from other Central European
populations.

With further increases in K, additional unique clusters appear.
At K=6, individuals from Russia and Mongolia form a group
separate from those in Ukraine and Romania; at K=7, Irish
populations split from Great Britain; and at K=8, Polish and
Lithuanian populations separate from Estonia, Finland, and
Sweden (Figure S2). At K=9, Georgian perch form their own

cluster, distinct from Turkish and Russian samples, and at
higher values (K=10-13), additional smaller clusters emerge
(e.g., Latvia at K=10, Switzerland at K=11). Beyond K=11,
ADMIXTURE no longer identifies country-level clusters but in-
stead highlights divergence at the level of distinct populations.

3.3 | Spatial Distribution of Nuclear Diversity

The IDW interpolation map revealed a pronounced contrast
in diversity between Southern and Northern Europe, with the
Scandinavian and Baltic regions representing hotspots for ge-
netic diversity (Figure 5a). High diversity was also observed
among the Mongolian (mean H,=0.46) and Siberian samples
(mean H,=0.25), although sampling density in those regions
was much lower compared to that in Europe. The lowest lev-
els of genetic diversity were observed in Southern Europe,
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FIGURE 4 | Ancestry inference of 363 Perca fluviatilis individuals based on 2297 nuclear SNPs, performed using ADMIXTURE with varying

numbers of clusters (K=3, 5, 7,9, 11, 13).

particularly in the Balkan Peninsula (e.g., mean H,=0.10 in
Bulgaria) and the Iberian Peninsula (mean H,=0.14 for both
Portugal and Spain), as well as in Ireland (mean H,=0.13;
Figure S1c). Consistent with the IDW results, linear regression
analyses revealed a highly significant increase in genetic diver-
sity from south to north and from west to east, with latitude ex-
plaining more variation than longitude (15% vs. 7%, respectively;
Figure 5b,c). To ensure that the observed longitudinal pattern
was not disproportionately influenced by the few easternmost
populations, we repeated the analysis after excluding samples
east of 50°E. The pattern remained similar, with the regression
for this subset yielding H,=0.002 * Longitude +0.201 (r=0.252,
p=38.36e-4), compared with H,=0.001 * Longitude +0.215
(r=0.268, p=2e-07) for the full dataset.

3.4 | Isolation by Distance

The results of the IBD analysis, conducted on 169 locations, re-
vealed a moderate but highly significant correlation (Pearson's
r=0.248, p=>5.04e-198) between genetic divergence and geo-
graphic distance (Figure 6a). Moran's correlograms provided
further insights into the spatial patterns of genetic variation. We
observed the highest correlations between pairwise Fy; and geo-
graphic distance (Mantel r=0.285, p=0.01) at the smallest geo-
graphical scale (0-200km), which decreased sharply at larger
distances (Figure 6b).

We subsequently tested the relationship between genetic and
geographic distances separately for six distinct mtDNA groups
to evaluate whether different postglacial colonization routes
have potentially shaped present-day IBD patterns. We ob-
served significant IBD patterns for Lineages 1, 2, 5, and Group 6

(Figure 6a), but not for Lineages 3 and 4 (Figure S3a,c). However,
the Mantel correlogram showed significant positive correlations
between pairwise FST and geographic distance at the small-
est geographical scale only for mtDNA Lineage 2 and Group 6
(Figure 6d,f), while for the other lineages, the Mantel r across
short distance classes was not significant (Figure 6c,e).

4 | Discussion

Our study reveals several key findings regarding the phyloge-
ography and genetic diversity of perch across its native range.
First, the Baltic Sea region emerges as a contemporary hotspot
of genetic diversity, confirming previous findings but now con-
textualized by genome-wide markers and broader geographic
coverage. Second, we observe a clear longitudinal decline in
genetic variability, with notably reduced diversity in Western
European populations. Third, in addition to confirming the geo-
graphical distribution of mtDNA lineages 1-5, we identified a
previously uncharacterized group of mitochondrial haplotypes
(Group 6) occurring between lineages 1 and 2. Finally, our anal-
yses revealed that the Danube basin harbors the most divergent
mitochondrial lineage (Lineage 5), which exhibits a broader geo-
graphical distribution than previously recognized.

4.1 | Baltic Sea Basin as a Northern Biodiversity
Hotspot

Earlier research suggested the Baltic Sea region as a secondary
contact zone for perch, characterized by the coexistence and in-
trogression of multiple divergent mitochondrial lineages (Nesbo
et al. 1999). This was further supported by Toomey et al. (2020),
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corresponding to those in Figure 2.

who found high mitochondrial haplotype diversity in perch pop-
ulations across the Baltic region, particularly in the east, con-
sistent with secondary contact and admixture among divergent
postglacial lineages. By assembling the most comprehensive
genome-wide P. fluviatilis dataset to date, consisting of nearly
complete mitochondrial genomes and genome-wide nuclear
SNPs, we not only confirmed the presence of multiple mito-
chondrial lineages in the Baltic Sea but also revealed elevated
heterozygosity and widespread admixture signals, providing
strong evidence for introgression among lineages. Additionally,
we identified a pronounced latitudinal gradient in nuclear ge-
netic diversity, highlighting the Baltic Sea as a contemporary
biodiversity hotspot.

These findings challenge the traditional “southern richness and
northern purity” paradigm (G. M. Hewitt 2004a), which posits
that genetic diversity decreases with increasing latitude due
to serial founder effects during postglacial recolonization (G.
Hewitt 2000). Instead, our results resemble patterns observed
in other northern fishes, such as the three-spined stickleback
(Gasterosteus aculeatus) and European whitefish (Coregonus la-
varetus). These species have been shown to maintain relatively
high levels of genetic diversity, linked to either multiple coloni-
zation events from distinct glacial refugia or secondary contact
between previously isolated lineages following ice retreat (Coll-
Costa et al. 2024; Ostbye et al. 2006). Such scenarios suggest
that northern regions can retain or regain substantial genetic
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diversity when colonization is not strictly unidirectional or does
not follow a stepwise pattern.

Toomey et al. (2020) reported increased genetic variability
in perch populations across Eastern Europe, Fennoscandia,
and Central Europe, deviating from the pattern observed in
many freshwater taxa that typically exhibit diversity hotspots
in southern refugia (Durand et al. 1999; Gum et al. 2005; but
see Kotlik and Berrebi 2001). In our study, freshwater habitats
within the Baltic Sea area emerged as key hotspots of genetic di-
versity. This region exhibits the highest levels of heterozygosity

(Figure 5a) and serves as a contact zone for divergent mitochon-
drial lineages (2, 3, and 4), strongly suggesting that the observed
patterns reflect genuine biological processes, such as historical
admixture and secondary contact, rather than methodological
artifacts (see below). This interpretation is further supported
by the admixture analyses, where Baltic populations consis-
tently display mixed ancestry across the full range of inferred
ancestral clusters (K=2-13; Figure 4 and Figure S2). The stable
proportions of shared ancestry observed across K-values point
to long-term admixture among lineages rather than recent or
ephemeral gene flow.
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4.2 | Distribution of mtDNA Lineages
and Patterns of Recolonization

The phylogenomic structure of perch revealed deep historical
divergences, with multiple mtDNA lineages likely originating
from isolated, distinct glacial refugia. Lineage 5 is particularly
notable for its long-term evolutionary distinctiveness among
perch lineages, as evidenced by its high mitochondrial diver-
gence (0.0024 substitutions per site) on the ML phylogenetic tree
(Figure 1a) and its strong separation in the nuclear SNP-array
PCA (Figure Sla). This deep branching was initially described
by Nesbo et al. (1999) and has since been confirmed by diver-
gence time estimates, dating the split to approximately 1.4 mil-
lion years ago (95% highest posterior density interval: 0.73-2.27
million years ago; Lichman et al. 2024), thereby establishing
Lineage 5 as the most divergent in perch. Confined primarily
to the Central Balkans and the Danube basin, both the genetic
distinctiveness and distribution range of this lineage corrobo-
rate previous findings (Nesbo et al. 1999; Vasemigi et al. 2023;
Lichman et al. 2024) and parallel patterns observed in other
freshwater taxa such as Barbus, Squalius, and Rutilus species
complexes, where the mountainous regions around the Danube
served both as refugia and centers of speciation (Schmitt and
Varga 2012; Oikonomou et al. 2014).

In contrast, lineages 3 and 4 display a broader geographic
spread, most likely reflecting recolonization through extensive
hydrological connectivity following glacial retreat. The spread
of Lineage 4 from the Black Sea to Northern Europe through
river systems such as the Dnipro and Neva supports the hypoth-
esis of a freshwater corridor during late-glacial periods (Bahr
etal. 2005), echoing findings in European bullhead (Cottus gobio;
Kontula and Viinold 2001). Furthermore, the co-occurrence
and admixture of lineages 2, 3, and 4 in the Baltic region point
to secondary contact zones and complex colonization scenarios
involving multiple source populations, as previously suggested
for European whitefish (@stbye et al. 2005).

Mitochondrial Lineage 2, widely distributed in Western and
Northern Europe, likely originates from a western European
refugium as proposed by Nesbe et al. (1999). This hypoth-
esis is consistent with postglacial colonization patterns ob-
served in other freshwater and terrestrial taxa that persisted
during the Last Glacial Maximum (LGM) in refugia located
in southwestern Europe, particularly in the Iberian Peninsula
(Gémez and Lunt 2007) and southwestern France (Sommer and
Nadachowski 2006). Such areas have been identified as key re-
fugial zones for freshwater fishes (Costedoat and Gilles 2009),
as well as for terrestrial species such as the ocellated lizard
(Lacerta lepida; Miraldo et al. 2011) and the common wall lizard
(Podarcis muralis; Salvi et al. 2013), providing conditions that
enabled the long-term survival and development of regionally
endemic populations.

Mitochondrial Lineage 1 comprises populations distributed
across Western Siberia, spanning from the Caspian Sea basin
to Lake Baikal. Earlier findings revealed genetic and phylo-
geographic evidence suggesting that these populations may
trace their ancestry to glacial refugia that persisted through the
penultimate interglacial period (approximately 150,000years
ago; Mangerud et al. 2004). These refugia likely served as

critical sanctuaries, enabling the persistence of perch popula-
tions during Pleistocene climatic oscillations and contributing
to the distinct evolutionary history observed within this lineage
(Lichman et al. 2024).

Finally, we observed a geographically structured group of
mtDNA haplotypes (Group 6) distributed across regions west,
north, and east of the Black Sea. Distinct clades within this lin-
eage primarily belong to the drainage networks of the Danube
and Dnipro rivers. Thus, the phylogenetic structure closely
mirrors the major hydrological systems of the Black Sea basin,
suggesting that watershed boundaries have played a significant
role in shaping genetic divergence. Within this framework, in-
dividuals from Bulgaria and Georgia each form monophyletic
subclades, which are sister to each other (Figure 1b), pointing to
a shared postglacial recolonization from the Black Sea basin. In
this context, the mountain ranges to the west (Carpathians and
Balkans) and east (Caucasus) most likely acted as barriers, lim-
iting expansion and facilitating regional genetic differentiation.

Interestingly, the geographic distribution of mitochondrial lin-
eages in perch closely matches the major biogeographic regions
(BRs) proposed by Reyjol et al. (2007), which were identified
through hierarchical cluster analysis of freshwater fish as-
semblages across 406 hydrographical networks in 233 species,
reflecting historical and ecological patterns in European fresh-
water communities. Specifically, mtDNA Lineage 2 is mainly
found within BR7 (Western Europe), Lineage 3 corresponds to
BR6 (Baltic Sea basin), Lineage 4 aligns with BR5 (Northeast
Europe), and Group 6 is largely restricted to BR4 (Black Sea
region). This suggests that these BRs capture significant evolu-
tionary breaks shaped by postglacial recolonization and basin
isolation. However, mtDNA Lineage 5, which is both the most
genetically distinct and confined to the Danube and Pannonian
regions, is not completely captured by any of these predefined
BR units. Instead, our findings suggest that the Pannonian
Basin may represent a distinct biogeographic unit, reinforcing
its role as a long-term glacial refugium. For instance, endemic
taxa such as the gastropod Melanopsis parreyssi and the amphib-
ian Danube newt (Triturus dobrogicus) exhibit similar biogeo-
graphic patterns, underscoring the Pannonian Basin's role as a
persistent refugium and speciation hotspot (Siimegi et al. 2018;
Voros et al. 2016). Hence, the observed divergence highlights
that fine-scale phylogeographic structure can reveal cryptic di-
versity and isolated lineages missed by regional biogeographic
categorizations.

4.3 | Population Structuring at Different
Geographical Scales

PCA and ADMIXTURE analyses revealed pronounced pop-
ulation structuring of perch across the study area, indica-
tive of restricted gene flow and isolation, further supported
by strong genetic differentiation (global Fg.=0.39, Figure 2b
and Figure S1b). Distinct genetic clusters were identified, cor-
responding to three major geographic regions: (i) Western
Europe, (ii) Northern Europe (Baltic-Fennoscandia), and (iii)
Southeastern-Central Europe (Danube-Balkans). This broad
spatial pattern likely reflects postglacial recolonization dynam-
ics, admixture, and persistent geographic barriers.
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Our findings also highlight the importance of river drainage
systems in shaping fine-scale genetic structure. This pattern is
particularly pronounced in Central Europe, including Slovakia,
the Czech Republic, Germany, and Poland, where individuals
within the same hydrographical basins, such as the Danube,
Elbe, Rhine, and Oder, consistently exhibit shared ancestry.
Here, genetic similarity often aligns more closely with drain-
age affiliation, highlighting the historical influence of river
systems on gene flow and population connectivity. In addition,
individuals from Bulgaria, Hungary, and Serbia within the
Danube River basin show a clear signal of shared genetic an-
cestry, suggesting long-standing connectivity along this major
waterway. These populations also exhibit higher heterozygosity
compared to nearby populations from more isolated drainages
(Figure Slc; Tables S1 and S3), indicating that the Danube has
likely functioned as a key connectivity pathway facilitating gene
flow. Similar drainage-based structuring is observed within the
Dnipro and Rhine basins, where genetic clustering reflects the
organization of river networks.

These results are consistent with and extend the findings of
Nesbo et al. (1999), who reported strong population differenti-
ation in perch structured by both drainage basins and national
boundaries. Furthermore, ADMIXTURE analyses (K=2-13),
show a hierarchical genetic structure broad regional divi-
sions appear at low K (i.e., between Western Europe and the
rest of Eurasia at K=2), whereas higher K values reveal dis-
tinct national-level patterns (e.g., Bulgaria at K=3, the Czech
Republic at K=35, Ireland at K=7, and Switzerland at K=11).
Thus, both drainage systems and, to some extent, country
boundaries and major river basins contribute to perch popula-
tion structuring across Europe.

Populations from Western Siberia and Mongolia were geneti-
cally distinct from those in Europe, as evidenced by their consis-
tent separation in ADMIXTURE analysis and PCA (Figures 2f
and 4; Figure S2). These samples belong to a unique mitochon-
drial lineage absent in European populations, suggesting long-
term isolation and divergence likely linked to Siberian glacial
refugia. However, the ADMIXTURE results also indicate some
potential historical connection. Additionally, both Russian
and Mongolian populations exhibit elevated heterozygosity,
which may indicate historically large effective population sizes
(Lichman et al. 2024).

The spatial genetic structure observed in Central Europe mir-
rors the patterns in zander (Sander lucioperca) and northern
pike (Esox lucius), where population structure reflects historical
drainage systems and anthropogenic fragmentation (Eschbach
et al. 2014; Eschbach et al. 2021). In both cases, genetically dis-
tinct clusters corresponded to major catchments and were fur-
ther shaped by habitat isolation. Similar genetic subdivisions
driven by limited dispersal and long-term landscape barriers
have also been reported in other widespread freshwater fishes,
including whitefish and loaches (Cobitis spp.; Avise 2000;
Bernatchez and Wilson 1998).

Additionally, demographic processes such as founder effects and
historical population bottlenecks, which reduce effective popu-
lation size and genetic diversity, have likely contributed to the

patterns of genetic differentiation observed among populations.
Of particular interest is the genetic distinctiveness of perch pop-
ulations in Ireland, which was strongly supported by both PCA
and ADMIXTURE analyses (at K= 7). These findings challenge
previous suggestions of predominantly anthropogenic introduc-
tions of freshwater fauna and instead support the hypothesis of
strong genetic separation from the British Isles and potential
natural colonization (Carlsson et al. 2014).

4.4 | Isolation by Distance (IBD)

IBD analysis across 169 populations (Table S4) revealed a mod-
erate (Pearson's r=0.248), but statistically highly significant
(p=5.04e-198) correlation between genetic and geographic dis-
tances, indicating that genetic similarity generally decreases
as geographic distance increases (Figure 6a). A Mantel cor-
relogram showed that the strongest genetic autocorrelation oc-
curs within the shortest distance classes, usually up to 100km
(Figure 6b). This pattern reflects the limited dispersal capabil-
ities typical of perch and many other freshwater fishes, which
contribute to pronounced genetic structuring at fine geographic
scales (Schmidt and Schaefer 2018; Washburn et al. 2020).

When analyzing distinct mtDNA lineages separately, significant
IBD patterns were detected in three of the five lineages (1, 2, 5),
and Group 6, suggesting lineage-specific structuring patterns
shaped by postglacial recolonization. Alternatively, the lack of
significant IBD in Lineage 3 and 4 could be attributed to limited
statistical power due to small sample sizes. At the same time,
it is important to consider the ecological heterogeneity within
our dataset: northern populations were predominantly collected
from lakes, whereas southern populations originated primarily
from rivers and reservoirs. This variation in habitat type, com-
bined with the dendritic nature of river networks and physical
catchment divides, may have contributed to the observed differ-
ences in IBD (Hughes et al. 2009; Wofford et al. 2005).

Further insights were provided by Mantel correlogram analy-
ses, which revealed that only Lineage 2 and Group 6 exhibited
strong positive autocorrelation at the smallest spatial scale (100-
200km). Such fine-scale signals of restricted gene flow have also
been documented in other European freshwater fishes, for ex-
ample, in roach (Rutilus rutilus), European grayling (Thymallus
thymallus), and European whitefish, where differing recoloni-
zation routes after glacial retreat generated regionally confined
genetic clusters with distinct levels of connectivity (Bernatchez
and Wilson 1998; Weiss et al. 2018; Crookes and Shaw 2016).

Overall, our results reinforce the notion that postglacial history
exerts a broad influence on contemporary genetic landscapes in
freshwater species. The observed decay of genetic similarity over
short distances highlights the interaction between historical de-
mographic processes and ongoing ecological constraints, such
as riverine topology and limited dispersal, in maintaining fine-
scale genetic differentiation. Comparable patterns in grayling
(Swatdipong et al. 2009), northern pike (Nordahl et al. 2019),
and whitefish complexes (Bernatchez and Wilson 1998) point to
the generality of these biogeographic and evolutionary processes
across Europe's freshwater fauna.
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4.5 | Limitations

Ascertainment bias, which occurs when SNPs are discovered in
a restricted subset of individuals and therefore do not represent
genome-wide variation, is a critical factor to consider in SNP-
chip-based population genetic studies (Albrechtsen et al. 2010).
This bias can arise when SNPs are initially identified in a lim-
ited or unrepresentative subset of populations, potentially skew-
ing the depiction of genetic variation across broader geographic
scales (Lachance and Tishkoff 2013). Specifically, common
variants from the discovery panel tend to be overrepresented,
whereas rare or population-specific variants may be under-
represented or missed entirely. Such bias can affect estimates
of genetic diversity and differentiation, potentially leading to
misleading interpretations of demographic history or gene flow
(Albrechtsen et al. 2010). In our study, the SNP discovery panel
comprised 42 whole genomes from 21 lakes in northern Europe
and western Siberia (Vasemigi et al. 2023), which may have in-
troduced some bias. However, the increased genetic diversity
of perch around the Baltic Sea area has been independently
reported by Toomey et al. (2020) based on eight microsatellite
markers. Altogether, this convergence of findings supports the
conclusion that the observed patterns reflect genuine biological
processes rather than artifacts of ascertainment bias.

While the limited sample size per population represents an im-
portant caveat, both simulation-based and empirical studies
indicate that reliable estimates of genetic differentiation can be
achieved when the number of loci is sufficiently large. For ex-
ample, Nazareno et al. (2017) demonstrated that sampling as
few as two individuals per population can yield robust Fg, es-
timates when genome-wide SNP datasets are used. Similarly,
Willing et al. (2012) showed through simulations that even two
to four individuals per population are generally sufficient for re-
liable inference, provided that thousands of SNPs (>1500) are
included. In our study, approximately 3600 SNPs were analyzed,
substantially exceeding this suggested threshold. In this regard,
our sampling strategy represents a deliberate trade-off between
within-population sampling depth and the extensive geographic
coverage required to characterize broad-scale phylogeographic
structure. By sampling two individuals per locality, we ensured
standardized minimal representation while retaining the capac-
ity to compare patterns across a very large number of populations.

We used straight-line geographic distances (Euclidean) to quan-
tify spatial separation among populations. This choice was mo-
tivated by the exceptionally broad, pan-continental scale of the
study, which spans multiple inland drainage basins, coastal sys-
tems, and marine connections. Applying hydrological distance
measures consistently across such a large and heterogeneous
area is challenging, particularly because river systems and hy-
drological connectivity have changed substantially during gla-
cial-interglacial cycles. As a result, present-day watercourse
configurations may not accurately reflect historical dispersal
pathways relevant to the observed genetic structure.

5 | Conclusions

In summary, the phylogeography and genetic diversity of perch
across Europe reflect the combined influence of historical

glacial refugia, postglacial recolonization, secondary contact,
and contemporary dispersal limitations. The Baltic Sea emerges
as a hotspot of diversity, while population structure is shaped
by river networks, geographic barriers, and lineage-specific pro-
cesses. Together, these results highlight the complex interplay of
historical and ecological factors in generating fine-scale genetic
differentiation and regional biodiversity patterns across the spe-
cies' native range. By linking historical refugia with present-
day dispersal constraints, this work highlights the value of a
genomic perspective for guiding conservation and management
strategies.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: (a) PCA plot for 269 Perca
fluviatilis individuals with overlapping mtDNA and nDNA markers,
highlighting evolutionary lineages. (b) Violin plot showing the distri-
bution of pairwise Fg, estimates across 169 populations. (c) Boxplots
illustrating heterozygosity observed (H,) from the SNP array for 363
individuals spanning 29 countries. BE, Belgium; BG, Bulgaria; CH,
Switzerland; CZ, the Czech Republic; DE, Germany; DK, Denmark;
EE, Estonia; ES, Spain; FI, Finland; FR, France; GB, England; GE,
Georgia; HU, Hungary; IE, Ireland; LT, Lithuania; LV, Latvia; MK,
North Macedonia; MN, Mongolia; NL, the Netherlands; PL, Poland;
PT, Portugal; RO, Romania; RS, Serbia; RU, Russia; SE, Sweden; SI,
Slovenia; SK, Slovakia; TR, Turkey; UA, Ukraine. Figure S2: Ancestry
inference of 363 Perca fluviatilis individuals based on nuclear SNPs, per-
formed using ADMIXTURE with varying numbers of clusters (K=2, 4,
6, 8, 10, 12). Figure S3: (a, c) Isolation by distance (IBD) model plots
constructed for mtDNA Lineages 3 and 4 alongside the corresponding
Mantel correlograms (b, d). Figure S4: Heatmap of mean pairwise Fq;
values among countries, calculated from nuclear SNP array data. Values
represent the average of all pairwise population-level F; estimates be-
tween countries, based on populations with paired samples (n=169
populations). BE, Belgium; BG, Bulgaria; CH, Switzerland; CZ, the
Czech Republic; DE, Germany; DK, Denmark; EE, Estonia; ES, Spain;
FI, Finland; FR, France; GB, England; GE, Georgia; HU, Hungary;
IE, Ireland; LT, Lithuania; LV, Latvia; MK, North Macedonia; MN,
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Mongolia; NL, the Netherlands; PL, Poland; PT, Portugal; RO, Romania;
RS, Serbia; RU, Russia; SE, Sweden; SI, Slovenia; SK, Slovakia; TR,
Turkey; UA, Ukraine. Table S1: Detailed information on 384 samples,
including 269 samples that passed all tresholds for subsequent mtDNA
and nuclear SNP analyses. Table S2: Pairwise FST estimates between
169 populations with paired-only individuals, nuclear SNP data*.
Table S3: Heterozygosity observed and nucleotide diversity estimates
across 363 individuals. Table S4: Pairwise comparisons of geographic
and genetic distances (FST*) between 169 populations. Table S5: List of
sample providers, sampled countries, sampling methods, permit types,
and grant information.
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