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Abstract

The rapid invasion of the pelagic zone in Lake Constance by three-spined sticklebacks
(Gasterosteus aculeatus) since 2012 and their subsequent drastic population growth has had
stark ecosystem-wide effects, such as food-web shifts and declines in native biodiversity,
including commercially important fish species. Yet, the origin of this invasive pelagic ecotype
remains unclear. This study aims to determine if the pelagic ecotype arose in situ from the
existing littoral population or following external colonisation, identify potential phenotypic
differences between individuals from different habitats, and assess genomic signals of
selection. Integrating RAD-sequencing of Lake Constance individuals and whole-genome
sequence data for European outgroup populations, this study shows that the pelagic Lake
Constance population likely arose recently within the lake from the littoral population, with
only weak genome-wide differentiation between individuals from different habitats. This is
further supported by minimal differences in meristic and morphometric traits, with shape
differences only found between pelagic/inflow sticklebacks and littoral sticklebacks. Using
genome scans, we identified multiple outlier loci between littoral and pelagic ecotypes across
the genome, potentially suggesting early signs of sympatric speciation despite high
connectivity. Furthermore, increased differentiation between pelagic and littoral sticklebacks
for body shape-associated loci and the overlap of outlier loci with quantitative trait loci for
ecologically relevant traits points toward a driving role of selection in this pelagic invasion.

This study provides an important example of rapid ecological diversification from standing
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genetic variation and a rare case of littoral-pelagic ecotype divergence under high gene flow
in a large oligotrophic lake. Ultimately, the results of this study will have major implications
for the management of the invasive pelagic ecotype, and the entire stickleback population as

a whole.

Introduction

The introduction, establishment and spread of non-native species into novel habitats poses a
serious threat to endemic biodiversity, ecosystem (Bax et al., 2003) and human health globally
(Mainka and Howard, 2010). Freshwater systems have been particularly affected by the
cascading abiotic and biotic effects of invasive species (Darwall et al., 2018), where, combined
with other pressures such as climate change and pollution, the rate of species loss has
exceeded those observed in terrestrial systems (Albert et al., 2021; Ricciardi and Rasmussen,
1999). While freshwater ecosystems harbour disproportionate amounts of biodiversity and
provide essential ecosystem services (Darwall et al, 2018), these are threatened by
anthropogenic activities, including intentional (e.g., for aquaculture or fishing enhancement)
or accidental introductions of species presenting major pathways of freshwater invasions
(Copp et al., 2005; Kiruba-Sankar et al., 2018).

Invasive species may harm native fauna and ecosystems indirectly by altering habitat
conditions, such as habitat structure and the biogeochemical cycling (Crooks, 2002; Strayer,
2010); or directly through biotic interactions with cascading effects along the food chain
(Gallardo et al., 2016). Biotic interactions include competition and predation that may hamper
recruitment and decrease native species abundances (Bergstrom et al., 2015; Dudgeon, 2019;
Roch et al., 2018). Other effects include the introduction of parasites and diseases
(Cucherousset and Olden, 2011; Lymbery et al., 2014; Strayer, 2010), as well as reduced fitness
and compromised genomic integrity through hybridization with related native species
(Mubhlfeld et al., 2009). Significant community-wide consequences might manifest also due to
the evolutionary isolated and at times species-deprived states of freshwater systems (Cox and
Lima, 2006), particularly in native peri-alpine and oligotrophic lakes where species may be
vulnerable due to their lack of adaptation to invaders (Moyle and Light, 1996).

One such vulnerable system is Lake Constance, a large pre-alpine, oligotrophic lake in
central Europe, where the inception of non-native three-spined stickleback (Gasterosteus
aculeatus) has caused substantial ecosystem-wide changes (Gugele et al., 2020). While the exact
origins of sticklebacks in Lake Constance are still under debate (Hudson et al., 2021), this small
fish species was likely introduced around 150 years ago by deliberate releases into nearby
streams and ponds by fishermen and aquarium hobbyists (Muckle, 1972). However, it was

not until the middle of the 20th century that sticklebacks were first recorded in Lake Constance
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itself, where they subsequently spread throughout the nearshore of the lake within a few years
(Roch et al. 2018) and since have been present in moderate abundance. This stickleback
distribution drastically changed in late 2012 when a sudden massive increase in abundance
and an expansion into the pelagic zone of Upper Lake Constance was documented (Alexander
et al., 2016; Rosch et al. 2018; Eckmann & Engesser 2019); with an increase in small fish density
from about 420 + 145 (individuals ha™!, mean + standard deviation) between 2009 and late
2011, to 2550 + 800 between late 2012 and early 2014, and ultimately to 5300 + 1970 from late
2014 to 2018 (Eckmann & Engesser 2019). Originally dominated by native whitefish (Coregonus
wartmanni), the primary fisheries target in Lake Constance (Baer et al., 2017), the pelagic fish
community experienced rapid change and constituted of sticklebacks by 95% after only two
years (Alexander et al., 2016), with fisheries yields of whitefish declining by 50% in 2015 (Résch
et al., 2018). The loss of whitefish biomass and abundance is thought to be caused by
sticklebacks being strong competitors for food such as zooplankton (Daphnia spp.; Bretzel et
al., 2021, DeWeber et al., 2022); and by predation on whitefish eggs and larvae (Roch ef al.,
2018, Baer et al., 2021, Ros et al., 2019), which appear to lack adaptive predator avoidance
compared to other lake species and consequently experience decreased growth and
recruitment (Ros et al. 2019). Moreover, the increased pelagic stickleback abundance might
cause further cascading effects through the food-web by shifting the species composition of
pelagic zooplankton (Ogorelec et al., 2022), and changing densities and migration patterns of
stickleback-feeding birds such as herons, kingfishers, and gulls (Werner et al., 2018). While
these circumstances resemble those in the Baltic Sea, where a recent surge in native stickleback
abundance has significantly affected the food chain and recruitment of native fish species
(Bergstrom et al., 2015; Bystrom et al., 2015; EK16f et al., 2020), such hyper-abundance of three-
spined sticklebacks in a large oligotrophic lake is rare, even more so in pelagic waters, which
represent an unusual habitat for this species (but see Erickson et al., 2016).

While Lake Constance three-spined sticklebacks provide an ideal opportunity to study
the process and ecosystem-wide effects of freshwater invasions, this species has long been a
model system for studying contemporary evolution across divergent ecological niches
(Hudson et al., 2021). For example, the ability to rapidly adapt and genetically diverge in
response to ecologically driven divergent selection in only few generations was demonstrated
in lake and stream stickleback populations (Laurentino et al., 2020), which show substantial
phenotypic variation in a range of traits such as foraging and defence performance (Arnegard
et al., 2014; Lucek et al., 2014b; Schmid et al., 2019) and body size (Sharpe et al., 2008). Genetic
evidence suggests that this rapid diversification across stream and lake niches was likely
facilitated by introgression of multiple ancient Eastern and Western European lineages via
secondary contact in the Lake Constance region, which facilitated the recruitment of adaptive
alleles (Marques et al., 2016; Marques et al., 2019). In contrast to stream-like stickleback in other

large, peri-alpine lakes, such as Lake Geneva, Lake Constance stickleback, which likely first
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established in littoral waters in the 1950’s, have a large-bodied, fully plated pelagic phenotype
(Hudson et al., 2021). Lake Constance stickleback largely show Baltic Sea ancestry, and it has
been hypothesised that this Eastern European ancestry, resulting in pelagic phenotypes,
might have promoted the recent population expansion from the littoral to the pelagic zone
(Hudson et al., 2021; Lucek et al., 2014a). However, so far there is no clear evidence for drivers
that could explain such an expansion (Baer et al. 2022, Ogorelec et al. 2022). Similarly, stream-
adaptive alleles from Western European stickleback lineages are thought to have promoted
the colonisation of stream habitats in Lake Constance (Marques et al., 2019). In the case of the
pelagic niche expansion in Lake Constance, it remains untested whether the open-water
stickleback populations i) have evolved in sympatry from the littoral counterparts, ii) if littoral
and pelagic populations form genetically distinct groups, and iii) if this ecological divergence
has been facilitated by recent colonisation and hybridization. In either scenario, this system
could provide a unique opportunity to study ecological speciation of a freshwater invader in
its early stages.

Given their dramatic effect on the lake’s ecosystem and fishery, this study aims to gain
better understanding of the genetic and phenotypic differences and evolutionary origins of
the recently emerged pelagic three-spined stickleback population in Lake Constance. Using
Restriction-site Associated DNA (RAD) sequences and whole genome data from outgroup
populations, we first investigated whether the pelagic population is genetically distinct from
the littoral and tributary (here referred to as ‘inflow’) sticklebacks. Populations from
tributaries were included in the current study to test the hypothesis that pelagic sticklebacks
migrate to tributaries for spawning, promoting reproductive isolation from the littoral
ecotype. Population genetic analyses were complemented by investigations on morphometric
and meristic traits. Second, we aimed to identify genetic regions underlying adaptations to
the pelagic habitat by searching for genetic differences potentially under selection between
littoral and pelagic sticklebacks, and identifying genomic regions associated with ecologically
relevant traits in this study and previous quantitative trait mapping studies (Erickson et al.,
2016; Peichel and Marques, 2017). Although the pelagic expansion is only a decade old (5-7
stickleback generations), rapid evolution in novel environments in just a few generations has
been demonstrated in stickleback (Lescak et al, 2015). In this study system, genetic
differentiation could be a possible result of rapid alternative sorting of adaptive alleles into
littoral and pelagic ecotypes. The divergent lifestyles (such as foraging and defence strategies)
between benthic and limnetic habitats could produce strong divergent selection pressures.
Overall, this study provides important insights into the potential of an invasive species to
rapidly colonise novel habitats and the underlying genetic architecture, which will directly

inform the management of stickleback in Lake Constance.
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Material and Methods

Sampling

Sampling took place in Lake Constance, which at a size of about 535 km? and an average depth
of 100 m, is one of the largest lakes in Europe (Petri, 2006). Sampling in the Upper Lake of
Lake Constance was carried out in spring and summer 2019 and three different methods were
utilised: fish were caught by trawling in the pelagic zone, gillnetting in the littoral zone, and
electrofishing in three tributaries of Lake Constance (Fig. 1; Table 1). Details on the respective
fishing method can be found in Gugele ef al. (2020). A total of 95 sticklebacks were sampled.
Fish from trawling and electrofishing were euthanized with clove oil (1 ml/L water, Euro
OTC Pharma, Bénen, Germany) and total length (accuracy: 0.1 cm) was recorded. Each
individual was then photographed laterally using a digital camera (Pentax K3 II, with 18-135
mm lens and fixed focal length). For the genetic analysis, a piece of the caudal fin (5pprox.. 0.5
cm?) was fixed in pure ethanol. The sex was determined by dissection and the fish were stored
at -20 °C until further processing. Fish sampling was carried out according to local regulations

(”Landesﬁschereiverordnung Baden-Wiirttemberg”, LfischVO).
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Fig. 1. Overview map showing the position of the individual sampling locations in Lake Constance and

locations of outgroup populations (insert) used in the genetic analysis. Population information and

geographic coordinates for all samples are provided in Supplementary Data S1.
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Table 1: Summary of individual sampling events and sampling success in Lake Constance.

n = number of individuals sampled.

Sampling site Sampling date  Sampling method  Habitat n n n
total female male

Pelagic zone 26.03.2019 Trawling Pelagic 32 13 20

Littoral zone 04.06.2019/ Gillnets Littoral 32 19 13
05.07.2019

Alter Rhein 16.05.2019 Electrofishing Inflow 11 7 4

Nonnenbach 08.04.2019/ Electrofishing Inflow 10 6 4
17.04.2019

Brunnisach 10.04.2019/ Electrofishing Inflow 10 6 4
17.04.2019

Meristic and morphometric traits

To determine the number of lateral bone plates, sticklebacks were stained according to a
protocol modified from Peichel et al. (2001). Individuals were placed in neutral buffered 10%
formalin (Sigma-Aldrich, St. Louis, USA) for one week and subsequently rinsed in ultrapure
water (0.2 um pore size, Arium 611, Sartorius Stedim Biotech, Gottingen, Germany) for 24 h.
For staining of the bony structures, individuals were placed in 0.008% alizarin red (alizarin
red S monohydrate, Waldeck Chemie, Miinster, Germany) and 1% potassium hydroxide
(EMSURE, Merck, Darmstadt, Germany) for 24 h. For subsequent decolourisation, individuals
were placed in 1% potassium hydroxide and 1% hydrogen peroxide (CHEMSOLUTE,
Th.Geyer, Renningen, Germany) solution for five days. Finally, sticklebacks were fixated in
48% ethanol for 24 h and then stored in 70% ethanol. The number of plates was determined
for both sides of each individual under a dissecting microscope (Zeiss, Stemi SV6, 8x — 50x
magnification) and the mean number of both sides was used for further analysis (Fig. 2A). All
sticklebacks were classified according to Bell (2001) into "fully plated" (>30 lateral plates),
"partially plated” (<34 and >10 lateral plates, with a gap) and "low plated" (<10 lateral plates).
The statistical comparison of lateral plate number between the individual sampling sites was
done using a pairwise Steel-Dwass test (Steel 1960). Finally, differences in total length of
sticklebacks from each sampling site was tested using an ANOVA and a Tukey-Kramer HSD
post hoc test (Sokal and Rohlf 1995). Both tests were conducted in JMP 16.0.0 (64 bit, SAS
Institute, Cary, USA).
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For the morphometric analysis, 18 unique reference points (,,landmarks”) were placed
on digitale images of sticklebacks using TPSDig 2 (V2.31, James Rohlf, Stony Brook University,
New York, USA) (Fig. 2A). Statistical analysis was performed using the R package
“geomorph” (V4.0.3; Baken ef al., 2021). A Generalised Procrustes Analysis (GPA; Gower,
1975) was performed using the "gpagen" function to remove differences in size, position, and
orientation. Possible errors in landmark placement were identified using the "plotOutliers"
function and affected individuals were excluded from further analysis as appropriate. In a
next step, a model was developed which took into account fish size (i.e. allometric effects) as
a covariate, sampling site as a fixed factor and sex as a random factor, nested within the fixed
factor: coords = log(size) + sex + sex:site. A permutation-based Procrustes ANOVA using
residual randomization (function: “procD.Im” and “anova”, permutations = 9999; estimation
method: ordinary least squares; Goodall, 1991) was used to examine which factors have a
statistically significant effect on shape. A second permutation-based Procrustes ANOVA
(permutations = 9999; estimation method: ordinary least squares) was used to test if allometric
effects were common for all individuals or unique for each sampling site or sex. Pairwise post
hoc test of sampling sites was performed with the “pairwise” function of the R package
“RRPP” (V1.2.3; Collyer and Adams, 2018; Collyer and Adams, 2021) and based on the
previously developed model and a null model considering only size and sex (permutations =
9999, test type = distance between vectors (“dist”), confidence = 0.95). The obtained p-values
were adjusted using the Bonferroni-Holm method (Holm, 1979). The Procrustes shape
coordinates of each individual were used in a principal coordinate analysis (PCA; Sokal and
Rohlf, 1995) to illustrate shape differences between sex and sampling sites respectively.
Principal components (PCs) were calculated using the “gm.prcomp” function of the
“geomorph” package and the first two PCs, explaining the greatest variation, were plotted.
Additionally, shape changes along the two PCs were illustrated in a wireframe graph. All
calculations were performed, and figures were generated using R Version 4.1.3 (R Core Team,
2022) and RStudio Version 2022.02.3 (RStudio Team 2020).

DNA extraction and RAD sequencing

DNA for RAD sequencing was ultimately extracted from frozen brain tissue as samples from
fins of these fish yielded low quality DNA. DNA extraction was carried out according to the
manufacturer’s instructions. Approximately 15 mg frozen brain tissue was added to a 1.5 mL
tube containing a buffer and two 2.4 mm diameter metal beads (OMNI international,
Kennesaw, USA). Tissue was homogenised for three seconds at maximum speed (Bead Ruptor
4, OMNI international, Kennesaw, USA). The homogenate was digested for three hours at 55
°C with continuous mixing (150 RPM) on a thermomixer. RNA was degraded by incubation
with RNAse for one hour, and thereafter DNA was extracted from the homogenate using the

provided buffers and spin columns provided in the kit. DNA was eluted in the spin column
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with 50 UL of elution buffer yielding 35 — 160 ng/uL DNA (NanoDrop 2000c, Thermo Fisher
Scientificc, Waltham, USA). Only samples that showed none or weak degradation, as
determined using agarose gel electrophoresis, were selected for NGS. Sample concentrations
were standardised to 20 ng/uL, and final concentration of DNA for NGS was checked using
fluorometry (Qubit 3, Life Technologies, USA). These samples were shipped to Floragenexs
(Eugene, Oregon, USA) for RAD library preparation and sequencing. Restriction-site
Associated DNA Sequencing (RAD-seq) libraries were generated as detailed in Etter et al.
(2011) using the restriction enzyme Sbfl (New England Biolabs).

Outgroup populations

Whole genome sequences of 30 individuals representing outgroups from the Baltic and North
Sea were acquired from published studies (Feulner et al., 2015; Jones et al., 2012b). Four whole
genome sequences of a sister species Gasterosteus nipponicus (Yoshida et al., 2014), which is
estimated to have diverged from G. aculeatus approximately 0.68 million years ago (Kitano et
al., 2009), were retrieved as an outgroup for phylogenetic analyses. Population information,

geographic coordinates and ecotypes of all samples are provided in Supplementary Data S1.

Sequencing and SNP calling

FASTQ data files provided by Floragenex were demultiplexed using GBSX v.1.3 (Herten et al.,
2015). Reads were mapped to the G. aculeatus reference genome (release 92), retrieved from
the Ensembl database (Hunt et al., 2018), using BWA v.0.7.17 (Li and Durbin, 2010). Any reads
that included bases with a Phred quality score < 20 were removed. Genotypes were hard-
called (i.e., determined according to the highest probability) using Stacks v.2.6 gstacks module
(Catchen et al., 2013). The Stacks output was subsequently converted into a VCF (Variant Call
File) which was filtered using VCFtools v.0.1.16 (Danecek et al., 2011). The filtering removed
indels (--remove-indels), SNPs with minor allele frequencies below 0.05 (--maf 0.05) and more
than 25% missing data (--max-missing 0.75). Only loci with a minimum read depth of 5 (--
minDP 5), a minimum mean depth of 5 (--min-meanDP 5), a maximum depth of 50 (--maxDP
50), a maximum mean depth of 50 (--min-meanDP 50) were kept, and variants with quality
below 10 (--minGQ 10) were removed. This procedure produced a VCF with 28,194 out of
originally 361,485 variant sites.

Population genetic structure

Geographic structure across all Lake Constance sites was explored by performing a Principal
Component Analysis (PCA) on the filtered SNP data set using ade4 v.1.7-16 (Dray and Dufour,
2007). For the analysis, SNP data were pruned for linkage disequilibrium in Plink v.1.9
(Purcell et al., 2007) in 25 SNP windows with a five SNP window shift, and an r? of 0.5,
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reducing the original dataset from 28,194 to 11,184 sites. The sex chromosome 19 was removed
to avoid any sex-based bias in down-stream analyses (Peichel et al., 2004).

Individual ancestry was assessed using Admixture v.1.3.0 (Alexander et al., 2009),
using the LD-pruned SNP dataset. Clusters (K) = 1-7 were tested to determine the optimal

number of K by calculating the tenfold cross-validation standard errors in Admixture.

Genetic differentiation

Genome-wide distribution of genetic differentiation was studied by calculating haplotype-
based relative allelic differentiation (Fsr') and absolute divergence (D,,) between population
pairs using the populations module (--fstats) in Stacks for all loci containing filtered SNPs.
Haplotype-based estimates have the advantage of accommodating loci with more than two
alleles contrary to SNP-based statistics (Nei, 1973). Unlike Fsr’, D,, does not depend on
contemporary levels of interpopulation diversity (Charlesworth, 1998; Charlesworth et al.,
1997; Jakobsson et al., 2013; Nei, 1973), but is affected by levels of diversity within the ancestral
population (Cruickshank and Hahn, 2014). Gene diversity (Hs), a haplotype-based equivalent
to nucleotide diversity which is corrected for sampling bias originating from sampling small
sample sizes (Nei, 1987), was also calculated with populations across the loci containing the
28,194 SNPs previously filtered with VCFtools.

To identify genomic regions potentially under selection in pelagic Lake Constance
sticklebacks, z-transformed Fs;' and D,, estimates for the pelagic-littoral population
comparison were computed. Loci with z-transformed Fs;’ > 3 were classified as differentiated
outlier loci, and those also with zD,,> 3 were classified as putatively under selection. A z-
transformed value > 3 approximately corresponds to a p-value below 0.01.

Identified outlier loci were further tested for potential selection by comparing their
interpopulation gene diversity differences (AHs = HSyngic - HSiittorat) tO the genome-wide
background. The expectation was that AHs would be higher in loci under selection in the
pelagic populations compared to the genomic background, driven by reduced Hs in the
pelagic ecotype. The data was tested for any deviations from normality and was found to
violate the assumption of homoscedasticity, as suggested by a Levene’s test finding
significantly uneven variances between AHS,,;, and AHSnon-outtier (F116436 = 881.52, p < 0.001).
Therefore, medians were compared with a non-parametric two-sided Wilcoxon rank sum test.
While the analyses involved primarily the littoral-pelagic comparison which was the main
focus of this study, genetic differentiation estimates among the remaining populations and
outlier loci overlaps among all pair-wise population comparisons are detailed in

Supplementary Fig. S2 and Supplementary Fig. S3, respectively.
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Genome-wide association analysis

Genetic association mapping using Genome-wide Efficient Mixed Model Association
(GEMMA v.2.1; Zhou et al., 2013) was conducted to identify genome-wide signals of
association between markers and two phenotypes: body shape and plate number in the 95
Lake Constance sticklebacks. Associations with total length were not performed, as fish were
sampled at different times of the year and might therefore differ in age and size.

We fitted standard Bayesian Sparse Linear Mixed Models (BSLMM) for each
phenotype, providing the same genotype and relatedness matrix input files. The BSLMM is
well suited when the genetic architecture of a trait is unknown, as it combines the benefits
from linear mixed models with sparse regression models (Armstrong et al. 2018). However,
as the BSLMM does not allow covariate files to correct for sex, we corrected traits that showed
sex-differences (body shape) using a linear model in R. We used the residual body shape PC
scores from these linear models as input for the BSLMM analyses. We fitted five separate
BSLMMs for each phenotype to account for differences between runs. For each of the five runs
per phenotype, the results were first averaged across all chains and subsequently across runs.
In contrast to standard linear mixed models, the BSLMM also estimates a range of
hyperparameters describing the genomic architecture of a trait, such as the proportion of
variance in phenotypes explained by all SNPs (PVE), the proportion of variance explained by
sparse effect loci (PGE), and the number of variants with major effects (n gamma). We
estimated the means, median, and 95th confidence interval (CI) for all these parameters, first
within replicated runs and then averaged them across runs. Furthermore, we identified SNPs
as those with an average posterior inclusion probability (PIP) above 0.01 as significant
(Comeault et al. 2014), and those with PIP > 0.1 as highly significant (Chaves et al. 2016).

Furthermore, we tested if SNPs that show significant associations with phenotypes
were also significant outlier loci or showed increased genetic differentiation between littoral
and pelagic sticklebacks, which would suggest potential selection acting on these phenotypes.
To test if phenotype-associated SNPs showed increased genetic differentiation and divergence
compared to a random genomic background, we performed random resampling of the same
number of SNPs from the entire SNP datasets, estimated the mean Fs;" and D,, for the
corresponding haplotype, and repeated this 10,000 times to create a null distribution.
Subsequently, we compared the means Fs;” and D,, of the phenotype-associated SNPs and the
null distribution using a Wilcoxon test. We did this for each phenotype, and for the sex-

chromosome and autosomes separately.

Association with quantitative trait loci
To investigate whether the identified outlier loci were potentially associated with phenotypic
traits in G. aculeatus, we searched for overlaps between outlier loci (zFst’ > 3 and zD,, > 3) and

an extensive list of genomic regions underlying adaptive phenotypes previously identified by
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Quantitative Trait Locus (QTL) mapping studies (Peichel and Marques, 2017; see
Supplementary Data S2). These 28 studies addressed divergence in a range of morphological,
physiological and behavioural traits between marine and different freshwater ecotypes
(benthic, limnetic, lake and stream) in three-spined sticklebacks (Albert et al., 2008; Arnegard
et al., 2014; Berner et al., 2014; Cleves et al., 2014; Colosimo et al., 2004; Conte et al., 2015; Coyle
et al., 2007; Cresko et al., 2004; Ellis et al., 2015; Erickson et al., 2016; Glazer et al., 2014; Glazer
et al., 2015; Greenwood et al., 2015; Greenwood et al., 2011; Greenwood et al., 2013; Kimmel et
al., 2005; Kitano et al., 2009; Liu et al., 2014; Malek et al., 2012; Miller et al., 2007; Miller et al.,
2014; Peichel et al., 2001; Rogers et al., 2012; Shapiro et al., 2004; Wark et al., 2012; Yong et al.,
2016; Yoshida et al., 2014). QTL coordinates were extracted according to the BROAD S1
genome assembly, with corrections for testing QTL region overlaps (Peichel and Marques,
2017).

Only a third (101) of the associated QTLs originated from studies focusing on benthic-
limnetic divergence, and majority of QTLs (178) originate from different freshwater and
marine systems (Supplementary Data S2). The rationale for retaining QTLs from systems
different to Lake Constance in the analyses was that although causative mutations across
populations might differ, the same genes could be associated with the divergent traits
observed in Lake Constance sticklebacks. QTL regions with unmapped chromosomes were
excluded.

Overlaps between RAD-seq loci and QTL were estimated following Marques et al.
2016. In brief, QTL regions were defined either based on 95% confidence intervals, if reported,
or based on the peak marker + 1Mb. Furthermore, we added + 10kb to SNP positions as a

buffer to account for the low density of SNPs from RAD sequencing.

Phylogenetic analyses

To further infer phylogenetic relationships including stickleback populations from Northern
Europe, a maximum likelihood tree with migration events among Gasterosteus populations
from Lake Constance and Great Britain, Norway and Northeast Germany was reconstructed.
For this analysis TreeMix v.1.12 was used, which utilises allele frequencies and a Gaussian
approximation accelerating inference of genetic drift (Pickrell and Pritchard, 2012). To
maximise the amount of data from a combined RAD-seq and whole genome data set, the input
file for this analysis was obtained from genotype likelihoods calculated in ANGSD v.0.934
(Korneliussen et al., 2014). First, a list of sites with quality control (-uniqueOnly 1, -remove_bads
1, -minQ 20, -minMapQ 20, -SNP_pval 1e-6), a minor allele frequency of 0.05 (-minMaf 0.05) and
allowing for 50% missingness (-minInd 64) was used to calculate minor allele frequencies for
each population, which were filtered further for 20% missingness and combined into a final
data set of 11,896 sites.
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The TreeMix analysis was then run as per Dahms et al. (2022). Briefly, 500 TreeMix
bootstrap replicates were created using a SNP block size of 100 for estimating the covariance
matrix without migration events. G. nipponicus was indicated as the outgroup (-root) in the
trees, from which a consensus tree was obtained in PHYLIP Consense v.3.697 (Felsenstein,
2005). To determine the most likely number of migration events (m), TreeMix was run with k
at 100, the prepared consensus tree provided as the starting tree (-tf), from which a range of
migration events (from one to 10) with 10 iterations for each m was tested. Model likelihoods
for each number of migrations were compared with the R package OptM v.0.1.3 (Fitak, 2018),
which suggested an optimum m of four based on model likelihoods. Lastly, 30 independent
runs, each starting from a random seed and earlier obtained consensus tree, were performed
with 4 migration events and G. nipponicus set as the root. The final tree was chosen according
to highest likelihood and plotted with node bootstrap values indicating relative confidence in
the tree topology. Bootstrap values were calculated as the percentage of bootstrap replicates
(n = 500) containing the node position chosen in the consensus tree. The least significant p-
value from all runs, and migration weights (i.e., the percentage of ancestry received) averaged
over 30 final runs for each migration event are provided in Supplementary Table S4. Plotted
residual and drift matrices can be found in Supplementary Fig. S4.

All figures produced in this study were plotted in R v.4.0.2 (R Core Team, 2013) and R
Studio v.1.3.1073 (RStudio Team, 2019).

Results

Meristic and morphometric traits

There were statistically significant differences apparent when comparing total length of
sticklebacks between sampling sites (ANOVA, F, o, = 23.1534, P < 0.0001; Fig. 2B), with pelagic
individuals being smaller than those in all other groups. When looking at the lateral plate
number, no differences between sampling sites were found (Steel-Dwass test, P > 0.05, Fig.
2B). Of all 95 sticklebacks examined, 77.9% were fully plated, 20.0% partially plated and 2.1%
low plated.

The morphometric analysis revealed that size had a statistically significant effect on
the shape of examined sticklebacks, indicating allometric effects (ANOVA, P < 0.0001; Table
S1. These allometric effects were common to all sampling sites and both sexes studied (Table
S2). Furthermore, sex and the sampling site had a statistically significant influence on the
shape of the fishes after correcting for allometry (ANOVA, sex: P < 0.0001, sampling site: P <
0.0001; Table S2). Pairwise comparison of the sampling sites showed that the shape of fish
from the littoral zone was statistically significantly different from all other sites (Table 1). The

results of the performed PCA are shown in Fig. 2C, where the first two principal components
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accounted for 54% of the variance in the data. Changes in shape (Fig. 2C) were mainly evident

in the head region, the positioning of the pectoral fin, as well as in the general body contour.
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Fig. 2. Phenotypic diversity of Lake Constance sticklebacks. (A) (Top) Stickleback with stained
bony structures (for more details, please refer to the text), allowing the determination of the lateral plate

number. (Bottom) Position of 18 unique reference points (“landmarks”) on the body for shape analysis.

14


https://doi.org/10.1101/2022.09.01.506194
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.01.506194; this version posted September 1, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

(Right) Description of the individual locations of the landmarks. (B) Combined boxplot and violin plot to
illustrate variation in size (left) and lateral plate number (right) of sticklebacks from different sampling
sites. Lower case letters indicate statistically significant differences (size: ANOVA + Tukey-Kramer HSD
post hoc test, lateral plate number: pairwise Steel-Dwass test). Box plots defined in the insert panel on
the right (C) Scatterplot showing the first two principal components (PCs), which explain most of the
variance of the data (see axis labelling in percent). Sticklebacks were grouped according to sampling
site (Bru = Brunnisach, Non = Nonnenbach inflow, Alt = Alter Rhein inflow) and sex (m = male, f =
female). Wireframe graphs of the shape changes along the first two PCs in the PCA are shown on the

right.

Table 1. Results of the pairwise comparison of the shape of sticklebacks from different sampling sites
(littoral = littoral zone, pelagic = pelagic zone, Inflow = Nonnenbach, Brunnisach, Alten Rhein). Upper

triangle: pairwise procrustes distances between means. Lower triangle: pairwise p-values between

means.
Alten Rhein Brunnisach Littoral Nonnenbach  Pelagic
Alten Rhein 0.01739166 0.03533241 0.01404069 0.01253745
Brunnisach 0.707 0.02146350 0.02201050 0.01951720
Littoral 0.001* 0.020* 0.04093899 0.03781088
Nonnenbach ~ 1.000 0.146 0.001* 0.01256773
Pelagic 1.000 0.707 0.001* 1.000

*statistically significant after Holm-Bonferroni correction (a = 0.05; Holm 1979)

Weak population genetic structuring
The admixture analysis suggested that sticklebacks in Lake Constance are highly admixed, as
the genetic structure was best explained with 1 cluster (K = 1; Fig. S1). High admixture and
low population structure was also supported by the PCA analysis (Fig. 4). Population PC
centroids suggested some degree of clustering, with littoral and pelagic populations grouping
closer compared to inflow populations, however PC1 and PC2 only explained negligible
variation in genetic structure among individuals (1.75% and 1.52%, respectively).
Furthermore, genetic differentiation was low between all Lake Constance populations,

both in relative divergence (mean Fsr” = 0.005 + 0.002) and absolute divergence (mean D,,” =
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0.001 £ 2.61 x 10°) (Table S3). Differentiation between the pelagic and littoral three-spined

sticklebacks was the lowest among all pairwise comparisons (Fsr” 1rper. = 0.002).
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Fig. 3. Population structure and evolutionary origin (A) Principal Component Analysis representing

individual structuring across Lake Constance ecotypes and populations. Analysis was performed on
pruned data excluding the sex chromosome (11,184 SNPs). Colours indicate different sampling sites,
while shapes represent ecotypes — inflow (circle), pelagic (square), pelagic (triangle). Smaller, lighter
data points show individual variation, while the bigger shapes with a black centre indicate population
Principal Component centroids, which were calculated as the mean of both the 1st and 2nd axes. (B)
Maximum likelihood tree from TreeMix for Lake Constance and outgroup populations. Population

names are coloured according to location: red shades — Lake Constance inflow populations, orange —
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Lake Constance littoral, and purple — Lake Constance pelagic population. Populations from the Baltic
Sea (North-east Germany) are coded in blue, while North Sea samples are light blue (Norway and Great
Britain); with the outgroup G. nipponicus shown in black. Bootstrap values calculated in percentage
from all (n = 500) bootstrap replicates show confidence for each node, with exceptions where tree
topology from the consensus tree was changed by TreeMix. Four was determined to be the optimum
number of migration events according to model likelihoods. Arrows show the direction of admixture and
are coloured according to migration weight, i.e., the proportion of ancestry received from the source
population [0-0.5]. The level of genetic drift was indicated by branch length, with the scale bar showing
10 x the mean standard error of the sample covariance matrix. Matrices of the drift estimates and

residuals are reported in Fig. S2.

Evolutionary origin of pelagic stickleback in Lake Constance

To infer the evolutionary origin of pelagic Lake Constance stickleback, we reconstructed
phylogeny of stickleback from Lake Constance and additional European locations (Fig.1). The
phylogenetic relationship between Lake Constance stickleback and outgroup populations was
best explained by a maximum likelihood tree in TreeMix with four migration events
[In(likelihood) = 421.377] (Fig. 3B). The final tree explained 99.5% of the variance in relatedness
between populations and placed all Lake Constance populations into a monophyletic clade.
Confidence in tree topology was generally high (90-100%) with few exceptions; no bootstrap
values were reported for some nodes, such as in the Lake Constance clade, where TreeMix
slightly changed the topology of the consensus tree (Fig. 3B). The tree placed the oldest
lineages in the North Sea, followed by the Baltic Sea, among which freshwater populations
were suggested to have experienced admixture — e.g., between British Tyne River (TY_F) and
a northern German river population (GER_R), and Norwegian river (NOR_R) and lake
populations (NOR_L). The longest tree branch representing high levels of drift branched the
Lake Constance populations off from the Baltic lineage (Fig. 3B). While very low levels of drift
were observed among Lake Constance populations, the pelagic (PEL) population was
suggested to be the most divergent in this clade (Fig. S2). The four most likely migration edges
inferred by TreeMix were all statistically significant (p < 0.05). Admixture events had
generally low ancestry percentages received from source populations (i.e., migration weight
w), ranging from 0.03 to 0.125, except between NOR_R and NOR_L (w = 0.32 + 0.03; Table S4).

Genetic differentiation across the genome

To identify putative signatures of selection, we compared genetic differentiation
between pelagic and littoral individuals across the genome. We detected 333 loci with zFsr” >
3, distributed across the entire genome (Figure 4). Outlier loci showed on average increased

absolute divergence (D,,) compared to the genomic background, both on autosomes
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(Wilcoxon: W = 2993041, p < 2.2e-16) and the sex chromosome (Wilcoxon: W = 6203, p =
0.01179) (Fig. 4B), suggesting that they are under divergent selection between littoral and
pelagic sticklebacks. However, only 16 outlier loci showed strongly increased D,, values (zD,,
> 3). Comparisons between littoral and pelagic populations with inflow populations show a
similar picture (Fig. S3 - S4).

We further tested for signals of divergent selection by comparing gene diversity (Fig.
S5) between littoral and pelagic populations. While the mean between-population difference
in gene diversity of outlier loci (AHs,uuir) was not lower than the genomic background (AHs,,),
outlier loci showed more extreme values than the genomic background (Kolmogorov-
Smirnov test: D = 0.1694, p-value = 1.59¢e-08) (Fig. 4C). Outlier loci with extreme AHs values
are more likely to be under divergent selection in the population with the lower gene
diversity. We found that outlier loci with increased absolute divergence had on average lower
gene diversity in littoral sticklebacks (positive AH;) (Fig. 4C), suggesting that these highly

divergent loci are likely under selection in the littoral population.
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Fig. 4. Signatures of selection. (A) Z-transformed Fst' (zFst’) estimates for loci (dots) across all

chromosomes (noted on the x-axis). Outlier loci with zFst' = 3 are shown in orange. (B) Absolute
divergence (Dxy) between outlier loci (orange) and the genomic background on autosomes and the sex
chromosome. Individual dots denote genomic loci and the distribution of values is shown by density
plots. The sex chromosome was analyses separately due to lower recombination rates compared to
autosomes, and therefore potentially higher absolute divergence. (C) Comparison of delta gene
diversity (AHs) between the genomic background (zFst’ < 3; grey), outlier loci (orange) and outlier loci

showing increased absolute divergence (zDxy = 3; red). Delta gene diversity was estimated by
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subtracting gene diversity in pelagic individuals from gene diversity in littoral individuals. Positive AHs
values are indicative of reduced gene diversity in littoral individuals and vice versa. Individual dots

denote genomic loci. Box plots defined in Fig. 2B.

Marker associations with phenotypic traits

To identify genomic regions associated with ecologically-relevant phenotypes in Lake
Constance stickleback, we performed genome-wide association analyses for later plate
number and body shape using a BSLMM. For lateral plate number, 41 SNPs were associated
(mean PIP > 0.01), with 7 SNPs (17.1%) showing very strong associations (mean PIP > 0.1).
These were largely located on chromosome 4, and with a strongly associated SNP on
chromosome 2 (Fig. 4A). For body shape, the BSLMM detected 104 associated SNPs with PIP
>0.01, and 1 strongly associated SNP on chromosome 21 with PIP > 0.1. Although body shape
values were corrected for sex, a large proportion of associatied SNPs (n = 34; 32.7%) were
located on the sex chromosome 19.

In line with the difference in the number of associated loci, estimates of the genetic
architectures underlying lateral plate number and body shape, based on hyperparameters
estimated using the BSLMM, revealed a similar picture (Fig. 5B). While the proportion of
variance explained by all loci was similar for lateral plate number (PVEpy = 88.4%) and body
shape (PVE;s = 85.3%), the lower proportion of PVE explained by sparse effect loci for body
shape (PGEss = 61.5%, PGEpy = 77.8%) and smaller estimated number of sparse effect loci for
body shape compared to lateral plate number (mean n gammags = 28; mean n gammapy = 6)
supports a more polygenic basis of body shape.

To test if divergence in body shape between littoral and pelagic stickleback is driven
by divergence of the underlying loci, we tested for genetic differentiation of these loci. Under
selection on a polygenic genetic architecture (Fig. 3A), we might expect subtly increased
genetic differentiation of many loci compared to the genomic background, rather than strong
selection on a few loci. Indeed, body shape-associated loci were not strongly differentiated
(i.e. outlier loci), but autosomal loci associated with body shape showed increased genetic
differentiation between littoral and pelagic ecotypes compared to the genomic background
(Fig. 5C). Loci associated with lateral plate number, which does not differ between pelagic
and littoral individuals (Fig. 2B), did not show increased genetic differentiation compared to
the genomic background. Body shape associated loci on the sex chromosomes also did not

show increased genetic differentiation between littoral and pelagic individuals (Fig. 5C).
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Fig. 5. Genome-wide association analyses (GWAS) for phenotypic traits. (A) Posterior Inclusion

Probabilities from BSLMMs for all SNPs (dots) across the genome are shown, with outliers SNPs
passing significance threshold (PIP > 0.01) shown in red. Manhattan plots are shown for GWAS results
with mean lateral plate number, body shape PC1-6, and total length. (B) Hyperparameters from
BLSMMs are plotted, as the mean (large dot) and 95% confidence intervals (grey lines), for body shape
(BS: yellow) and lateral plate number (PN: blue). (C) The distribution of genetic differentiation (Fst)
values for the permuted null distribution is shown as a histogram and mean differentiation for
phenotype-associated loci on autosomes is indicated as a red line. Results are shown for SNPs
associated with later plate number (blue) and body shape (yellow), for autosomes and the sex
chromosome separately. No trait-associated SNPs were detected for later plate number on the sex

chromosome.

Association of outlier loci with QTL for putatively adaptive traits.
Of 1222 previously identified QTL involved in divergent phenotypic traits in three-spined
sticklebacks (Peichel and Marques, 2017), 879 QTL (Supplementary Data S2) overlapped with

zFs'-outlier loci between pelagic and littoral populations. When considering only the
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strongest outlier loci, those with zFs;* and zDxy’ values equal or above three, we found 193
overlapping QTL regions. Feeding, body shape and defence related QTL were the most
common outlier-associated QTL (n = 85, 67 and 19 QTL, respectively) (Fig. 6). The majority of
the QTL explained little to intermediate amounts of variation (n = 173), while only one was a
major effect locus explaining more than 20% of variation in total length.

Additionally, we identified numerous QTL (n = 351 for PIP > 0.01; n = 159 for PIP >
0.1) overlapping with loci associated with lateral plate number, including known QTL on
chr.Il and the major EDA-linked QTL on chr.IV (Peichel & Marques 2017) (Fig. S6A). The plate
number QTL on chr.Il, which were identified in ‘benthic x limnetic’ stickleback from
Vancouver Island (Conte et al. 2015), overlapped with the locus that showed strongest
association with lateral plate number in Lake Constance (PIP = 1). Similarly, many QTL (n =
551 for PIP = 0.01; n = 29 for PIP > 0.1) overlapped with body shape-associated loci (Fig. S6B).
The single locus with the strongest association with body shape (PIP = 0.1) co-localised with
29 QTL on chr.XXI that were largely associated with feeding, defence, and body shape-related

traits, as well as swimming and neuromast patterning.
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Fig. 6. Genome-wide distribution of Quantitative Trait Loci among Lake Constance sticklebacks.

Boxes show QTL (position along x-axis indicating chromosome number) that overlap with outlier loci
(zFst’ =3 and zDxy = 3) between pelagic and littoral stickleback. Effect sizes (minor, intermediate, major
or not estimated) of trait variance are shown by their respective colour (see legend). Detailed positions

are given in Supplementary Data S2.
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Discussion

The aim of this study was to investigate the evolutionary origin, and phenotypic and genetic
basis, of the recent appearance and rapid population increase of a pelagic ecotype of three-
spined stickleback in Lake Constance. We found that the pelagic stickleback population in
Lake Constance likely originated from the littoral population without any recent colonisation
and/or introgression from other European stickleback lineages. Despite weak genome-wide
divergence and high gene flow among lake populations, several genomic regions spread
across the genome show increased genetic differentiation, partly co-localise with previously-
identified QTL regions. Furthermore, we found that body shape-associated loci, a trait
divergent between littoral and pelagic stickleback in Lake Constance, show increased genetic
differentiation. This suggests that the rapid evolution and dramatic demographic expansion
of the pelagic stickleback ecotype has been facilitated by large adaptive standing genetic
diversity present within Lake Constance, rather than recently introduced adaptive genetic
variation. Thus, effective management strategies have to focus on the entire stickleback

population rather than the invasive pelagic ecotype.

Phenotypic divergence of littoral and pelagic stickleback in Lake Constance

Sticklebacks are known to exhibit a high degree of phenotypic diversity between
habitats, with some morphological traits evolving in parallel during their postglacial dispersal
into new freshwater habitats (Bell and Foster 1994, McPhail 1993). In particular, the reduction
of lateral plate armour in freshwater populations is regularly observed (Bell 2001, Hagen and
Gilbertson 1971). Although this process can happen very quickly (Bell et al, 2004), our findings
show that sticklebacks in Lake Constance still exhibit largely full armoring similar to their
likely ancestral Baltic populations. Until the sudden mass abundance of the stickleback and
their spread into the open water, the species was exclusively found in the areas close to the
shore. The littoral fish community in Lake Constance includes several predatory fish species,
including perch and pike, which are known to prey on sticklebacks (Jacobson et al., 2019,
Donadi et al., 2017). Thus, we suggest that full plating may have remained relevant as effective
predator protection (Reimchen 1994, Kitano et al., 2008, Rennison et al., 2019).

In contrast to lateral plate numbers, differences were found in body shape between
habitats. In addition to general allometric effects and sexual dimorphism, there were
significant differences between fish from the littoral zone compared to fish from the pelagic
zone and river inflows (tributaries). Body shape analyses suggest that littoral and pelagic
stickleback differ slightly in snout length and body depth, with longer snouts and deeper
bodies in littoral fish. However, they do not strongly differ in trophic position (Gugele et al.,
submitted) and these differences are not very pronounced, and did not necessarily follow
known patterns of divergence between benthic and limnetic sticklebacks in Canada (Schluter

& McPhail 1992; Arnegard et al. 2014). However, future common garden experiments and
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more detailed phenotypic and trophic analyses could shed light on the eco-morphological
basis of the rapid pelagic invasion of Lake Constance stickleback.

Habitat-specific morphological variation has already been shown in sticklebacks
(Webster 2011, Gow et al., 2008) and differences in morphometric and meristic traits are found
especially in systems with sympatric occurring limnetic and benthic populations (Nagel and
Schluter 1998). In Lake Constance, studies on spatio-temporal movement of sticklebacks
(Gugele et al., 2020), indicate temporal migration of sticklebacks from tributaries into the
pelagic zone, and back. Recent studies on stable isotope ratios in the muscle and liver of
sticklebacks could not find differences in trophic position between sticklebacks from pelagic
and littoral habitats, but rather a mere preference to forage in the pelagic zone (Gugele et al.,
submitted), suggesting that body shape differences are potentially related to differences in
habitat usage rather than trophic eco-morphology. Furthermore, size differences between
sticklebacks from the pelagic and littoral zone may be explained by differences in sampling
time, with fish from the pelagic zone being captured in late March, while fish from the littoral
zone were captured in June and July. It can therefore be assumed that this is a time-dependent

increase in size over the course of the year (Reimchen 1992, Yershov and Sukhotin 2015).

Intralacustrine origin of pelagic stickleback in Lake Constance

To date, it has been unclear if pelagic stickleback in Lake Constance, which increased
rapidly in abundance since 2012, originated within Lake Constance or are the result of a
separate introduction (Eckmann & Engesser 2019). Our genetic results, based on PCA,
admixture analyses, and phylogenetic comparison to other Northern European stickleback
populations strongly suggest a recent intralacustrine origin of pelagic stickleback in Lake
Constance. Genome-wide patterns of genetic differentiation were overall weak between
habitats, suggesting either a very recent expansion into the pelagic by sticklebacks and/or
ongoing gene flow. A very recent origin and ongoing gene flow are supported by annual
hydroacoustic surveys (Eckmann & Engesser, 2019) and spatio-temporal sampling (Gugele et
al., 2020), respectively.

The TreeMix analysis clustered stickleback from Lake Constance as sister to Baltic
stickleback from Northern Germany, which is in line with the theory that Lake Constance was
colonised by admixed populations which shared a substantial proportion of ancestry with
marine-like sticklebacks repeatedly introduced to nearby streams from catchments south to
the Baltic Sea around 150 years ago (Hudson et al., 2021; Muckle, 1972). Hybridization after
secondary contact of deeply divergent North-eastern and Western European lineages has
been argued to have facilitated rapid speciation in Lake Constance through provision of
adaptive alleles (Marques et al. 2019; Hudson et al. 2021). However, we did not have the right

samples in our study to test this hypothesis in respect to the littoral-pelagic divergence.
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The slightly stronger clustering of pelagic and littoral stickleback in the PCA, and the
lower genetic differentiation between littoral and pelagic sticklebacks, compared to the inflow
populations might indicate that pelagic sticklebacks originated from the littoral population
and that gene flow is higher between the littoral and pelagic zone compared to tributaries
(Gugele et al., 2020). However, these genetic differences are very subtle and not sufficient to
confirm putative spawning locations of pelagic stickleback. It has been hypothesised that
pelagic sticklebacks migrate to tributaries to spawn. In general, the pelagic zone is an unusual
habitat for three-spined sticklebacks, and thus not many such invasions, particularly in
oligotrophic lakes, are known to date. Freshwater diversifications have mostly occurred along
the lake-stream axis, and the very few cases of benthic-limnetic diversifications have been
exclusive to small lakes in British Columbia, Canada (Baker et al., 2005; Schluter and McPhail,
1992) where sympatric ecotype evolution occurred over at least the past ten thousand years
(Jones et al.,, 2012a). The latter emphasises the uniqueness of the contemporary pelagic
invasion in Lake Constance. Unfortunately, the exact drivers for this behaviour still remain
uncertain. Recently conducted studies could not find any evidence that parasite pressure or
the use of planktonic food sources, which have not been exploited by pelagic fishes to date,
are the cause of the expansion (Baer ef al., 2022, Ogorelec et al., 2022). Furthermore, it has not
been conclusively elucidated which role the potentially increased intraspecific competition in
a growing littoral population since its establishment in the 1950’s (Hudson et al., 2021), as well
as novel niche opportunities in the pelagic zone, such as opportunity for predation on naive
whitefish species (Ros et al., 2019; Roch et al., 2018), play in this process.

Overall, our study revealed the likely intralacustrine origin of pelagic Lake Constance
sticklebacks from a single shared gene pool, yet the drivers of this rapid expansion and

ecological diversification remain elusive.

Polygenic basis of pelagic colonisation

Although genome-wide patterns of divergence suggest minimal genetic differentiation and
ongoing gene flow, distinct genomic regions were differentiated between habitats and
showed putative signs of selection. Despite the recent colonisation of the pelagic zone, we
detected a polygenic signal of divergence with hundreds of outlier SNPs across the genome
showing increased genetic differentiation between individuals from littoral and pelagic
habitats. Genetic differentiation across large parts of the genome between benthic and limnetic
sticklebacks was also observed in Canadian populations, despite an enrichment of divergent
regions on certain chromosomes (Hiarer et al. 2021). In general, this genome-wide
differentiation confirms the hypothesis that genetic differentiation is possible despite high
connectivity over short evolutionary time periods. Such a scenario could have two non-
mutually exclusive explanations: a) the ability of rapid adaptation of three-spined sticklebacks

via sharing and reassembly of adaptive alleles through selection on standing genetic variation,
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which has been demonstrated to be a key mechanism in freshwater colonisation across
numerous stickleback systems throughout its distribution range (e.g. Fang et al., 2020;
Terekhanova et al., 2014); and b) strong divergent selection pressures arising from the differing
environments in the pelagic versus littoral zone, which act on adaptive phenotypes such as
body shape.

Three-spined stickleback genetic adaptation to novel environments in short time
periods has been documented before, and similar explanations were proposed, such as in
newly formed Alaskan ponds after an earthquake only 50 years ago (Lescak et al., 2015); as
well as in Lake Constance, where selection signatures of lake-stream ecotype divergence was
shown after only one generation (Laurentino et al., 2020). Similar rapid genetic differentiation
from standing genetic variation over roughly 8 generations has also been documented in
European whitefish following the re-oligotrophication of Lake Constance (Jacobs et al. 2020).
In general, not only selective sweeps at a few loci but also polygenic responses to selection, as
observed in our and other studies (Laurentino et al., 2020; Salmén et al. 2020), can lead to rapid
local adaptation despite ongoing gene flow (Jain & Stephan 2017).

While genetic differentiation can occur without divergent selection, e.g. through
linked selection in low recombination regions or genetic drift due to population bottlenecks,
these are unlikely explanations in this system. Firstly, linked selection is less likely to lead to
increased differentiation over such short evolutionary time scales (Burri 2017), and patterns
of genetic diversity between habitats do not indicate the presence of genetic bottlenecks,
which is supported by large observed stickleback populations (Eckmann & Engesser, 2019;
Gugele et al. 2020). Furthermore, we observed increased absolute divergence in outlier loci,
with strong divergence for a small subset of loci, suggesting a contribution of divergent
selection in the genetic differentiation between habitats. Absolute divergence takes longer to
build up than genetic differentiation, thus suggesting that increased divergence between
pelagic and littoral sticklebacks is potentially due to the sorting of ancient adaptive alleles
between habitats, which could have been potentially introduced through hybridization
between stickleback lineages prior to the colonisation of Lake Constance (Marques et al. 2019;
Hudson et al. 2021). However, differences in gene diversity at outlier loci between pelagic and
littoral populations (AHseuer) compared to the genomic background, further indicate that
genetic differentiation is potentially driven by divergent selection rather than variation in
genetic diversity across the genome, which would be expected to lead to reduced diversity in
both populations (Cruickshank & Hahn 2014; Burri 2017).

Targets of selection
The identified genomic outlier loci raise the question whether these could be early
signs of sympatric speciation in Lake Constance stickleback. In particular, the increased

differentiation of body shape-associated autosomal loci between pelagic and littoral
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sticklebacks suggests that body shape, a trait that differs between populations in these
habitats, is under divergent selection between habitats. This inference is furthermore
strengthened by the fact that loci associated with lateral plate number, a trait that does not
differ between pelagic and littoral sticklebacks, do not show increased differentiation. Thus,
the observed signal is likely not due to chance. The genetic differentiation of body shape-
associated loci furthermore suggests that the observed divergence between littoral and pelagic
stickleback is not purely due to phenotypic plasticity but is at least partly genetically
determined.

We did not test for genotype-association with variation in body size in our dataset, as
stickleback were sampled at different timepoints throughout the year, even though
divergence in body size in sticklebacks is a substantial driver of reproductive isolation as it
affects reproductive behaviours such as mate choice (Moser et al., 2015) and thus may facilitate
speciation in future generations. However, we found that differentiated loci, including those
also showing strong absolute divergence, often co-localise with numerous and well-
recognised quantitative trait loci for putatively adaptive traits, including body shape and
body size, suggesting their role in phenotypic divergence. While respective outlier counts
across trait categories could indicate relative relevance of traits under selection, biases could
arise from disproportionate numbers of studies focusing on certain traits such as feeding
(Peichel and Marques, 2017). Furthermore, the low density of RAD-seq derived SNPs across
the genome makes it difficult to conclusively link SNPs to exact quantitative trait loci, as these
SNPs are often likely not the target of selection and only linked to selected SNPs. Thus, to
better understand the genomic basis of rapid phenotypic evolution in littoral-pelagic

sticklebacks, more high-density genotyping or whole genome data will be needed.

Conclusion

In conclusion, our results suggest that the novel pelagic G. aculeatus ecotype in Lake
Constance, which has already caused ecosystem-wide effects on biodiversity and food-web
integrity, likely arose within Lake Constance in less than 10 generations through sorting of
standing genetic variation. Divergence in body shape between littoral and pelagic habitats,
and potentially other relevant ecological and physiological phenotypic traits known from
independent QTL studies, is reflective of divergent polygenic selection on trait-associated
genes. However, the limited SNP-density across the genome precludes us from determining
the most likely genomic targets of selection and phenotype-associated loci. Furthermore, more
widespread outgroup genomes, particularly from the Western lineage that likely contributed
adaptive alleles to the Lake Constance gene pool would be needed to more finely resolve the
origin of alleles involved in the littoral-pelagic divergence. Common garden experiments and
temporal phenotypic sampling in the wild could help to better understand the roles of

evolutionary change versus plasticity in the rapid colonisation of the pelagic zone and identify
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putatively adaptive phenotypic traits. A better understanding of the processes facilitating the
rapid invasion of the pelagic zone of Lake Constance, which had drastic ecosystem-wide
effects, could facilitate management of this population and also in other systems with rapid
pelagic invasions, such as the Baltic Sea. Our results suggest that the observed pelagic
colonisation likely resulted through a combination of the adaptive capabilities of three-spined
sticklebacks through large standing genetic variation and a so far unknown change in
ecosystem properties, which needs to be identified for the implementation of effective control
measures and to be able to predict future occurrences of such invasion events. In the end, our
results highlight that the entire stickleback population, and no specific sub-population, is
potentially capable of employing the pelagic zone, or can re-invade the pelagic zone, and thus

needs to be managed as a whole.
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Supplementary Material
Supplementary Datasets S1 and S2 as appendix.

Supplementary Data S1: Sample information. Information on species, sample location, population,
sample 1Ds, ecotype, geographic coordinates, and citations for studies from which samples were re-
acquired. Samples were either whole genome sequences (WGS) or reduced representation sequences

(RAD-seq, recognition site enzyme Sbfl).

Supplementary Data S2: List of Quantitative Trait Loci. Listed are 287 QTLs where matches
with outlier loci in Lake Constance were identified. Information on position of QTL (chromosome, start
and end position in base pair number), as well as the associated phenotypic trait and trait category is
given. Percent Variance Explained (PVE) of the respective traits by QTLs was grouped into three
categories: minor (<5%), intermediate (~5-20%), major ~>20%) or was otherwise noted as
undetermined. For each study which identified respective QTLs, relevant population and ecotype
information of three-spined stickleback populations used in the analyses are provided. These QTLs
originate from a list of 1034 QTLs (685 retained in this study) compiled by Peichel and Marques
(2017).
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Supplementary Table S1. Results of the permutation-based Procrustes ANOVA testing
influence of different factors on stickleback shape. Df = degrees of freedom, SS = sums of squares,
MS = mean square, Rsq = R-squared, F = F-Value, Z = effect size, P = p-value.

Factor Df SS MS Rsq F z P-value
Log(size) 1 0.017447  0.0174465  0.13950 21.6642 55338 <
0.0001*
Sex 1 0.019460  0.0194599  0.15560 241644  6.2986 <
0.0001*
Sex:site 8 0.022123  0.0027654  0.17689 3.4339 5.8960 <
0.0001*
Residuals 82 0.066036  0.0008053  0.52801

*statistically significant (a0 = 0.05)

Supplementary Table S2. Results of the permutation-based Procrustes ANOVA testing for
common or unique allometric effects. ResDf = residual degrees of freedom, Df = degrees of freedom,

SS = sums of squares, MS = mean square, Rsq = R-squared, F = F-Value, Z = effect size, P = p-value.

Model ResD Df SS MS Rsq F V4 P-value
f

Coords ~ 82 1 0

log(size) +

sex / site

Coords ~ 81 1 0.0009105  0.000911 0.00728 1.132 0,512 0.285

log(size) *

sex / site

*statistically significant (a0 = 0.05)
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Supplementary Table S3: Genome-wide genetic divergence. Genetic differentiation (Fy" /

upper triangle) and absolute genetic divergence (D,, / lower triangle) between all sampled

populations.

F.'/D,, BRU Pelagic ALT Littoral NON
BRU 0.00571 0.00839 0.00483 0.00851
Pelagic |0.00117 0.00378 0.00189 0.00456
ALT 0.00118  |0.00113 0.00426 0.00706
Littoral |0.00116  |0.00111 0.00112 0.00426
NON 0.00117  |0.00112 0.00114 0.00111

Supplementary Table S4: Support for migration edges. Four migration events inferred by TreeMix
have a source (the set of populations placed in the subtree below the origin of the migration edge) and
recipient (the group of populations placed in the subtree below the destination of the migration edge).
For each migration event the mean weight of the migration (w), i.e., the proportion of ancestry received
by the donor population, the mean jackknife estimate of the weight (w;) and the jackknife estimate of the
standard error (SE;) averaged over 30 independent runs (N), as well as the least significant p-value

recovered from all runs are indicated.

Source Recipient w wj SEj p-value N
NOR_R NOR_L 0.3178 0.3176 0.0278 <0.0001 30
G. nipponicus PEL 0.0279 0.0279 0.0117 0.0085 30
TY M GER_R, GER_L  0.1258 0.1259 0.0465 0.0034 30
PEL G. nipponicus 0.0912 0.0912 0.0191 <0.0001 30
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High degree of admixture among Lake Constance ecotypes

Number of clusters

Malereck Seemitte Brunnisach Alten Rhein Nonnenbach

Littoral Pelagic Inflow

Supplementary Figure S1: Admixture analysis across Lake Constance three-spined
stickleback ecotypes. Genetic structure was best explained with one genetic cluster (K=1) based on
ten-fold cross-validation error. Shown are results for analyses with 2-7 clusters showing random
admixture for each individual across all populations which are grouped by ecotype (littoral, pelagic and

inflow). Analysis was performed on pruned data excluding the sex chromosome (~11 thousand SNPs).
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Drift Residuals
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Supplementary Figure S2: Residuals and drift estimates from Maximum likelihood tree. a,
Pairwise drift estimates from the ML tree (Fig. 8) calculated under a Gaussian model by TreeMix.
Populations are coloured according to location: red shades — Lake Constance inflow populations, orange
— Lake Constance littoral, and purple — Lake Constance pelagic population. Population outgroups are
coloured in blue (Baltic Sea), and light blue (North Sea). b, Pairwise residuals from the ML tree (Fig.
8) with colour coding as above. Positive residuals suggest closer relationships between populations than

as inferred by the tree, while negative residuals indicate more distant relationships.
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Supplementary Figure S3: Manhattan plots of genome-wide genetic differentiation. Z-
transformed Fgr" estimates for loci (dots) across all chromosomes (noted on the x-axis) are shown. Loci
with z-transformed D, > 3 are highlighted in orange.
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Outlier loci overlap counts and significance
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Supplementary Figure S4: Overlaps of outlier loci from all pair-wise population comparisons.
The observed number of outlier loci overlaps (along the y-axis) for different sets (green points along the
x-axis) of all combinations of pairwise comparisons including inflow (ALT, BRU, NON), littoral
(MAL) and pelagic (SEE) populations. Outlier loci for each population pair were those with z-

transformed Fsr" = 3 and zDxy = 3. The colour scale of log-transformed p-values indicates whether the
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observed count of overlaps was significantly higher than the expected number (red bars). Shown are

only those sets with at least 2 overlaps. Calculations and plotting was carried out in the SuperExactTest
R Package v.1.0.7 (Wang et al., 2015).
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Supplementary Figure S5: Patterns of gene diversity across populations. Haplotype-based gene

diversity across all loci is plotted for each sampling site/population as violin plots and overlaid boxplots.
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Supplementary Figure S6: QTL overlap for loci associated with plate number and body shape.

(A-B) Boxes indicate QTL positions (along x-axis indicating chromosome number) and effect sizes
(minor, intermediate, major or not estimated) of trait variance explained by their respective colour.
Shown are QTL overlapping with loci strongly associated (PIP > 0.1) with (A) lateral plate number
and (B) body shape. Only chromosomes with overlapping QTL are shown.
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