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Abstract

In adaptive radiations, single lineages rapidly diversify by adapting to many new niches. Little is
known yet about the genomic mechanisms involved, i.e. the source of genetic variation or genomic
architecture facilitating or constraining adaptive radiation. Here, we investigate genomic changes
associated with repeated invasion of many different freshwater niches by threespine stickleback in
the Haida Gwaii archipelago, Canada, by re-sequencing single genomes from one marine and 28
freshwater populations. We find 89 likely targets of parallel selection in the genome that are
enriched for old standing genetic variation. In contrast to theoretical expectations, their genomic
architecture is highly dispersed with little clustering. Candidate genes and genotype-environment
correlations match the three major environmental axes predation regime, light environment and
ecosystem size. In a niche space with these three dimensions, we find that the more divergent a new
niche from the ancestral marine habitat, the more loci show signatures of parallel selection. Our
findings suggest that the genomic architecture of parallel adaptation in adaptive radiation depends

on the steepness of ecological gradients and the dimensionality of the niche space.

Keywords: threespine stickleback, niche space, niche shift, adaptive radiation, genomics, Haida Gwaii
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Introduction

Adaptive radiations, when single lineages rapidly evolve phenotypic and ecological diversity, are an
important source of biodiversity (Simpson 1953; Schluter 2000). Often, similar niches are occupied in
replicated fashion via convergent evolution (Kocher 2004; Arendt and Reznick 2008), offering an
outstanding opportunity to understand genomic mechanisms underlying adaptation to a niche

(Martin and Richards 2019).

Theory predicts a simple genetic architecture for traits under selection in an adaptive radiation
(Gavrilets and Vose 2005a), a small total number of loci involved (Gavrilets 2004; Gavrilets and Vose
2005b; Gavrilets and Losos 2009; Gavrilets and Vose 2009) and arrangement in clusters (Kirkpatrick
and Barton 2006; Yeaman 2013). Repeated shifts between two niches have indeed often been
associated with simple genetic architectures of traits (Schemske and Bradshaw 1999; Peichel et al.
2001; Chan et al. 2010; Reed et al. 2011; Nadeau et al. 2012; Wright et al. 2013; Lamichhaney et al.
2015; Nadeau et al. 2016; Sheehan et al. 2016; Kratochwil et al. 2018; Nosil et al. 2018) or clustering
of loci in recombination suppressed genomic regions such as in inversions (Feder et al. 2003;
Hoffmann et al. 2004; Joron et al. 2006; Lowry and Willis 2010; Samuk et al. 2017). However, these
expectations contrast with most traits having a complex genetic architecture with many loci of

mostly small effect (Orr 1998; Flint and Mackay 2009; Sella and Barton 2019).

The source and amount of genetic variation available may matter for a radiating lineage. Adaptive de
novo mutations arriving in a lineage are limited by population size, time and mutation rate,
especially in organisms with comparatively small population sizes (Smith 1976; Lanfear et al. 2014;
Rousselle et al. 2020). ‘Old’ genetic variation present as standing genetic variation or derived from
admixture is often involved in rapid habitat shifts and speciation in adaptive radiations (Feder et al.
2003; Rieseberg et al. 2003; Lamichhaney et al. 2015; Meier et al. 2017; Richards and Martin 2017;
Nelson and Cresko 2018; Marques et al. 2019). But most theoretical and empirical studies have

investigated adaptation to a single new niche or a two niche contrast. It thus remains an open
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question how genomic architecture and the source of genetic variation may promote or constrain

adaptive radiation into a complex, multi-dimensional niche space (but see e.g. Kautt et al. 2020).

In this study, we investigate adaptive radiation of threespine stickleback into a multi-dimensional
niche space made of diverse freshwater habitats on the Haida Gwaii archipelago off the Canadian
west coast (Reimchen et al. 2013) (Fig. 1a,b). As ice sheets retreated ~12,000 years ago, a diversity of
freshwater habitats emerged, ranging from large lakes to small ponds and streams, from deeply
stained blackwater to clear lake habitats with divergent predator faunas, each colonized by
threespine stickleback (Moodie and Reimchen 1976). Today, the Haida Gwaii adaptive radiation
shows the largest phenotypic disparity known within the threespine stickleback species, with parallel
phenotype-environment associations (Reimchen et al. 1985; Reimchen 1994; Reimchen 1995;
Deagle et al. 1996; Reimchen and Nosil 2002, 2004, 2006; Reimchen et al. 2013; Reimchen et al.
2019), trait utility experiments (Reimchen 1980, 1983, 1992; Mcdonald et al. 1995; Reimchen 2000;
Flamarique et al. 2013), an evolution experiment (Leaver and Reimchen 2012; Marques et al. 2018)
and known genetic basis of involved traits (Marques et al. 2017a; Peichel and Marques 2017)
demonstrating that adaptation along three major axes — predation regime, light spectrum and
ecosystem size — explains most phenotypic variation (Reimchen et al. 2013). A reconstruction of the
phylogeographic history of threespine stickleback in the Haida Gwaii archipelago (Deagle et al. 2013)
has shown that similar habitats have been invaded in replicate in different watersheds and similar

morphologies have evolved convergently in those habitats (Fig. 1).

Large lakes, small lakes, ponds and streams, varying from highly stained (blackwater) through to
clear water are the main niches occupied by stickleback on Haida Gwaii (Fig. 1b). In large lakes,
‘giant’ stickleback with long dorsal spines and few lateral body plates evolved. Gigantism and long
spines protect from gape-limited predators, while few lateral plates are beneficial where avian
predators causing compression injuries dominate (Reimchen 1983, 2000; Reimchen et al. 2013).

Where fish predators causing puncture wounds dominate, stickleback either show few lateral plates
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where predator evasion into the dark of blackwater through a fast-start is possible (Reimchen 1992;
Law and Blake 1996; Reimchen 2000; Bergstrom 2002; Leinonen et al. 2011), while in clearwater
lakes dominated by fish predators stickleback retained a full cover of lateral plates as in the ancestral
marine habitat (Reimchen 2000; Reimchen et al. 2013). In small, shallow, blackwater ponds
dominated by grappling invertebrate predators, stickleback repeatedly evolved reduced body
armour up to the complete loss of lateral plates, pelvic girdle and spines facilitating their post-
capture escape (Reimchen 1980; Reimchen et al. 1985; Reimchen and Nosil 2002, 2004). Feeding
ecology and morphology also evolved along these axes, with stickleback feeding on zooplankton in
large lakes or on benthic invertebrates in shallow lakes and streams and respective parallel evolution
of body shape, gape size and gill raker number (Moodie and Reimchen 1976; Reimchen et al. 1985;
Spoljaric and Reimchen 2007). Sexual selection and habitat properties also interact, e.g. blackwater
stickleback have repeatedly replaced red nuptial colour with black pigmentation as sexual signal
(Reimchen 1989; Mcdonald et al. 1995; Flamarique et al. 2013). Furthermore, highly divergent
stream ecotypes have evolved in parapatry with lake populations in multiple watersheds (Reimchen

et al. 1985; Deagle et al. 2012).

An experiment previously explored phenotypic and genomic responses to a single shift between
extreme niches, by moving giant stickleback from a large dystrophic blackwater lake into a small
fishless eutrophic clearwater pond, revealing rapid evolution into the predicted direction in
morphology (Leaver and Reimchen 2012) and a highly dispersed genomic architecture of adaptation
even in a single niche shift across a multi-dimensional niche space (Marques et al. 2018). The
generality of this result is however unclear, i.e. whether niche shifts along fewer axes or along

shallower ecological gradients may involve simpler genomic architectures of adaptation.

Here, we quantify the genomic architecture of parallel adaptation associated with divergent niche
shifts in the Haida Gwaii adaptive radiation, using single genomes from 28 freshwater populations

and a marine population. We identify genomic targets of parallel selection across the radiation
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haplotype-based selection statistics and a neutral demographic control. We assess whether old
standing genetic variation was involved in parallel adaptation and use this system to explore how the
genomic architecture of parallel adaptation covaries with the nature and extent of niche

differentiation.

Methods

Sampling scheme, permits, genome sequencing

Stickleback were sampled between 1993 and 2012 on Haida Gwaii (Reimchen et al. 2013) with
previously published genomes, one per population, from 24 lakes, 4 streams and one marine
population (Marques et al. 2017a; Marques et al. 2018) included in this study (Table S1). Collection
was conducted with minnow traps, euthanization with MS-222 under Ministry of Environment of
British Columbia permits SM09-51584 and SM10-62059, University of Victoria aquatic unit standard
operating procedure OA2003, following British Columbia’s guidelines for scientific fish collection
(Reimchen et al. 2013). We extracted DNA from fin samples following Peichel et al. (2001),
generated fragment libraries following Jones et al. (2012b) and paired-end sequenced libraries on an
Illumina GAIl machine (Illumina Inc., San Diego CA, USA) resulting in 77 bp reads and a mean
sequencing depth of 6.42x (Table S1). We aligned reads with Bwa v0.5.9 (Li and Durbin 2009) and
parameters ‘-q 5 -1 32 -k 2 -0 1’ to the threespine stickleback Broad S1 reference genome (Jones et al.
2012b), recalibrated base qualities with GATK v1.4 tools ‘CountCovariates’ and ‘TableRecalibration’
(McKenna et al. 2010) and called variants and genotypes with GATK’s ‘UnifiedGenotyper’ with
default SNP and indel calling parameters. We filtered variants with GATK’s ‘VariantFiltration’ based
on read position rank sum test statistic > -20, allele-specific strand bias test statistic < 200 or quality
normalized by depth value > 2 and recalibrated variants with GATK’s ‘VariantRecalibrator’ and

‘ApplyRecalibration’ using a VQSR-LOD cut-off of 98.5%. With BcFTooLs v1.3.1 (Li et al. 2009), we
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removed indels, variants with quality < 45, with < 4 reads per allele, with > 2 alleles and with mean
sequencing depth > 9.51 (= mean depth + 1.5x interquartile range depth distribution). We lifted
biallelic SNPs to an improved reference (Glazer et al. 2015) using PICARD v2.2.1 (Broad Institute 2018)
and also realigned recalibrated reads with bwa v0.7.2. We used VCFTooLs v0.1.15 (Danecek et al.
2011) to remove genotypes with < 4 reads and SNPs with > 50% missing data, resulting in a final SNP
set with 19.4% missing genotypes across 29 individuals, and computed its transition to transversion
ratio with BCFTooLS v1.7. For selection and demography reconstruction, we phased the final SNP
dataset with read-backed phasing and genotype imputation implemented in SHAPEIT v2.r790
(Delaneau et al. 2013), using molecular phase-information for 7.5% of the heterozygote genotypes
and phase-informative reads covering 30.9% of all heterozygous sites. Genome coordinates reported

correspond to Glazer et al. (2015).

Analysis of genome-wide variation

We investigated population structure in a principal components (PC) analysis. We converted
genotype likelihoods of autosomal SNPs with < 10% missing data to the BEAGLE PL format with
VCFTOoOLS v0.1.14, computed the site allele frequency spectrum in ANGSD v0.9.15 (Nielsen et al. 2012;
Fumagalli et al. 2013; Korneliussen et al. 2014), the sample covariance matrix using NGSCOVAR
(Fumagalli et al. 2013) and performed eigenvalue decomposition in R v3.3.1 (R Development Core
Team 2015). We genotyped three previously described inversions (Jones et al. 2012b) by repeating
PC analysis for these genomic regions only. We reconstructed a mitochondrial phylogeny using all
individuals and the complete mitochondrial sequence of blackspotted stickleback (Gasterosteus
wheatlandi) and Japan Sea stickleback (G. nipponicus) as outgroups (GenBank accessions
AB445130.1 and AB445129.1, Kawahara et al. 2009). We called consensus mitochondrial haplotypes
from BAM files with SAMTOOLS, BCFTOOLS and ‘vcfutils.pl’, all part of the samTooLs v1.7 toolkit (Li et al.
2009) and aligned them with outgroups by hand in BIOEDIT 7.0.5.3 (Hall 1999). We used

mitochondrial gene coordinates (Jones et al. 2012b) and PARTITIONFINDER2 v2.1.1 (Lanfear et al. 2017)
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to partition the mitochondrion by rates of molecular evolution and to identify the best substitution
model. We used RAXML v8.2.4 (Stockwell et al. 2003) with the ‘GTR + | + G’ model and the partition
file to reconstruct a maximum likelihood phylogenetic tree and it’s robustness from 100 bootstrap

replicates.

Identifying signatures of parallel selection

We identified genomic signatures indicative of parallel selection across the Haida Gwaii adaptive
radiation from haplotype-based selection statistics iHS (Voight et al. 2006) and H12 (Garud et al.
2015) computed on the whole adaptive radiation — an approach previously shown to successfully
recover targets of repeated selection in this radiation (Marques et al. 2017a). These statistics detect
incomplete hard or soft selective sweeps based on haplotype length decay (iHS) or haplotype
frequency spectra (H12) in a sample (Voight et al. 2006; Garud et al. 2015). They are thus sensitive to
unusually long and common haplotypes that may have swept to high frequency in multiple
populations of the adaptive radiation due to parallel selection on the same haplotype. We use a
demographic control to identify the likely targets of parallel selection. We first reconstructed the
demography of the 29 stickleback populations, simulated neutral whole genome datasets under the
inferred demographic model to obtain neutral distributions for iHS and H12 and identified observed
iHS and H12 values exceeding neutral expectations. We designated genomic regions with an
enrichment of both iHS and H12 outliers as candidate targets of parallel selection in the Haida Gwaii

adaptive radiation.

We used the pairwise sequentially Markovian coalescent (PSMC) to estimate population sizes of the
29 populations each (Li and Durbin 2011), as it allows single genome reconstruction and correction
for low sequencing depth. We aggregated individual genomes into 100 bp bins with heterozygote
presence / absence information, masking genotypes with depth < 4 and depth > 20. We ran PSCM
with default settings except a custom time segmentation pattern of ‘1*6 + 7*2 + 1*4 + 1*6’ to

minimize uncertainty in the first time segments. We corrected effective population size (N.)
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estimates with a false negative rate (FNRy,;) for detecting heterozygotes as recommended for low
sequencing depth data (Li and Durbin 2011). We estimated FNR},,; from genotype depth

. @i-1)
distributions: FNRpe; = Y1=2%n; * (%) , with n; being the number of genotypes with depth i in

an individual. We converted generations into years assuming a generation time of 1.5 years
(Marques et al. 2018) and a mutation rate of 1.7e® originating from gene alignment phylogenetic
estimation (Feulner et al. 2015). We combined N, trajectories from the 29 populations into a
demographic model assuming a simultaneous split of all freshwater populations from the marine
population 12,000 years / 8,000 generations ago (Reimchen et al. 2013) and the marine N, trajectory

prior to that time.

We generated 1,000 neutral whole genome datasets under this demographic model with
FASTSIMCOAL2 v2.6.0.3 (Excoffier et al. 2013) and the ‘FTC’ recombination map (Glazer et al. 2015), by
dividing the 21 stickleback chromosomes into 34 recombination rate bins (10 bins between 0 and 0.1
cM / Mb, 9 between 0.1 and 1 cM / Mb, 15 between 1 and 16 cM / Mb) with average recombination
rate from bin boundaries. A custom python script was used to convert FASTSIMCOAL2 output into VCF

format (‘arp2vcf.py’, see Data Accessibility Statement).

We computed iHS and H12 for phased SNPs with a minor allele frequency > 5% in both observed and
simulated datasets with HAPBIN v1.3.0 (Maclean et al. 2015) and H12-scripts by Garud et al. (2015).
We estimated H12 in 201-SNP windows to obtain a window size of approx. 10 kb as in Garud et al.
(2015). We computed 99.9%-quantiles for simulated absolute iHS (|iHS|) and H12 values in sliding
windows, using the R-function ‘quantile’ with window/step size 1 Mb / 250 kb for |iHS| and 200 kb /
50 kb for H12. For observed |iHS| and H12 values, we assessed whether they exceeded neutral
expectations using the R-function ‘smooth.spline’ with ‘spar = 0.5’ to predict local neutral 99.9%
guantiles. We then tested for an enrichment of outlier SNPs in 50 kb sliding windows with step size

25 kb using one-sided binomial tests. After Bonferroni correction for multiple testing, we merged
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significantly enriched windows at a < 0.001 within < 50 kb distance into outlier regions, when |iHS|

and H12 outliers were aligned and < 5 kb apart.

In each outlier region, we identified the SNP with the highest H12 value and used these SNPs to
compute linkage disequilibrium (LD) r* between outlier regions in VCFTooLs. To generate a null
expectation for inter-chromosomal LD, we randomly picked 2,046 SNPs > 200 kb apart across all
autosomes and the sex chromosome using VCFTOOLS. To compare mean inter-chromosomal LD
between random and outlier region SNPs, we randomly subsampled 89 of these SNPs (~outlier
region number) in 10,000 permutations. We clustered outlier regions into groups using the R-
function ‘hclust’, a dissimilarity matrix (values: 1 —r®) and the R-function ‘cutree’ with parameter ‘h =

0.75".

We tested whether potential phasing error due to statistical phasing could lead to false positive iHS
and H12 outliers exceeding the expected neutral false positive rate of 0.1%. We removed phase
information from 10 of the 1,000 simulated whole genome datasets and phased them statistically
with shapeit as described above but lacking phase-informative read information, computed iHS and
H12 and identified outliers exceeding the local neutral 99.9% quantile across the genome as outlined
above, for both statistically phased iHS and H12 estimates and those based on known phase from
the simulated datasets. We computed Pearson’s correlation coefficient between statistically phased
and known phase |iHS| and H12 estimates for the same loci and the proportion of outliers in the 10
neutral datasets, once for statistically phased and known phase |iHS| and H12 estimates to assess
their rates of false positive outliers against the neutral distributions from all 1,000 simulated whole

genome datasets.

Identifying divergent genomic blocks

We identified genomic regions with old genetic variation from the range of absolute divergence (dyy)
(Nei 1987) between pairs of individuals in non-overlapping 100 kb windows (Nelson and Cresko

2018; Marques et al. 2019). A large dyy range among all comparisons of 29 populations indicates
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strong divergence between some but not other segregating haplotypes, while accounting for
mutation rate variation that should lead to correlated dyy values between all pairs independent of
haplotype age (Fig. 2a). We computed the unfolded 2D site frequency spectra (2D-SFS) for each pair

in 100 kb windows with ANGSD (see above), but for windows specified with the ‘-r’ option.

dyy is the average number of pairwise differences between all haplotypes, or all alleles in the case of
a single site and of two populations (Nei 1987), and can thus be computed from the 2D-SFS as
follows. For a pairwise comparison with one individual per population, there are four haplotype
comparisons between populations, with zero pairwise differences for the non-variant site
coordinates [0,0] and [2,2] in the 2D-SFS, two pairwise differences out of four comparisons for the
coordinates [1,1], [1,2], [2,1], [0,1], [1,0] and four pairwise differences out of four comparisons for
the coordinates [0,2] and [2,0] in the 2D-SFS. dyy can be computed by multiplying genotype counts in
each SFS coordinate with the number of these pairwise differences (zero, two or four), dividing the
product by the number of comparisons (four), and then dividing the sum of these quotients by the
sum of all SFS entries (total number of variant and non-variant sites sequenced, e.g. in a window).
We wrote and used a custom script (‘dxy_wsfs.py’, see Data Accessibility Statement) to convert 2D-

SFS to dyy estimates using this logic and applied it to our 100 kb window 2D-SFS estimates.

We assigned empirical quantiles of the dyy-range distribution to each window using the ‘ecdf’
function in R and tested whether iHS / H12 outlier regions are enriched for overlapping top 5% or
top 1% quantile dyy range windows using a chi-square test. We also tested whether top 5% quantile
dyy range windows were enriched for overlapping genes by permuting window positions across the
genome 10,000 times. We overlapped outlier regions and top 5% dyy range windows with previously
published genomic regions differentiated between marine and freshwater, lake and stream, benthic
and limnetic and different freshwater stickleback ecotypes (Hohenlohe et al. 2010; Deagle et al.

2012; Jones et al. 2012a; Jones et al. 2012b; Feulner et al. 2015; Roesti et al. 2015; Marques et al.
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2016). We used chi-square tests to assess top 5% dyy-range regions for enrichment of such ecotype

categories.

Connecting targets and sources of parallel selection

We designated the longest haplotype at top H12-peak SNPs in each outlier region as ‘sweep
haplotype’ and used linear models to test whether their number or sharing can be explained by the
ecology or genetic properties of populations. As ecological predictors, we used the three major
environmental axes light spectrum (S), ecosystem size (E) and predation regime (P, see definitions in
Fig. 1b), niche divergence from the ancestral niche (marine habitat) in a three-dimensional niche
space made of these axes (ANC, Fig. 1b), niche divergence between population pairs (DIV) and
isolation in niche space (I1SO, median distance from all other populations in niche space).
Associations with S, E and P, ANC and DIV could indicate that the genomic architecture of parallel
adaptation is influenced by each or multiple axes, and thus by the degree of niche differentiation or
the dimensionality of a niche space, respectively. Association with ISO could indicate a potential
detection bias, as signatures of parallel selection might have a higher detectability in populations
clustered in niche space (= less isolated) experiencing similar selection regimes. As genetic
predictors, we used the most recent effective population size (POP) estimated by PSMC (see above,
Table S1), autosomal genomic PC1 and PC2 as proxy for geography (gPC1, gPC2) and pairwise
distances in genomic PC1/PC2 space (gPC, Fig. 1d) as proxy for genetic relatedness between
populations. A positive association with population size could indicate constraints to adaptive
evolution in small populations (Ohta 1992). An association with geography or relatedness between
populations might reflect either (a) a higher likelihood of parallel evolution due to shared standing
genetic variation (Conte et al. 2012), (b) a geographic sampling bias due to isolation by distance
reducing the number and length of shared haplotypes between more distant populations or (c) a
spurious association due to spatial autocorrelation of niches known from the Haida Gwaii

archipelago (Reimchen et al. 2013) while niche differentiation and niche space dimensionality are
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the drivers of genomic architecture. We included two more genetic predictors, mean sequencing
depth (DEP) and the proportion of missing SNP genotypes in each individual, in order to test whether
sequencing depth might have biased our ability to detect signatures of parallel selection. All
ecological and genetic predictors were fixed effects, with the number of sweep haplotypes or
number of shared sweep haplotypes as response variable, and bi-directional stepwise regression
was used to maximize model likelihood in MASS v7.3-47 (Venables and Ripley 2002). To corroborate
the importance of niche space dimensionality with uncorrelated environmental axes, we repeated
above analyses with an alternative niche space defined by three ecological PC axes (ePC1-3) built
from S, E and P, and with recomputed ANC, DIV and ISO, to remove correlation between ecological
axes using the R-function ‘prcomp’. All predictors were z-transformed to a mean zero and variance
one before inclusion into linear models. Predictor P-values were false discovery rate adjusted to

control for multiple testing (Benjamini and Hochberg 1995).

We identified genes overlapping each outlier region’s |iHS| and H12 selection signature and
retrieved functional annotation and expression information for those from zebrafish, mouse, rat and
human databases (Howe et al. 2013; Shimoyama et al. 2015; Blake et al. 2017). We tested them for
gene ontology term enrichment using the STRING database version 10 (Szklarczyk et al. 2015). We
assessed the overlap of outlier regions with targets of selection in a selection experiment on Haida
Gwaii (Marques et al. 2018), outlier regions between marine-freshwater (Hohenlohe et al. 2010;
Jones et al. 2012a; Jones et al. 2012b), lake-stream (Deagle et al. 2012; Feulner et al. 2015; Roesti et
al. 2015; Marques et al. 2016) and limnetic-benthic (Jones et al. 2012a) ecotypes, using either exact
regions when reported or outlier SNP positions * 100 kb buffers (Hohenlohe et al. 2010; Deagle et al.

2012; Jones et al. 20123a; Roesti et al. 2015).

We assessed potential associations of outlier regions (genotypes at top H12-peak SNPs) with
geography, environment, phenotype and mtDNA haplotype with three approaches: genome-wide

association (GWAS), random forest and SAGUARO (Zamani et al. 2013). We used the same 16
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untransformed response variables in all association tests (see Table S3) and replaced missing values
with overall means or a reasonable replacement (‘lake’ depth: 1 m for streams, 100 m for the marine

habitat; ‘lake’ area: 0.1 ha for streams, 1,000 ha for the marine habitat).

For GWAS, we converted autosomal SNPs to PLINK binary format using VCFTooLS and PLINK v1.9
(Purcell et al. 2007; Chang et al. 2015), computed a relatedness matrix on autosomal SNPs to correct
for population structure and ran univariate linear mixed models in in GEMMA v0.94.1 (Zhou and
Stephens 2012). We repeated these steps for the sex chromosome XIX with the only male (see Table
S1) excluded. We identified likely associations in 50 kb sliding windows with 12.5 kb step size where -

logio(P-value) means < 2.

We built random forests using the ‘randomForest’ R-package v4.6-14 (Breiman 2001) with outlier
region top H12-peak SNP genotypes as predictors. We assessed variable importance stability for
‘ntree’ values between 500 and 10,000 and found strong correlations (Spearman’s rho > 0.95)
between mean decrease in accuracy (MDA) and mean decrease in Gini node impurity index (Gini) at
‘ntree = 8,000’ or higher for all response variables. We optimized ‘mtry’ with the function ‘tuneRF’ at
‘ntree = 8,000’ for each variable, choosing ‘mtry’ values leading to the lowest out-of-bag (OBB) error
for categorical and lowest proportion of variance explained (PVE) for continuous response variables.
We used stratified random sampling for categorical variables with unequal sample sizes per group,
with three (plate morph, blackwater, stream, mtDNA haplotype), six (gigantism, melanism) or seven
(predation regime) individuals sampled in each iteration. We retained SNPs with a standardized
'MDA > 20 as potential associations, if OBB was > 25% for categorical variables or PVE was > 20% for

continuous variables.

SAGUARO (Zamani et al. 2013) generated 21 local phylogenetic trees from all autosomal SNPs and
produced distance matrices and SNP assignments corresponding to these 21 topologies. We

generated distance matrices for all response variables and used Mantel tests to test for associations
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with the 21 topology distance matrices with P-values adjusted for false discovery rate (Benjamini

and Hochberg 1995).

Results

Genomes mirror geography, reveal mito-nuclear discordance

Our dataset of 29 genomes from 28 Haida Gwaii freshwater and one marine population contains
6,564,500 high-quality SNPs with a transition to transversion ratio (Ts/Tv) 1.31 (Table S1, see
Methods). Genomic variation mirrors geography of the archipelago: populations from the South-
West and North-East spread along a first PC axis (gPC1) apart from the isolated populations LU and
ED, while populations from the North-East spread along gPC2 (Fig. 1d), recapitulating earlier findings
based on SNP chip data (Deagle et al. 2013). In three genomic regions on chromosomes |, XI and XXI,
where large inversions have been previously shown to be under divergent selection between marine
and freshwater habitats (Jones et al. 2012b), local PCs separate individuals into two or three
discontinuous clusters corresponding to inversion genotypes (Fig. 2b). Haida Gwaii freshwater
populations are thus polymorphic in all three inversions, with marine-associated haplotypes notably
present in freshwater populations with the marine-like full lateral plate cover phenotype (ST, DA,

DW, Fig. 2b).

Mitochondria reveal a separation into two highly divergent clades (Fig. 1c), noted earlier as unusual
mitochondrial haplotype diversity in Haida Gwaii populations (Oreilly et al. 1993; Orti et al. 1994;
Deagle et al. 1996). One mitochondrial clade present in three Haida Gwaii lake populations (ST, RO,
ES) shares a most recent common ancestor with the ~1 million years divergent Japan Sea stickleback
(Ravinet et al. 2018) before coalescing with other threespine stickleback populations (Fig. 1c). Such
mito-nuclear discordance and inversions represent old genetic variation within Haida Gwaii

freshwater threespine stickleback.
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Dispersed genomic architecture of parallel adaptation

We scanned the genome for likely signatures of parallel selection in the adaptive radiation, using
haplotype-based selection statistics iHS and H12 computed across all 29 populations, and controlled
for demography by reconstructing the demographic history of the 29 populations (Fig. S1) and
obtaining neutral expectations for these statistics with 1,000 whole genome simulations under the
reconstructed demographic model (see Methods). We found 43,947 iHS outliers (0.92%) and 94,626
H12 outliers (1.44%) exceeding neutral expectations at the 99.9% quantile (Fig. 2a), with 4,894 SNPs
being outliers for both iHS and H12 (0.10%). Thus, we found five to ten times more outliers for each
statistic than expected under neutrality due to demographic stochasticity (Fig. S2, see Methods).
Potential phasing errors due to statistical phasing did not increase the false positive rate to detect

outliers (Fig. S2).

We found 89 outlier regions in the genome that are enriched for both iHS and H12 outliers and are
thus likely targets of parallel selection (Fig. 2a, Table S2). These outlier regions are dispersed across
all but two chromosomes, with an accumulation on chromosomes Xl and VII (Fig. S3). They span 8.7
Mb or 1.99% of the genome, with a median size of 75 kb and ranging from 50 kb to 250 kb (Table S2,
Fig. S4-S8). One outlier region overlaps a known inversion on chromosome | (Fig. 2a,b, Table S2). The
genomic architecture of parallel adaptation inferred from these outlier regions is thus rather

dispersed with clustering on two chromosomes and in one inversion only.

Linkage disequilibrium (LD) between the 89 outlier regions across all 29 populations suggests that
the number of independently evolving genomic regions in the Haida Gwaii stickleback radiation is
smaller than 89 (Fig. 3). While LD is expected for physically linked outlier regions, e.g. on
chromosome IV, we find elevated inter-chromosomal LD between outlier regions, exceeding
expectations from population structure (Fig. 3). Hierarchical clustering revealed 47 independently

evolving LD clusters of outlier regions (Fig. 3), with correlated evolution between some physically
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unlinked outlier regions showing near perfect LD, e.g. Xl.c, Xlll.a and V.c, XIX.a and IV.g, or Vlll.e, Xll.b

and VII.d (Fig. 3).

Adaptation from old genomic blocks

We scanned the genome for old segregating variation by examining absolute divergence dyy
between pairs of individuals (Fig. 2a). Absolute divergence varies considerably across the genome
with local mutation rate variation, but old segregating variation stands out by a large range in dyy
values observed between different pairs of individuals (Nelson and Cresko 2018; Marques et al.
2019), exemplified by the three inversions on chromosomes |, Xl and XXI (Fig. 2a,c-d). We found that
outlier regions were enriched for such blocks of old segregating genetic variation: 24% of the outlier
regions fall into the top 5% dyy range windows (Q95%-dyy range, x°1= 38.4, P = 5.7x10™"°), 16% into
the top 1% quantile (Q99%-dyy range, X1 = 43.4, P = 4.4x10™", Fig. 2d, Table S2). However, blocks of

old variation were not enriched for gene number (permutation test, P = 0.19, Fig. S10).

We found that 45 of the 89 outlier regions (Table S2) overlap previously identified divergent regions
between stickleback ecotypes (Hohenlohe et al. 2010; Deagle et al. 2012; Jones et al. 2012a; Jones et
al. 2012b; Feulner et al. 2015; Roesti et al. 2015; Marques et al. 2016). 25 outlier regions overlap
marine vs. freshwater ecotype differentiated regions, including seven of 13 regions identified by
Hohenlohe et al. (2010) in Alaska, 21 of 102 regions by Jones et al. (2012a) and 62 of 322 regions by
Jones et al. (2012b) across the Northern Hemisphere. 34 outlier regions overlap lake vs. stream
ecotype differentiated regions, including three of 42 regions identified by Deagle et al. (2012) on
Haida Gwaii, 48 of 839 regions by Feulner et al. (2015) in the East Pacific and East Atlantic as well as
two of 47 regions by Roesti et al. (2015) and six of 37 regions in Marques et al. (2016) in Central
Europe. Eight outlier regions overlap eight benthic vs. limnetic ecotype divergent regions among the
46 regions identified by Jones et al. (2012a) in British Columbia. However, only four outlier regions
overlap four of the 77 regions under selection previously identified in a selection experiment

between extreme Haida Gwaii freshwater niches (Marques et al. 2018). Blocks of old standing
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genetic variation (Q95%-dyy range windows) are enriched for marine-freshwater (x* = 10.2, P =
1.4x10°%) and limnetic-benthic outlier regions (x% = 4.2, P = 4.1x10%) but not for other ecotype
contrasts (Table S2). The signatures of parallel selection in the adaptive radiation of stickleback on
Haida Gwaii are thus enriched for old genetic variation, in particular variation involved in repeated

marine-freshwater and limnetic-benthic ecotype divergence.

Niche divergence predicts genomic architecture

We investigated how the genomic architecture of parallel adaptation changes across the multi-
dimensional niche space of Haida Gwaii freshwater habitats (Fig. 4a,c, S11a,c). We tested what
ecological or genetic predictors (see Methods) best explain one aspect of genomic architecture: the
number of selection targets in the genome, with the number of sweep haplotypes in a population or
shared between populations as proxies. Niche divergence from the ancestral marine habitat had the
strongest effect on the number of sweep haplotypes in a population, followed by geography,
ecosystem size, predation regime, light spectrum and population size in order of decreasing effect
size, while niche isolation had a negligible and sequencing depth and the proportion of missing data
no detectable effects (Table 1; linear model, F1g15 = 109.5, P = 5.1 x 10 adjusted r*=0.97; Fig. 4b).
In a niche space defined by ecological principal components (Fig. S11), niche divergence from the
ancestral habitat also had the strongest effect, followed by ecological PC1, geography, population
size and ecological PC2, while isolation in niche space, sequencing depth and missing data had no
detectable effect (Table 1; linear model, Fo 19 = 121, P = 7.3 x 10, adjusted r* = 0.97; Fig. S11 b).
Similarly, the number of shared sweep haplotypes was best predicted by niche distance from the
ancestral habitat, followed by genetic relatedness, population size, pairwise niche differentiation
and ecosystem size, while predation regime and light spectrum were excluded from the model and
niche isolation, sequencing depth and the proportion of missing data had no detectable effect (Table
1; linear model, F7303 = 151, P = 2.2 x 10, adjusted r* = 0.72; Fig. 4d). In the principal component

niche space, effect sizes were again similar, but with ecological PC2 having a detectable effect on the

This article is protected by copyright. All rights reserved.



Accepted Article

sharing of sweep haplotypes (Table 1; linear model, F7 395 = 121, P =2.2 x 10, adjusted r’=0.72; Fig.
S11d). Taken together, our results show that populations further away from the ancestral niche and
diverging along multiple ecological axes contain more total and more shared sweep haplotypes.
Likewise, populations North-East in the Haida Gwaii archipelago, populations that are more closely
related to each other contain more loci and more shared loci under parallel selection. Also
populations with smaller sizes and population pairs whose niches are more similar to each show

more and more shared sweep haplotypes (Fig. 4, S11).

Connecting targets and sources of parallel selection

The 89 outlier regions overlap 293 genes without gene ontology term enrichment but functions
relevant to the three main ecological axes (Fig. S4-S9, Table S4). Functions related to predation
regime include seven bone development genes potentially related to bony predation defence traits
(Reimchen et al. 2013). Furthermore, two muscle development genes and four genes associated
with fear-related behaviour in mice or autism in humans may potentially be relevant for adaptations
in predator evasion behaviour (Reimchen 1991). Two genes involved in growth regulation / body size
and wound healing might potentially be relevant for escaping gape-limited predators or surviving
unsuccessful predation attempts (Reimchen 1991). Gene functions related to light spectrum across
the Haida Gwaii populations include twenty visual perception and five pigmentation genes. Visual
perception genes include the short-wave-sensitive opsin (SWS2) colour vision gene demonstrated
previously to be under selection (Marques et al. 2017a), cngala controlling the last step in
phototransduction pathway in rod cells (Shuart et al. 2011) and dnmt1 being part of rod cells (Tittle
et al. 2011), gucy2d related to cone-rod dystrophy (Bradford et al. 2011) and several genes involved
in corneal dystrophy, gnb2 involved in retinal signal transduction (Dhingra et al. 2012) or prom2
involved in pigmentation of the retina (Zerbino et al. 2018). Five genes involved in melanocyte
development may be relevant to melanism associated with the light spectrum and sexual selection

imposed by females across the radiation (Reimchen 1989; Mcdonald et al. 1995; Flamarique et al.
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2013). Gene functions related to ecosystem size include 58 genes with metabolic functions (n = 23)
or affecting facial or tooth morphology (n = 3) putatively related to zooplankton or benthic
invertebrate diets (Moodie and Reimchen 1976; Reimchen et al. 1985; Spoljaric and Reimchen
2007), 17 immunity genes potentially related to divergent parasite faunas (Buckland-Nicks et al.
1990; Reimchen and Buckland-Nicks 1990; Buckland-Nicks and Reimchen 1995; Buckland-Nicks et al.
1997), genes with roles in reproduction (n = 12), oxidative stress (n = 2) or fin development (n = 1)
potentially related to other ecosystem adaptations e.g. to the abiotic environment or environment-
dependent sexual selection (Reimchen 1989; Mcdonald et al. 1995; Bergstrom 2002; Flamarique et
al. 2013). 22 nuclear genes interacting with the mitochondrion may be associated with mito-nuclear

incompatibilities as additional source of selection.

We tested whether outlier region genotypes are associated with 16 ecological and phenotypic
variables, mtDNA haplotypes and geographic structure (Table S3), using GWAS, random forest and
SAGUARO (Zamani et al. 2013) (Fig. 4, S12-S14, Table S1). We found several associations between
outlier regions and ecological and phenotypic metrics reflecting the three major ecological axes, e.g.
lateral plate morph (predation), light spectrum and gill raker length (ecosystem size, Fig. 5, S12-514).
For the six variables plate morph, lateral plate number, light spectrum, gill raker length, mtDNA
haplotype and geography, random forests showed appreciable predictive power, while for other
variables predictive power was low (Fig. S12). Predictive power was greatest for geography, followed
by plate morph and light spectrum, with multiple outlier regions across several chromosomes
showing associations with these variables (Fig. 5, S12). Of 21 local phylogenetic trees assembled by
SAGUARO (see Methods), 17 showed associations with environmental or phenotypic variables, of
which 11 also showed simultaneous association with geography (Fig. S13). Covariance of genotype-
ecology associations with geography was common. GWAS results, taking population structure and
thus geography into account, suggest some associations between outlier regions and predominantly

predation related traits such as plate morph (Fig. 5, S14), but are limited in power with only 29
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populations in our dataset. Taken together, candidate gene functions suggest many putative links

between sources and targets of parallel selection.

Discussion

The adaptive radiation of threespine stickleback in diverse freshwater habitats on the Haida Gwaii
archipelago is characterized by a genomic architecture of 89 loci putatively under parallel selection
dispersed throughout the genome with little clustering, enriched for old genetic variation and
containing candidate genes and genotype-environment correlations related to predation regime,
ecosystem size and light environment. Population sizes appear to have been sufficiently large for
parallel adaptation to overcome drift (Ohta 1992), as we found more signatures of parallel
adaptation in smaller populations (Fig. 4b, S11b) and few signatures in the largest marine and
freshwater populations with marine-like phenotype (e.g. full lateral plate cover). Importantly, we
found that the number and sharing of parallel selection signatures depend most strongly on the
degree of niche differentiation away from the ancestral niche and the dimensionality of the niche
space, followed only by geography, genetic relatedness and population size. Thus, our results
suggest that the genomic architecture of parallel adaptation depends on the length and trajectory of

an adaptive walk across a niche space.

Niches show spatial autocorrelation on Haida Gwaii, as the most divergent freshwater habitats tend
to cluster geographically in the North-East of the archipelago (Reimchen et al. 2013), where we
found the most complex and shared genomic architectures of parallel adaptation. While this finding
fits expectations from niche differentiation and niche space dimensionality being important, two
alternative hypotheses need to be considered. First, closely related populations share more standing
genetic variation, making parallel adaptation more likely (Conte et al. 2012), which is in line with the

positive correlation we observe between genetic relatedness and the number of shared sweep
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signatures identified (Fig. 4d, S11d). Second, due to isolation by distance, haplotypes between
geographically distant populations are expected to be more dissimilar. Denser population sampling
in the North-East of the archipelago (Fig. 1a) could thus have led to a detection bias in haplotype-
based signatures of selection, as suggested by most signatures of parallel adaptation being found in
the North-East (Fig. 4b). While both alternative hypotheses may have contributed to our findings,
they cannot explain the larger effect size of niche divergence compared to genetic relatedness and
geography in explaining the number of sweep signatures in a population or shared between
populations (Table 1). We thus conclude that niche divergence and niche space dimensionality — the
length and complexity of an adaptive walk — must have played an important role in shaping the
genomic architecture of parallel adaptation in the Haida Gwaii threespine stickleback adaptive

radiation.

The genomic architecture of parallel adaptation we find contrasts with theoretical predictions of a
simplified or clustered genetic architecture of adaptation associated with adaptive radiations into
multiple niches (Gavrilets 2004; Gavrilets and Vose 2005b; Gavrilets and Losos 2009; Gavrilets and
Vose 2009), but lends empirical support to an important role of old genetic variation in adaptive
radiations (Feder et al. 2003; Rieseberg et al. 2003; Lamichhaney et al. 2015; Meier et al. 2017;
Richards and Martin 2017; Nelson and Cresko 2018; Marques et al. 2019). Theory and empirical
studies of the genomic architecture of adaptation for both two-habitat problems (Kirkpatrick and
Barton 2006; Yeaman and Whitlock 2011; Jones et al. 2012b; Renaut et al. 2012; Yeaman 2013;
Malinsky et al. 2018; Meier et al. 2018; Van Belleghem et al. 2018; van Rijssel et al. 2018; Roberts
Kingman et al. 2021) and multi-dimensional niche spaces (Gavrilets and Vose 2005a; Gavrilets and
Losos 2009; Martin et al. 2013; Arnegard et al. 2014; Richards and Martin 2017; Kautt et al. 2020;
Magalhaes et al. 2021) predict simple genetic architectures with few and linked loci underlying
adaptation to new niches. While some empirical studies have found such simplified genomic
architectures (Feder et al. 2003; Lowry and Willis 2010; Renaut et al. 2012; Nosil et al. 2018; Van

Belleghem et al. 2018), many others uncovered more complexity with many regions under selection
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(Jones et al. 2012b; Martin et al. 2013; Arnegard et al. 2014; Malinsky et al. 2015; Marques et al.
2016; Richards and Martin 2017; Marques et al. 2018; Meier et al. 2018; Miller et al. 2019;
Therkildsen et al. 2019), and an association between complex genomic architecture and the

likelihood of sympatric speciation (Kautt et al. 2020).

The discrepancy between theory and empirical findings may be due to most traits having a more
complex genetic architecture (Orr 1998; Flint and Mackay 2009; Peichel and Marques 2017; Sella
and Barton 2019), due to correlational selection on multiple traits affecting a large array of
underlying loci (Svensson et al. 2021) or, as our study suggests, due to variation in the steepness of
ecological gradients and a higher niche space dimensionality in those empirical studies than in
theoretical models. In the few theoretical adaptive radiation studies considering multi-dimensional
niche spaces (Gavrilets and Vose 2005a), each niche dimension affects one trait only, while in reality
multiple niche axes may affect the same and more than one trait, which could explain more complex
empirical genomic architectures of adaptation. In the Haida Gwaii stickleback adaptive radiation,
convergent phenotypic divergence in multiple traits along the three niche axes predation regime,
light spectra and ecosystem size suggests such complexity in phenotypic adaptation (Reimchen and
Nosil 2006; Reimchen et al. 2013). The resulting complexity in the genomic architecture might thus
be a product of many traits being involved, several of them being complex traits, correlational

selection, variation in ecological gradient steepness and niche space dimensionality.

The dispersed genomic architecture of parallel adaptation we find in the Haida Gwaii stickleback
radiation is comparable to other stickleback ecotypes, such as marine and freshwater (Hohenlohe et
al. 2010; Jones et al. 2012b; Bassham et al. 2018; Fang et al. 2020; Roberts Kingman et al. 2021) or
lake and stream ecotypes (Deagle et al. 2012; Roesti et al. 2012; Marques et al. 2017b; Rennison et
al. 2019a). Despite being single habitat contrasts, multiple environmental axes are involved in each,
e.g. abiotic conditions (Kusakabe et al. 2017; Stuart et al. 2017), food resources (Moser et al. 2016;

Stuart et al. 2017; Ishikawa et al. 2019), predation regimes (Colosimo et al. 2005), parasite faunas
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(Karvonen et al. 2015; Weber et al. 2016) or environment-based sexual selection (Jones et al. 2008;
Seear et al. 2015). Reduced recombination and inversions effectively reduced the high number of
loci to fewer independently segregating blocks between marine and freshwater ecotypes (Jones et
al. 2012b; Samuk et al. 2017; Nelson et al. 2019). In contrast to marine-freshwater and lake-stream
contrasts however, environmental axes in Haida Gwaii freshwater niche space are not all parallel
and allowed us to explore the effects of niche space dimensionality and niche differentiation on
parallel genomic adaptation. It makes intuitive sense that we found niche differentiation, the
steepness of an ecological gradient, to be the best predictor of the number of loci putatively under
parallel selection (Fig. 4) — the longer and more complex an adaptive walk to a new optimum, the
more steps or traits may be involved. Fisher’s geometric model (Fisher 1930) and other empirical
results (Rogers et al. 2012) would predict that more large effect size variants should be involved with
longer adaptive walks, a prediction that should be tested in future work quantifying the effect sizes

of loci putatively under parallel selection.

Our finding of the involvement of old genetic variation in the adaptive radiation of Haida Gwaii
stickleback is in line with recent findings across multiple adaptive radiations (Feder et al. 2003;
Rieseberg et al. 2003; Lamichhaney et al. 2015; Meier et al. 2017; Richards and Martin 2017; Nelson
and Cresko 2018; Marques et al. 2019). Old genetic variation involved in stickleback adaptation is
traditionally thought of as standing genetic variation maintained in a large marine gene pool
(Schluter and Conte 2009) shared within an ocean and to a smaller degree between oceans
(Rennison et al. 2019b; Fang et al. 2020; Magalhaes et al. 2021). The mito-nuclear discordance we
find between Japan Sea and threespine stickleback suggests that some of this standing genetic
variation may have been derived from admixture between ~1 million years divergent lineages
(Ravinet et al. 2018) in secondary contact in the Pacific between Japan Sea and threespine

stickleback. This would be in line with a recent demonstration that several haplotypes instrumental
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in repeated marine and freshwater divergence (Colosimo et al. 2004; Colosimo et al. 2005; Jones et
al. 2012b; Terekhanova et al. 2014; Bassham et al. 2018) are several million years divergent (Nelson
and Cresko 2018; Roberts Kingman et al. 2021). Our results suggest that the Haida Gwaii radiation of
threespine stickleback descends from a hybrid lineage containing Japan Sea stickleback alleles and
thus would be consistent with the hypothesis of hybridization being a catalyst of adaptive radiation
(Seehausen 2004, 2013). This also demonstrates that marine-freshwater divergent haplotypes,
despite being enriched among old variants likely under parallel selection in the Haida Gwaii
radiation, are not the sole source of ancient variation, nor are divergent freshwater populations a
mere reassembly of old marine-freshwater divergent haplotypes. This calls for reassessing the
sources of selection that originally gave rise to old adaptive variants, e.g. for inversions previously
associated with salinity differences between sea- and freshwater (Jones et al. 2012b; Kusakabe et al.
2017) that appear to be associated with a largely marine-like phenotype in freshwater populations
on Haida Gwaii instead (Fig. 2b). Further study is needed to establish whether this association in the
Haida Gwaii radiation might be a by-product of correlated evolution of outlier regions, e.g.
correlation of marine alleles for inversions with the marine allele of the Eda gene controlling plate
morph (Peichel et al. 2001; Colosimo et al. 2004; Colosimo et al. 2005), if other sources of selection
than salinity are acting on these inversions, or whether associations are a consequence of recent

colonization and incomplete adaptation (Bassham et al. 2018).

Correlated evolution among physically unlinked outlier regions in our data of 28 Haida Gwaii
freshwater populations is an interesting feature that could be explained in several ways.
Correlational selection, selection on trait combinations, may explain the correlated response of
many genomic targets observed in our study (Lande and Arnold 1983; Sinervo and Svensson 2002;
Svensson et al. 2021). The independent evolution of convergent phenotypes and trait combinations

(Reimchen et al. 2013) in response to similar niches on Haida Gwaii supports such an explanation.
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Alternatively, epistatic interactions between incompatibilities, e.g. between old, divergent
haplotypes, could constrain the number of possible allelic combinations. On the other hand,
correlated evolution might also be a joint product of population structure and spatial
autocorrelation of the niche space on Haida Gwaii, or historical selection and population structure
prior to the colonization of postglacial freshwater habitats on Haida Gwaii (Bierne et al. 2013).
Future analysis of selection and linkage disequilibrium on a population level for key Haida Gwaii

populations may help disentangle these potential drivers of correlated genomic evolution.

Future population-level analyses may further help quantify the relative importance of old variants
and newly arising mutations. While de novo variants have been shown to play a major role in
recurrent evolution of some stickleback phenotypes (Chan et al. 2010; Xie et al. 2019), selection on
them would not lead to parallel selection signatures as different mutations and associated
haplotypes would be favoured in different populations. While we would have missed such regions in
our current analysis of single individuals surveyed from many different populations, dense genotype
information from multiple individuals within populations will allow for their quantification (Chan et
al. 2010; Hohenlohe et al. 2010). Our focus on signatures of parallel selection between populations
in our current study may also explain why we found only a minor overlap of outlier regions with the
77 regions under selection identified in a selection experiment recreating a major niche shift
between freshwater habitats on Haida Gwaii (Marques et al. 2018). In the latter analysis, 36 of the
regions under selection showed genotype vs. environment or phenotype associations across the
adaptive radiation (Marques et al. 2018), but only four of those regions showed parallel selective
sweep signatures across the adaptive radiation here. A discrepancy between signatures of parallel
evolution and population-specific responses to selection is to be expected, as population-specific
responses might be contingent on the availability of alleles in a founding population (Conte et al.

2012), on the spatial and temporal dynamics selection (Reimchen 1995; Grant and Grant 2002;
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Reimchen and Nosil 2002, 2004; Nosil et al. 2018) and in addition the degree of contingency might
depend on the genetic architecture of traits, with highly polygenic traits less likely leading to parallel

genomic outcomes (Peichel and Marques 2017).

Conclusions
In conclusion, the radiation of threespine stickleback into a multi-dimensional niche space on Haida

Gwaii demonstrates that niche differentiation and niche space dimensionality may be important
predictors of the genomic architecture of parallel adaptation. Furthermore, enrichment of old
genetic variation derived from other ecotypes and admixture between divergent lineages underlines
its important role in facilitating adaptive radiation. A role of niche differentiation and niche space
dimensionality in the genomic architecture of adaptation may have consequences for the evolution
of reproductive isolation in adaptive radiations and thereby for the likelihood of sympatric speciation
(Bolnick 2011; Kautt et al. 2020), range expansion, return into and persistence in sympatry (Price
2008) and the build-up of sympatric species diversity as in the most iconic adaptive radiations
(Gillespie et al. 2020). With similar information on the sources of genetic variation and genomic
architecture of adaptation emerging from other adaptive radiations, the Haida Gwaii stickleback
radiation adds a comparative puzzle piece to how genomic mechanisms facilitate or constrain

adaptive radiation once a lineage gets the opportunity of filling a diversity of empty niches.
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Tables

Table 1. Associations between ecological and genetic predictors and the genomic architecture of parallel
adaptation. Shown are the predictor effect sizes for four separate linear models using either predictor values
computed in a niche space consisting of three main ecological axes (P, S, E) or of three ecological principal
components (ePC) and either the number of sweep haplotypes per population or the number of shared
haplotypes as response variable. B = parameter estimate / effect size, SE = standard error for the parameter, t
= test statistic for single predictors, P-value = false discovery rate adjusted P-value.
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Niche Response Variable Number of Sweep Haplotypes Number of Shared Sweep Haplotypes
Space Predictor Variable B SE t P-value B SE t P-value
x: P Predation Regime (P) -8.3 2.0 -4.0 0.0049 - - - -
y:S Light Spectrum (S) -7.9 2.6 -3.1 0.0254 - - - -
z:E Ecosystem Size (E) -104 26 -39 0.0052 1.0 03 31 0.0119
Ancestral Niche Divergence (ANC) -17.2 5.2 -3.3 0.0172 5.2 0.2 21.0 <0.0001
Pairwise Niche Divergence (DIV) - - - - -1.2 0.3 -3.4 0.0052
Niche Isolation (1SO) 16 07 2.1 0.1616 -04 03 -1.5 0.5198
Population Size (POP) -3.8 07 -5.4 0.0003 24 02 -9.6 <0.0001
Geography (gPC1) -11.7 1.4 -8.5 <0.0001 - - - -
Geography (gPC2) -8.4 06 -144 <0.0001 - - - -
Relatedness (gPC) - - - - -3.9 0.3 -14.4 <0.0001
Sequencing Depth (DEP) -2.2 1.9 -1.2 0.7362 - - - -
Missing Data (MIS) -3.0 1.8 -1.7 0.3602 04 02 1.6 0.4826
x:ePCl  Ecological PC1 (ePC1) 156 3.8 4.1 0.0042 -0.7 03 -2.6 0.0523
y:ePC2  Ecological PC2 (ePC2) 3.2 1.1 2.9 0.0459 -09 02 -3.6 0.0027
z: ePC3 Ecological PC3 (ePC3) - - - - 06 0.2 2.2 0.1199
Ancestral Niche Divergence (ANC) -17.8 5.1 -3.5 0.0141 53 0.3 20.6 <0.0001

Pairwise Niche Divergence (DIV) - - - - - - - R

Niche Isolation (I1SO) 14 0.7 2.0 0.2144 - - - -
Population Size (POP) -39 07 -5.5 0.0002 -23 02 -9.5 <0.0001
Geography (gPC1) -11.5 14 -8.4 <0.0001
Geography (gPC2) -8.3 0.6 -14.4 <0.0001 - - - -
Relatedness (gPC) - - - - -4.1 0.3 -15.5 <0.0001
Sequencing Depth (DEP) -2.9 1.7 -1.7 0.3670
Missing Data (MIS) -3.9 1.6 -2.4 0.1155
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Figure 1. Adaptive radiation of threespine stickleback on Haida Gwaii, Canada. (a) Geography of the 28
freshwater populations, with habitat, gigantism and plate morph indicated by symbol shapes and border
colors. (b) Niche occupation of 28 freshwater and one marine stickleback populations along three major
ecological axes: predation regime, light spectrum and ecosystem size (Reimchen et al. 2013). Similar niches in
this multi-dimensional niche space were colonized independently in different watersheds. Predation regime:
invertebrate (0: purple) or vertebrate dominated, with main predators either being cutthroat trout
Oncorhynchus clarkii (1: orange) or rainbow trout O. mykiss (2: blue). Stickleback drawings depict typical
morphologies of selected populations, representing extremes in morphospace (Reimchen et al. 2013). Axis
units: light spectrum = percent light transmission at 400nm wavelength, ecosystem size = log;o-transformed
lake area in hectares. (c) Whole mitochondria maximum-likelihood phylogeny of Haida Gwaii stickleback
reveals the presence of Japan Sea stickleback (Gasterosteus nipponicus) derived haplotypes in three
freshwater populations. Outgroups are blackspotted stickleback (G. wheatlandi) and ninespined stickleback
(Pungitius pungitius). Branch labels: bootstrap support [%] shown if > 80% support. ‘Broken’ branches are long
branches shortened for better visualization of the Haida Gwaii haplotypes. (d) Genomic variation mirrors
geography along a SW-NE gradient in a principal component analysis of genome-wide autosomal SNPs (gPC).
Square brackets contain percentages variance explained by each principal component. See Table S1 for full
population names.
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Figure 2. Dispersed genomic architecture of parallel adaptation and enrichment for old genetic variation. (a)
Signatures of selective sweeps across the stickleback adaptive radiation on Haida Gwaii are distributed
throughout the genome. Vertical grey bars indicate outlier regions enriched for both iHS (blue) and H12
(green) outliers (black points) at Bonferroni-corrected alpha < 0.001, with iHS and H12 outliers exceeding
99.9% quantiles of neutral demographic expectations. Several blocks of old standing variation, indicated by a
large range in absolute divergence (dyy) between population pairs (purple area), overlap such outlier regions.
Colour codes below each chromosome indicate dyy range quantiles shown in (c). Roman numerals are
chromosome names, letters correspond to outlier regions (see Table S2). (b) Genotype distribution of Haida
Gwaii stickleback for known large inversions: ‘marine’ haplotypes are found in several freshwater populations,
in particular in fully-plated freshwater populations (DA, DW, SY). First principal components of SNP genotypes
in the indicated genomic interval are shown, with the percentage of variation explained in brackets. (c)
Distribution of dyy ranges in 100 kb windows based on all pairwise dyy values between the 29 individuals, with
quantiles indicated by colours. (d) Outlier regions are enriched for old standing genetic variation: 16% of the
outlier regions fall into genomic regions containing old genetic variation.
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Figure 3. Linkage disequilibrium (LD) between outlier regions indicate correlated evolution between physically
unlinked outlier regions. (a) LD between outlier regions sorted by chromosome and physical position (above
diagonal) and into 47 clusters in a hierarchical cluster analysis (below diagonal, see cluster tree on the right),
with lines connecting outlier regions and coloured lines corresponding to the 47 groups. Coloured r’ values
exceed the top 1%-LD values among random SNPs on different chromosomes (grey distribution). (b) Observed
mean inter-chromosomal LD between 89 outlier regions exceeds inter-chromosomal LD between random SNPs
estimated from 10,000 permutations.
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Figure 4. Niche divergence from the ancestral habitat and geography best predict the genomic architecture of
parallel adaptation. (a) Number of sweep haplotypes in a population shown by colour code in the three-
dimensional niche space of Haida Gwaii archipelago. (b) Niche divergence from the ancestral, marine habitat
has the strongest effect (Table 1) on the number of sweep haplotypes in a population, followed by geography
(gPC1, gPC2), likely due to spatial autocorrelation of the niche space in the Haida Gwaii archipelago (Reimchen
et al. 2013). Population size N, is negatively associated with haplotype number, as the marine and large
freshwater populations with marine-like phenotypes contain few sweep haplotypes, contrary to expectations
from population size limiting the efficiency of selection. (c) Number of shared sweep haplotypes between
populations shown by colour code in the niche space of the Haida Gwaii archipelago. (d) Mean niche
divergence from the marine habitat has also the strongest effect on the number of shared sweep haplotypes
between population, followed by genetic relatedness of populations and differences in population size AN,

and pairwise niche divergence (Table 1).

This article is protected by copyright. All rights reserved.



Accepted Article

Candidate Gene Random Forest GWAS

Light A A4
Spectrum A A A AL 1 r's Ak A A AA A A A A A
Predation
Regime Al |4k L ] A x A lx:..“ ‘O .‘ ! A : , L 1.1 ] A L ] A
Ecosystem A J \ 4 A 4 .
Size|A| |Ahk |4 | [Ah Ah| (K444 A Addh FREF APy YAFY Y Ab| AL A4 Ak A A | A
mtDNA | & A AdA A AR | A4 Al A All? A
Geography Y|y \ 4 bad v

Figure 5. Ecology-associated outlier regions and their distribution across the genome. Associations between
outlier regions (vertical grey bars) and the three major ecological axes are widely distributed across the
genome. Shown are putative candidate gene targets of selection (upward pointing triangle), GWAS-
associations of peak H12-SNPs with 50 kb sliding window averaged P-values < 0.01 (circle) and random forest
associations for SNPs with variable importance mean decrease in accuracy of > 20 (downward pointing
triangle). See Methods section for grouping of ecological properties and phenotypic traits into associations
with light spectrum, predation regime and ecosystem size.
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