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Abstract
The repeated occurrence of similar phenotypes in independent lineages (i.e., parallel
evolution) in response to similar ecological conditions can provide compelling insights
into the process of adaptive evolution. An intriguing question is to what extent repeated phenotypic changes are underlain by repeated changes at the genomic level
and whether patterns of genomic divergence differ with the geographic context in
which populations evolve. Here, we combined genomic, morphological and ecological
data sets to investigate the genomic signatures of divergence across populations of
threespine stickleback (Gasterosteus aculeatus) that adapted to contrasting ecological
niches (benthic or limnetic) in either sympatry or allopatry. We found that genomewide differentiation (FST ) was an order of magnitude higher and substantially more
repeatable for sympatric benthic and limnetic specialists compared to allopatric populations with similar levels of ecological divergence. We identified genomic regions
consistently differentiated between sympatric ecotypes that were also differentiated
between or associated with benthic vs. limnetic niche in allopatric populations. These
candidate regions were enriched on three chromosomes known to be involved in the
benthic-limnetic divergence of threespine stickleback. Some candidate regions overlapped with QTL for body shape and trophic traits such as gill raker number, traits that
strongly differ between benthic and limnetic ecotypes. In summary, our study shows
that magnitude and repeatability of genomic signatures of ecological divergence in
threespine stickleback highly depend on the geographic context. The identified candidate regions provide starting points to identify functionally important genes for the
adaptation to benthic and limnetic niches.
KEYWORDS

adaptation, association mapping, Gasterosteus aculeatus, genome-wide differentiation, parallel
evolution, trophic ecology
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I NTRO D U C TI O N

evolution) provides strong evidence for natural selection (Manceau
et al., 2010; Rosenblum et al., 2017; Torres-Dowdall et al., 2017).

The repeated evolution of similar phenotypes across independent

Cases of parallel evolution have been described in a wide array of

lineages in response to shared environmental conditions (i.e., parallel

organisms across the tree of life (Colosimo et al., 2005; Mahler et al.,

Molecular Ecology. 2021;30:451–463.
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2013; Rosenblum et al., 2017; Sage et al., 2011). Parallel evolution

although reinforcement could potentially mitigate this effect (Garner

was initially studied on the phenotypic level but recently focus has

et al., 2018). The homogenizing effect of gene flow also reduces the

shifted towards identifying examples on the molecular level (Stern,

fraction of the genome able to respond to natural selection (Samuk

2013). Phenotypic parallelism can be the product of mutations in

et al., 2017); previous work has shown that in the presence of gene

the same gene (Chan et al., 2010; Rosenblum et al., 2010; Steiner

flow, divergence is limited to regions with low rates of recombination

et al., 2009; Zhen et al., 2012) or involve many changes across the

(Samuk et al., 2017). Such constraints are not expected in allopatry

genome (Jones, Grabherr, et al., 2012; Ravinet et al., 2016; Rennison

and the stochastic effects of genetic drift, differences in effective

et al., 2019) which results in a broad signature of parallel genomic

population size and variable ecology may generate more inconsis-

divergence. Identifying examples of genetic and genomic parallelism

tent patterns of differentiation among allopatric populations. Thus,

improved our general understanding of parallel evolution (Arendt

we predict higher levels of genomic parallelism across sympatric

& Reznick, 2008; Manceau et al., 2010); repeated use of the same

species due to the bias of divergence towards a smaller fraction of

genes or genomic regions can suggest a source of genetic bias or

the genome and fewer stochastic peaks due to genetic drift.

constraint (reviewed in Bolnick et al., 2018) and the reuse of genes

Threespine stickleback represent an excellent system for study-

or regions can also be leveraged to identify candidate loci important

ing the genomic signatures of repeated evolution in natural popula-

for adaptation.

tions across different geographic settings. Stickleback have rapidly

It is becoming clear that the magnitude of repeatability of ge-

adapted to freshwater habitats throughout the northern hemi-

nome-wide parallelism varies considerably across study systems

sphere (Bell & Foster, 1994). Newly formed freshwater lakes were

(Jones, Chan, et al., 2012; Le Moan et al., 2016; Ravinet et al.,

independently colonized by marine stickleback after the last ice

2016). For example, species pairs of sunflowers that diverged along

age, around 10,000–12,000 years ago (Bell & Foster, 1994). Within

latitudinal gradients (Renaut et al., 2014) show high levels of ge-

these young lakes, stickleback have repeatedly and independently

nomic parallelism, whereas little evidence for genomic parallelism

adapted to prevailing environmental conditions through parallel

is found in repeated adaptive radiations of Nicaraguan crater lake

phenotypic evolution in trophic morphology in response to novel

cichlid fish (Kautt et al., 2012). Within a species, population pairs

resources (Bell & Foster, 1994; Bolnick & Ballare, 2020; Schluter &

can also vary in their magnitude of parallelism (e.g Ravinet et al.,

McPhail, 1992). Lakes vary in size and depth, encompassing different

2016; Rennison et al., 2019). Threespine stickleback (Gasterosteus

proportions of benthic and limnetic habitat, which affects dietary

aculeatus) population pairs from adjacent lake and stream habitats

and habitat availability for stickleback (Bolnick & Ballare, 2020).

in Canada show multiple highly divergent genomic regions. A sub-

Accordingly, variation in diet and morphology across allopatric

stantial portion of these divergent regions (37%) is shared among

populations is associated with lake size; stickleback occupy distinct

independently evolved lake-stream pairs (Rennison et al., 2019). In

ecological niches and mostly feed on littoral invertebrates (benthic

contrast, lake-stream pairs from Europe share only 3% of divergent

prey) in small lakes and pelagic zooplankton (limnetic prey) in large

regions (Feulner et al., 2015). In the rough periwinkle (Littorina sax-

lakes (Bolnick & Ballare, 2020). In medium-sized lakes, stickleback

atilis), parallelism ranges from 8%–34% of outliers, depending on the

generally have intermediate phenotypes and broader dietary niches

populations compared (Kess et al., 2018; Ravinet et al., 2016). Both

(Bolnick & Ballare, 2020). Lake size also affects sticklebacks’ para-

spatial proximity and ecological similarity seem to be key predictors

site communities (Bolnick et al., 2020) and gut microbiomes (Smith

of the overall magnitude of genome-wide parallelism (Morales et al.,

et al., 2015), predator regimes (Reimchen et al., 2013) as well as be-

2019; Rennison et al., 2020). A recent study on threespine stickle-

havioural traits such as sexually selected nuptial coloration (Brock

back from different areas of their global distribution further empha-

et al., 2017; Reimchen, 1989). While most lakes are inhabited by a

sized that the demographic history and previous selection can affect

solitary population (morphologically unimodal for most traits and

levels of genomic repeatability (Fang et al., 2020). Taken together,

approximately panmictic), in five lakes in British Columbia pairs of

these results suggest that parallelism in genomic differentiation

sympatric benthic and limnetic specialists evolved independently

can be substantial but highly context dependent. Despite these re-

(Taylor & McPhail, 1999). This repeated multivariate ecological di-

search efforts, we currently lack a good understanding of how the

vergence along a quantitative benthic-limnetic axis in both sympatric

geographic context (divergence in allopatry vs. sympatry) may affect

and allopatric stickleback populations allows us to study parallelism

patterns of genomic parallelism for populations adapting to similar

of genomic differentiation in different geographic settings.

ecological niches.
In sympatry, the lack of physical barriers allows for gene flow

Here, we employ two approaches to map the genomic signatures of sticklebacks’ adaptation to benthic and limnetic habitats

between diverging populations, which can counteract the accumu-

across different geographic contexts. We use FST to detect adaptive

lation of genome-wide differentiation (Coyne & Orr, 2004). Gene

divergence between benthic and limnetic sympatric species pairs

flow homogenizes neutral regions of the genome, and only few re-

(Gow et al., 2008; Schluter & McPhail, 1992) and among allopatric

gions harboring genes under divergent selection are expected to

populations from small benthic and large limnetic lakes (Bolnick &

be strongly differentiated when divergence occurs with gene flow.

Ballare, 2020). Further, we use genome-wide association (GWA)

This has been shown for crows, Heliconius butterflies and Mimulus

mapping (Bolnick & Ballare, 2020) for a larger data set of allopatric

plants (Ferris et al., 2017; Nadeau et al., 2014; Poelstra et al., 2014),

populations to detect alleles associated with lake size (the proxy for
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ecological niche). By comparing benthic-limnetic adaptation in dif-

and diet is assumed to be broken up leading to extreme residuals for

ferent geographic contexts, we are able to quantify the magnitude of

some of these sympatric species (Figure S1).

parallelism and ask whether the geographic context affects patterns
of shared genomic architecture during adaptation to similar niches.
Furthermore, it is likely that regions identified to overlap between
these data sets contain loci important for adaptation to divergent

2.3 | Genome-wide differentiation analyses and
quantification of parallelism

benthic and limnetic niches, such candidate regions provide opportunities for follow-up work.

To investigate the genomic architecture of divergence along the
benthic-limnetic axis, we determined patterns of genome-wide dif-

2

|

M ATE R I A L S A N D M E TH O DS

2.1 | Data acquisition

ferentiation using Weir and Cockerham's FST (Weir & Cockerham,
1984) for three pairs of solitary populations and three benthiclimnetic species pairs (Figure S2). FST values were calculated using
a custom script deposited on GitHub (https://github.com/ksamu
k/gene_flow_linkage). The three solitary population pairs were se-

We reanalysed previously collected morphological, ecological and

lected to reflect strong differences in ecological niche (benthic vs.

genomic data of wild-caught stickleback from British Columbia,

limnetic) and included populations from the three smallest (Little

Canada, obtained from several independent data sets. The genotype

Goose, Little Mud, Ormund) and the three largest (Lower Campbell,

data for the genome-wide association (GWA) mapping of lake size

Upper Campbell, Stella) lakes. Comparisons of FST patterns across

was generated using ddRAD sequencing (Peterson et al., 2012) for

sympatric and allopatric populations were restricted to lakes located

28 solitary stickleback populations from Vancouver Island. For 21

in different watersheds. Geographic distances between lakes ranged

of these solitary populations, we obtained data on two traits known

from 3.7 to 32.9 km with all but one lake pair (Paxton–Priest) being

to consistently differ between benthic and limnetic stickleback:

more than 10 km apart (Table S2). Since the data sets were produced

the proportion of benthic diet and gill raker numbers (a key trophic

using different genotyping methods, we calculated mean FST val-

trait). Both of these data sets are from Bolnick and Ballare (2020);

ues for 50-kb windows to allow comparisons across data sets. Only

the genomic data set was produced by Stuart et al. (2017). We fur-

windows with a minimum of three data points (variable SNPs) were

ther used a subset of the same genomic data to perform FST analyses

included and all analyses were based on these windows. A 50-kb

for solitary populations from the three smallest and largest lakes.

window was classified as an outlier if the FST value was in the top

Genotype data used for FST analyses from three sympatric benthic-

5% of the genome-wide FST distribution. Spearman's rank correlation

limnetic species pairs (Paxton, Priest and Little Quarry) were gen-

coefficients were used to quantify the extent of shared genome-

erated by Samuk et al. (2017) using the genotyping-by-sequencing

wide differentiation across pairs of populations that diverged along

method. Benthic and limnetic individuals were identified in the field

the benthic-limnetic axis.

based on overall morphology and correct ecotype assignment was

We sought to detect genomic regions that were repeatedly dif-

confirmed using population genomic clustering analysis (structure;

ferentiated either across sympatric benthic-limnetic species pairs or

Pritchard et al., 2000). Diet and gill raker number data for the sym-

across solitary populations from small and large lakes. Levels of re-

patric species pairs from Paxton and Priest lakes were obtained from

peatability were calculated for each 50-kb window as the proportion

Schluter and McPhail (1992). QTL data for sympatric species pairs

of population comparisons for which this window was scored as an

were obtained from several previous studies (Arnegard et al., 2014;

FST outlier (taking into account missing data). Across comparisons,

Conte et al., 2015; Malek et al., 2012).

windows were scored as repeatable if there was data for a minimum
of two lakes and if the window was an FST outlier in all comparisons

2.2 | Morphological analyses

for which there was data. Permutation tests with 10,000 iterations
were used to test whether the proportion of repeated windows (in
relation to all FST outlier windows) was greater than expected by

Linear regression models were used to test whether lake size (log

chance.

surface area) affects trophic ecology (proportion of benthic diet) or
morphology (gill raker number), as previously shown for allopatric
populations (Bolnick & Ballare, 2020; Table S1). Linear regression

2.4 | Genome-wide association mapping

was done twice, once with only the 21 solitary populations and
once including the sympatric benthic-limnetic species pairs. p-values

By further comparing genome-wide differentiation of sympatric

were corrected for multiple testing using the Bonferroni method.

species pairs with lake size GWA mapping data (the proxy for eco-

We further determined residuals to identify populations that devi-

logical niche), we obtained a second line of evidence. This allowed

ate strongest from the linear regression models (Figure S1). In the

us to study benthic-limnetic divergence in a comprehensive way

lakes harbouring sympatric benthic-limnetic species pairs that show

and identify genomic regions consistently associated with benthic-

pronounced specialization in diet, the association between lake size

limnetic divergence. Further, this approach afforded more power by
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|

HÄRER et al.

leveraging variation across more populations, including those with

across all 21 chromosomes that were included in both data sets, this

intermediate niche use. The GWA mapping for lake size was based

represents 60% (4338 out of 7226) of all windows across the two

on 175,350 single nucleotide polymorphisms (SNPs) obtained from

data sets. FST-GWA comparisons were based on 4985 50-kb windows

ddRAD sequencing of 28 solitary populations (see Table S1 for sam-

distributed across all 21 chromosomes, representing 66% (4985 out

ple sizes), as detailed in Bolnick and Ballare (2020). For more infor-

of 7559) of total windows across the two data sets. While identify-

mation on library preparation, bioinformatics pipeline protocols and

ing windows that were FST outliers and significantly associated with

access to scripts, see Stuart et al. (2017). To test for associations, a

lake size allowed us to obtain a set of candidate regions that might be

binominal linear model with allele frequency and log lake size was

important during adaptation to benthic and limnetic habitats, we want

run for each SNP with a logit link function and watershed set as a

to point out the differences between these two analyses. The GWA

covariate, see Bolnick and Ballare (2020) for further details. The p-

mapping allowed us to detect specific alleles significantly associated

values resulting from this analysis were used to identify candidate

with lake size, it provides information on the directionality of shifts in

genomic regions (50-kb windows) associated with lake size (control-

allele frequencies across many populations. In contrast, the FST analysis

ling for the tendency for lakes within the same watershed to share

lacks such directionality and rather tells us whether the same genomic

alleles); a window was considered a GWA candidate if it contained

loci are repeatedly differentiated but not which alleles are more com-

loci with a p-value falling below the .05 cutoff. p-values were cor-

mon in which populations. The FST analysis also only looks at the most

rected for multiple testing using Bonferroni and FDR methods; how-

extreme populations, whereas the GWA analysis can leverage variance

ever, none of the windows remained significant after corrections.

present in intermediate populations. Thus, these are two distinct lines

Hence, we used uncorrected p-values for further analyses (see re-

of evidence suggesting a given genomic region contributes to adapta-

sults section for more details on our justification for this approach).

tion along the benthic-limnetic axis.

To examine the overlap between sympatric FST outliers with al-

We tested whether windows of these subsets (except for non-

lopatric FST outliers or lake size GWA mapping candidates (see next

significant windows) were significantly enriched on certain chro-

paragraph for more information), we normalized FST values and took

mosomes. This was done by running a permutation with 10,000

the mean across the three population pairs. As we were interested in

iterations. For each iteration, the numbers of significant windows in

FST outlier regions consistently associated with benthic-limnetic dif-

each subset were randomly shuffled across different chromosomes

ferentiation, only FST windows with data for at least two population

(accounting for chromosome size). Empirical frequencies of signifi-

pairs were used. Windowed FST values were normalized using the

cant windows for each chromosome were compared to the null dis-

following equation:

tribution obtained by permutation and significant enrichment was
determined at the 0.05 significance level. Chi-squared tests of index − mean ( x ) ∕ SD ( x ) ,

pendence were used to determine whether there was a significant

where x is a vector of all windowed FST values for each population pair.

allopatric small-large lake FST outliers or lake size GWA candidate

Normalized FST values for each window were then averaged across the

windows. Spearman's rank correlation coefficients were calculated

three lakes.

to test whether the GWA p-values were correlated with normalized

association between sympatric benthic-limnetic FST outliers and

sympatric benthic-limnetic FST values. To obtain further information

2.5 | Overlap of candidate regions between
data sets

on the phenotypic traits associated with candidate regions, we identified published quantitative trait loci (QTL) whose peaks overlapped
with windows differentiated along the benthic-limnetic axis in sympatric and allopatric geographic settings. All statistical analyses were

To determine the overlap in patterns of genomic differentiation and

performed in R v3.5.1 (R Core Team, 2016).

to identify candidate regions for benthic-limnetic divergence, we compared sympatric benthic-limnetic FST data with allopatric small-large
lake FST and lake size GWA mapping data. We created four subsets for
each of the combined data sets. For the FST–FST comparison, these subsets contained windows that were either nonsignificant in both data
sets, sympatric benthic-limnetic FST outliers (95th percentile), allopatric

3
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3.1 | Phenotypic and ecological variation along the
benthic-limnetic axis

small-large lake FST outliers (95th percentile) or so called “FST–FST double outliers” that were FST outliers in both data sets. For the FST–GWA

Across the 21 solitary stickleback populations, trophic ecology (pro-

comparison, windows were either nonsignificant in both data sets,

portion of benthic food items; Figure 1a) and morphology (gill raker

sympatric benthic-limnetic FST outliers (95th percentile), significantly

number; Figure 1b) varied with lake size (log surface area; Table S1).

associated with lake size across solitary lake populations (p < .05) or

Stickleback from smaller lakes preferentially consumed benthic prey

“FST-GWA double outliers” in which they were both an FST outlier

(linear regression, R2 = 0.6117, p < .001) and had more gill rakers

and significantly associated with lake size. All analyses that involved

(R2 = 0.3039, p = .011). Sympatric benthic-limnetic species pairs from

FST–FST comparisons were based on 4,338 50-kb windows distributed

Paxton and Priest lakes fell towards the ends of these distributions;

|
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Paxton
Priest

Proportion of benthic diet

(a)

0.8

Figure S3) than between benthic and limnetic species occurring in
sympatry (0.199–0.226; Figure 2c and Figure S4). These differences
remained when FST outliers were removed (solitary populations:
0.039–0.05; sympatric species pairs: 0.166–0.193). Genome-wide
patterns of differentiation were largely shared across sympatric
benthic-limnetic species pairs but not among solitary populations

0.6

or between solitary populations and benthic-limnetic species pairs;
correlation coefficients for FST values across the genome were low

0.4

for the small-large lake solitary population pairs (mean ρ = 0.004,
“allopatric” in Figure 2a) and much higher for the benthic-limnetic
species pairs (mean ρ = 0.524, “sympatric” in Figure 2a). When com-

0.2

paring genome-wide patterns in FST between the small-large lake

2

3

4

5

6

Log surface area

(b)

7

8

solitary population pairs and the benthic-limnetic species pairs, correlation coefficients were very low (mean ρ = –0.01, “allopatric vs.
sympatric” in Figure 2a).

r2 = 0.3039
P = 0.011

23

Gill raker number

Benthic
Limnetic
2
r = 0.6117
P < 0.001

455

22

Across sympatric benthic-limnetic species pairs, we identified
287 FST outlier windows based on mean normalized FST values.
These windows were unequally distributed, with some chromosomes showing significant enrichment (p < .05, chromosomes 1, 4

21

and 7) and others completely lacking outliers (chromosomes 3, 6, 10,

20

of the genome, had the highest proportion of outliers (20%; Figure

14 and 15; Figure 3a). Chromosome 7, which constitutes around 7%
S5A). For the sympatric benthic-limnetic comparison, a total of 67

19

windows were repeatedly differentiated (outlier in at least two of
the three population pairs), representing 23.3% of FST outlier win-

18

dows. A permutation test showed that the proportion of repeatedly

2

3

4

5

6

Log surfacea area

7

8

differentiated windows was significantly higher than expected by
chance (p < .0001). These windows were spread across more than
half of the chromosomes (12 of 21; Figure 3a and Figure S4). In the

F I G U R E 1 Linear regression models show a decrease in benthic
diet (a) and gill raker number (b) with lake size for 21 solitary
stickleback populations (black points). Sympatric species pairs of
benthic and limnetic stickleback from Paxton and Priest lakes are
not included in the regression models. Each data point represents
the population mean (see Table S1 for sample sizes) [Colour figure
can be viewed at wileyonlinelibrary.com]

allopatric solitary comparison for small and large lakes, we detected
a total of 292 FST outlier windows that were significantly enriched
only on chromosome 18 (Figure 3b; Figure S5B). A total of 19 of
these windows were repeatedly differentiated, representing only
6.5% of FST outlier windows, and these were spread across 11 of
21 chromosomes (Figure S3). The proportion of repeatedly differentiated windows across allopatric population pairs was, similar to
the sympatric species pairs, significantly higher than expected by

the sympatric benthic species mainly consumed benthic prey and

chance (p < .0001).

had fewer gill rakers whereas limnetic species consumed limnetic

To identify candidate regions differentiated along the ben-

prey and had more gill rakers (Figure 1). Including benthic-limnetic

thic-limnetic axis across all 28 solitary populations, we also used

species pairs into linear regression models substantially reduced the

genome-wide association (GWA) mapping. Using this approach,

2

proportion of variation explained by the models for diet (R = 0.3038,

we found 1015 of the 4,985 windows surveyed (20.4%) to be sig-

p = .005) and gill raker number (R2 = 0.1415, p = .072). This can be ex-

nificantly associated with lake size (our proxy for ecological niche;

plained by the fact that the residuals of the sympatric species pairs

p < .05), although none of these windows remained significant after

were consistently among the highest (Figure S1), and specialization

very conservative Bonferroni correction or less conservative FDR

appears independent of lake size.

correction. The proportion of significant windows (20.4%) was much
higher than would be expected when assuming a 5% false positive

3.2 | Genomic architecture of benthic-limnetic
differentiation in sympatry and allopatry

rate and we were interested in the overlap between data sets, which
would hint at biological significance. Hence, we proceeded in analyzing the candidate loci classified as significant before multiple testing
correction. These candidate windows were distributed across all

Mean genome-wide FST between allopatric solitary populations from

21 chromosomes (Figure 3c), but significantly enriched (p < .05) on

small and large lakes were much lower (0.048–0.06; Figure 2B and

chromosomes 7, 11 and 19 (Figure 3c and Figure S5C).
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(A)

(B)

FST(Stella-L. Goose)

0.6
0.5

Spearman‘s ρ

0.4
0.3
0.2

Allopatric small-large lakes
0.8
0.4
0

(C)

FST(Priest lake)

0.1
0

0.2

0.4

0.6

0.8

1

0.6

0.8

1

FST(Lower Campbell-L. Mud)

Sympatric benthic-limnetic
0.8
0.4

lo
sy pat
m ri
pa c v
tri s.
c

0

c
tri
pa
m

0

0.2

0.4

FST(Paxton lake)

al

sy

al

lo

pa

tri

c

−0.1

0

F I G U R E 2 Spearman's rank correlation coefficients of pairwise comparisons of genome-wide FST values (a). Genome-wide FST values
were calculated either between solitary populations from small and large lakes (e.g., Little Mud vs. Lower Campbell) or between sympatric
benthic-limnetic species pairs (e.g., Paxton benthic vs. Paxton limnetic). Correlation coefficients were then calculated across solitary
population pairs (allopatric, as exemplified in b), benthic-limnetic species pairs (sympatric, as exemplified in c) and among solitary populations
and benthic-limnetic species pairs (allopatric vs. sympatric)

Comparing FST outliers from the sympatric benthic-limnetic

as “FST-GWA double outliers”), which represents 1.1% of the total

species pairs with FST outliers in solitary populations from small

4,985 windows (Figure 4b). These FST-GWA double outliers were

and large lakes with our candidates from the lake size GWA map-

enriched on chromosomes 4, 7 and 19 (Figure S5E). Candidate

ping led to the identification of genomic regions likely to be im-

windows significantly associated with lake size were not more

portant for adaptation to contrasting benthic and limnetic niches

likely to be also FST outliers, χ 2 (1, N = 4985) = 0.336, p = .562.

in different geographic settings. A total of 15 candidate windows

Four of the 15 FST–FST double outliers were shared with the 55

were shared outliers across the sympatric and allopatric FST com-

FST-GWAS double outliers, these windows were located on chro-

parisons (Figure 4a; hereafter referred to as”FST–FST double out-

mosomes 4, 8 and 19.

liers”), representing 0.3% of the total 4,338 windows included in

There was a weak, but significant, negative correlation between

both data sets. These FST–FST double outliers were significantly

normalized FST values and association mapping -log10 (P) values

enriched on chromosome 4 (Figure S5D). Yet, none of the repeat-

across all 4985 windows between the sympatric FST and allopatric

edly differentiated windows across populations from small and

GWA data sets (Spearman's rank correlation, ρ = –0.049, p < .001).

large lakes were shared with repeatedly differentiated windows in

Performing correlation tests between sympatric benthic-limnetic

the benthic-limnetic species pairs. A chi-squared test of indepen-

FST and lake size GWA p-values for windows in different categories

dence suggested that the overlap between the two FST data sets

(nonsignificant, FST outliers, significantly associated with lake size,

was not more than expected by chance; χ 2 (1, N = 4338) = 1.356,

double outliers; Figure 4) showed a weak negative correlation for

p = .244. Between the sympatric FST and allopatric GWA data

nonsignificant windows (ρ = –0.079, p < .001). Spearman's rank cor-

sets, 55 candidate windows were shared (hereafter referred to

relation coefficients were positive (but not statistically significant)

F I G U R E 3 Normalized FST between benthic-limnetic species pairs from three lakes (a) or allopatric populations from small and large
lakes (b) and p-values of genome-wide association mapping for lake size across 28 solitary stickleback populations (c). Data points represent
50-kb windows and either show average FST (a and b) or the lowest p-value (c) for each window. Horizontal thin red lines indicate the 95th
percentile for benthic-limnetic FST and the significance cutoff for the lake size GWA (p < .05). Green triangle symbols in a and b represent
repeated FST outliers. Horizontal thick black lines above the plots highlight chromosomes with significant enrichment of FST outlier windows
(a and b) or significant lake size GWA windows (c) [Colour figure can be viewed at wileyonlinelibrary.com]
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F I G U R E 4 Scatterplot of normalized FST values between allopatric populations from small and large lakes (a) or GWA -log10 (P) values for
lake size (b) and normalized FST values between benthic and limnetic species. 50-kb windows falling in different categories are indicated by
differently coloured symbols and are separated by dashed lines [Colour figure can be viewed at wileyonlinelibrary.com]

for the loci significantly associated with lake size and FST-GWA dou-

(Table S3). Three QTL associated with body shape and male colour

ble outliers (Figure S6).

on chromosomes 4 and 13 overlapped with the small-large lake
FST outlier windows. Two QTL on chromosome 4 associated with

3.3 | Characterization of candidate regions

male colour and shape overlapped with an FST–FST double outlier
window (Table S3). An additional 23 QTL included windows significantly associated with lake size, but not with sympatric diver-

In total, 16 previously described QTL from different sympatric

gence. These QTL were associated with body shape, dorsal spine

species pairs (Arnegard et al., 2014; Conte et al., 2015; Malek

length, lateral plate number, gill raker number and suction feeding

et al., 2012) overlapped with FST outlier windows in sympatric

index (Table S3). Notably, only three out of 23 QTL were located

benthic-limnetic species pairs. These QTL containing sympatric

on chromosomes enriched for significant lake size candidate win-

FST outliers were mostly (13 of 16 windows) located on chromo-

dows. Three QTL on chromosomes 1 and 7 associated with colour

somes enriched for FST outlier windows (1, 4 and 7) and were asso-

and shape of males as well as body shape contained FST-GWA dou-

ciated with body shape and trophic traits such as gill raker number

ble outlier windows (Table S3).
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DISCUSSION

4.1 | Geographic context of divergence and
parallelism

459

adaptation (reviewed in Bolnick et al., 2018). Given the young age of
these sympatric species, standing genetic variation is expected to be
more important for adaptation than de novo mutations. Adaptation
from standing genetic variation is thought to have been important
for rapid adaptation to freshwater habitats in stickleback (Colosimo

Sympatric species pairs and allopatric solitary populations showed

et al., 2005; Jones, Chan, et al., 2012). The observed high degree of

substantial variation in morphology and diet, traits associated with

parallelism for the sympatric species pairs, in combination with the

benthic and limnetic niches, (Matthews et al., 2010; Schluter &

recent divergence time of <12,000 years, may indicate that adap-

McPhail, 1992). However, the magnitude and patterns of genomic

tation from standing genetic variation has also been important for

differentiation of benthic and limnetic ecotypes differed dramati-

the repeated adaptation to benthic and limnetic niches (Jones, Chan,

cally with geographic context (sympatry vs. allopatry). Sympatric

et al., 2012). Previous work on the sympatric benthic-limnetic pairs

benthic and limnetic species pairs show strong evidence of repro-

has also shown that divergence is heavily biased towards regions of

ductive isolation (Rundle et al., 2000). In line with these observa-

the genome with suppressed recombination (Samuk et al., 2017);

tions, we found that genomic differentiation between species was

this bias may contribute to the similarity of genome-wide patterns,

high in all three lakes (Figure S4). Despite the reduced opportunity

as only adaptive loci found within regions of low recombination may

for gene flow afforded by allopatry, genomic differentiation be-

be able to diverge substantially.

tween solitary populations from small and large lakes was an order

The solitary populations and sympatric species pairs differed

of magnitude lower than that found for the sympatric species pairs,

to a similar extent along the benthic-limnetic axis, which was re-

even after excluding outlier windows (Figure S3). The strong diver-

flected by similar levels of divergence in their trophic ecology and

gence of benthic and limnetic pairs in sympatry suggests that these

morphology (Figure 1), yet the patterns of genomic parallelism

ecotypes may be further along the speciation continuum; perhaps

were remarkably different. In contrast to the strong evidence of ge-

these populations are moving towards a genome-wide phase of di-

nome-wide parallelism found for the sympatric species pairs, there

vergence, sometimes called “genome-wide congealing” (Feder et al.,

was little evidence that the same genomic regions were consistently

2014). In contrast, low levels of genomic divergence as observed for

differentiated (i.e., high FST ) across solitary populations from differ-

the solitary populations may indicate a more “genic phase” of ad-

ent lakes in distinct watersheds exhibiting benthic-limnetic diver-

aptation, with divergence limited to fewer loci (Feder et al., 2014).

gence (Figure 2 and Figure S3). Stickleback lake-stream pairs from

Linked selection (both genetic/genome hitchhiking and background

Canada and Europe show similarly low levels of parallelism (Feulner

selection) may also contribute to the observed higher degree of dif-

et al., 2015; Rennison et al., 2019). The absence of parallelism for

ferentiation in the sympatric comparisons and may explain why par-

these solitary populations potentially means that standing genetic

allelism is not restricted to outlier loci but appears to be widespread

variation is not central to benthic-limnetic divergence in allopatry

across the genome (Flaxman et al., 2013; Nosil et al., 2009). If simi-

or that genetic variation may be more limited in some populations

lar loci are under selection across sympatric species pairs, neutral

(Stuart et al., 2017), perhaps due to bottlenecks during colonization

loci in linkage with adaptive loci would show more similar patterns

of upstream habitats. Also, it is possible that the marine ancestors

of divergence leading to widespread patterns of parallelism across

were more heterogeneous than typically assumed (e.g., Stuart et al.,

the genome, as we observe in our study (Figure S4). The pattern of

2017) and so different watersheds may have had genetically distinct

stronger differentiation in sympatric populations could also be due

founders. Population-specific effects of gene flow and genetic drift

to reinforcement, where selection against hybrids increases repro-

may also contribute to low levels of observed parallelism (Fitzpatrick

ductive isolation and differentiation between lineages occurring in

et al., 2014; Stuart et al., 2017). It would be interesting to have esti-

sympatry (e.g., Noor, 1999). Previous work on benthic and limnetic

mates of the demographic history of the stickleback populations in-

stickleback suggests reinforcement, as female preference for mates

vestigated here, e.g., on the size of the founder populations. Genetic

of the same ecotype is found in sympatric populations but not in al-

drift is stronger in small populations, which will reduce levels of par-

lopatric ones (Rundle & Schluter, 1998).

allelism across populations (MacPherson & Nuismer, 2017; Szendro

Patterns of genome-wide differentiation were very consistent

et al., 2013). Further, if founder populations were small, there is

across sympatric species pairs (Figure 2c and Figure S4), and 23.3%

also a high chance that the genetic diversity that selection could act

of outlier regions were repeatedly differentiated (compared to only

upon was distinct across lakes, presumably limiting parallelism in ge-

6.5% across allopatric population pairs). This is remarkable given

nome-wide patterns of differentiation. Heterogeneity of the recom-

that these species pairs have evolved independently in different

bination landscape also doesn't seem to play an important role when

lakes within the last 12,000 years (Taylor & McPhail, 1999). A study

populations are diverging in allopatry (Samuk et al., 2017), which

by Jones, Chan, et al. (2012) surveying the same three lakes showed

might contribute to different signatures of adaptation between the

similar levels of repeatability, but was based on a lower number of

allopatric and sympatric comparisons.

genomic loci . The repeated divergence of the same genomic re-

Differences in the selective landscape among populations may

gions for these sympatric species pairs suggests that a genetic con-

also explain low levels of parallelism among solitary population pairs

straint or bias may favor certain variants, loci, and/or regions during

and between sympatric and allopatric comparisons. Theoretical
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work suggests that genomic parallelism decreases rapidly as

evolution (Conte et al., 2015; Jones, Chan, et al., 2012), and are en-

the selection landscape becomes less parallel (Thompson et al.,

riched for multiple categories of ecologically relevant QTL (Peichel

2019). In Trinidadian guppies, a famous example for parallel evo-

& Marques, 2017). Future comparative work examining the struc-

lution, life-history traits and mortality were nonparallel between

ture and evolutionary history of these chromosomes may provide

low and high predation populations, which could be attributed

insights into why these chromosomes are so central to the benthic-

to stream-specific variation in disease and flooding (Fitzpatrick

limnetic adaptation in this system.

et al., 2014). Parallelism in morphological divergence of stream-

To infer the functional relevance of genomic regions related to

lake pairs of stickleback decreases as environmental differences

benthic-limnetic divergence, we incorporated published QTL data

become nonparallel (Stuart et al., 2017). In marine-freshwater

(Arnegard et al., 2014; Conte et al., 2015; Malek et al., 2012). We

pairs of stickleback and in the ecotypes of the rough periwinkle,

defined candidate regions as genomic windows that were either FST

parallelism is also dependent on ecological similarity (Morales

outliers across sympatric benthic-limnetic species pairs, FST out-

et al., 2019; Rennison et al., 2020). Even though all populations

liers across allopatric population pairs from small and large lakes,

were adapting to similar benthic and limnetic niches, there may

significantly associated with lake size across allopatric populations

be cryptic environmental heterogeneity across the different lakes

or being shared between these sympatric and allopatric categories

and within the discrete habitat categories that reduces overall par-

(FST–FST outliers and FST-GWA outliers). The QTL that mapped to any

allelism in the selective landscape. Perhaps this variation is mini-

of these candidate regions were primarily located on chromosomes

mized among the lakes harboring sympatric species pairs as they

4 and 7 (22 of 47), again suggesting that these chromosomes are

are geographically clustered and of similar size. It has also been

key to benthic-limnetic adaptation. Most QTL affected general body

hypothesized that particular ecological conditions are required for

shape and six QTL affected the number of gill rakers (Table S3), a

the evolution and maintenance of the sympatric benthic-limnetic

trait that has been shown to be important for the trophic ecology of

pairs (Gow et al., 2008; Ormond et al., 2011). Furthermore, these

these fish (Schluter, 1993). Benthic fish that feed on relatively large

pairs co-occur exclusively with cutthroat trout, while most other

littoral invertebrates have fewer and shorter gill rakers than limnetic

lakes in the region contain cutthroat trout in addition to sculpin,

fish that feed on smaller pelagic zooplankton, both in sympatric and

other salmonids and introduced species like carp (Ormond et al.,

allopatric populations (Figure 1; Bell & Foster, 1994; Schluter, 1993).

2011). If there are restrictive conditions necessary for the evolu-

Two more QTL affected other aspects of the trophic apparatus and

tion of benthic and limnetic forms in sympatry, it could be the case

feeding performance (Table S3). Note, however, that entire cate-

that selection landscapes are also constrained to be more similar

gories of potentially adaptive phenotypes have yet to be subjected

than those of allopatric lakes.

to QTL analysis of benthic-limnetic divergence (e.g., immune traits,
metabolic traits, the gut microbiota, etc.).

4.2 | Identification of candidate regions for
benthic-limnetic adaptation

By integrating different types of data and looking for repeatability across sympatric and allopatric comparisons, we were able
to identify 15 (FST–FST double outliers) and 55 (FST-GWA double
outliers) strong candidate regions underlying adaptation to the con-

Identification of repeatedly diverged genomic regions can increase

trasting benthic and limnetic niches, several of which contained QTL

our understanding of the predictability of evolutionary trajectories

for important morphological traits. These candidate regions were

(Conte et al., 2012; Stern & Orgogozo, 2008) and can help to de-

FST outliers in sympatric benthic-limnetic species pairs and either

tect important adaptive genes or traits as genetic drift is unlikely to

FST outliers in allopatric population pairs or associated with lake size

result in patterns of repeated divergence (Schluter & Nagel, 1995).

across solitary populations; hence, they are presumably targets of

A handful of chromosomes appear to contribute disproportionately

divergent selection. It is unlikely that the same regions were iden-

in the adaptation to benthic and limnetic niches. When looking at

tified by chance as we used independent data sets, methods with

the genomic locations of candidate regions obtained from multiple

different biases and had a fairly strict criterion for inclusion. This

analyses within this study, we detected evidence for significant clus-

suggests that our candidate regions merit further molecular analy-

tering on chromosomes 4, 7 and 19. 10 out of 15 windows repeat-

ses to identify the genetic variants underlying adaptation to benthic

edly differentiated in both sympatry and allopatry were located on

and limnetic niches. Such investigation would reveal to what extent

these three chromosomes. Moreover, windows that were highly dif-

the parallelism in genomic regions observed here represents paral-

ferentiated across both sympatric benthic-limnetic species pairs and

lel changes in the same genes or perhaps even the same mutations.

solitary populations from small and large lakes (FST–FST double outli-

Parallelism is predicted to be more prevalent at higher levels of bio-

ers) that differ substantially in their ecological niches were enriched

logical organization, as shown in the rough periwinkle (Ravinet et al.,

on chromosome 4. Windows that were highly differentiated across

2016) and Australian groundsel (Roda et al., 2013) where patterns

sympatric benthic-limnetic species pairs and significantly associated

of parallelism increased from SNPs to genomic regions to molecu-

with lake size across allopatric populations (FST-GWA double outli-

lar pathways. Fine-mapping of genetic variants within the regions

ers) were significantly enriched on chromosomes 4, 7 and 19. These

identified here may provide good candidates for future gene editing

chromosomes appear to be hot spots in threespine stickleback

studies in order to isolate their phenotypic and fitness effects.
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4.3 | Caveats

461

underlying data files have been archived in the Dryad database:
https://doi.org/10.5061/dryad.6djh9w 0zc.

One limitation of our study is that we assessed parallelism at the
level of genomic regions which means that we cannot say whether
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