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Abstract
The parallel evolution of lateral plates and body shape in the threespine stickleback (Gasterosteus aculeatus) is an iconic ex-

ample of adaptation. We test a case of contemporary evolutionary transition in a recently isolated population of marine G.
aculeatus in British Columbia, Canada. We investigate Ectodysplasin (Eda) genotypes, plate counts, neutral genetic divergence,
and whole-body phenotypes to determine the genetic and phenotypic distance between this population and nearby compar-
ative populations. Our focal population is in the process of adapting both genetically and phenotypically to a freshwater
environment, and we provide an example of the genetic basis for parallel evolution on a contemporary timescale. The fre-
quency of Eda genotypes and lateral plate phenotypes in our focal population is not consistent with those of marine or fully
freshwater populations. Although our focal population is genetically distinct from nearby marine populations, these fish still
more closely resemble marine populations in overall body shape while demonstrating an intriguing intermediate phenotype.
Eda frequency and lateral plate phenotype change faster than body shape in response to freshwater conditions, suggesting
that the pace of adaptation differs across traits in response to the same environmental conditions. Our results further bolster
the case for G. aculeatus as a key model of contemporary evolution.
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Introduction
Evolution can occur on different time scales. Frequently,

however, we aim to infer evolutionary processes by look-
ing back thousands of years rather than looking at the first
steps of evolution. Integrating genotype-phenotype informa-
tion across timescales can help us elucidate how evolution
works (Linnen and Hoekstra 2009). Contemporary evolution
is defined as recent and ongoing evolutionary change occur-
ring on an ecological timescale in wild populations (Hendry
and Kinnison 1999; Hairston Jr. et al. 2005), ranging from a
few generations to a few centuries. Characterizing contempo-
rary evolution is relevant for conservation biology, and it is
becoming increasingly important to understand as climate
change accelerates rapid environmental change (Stockwell
et al. 2003). Several examples of contemporary evolution
have been identified in nature (e.g., Lake Malawi cichlids,
Streelman et al. 2004; saltmarsh beetles, Van Belleghem et al.
2018; Heliconius butterflies, Reed et al. 2011). These exemplars
provide key information on the mode and pace of adaptation
as we seek to understand how rapid evolution occurs. How-
ever, evolutionary processes, including the strength of selec-
tion and the pace and probability of evolution, vary greatly
within and among taxa (Kingsolver et al. 2001; Siepielski et al.

2009; Sanderson et al. 2022), illustrating the need for studies
in well-established systems to better test hypotheses regard-
ing evolutionary patterns.

Disentangling the effects of natural selection from other
evolutionary mechanisms, such as genetic drift, is an impor-
tant first step as we seek to determine what selective pres-
sures organisms face. This clarification is critical in predict-
ing how organisms will respond to environmental change.
Parallel evolution, the repeated evolution of traits in related
lineages in response to similar environmental conditions
(Simpson 1953), has historically been used as strong support-
ing evidence for natural selection (Endler 1986; Schluter and
Nagel 1995; Schluter et al. 2004; Wake et al. 2011; Bolnick
et al. 2018). Consistent and directional changes in traits de-
scribed as parallel evolution are indicative of natural selec-
tion because it is highly unlikely that these repeated patterns
would emerge based on chance alone (Endler 1986; Schluter
and Nagel 1995; Schluter et al. 2004; Wake et al. 2011). Iden-
tifying cases of parallel evolution occurring in contemporary
time frames may thus provide insight into processes that al-
low organisms to adapt to rapidly changing selective regimes.

Parallel evolution across populations of threespine stick-
leback (Gasterosteus aculeatus) that move into freshwater
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habitats is an iconic example of adaptation (e.g., Bell and
Foster 1994; Schluter et al. 2004; Colosimo et al. 2005). The
threespine stickleback is a small ancestrally marine fish with
a Holarctic distribution that is characterized by bony armour
consisting of lateral plates, dorsal plates, three dorsal spines,
and two pelvic spines (Hagen and Gilbertson 1973; Reimchen
1983; Bell and Foster 1994; Barrett et al. 2010; Bjærke et al.
2010). Populations that colonized freshwater environments
have consistently diverged in a variety of traits related to
morphology, physiology, behaviour, genetics, and life history
when compared to their contemporary marine ancestors (Bell
and Foster 1994; McKinnon 2002; Barrett et al. 2010; Jones
et al. 2012). Freshwater threespine stickleback typically have
a more streamlined body shape, reduced body armour (bony
plates, spines, and pelvic girdle), decreased salt tolerance, dif-
ferences in mate preference, dietary changes, and reduced
fecundity (Bell and Foster 1994; McKinnon 2002). The reduc-
tion in the number of lateral plates and the role of selection
in freshwater populations have been particularly well studied
(e.g., Klepaker 1993; Reimchen 2000; Bell 2001; Schluter et
al. 2004; Colosimo et al. 2005; Barrett et al. 2008; Leinonen et
al. 2011b; Marchinko et al. 2014). Parallel evolution favoring
a reduction in the number of lateral plates in freshwater col-
onizing threespine stickleback populations is so widespread
that it is almost certainly an adaptive response to selection
and highly unlikely to be the sole result of other mecha-
nisms such as genetic drift or ecological vicariance (Schluter
et al. 2004; Roesti et al. 2015). Threespine stickleback thus
provide a powerful model for investigating questions per-
taining to contemporary evolution because they have a well-
characterized ecology (Hagen and Gilbertson 1973; Bell and
Foster 1994; McKinnon 2002), exhibit variation linked to en-
vironmental conditions (Colosimo et al. 2005; Barrett et al.
2010), and a large number of genomic resources are available
for the species (e.g., Colosimo et al. 2004; Jones et al. 2012;
Rogers et al. 2012; Glazer et al. 2015; Peichel and Marques
2017; Peichel et al. 2017).

Lateral plate phenotype in threespine stickleback is under
the genetic control of a large-effect gene, Ectodysplasin (Eda),
that singlehandedly explains over 75% of the variation in lat-
eral plate phenotype (Colosimo et al. 2004, 2005; Cresko et
al. 2004; Peichel and Marques 2017). Recent work has also
shown a key role for this gene’s receptor (Edar; Laurentino et
al. 2022). The completely-plated morphs (>30 plates, Hagen
and Gilbertson 1972) that dominate in Eastern Pacific ma-
rine populations are usually homozygous for the complete-
plated Eda allele (Colosimo et al. 2005; Barrett et al. 2008; al-
though we note this is not necessarily the case elsewhere; see,
for example, DeFaveri and Merilä 2013). Likewise, the low-
plated morphs (<10 plates; Hagen and Gilbertson 1972) that
often dominate in freshwater populations are homozygous
for the low-plated Eda allele, resulting in many freshwater
populations at or near fixation for the low-plated Eda allele
(Colosimo et al. 2005). Heterozygotes for Eda display either
complete or partial morphs (10–30 plates; Hagen and Gilbert-
son 1972) and are rare in both marine and freshwater envi-
ronments (Colosimo et al. 2004; Cresko et al. 2004). Eda is also
known to have pleiotropic effects and has been previously
linked to differences in shape, which could help explain why

lateral plate phenotype and shape vary together in freshwa-
ter adaptation (Albert et al. 2008; Barrett et al. 2009; Aguirre
and Bell 2012; Rogers et al. 2012). Multiple studies have found
the low-plated allele is present as standing genetic variation
at a frequency of ∼1% in marine populations off the coast of
British Columbia, Canada (Colosimo et al. 2005; Barrett et al.
2008; Morris et al. 2018). This standing genetic variation gives
populations the potential to rapidly adapt to new freshwa-
ter environments (Colosimo et al. 2005; Mäkinen et al. 2006)
and provides a clear link between genotype and phenotype
(Colosimo et al. 2004; Peichel and Marques 2017).

There exist, to our knowledge, only three described cases
of contemporary evolution in threespine stickleback, and
both the mechanisms responsible and the pace of evolu-
tion remain relatively poorly understood. In the first well-
documented case, a pond in Bergen, Norway, was discon-
nected from the ocean in 1960, resulting in the rapid isola-
tion of a population of marine stickleback from their pre-
vious marine habitat (Klepaker 1993). This population was
sampled for nine years and showed a progressive decrease
in complete morphs, reduction in spine length, change in
body form, and enlargement of the eyes over this time pe-
riod. Similarly, threespine stickleback in an Icelandic fjord
that was isolated from the ocean for a period of 12 years
exhibited a reduced number of lateral plates, shorter pelvic
spines, and variation in overall shape morphology compared
to nearby marine populations (Kristjánsson et al. 2002). In
Loberg Lake, Alaska, the stickleback population was wiped
out by rotenone poisoning in 1983 (Bell et al. 2004). The
lake was later recolonized by marine stickleback and annual
sampling from 1990 to 2001 revealed a shift in the popula-
tion from 96% complete morphs to 11% complete morphs
(Bell et al. 2004). Although these studies suggest that three-
spine stickleback rapidly respond to environmental changes
related to isolation in freshwater, more replicates, as well as
more comprehensive experiments and analyses, are needed
to support initial findings on the pace and progression of
adaptation observed early in the adaptive process. Hypothe-
ses around factors driving freshwater adaptation include se-
lection on osmoregulatory genes linked to Eda (Heuts 1947),
increased cost of plate production due to calcium limitation
in freshwater (Giles 1983), a juvenile growth advantage for
low morphs in freshwater leading to higher overwinter sur-
vival (Marchinko and Schluter 2007; Barrett et al. 2009), dif-
ferences in predation regimes (Reimchen 1992; Reimchen
2000; Leinonen et al. 2011b), and differences in swimming
ability (Reimchen 1992; Reimchen 1994; Bergstrom 2002).

Here we test a case of contemporary evolution in a recently
identified population of marine threespine stickleback that
has been isolated to Lost Lagoon, British Columbia, Canada,
for nearly 100 years. The population was isolated from the
surrounding ocean waters of Coal Harbour in 1916, and ma-
rine water input via pumps ceased in 1929 (Carl 1932). Since
this time, Lost Lagoon has become a freshwater environment.
We created genetic and phenotypic profiles of Lost Lagoon
fish and compared these to genetic and phenotypic profiles
of nearby marine and freshwater populations to test the hy-
pothesis that this system represents an example of contem-
porary evolution. We predicted that Lost Lagoon fish would
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be intermediate in both genetic and phenotypic terms when
compared to nearby marine and freshwater populations, in-
dicating short-term effects of adaptive change in response to
freshwater.

Methods

Study site
Lost Lagoon is located at the south entrance of Stanley

Park in Vancouver, British Columbia, Canada (49◦17′44.5′′N,
123◦8′25.3′′W). Originally, Lost Lagoon was a saltwater marsh
providing habitat for many marine organisms and was dis-
connected from the ocean when the causeway linking down-
town Vancouver and Stanley Park was built in 1916 (Carl
1932). The water in the lagoon became stagnant and initially
experienced large fluctuations in salinity. The combined ac-
tions of permanently shutting off pumps bringing saltwater
into Lost Lagoon in 1929 and the introduction of municipal
wastewater inflow in 1930 turned Lost Lagoon into a fresh-
water lake (Carl 1932). Freshwater is currently maintained
through a flap gate that allows outflow from Lost Lagoon
while preventing saltwater from entering the lagoon, as well
as input from groundwater, runoff from surrounding roads
and trails, and Ceperley Creek, which brings municipal wa-
ter supply into the lagoon. At the time of specimen collection
for this study (November 2017), the average salinity in Lost
Lagoon was 0.08 parts per trillion.

Specimen collection
Threespine stickleback (n = 64) were collected from

Lost Lagoon in November 2017 using minnow traps. The
sample from Lost Lagoon was compared genetically and
morphometrically to samples from nearby populations lo-
cated in Madeira Park, on the Sunshine Coast of British
Columbia, collected in 2015 (Barry 2019). Comparative popu-
lations include two marine populations, Bargain Bay Lagoon
(49◦36′48.6′′N, 124◦1′46.9′′W; n = 50) and Bargain Bay Nar-
rows (49◦36′59.9′′N, 124◦1′50.3′′W; n = 50), and two fresh-
water populations, Klein Lake (49◦43′45.1′′N, 123◦58′7.1′′W;
n = 50) and Hotel Lake (49◦38′24.3′′N, 124◦2′42.3′′W; n = 50;
Supplementary Fig. 1). The collection and euthanasia of all
specimens were carried out in accordance with the Canadian
Council for Animal Care and the University of Calgary Animal
Care Committee (AC13-0040, AC16-0059, and AC17-0050).

Sex and Eda genotyping

DNA was extracted from fin clips using a Qiagen DNeasy
Blood and Tissue kit, following the standard protocol. The al-
lozyme isocitrate dehydrogenase (Idh), linked to sex determina-
tion in threespine stickleback (Peichel et al. 2004), was am-
plified using a polymerase chain reaction (PCR) and resolved
on a 2% agarose gel run at 110 V for 30 min following reac-
tion conditions described elsewhere (Morris et al. 2018; Kozak
2021).

Extracted DNA was similarly used to genotype individuals
at the Eda locus. PCR was used to amplify stn382, a diagnos-
tic intel marker within intron one of Eda (Colosimo et al.

2005; Lucek et al. 2010; Le Rouzic et al. 2011), following reac-
tion conditions described elsewhere (Morris et al. 2018; Kozak
2021). PCR products were resolved on a 2% agarose gel run
at 110 V for 30 min. The complete-plated Eda allele has 218
base pairs at stn382, and the low-plated Eda allele has 158 base
pairs at stn382 (Lucek et al. 2010; Le Rouzic et al. 2011).

Morphometrics

The threespine stickleback underwent microcomputed to-
mography (μCT) scanning using a Scanco μCT35 instrument
(μCT35; Scanco Medical AG, Brütisellen, Switzerland) at a res-
olution of 20.00 μm (70 kVp, 114 μA, 20.5 mm field of view,
and 200 ms integration time). Raw images were imported into
the Amira 5.4 software package (FEI Visualization Sciences
Group, Burlington, Massachusetts, USA), where they were re-
constructed into meshes using the Isosurface tool (Hotel and
Klein Lakes: threshold 2800; Bargain Bay Lagoon, Bargain Bay
Narrows, and Lost Lagoon: threshold 3300).

For Lost Lagoon (n = 64, F = 24/M = 40), the plate morph
of each fish was scored as complete, partial, or low according
to Hagen and Gilbertson’s (1972) definition of lateral plate
morphs, and the number of plates on each side of the fish
was counted and averaged between both sides of the body. All
fish from Lost Lagoon, as well as a randomly selected subset
of the fish from all comparative populations (Barry 2019; Bar-
gain Bay Lagoon: n = 25, F = 9/M = 16, Bargain Bay Narrows:
n = 19, F = 1/M = 18, Hotel Lake: n = 25, F = 2/M = 23, Klein
Lake: n = 25, F = 19/M = 6), were then three-dimensionally
landmarked in Amira using a set of 134 landmarks placed in
the cranial and postcranial regions of each fish (Fig. 1).

Landmark coordinates were uploaded to RStudio, where
statistical analyses were conducted and plots were produced
using the packages geomorph v.4.0.3 (Baken et al. 2021;
Adams et al. 2022), RRPP v.1.2.3 (Collyer and Adams 2018;
Collyer and Adams 2021), and ggplot2 v. 3.3.5 (Wickham
2016). The following procedures were conducted on the Lost
Lagoon sample separately and then as part of a comparative
analysis including all described populations.

Landmark data were first standardized using a Procrustes
transformation to translate coordinates to the origin, scale to
size, and optimally rotate the landmark coordinates to con-
trol for variation arising from factors other than shape. A
principal component analysis (PCA) was then conducted to
visualize morphospace occupation and shapes for each pop-
ulation.

Procrustes-transformed coordinates were then subjected
to Procrustes multivariate analysis of variance (Collyer et
al. 2015). A series of linear models of increasing complex-
ity were constructed, each including size as a covariate, rep-
resented by landmark centroid size, and assessed to deter-
mine which model best fit the data. For the Lost Lagoon sam-
ple, the best-fit model was determined to be scores ∼log cen-
troid size + sex + eda. For the comparative analysis, the best-
fit model was determined to be scores ∼log centroid size ×
eda + sex. We note that Eda genotype and population are co-
linear, and therefore we did not include population as a factor
in the comparative analysis. Further, rather than conducting
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Fig. 1. Landmarks used to capture three-dimensional shape variation in threespine stickleback in (A) lateral, (B) ventral, and (C)
dorsal views. Landmarks 1–65 were collected bilaterally but are indicated on the left side here for clarity. Landmarks 66–69 are
single midline landmarks. 1, Anterior-most tip of the dentary; 2, anterior-most tip of premaxilla; 3, dorsal-most tip of maxilla; 4,
anterior corner of the ventrolateral process of the nasal; 5, dorsal corner of nasal-lateral ethmoid suture; 6, dorsal maximum of
lachrymal; 7, lachrymal-prefrontal suture on orbital margin; 8, anterior-most tip of articular; 9, ventral maximum of lachrymal;
10, dorsal-most tip of articular; 11, ventral-most tip of articular; 12, lachrymal-second suborbital suture; 13, anterior-most tip
of preoperculum; 14, dorsal-most tip of supraorbital; 15, ventral-most tip of sphenotic; 16, dorsal-most tip of third suborbital;
17, posterior minimum of third suborbital; 18, ventral-most tip of third suborbital; 19, anterior minimum of preoperculum; 20,
anterior dorsal-most tip of preoperculum; 21, posterior maximum of preoperculum along first ridge; 22, posterior dorsal-most
tip of preoperculum; 23, dorsal-most tip of interoperculum; 24, ventral maximum of peroperculum along second ridge; 25,
ventral-most tip of interoperculum; 26, dorsal-most tip of suboperculum; 27, ventral maximum of suboperculum; 28, posterior
tip of suboperculum; 29, dorsal-most tip of the operculum; 30, anterior maximum of the operculum; 31, anterior minimum
of the operculum; 32, ventral-most tip of the operculum; 33, posterodorsal tip of the operculum; 34, opercular hinge angle;
35, posterior tip of pterotic; 36, anterior tip of ectocoracoid; 37, posterior tip of ectocoracoid; 38, lateral anterior tip of pelvic
plate; 39, medial anterior extent of pelvic plate at suture; 40, minimum of pelvic plate at trochlear joint; 41, maximum of
pelvic process; 42, posterior tip of the pelvic process; 43, anterior minimum of the ascending process of the pelvic plate; 44,
anterodorsal maximum of the ascending process of the pelvic plate; 45, posterodorsal maximum of the ascending process of
the pelvic plate; 46, posteroventral maximum of the ascending process of pelvic plate at trochlear joint; 47, dorsal-most tip
of pelvic spine; 48, ventral-most tip of pelvic spine; 49, posterior tip of pelvic spine; 50, midline of plate 4 at lateral pores; 51,
ventral tip of plate 4; 52, midline of plate 5 at lateral pores; 53, ventral tip of plate 5; 54, midline of plate 6 at lateral pores;
55, midline of plate 7 at lateral pores; 56, posterior tip of the first basal plate; 57, ventral maximum of first basal plate; 58,
anterior tip of first basal plate; 59, joint insertion of the first dorsal spine; 60, anterolateral tip of the first dorsal spine; 61,
posterior tip of the second basal plate; 62, ventral maximum of the second basal plate; 63, anterior tip of the second basal
plate; 64, joint insertion of the second dorsal spine; 65, anterolateral tip of the second dorsal spine; 66, midline joint insertion
of the first dorsal spine; 67, posterior-most tip of the first dorsal spine; 68, midline joint insertion of the second dorsal spine;
69, posterior-most tip of the second dorsal spine.
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a second PCA following size standardization, we elected to
retain size and include it as a covariate in our linear models
to better characterize its nonuniform interactions with other
variables (see Results and Discussion for details).

Finally, a phenotypic trajectory analysis (Collyer and
Adams 2013) was conducted using the best-fit linear model
for the complete dataset to visualize the location of the Lost
Lagoon sample along the evolutionary trajectory represented
by the comparative groups, and p-values to determine the
presence of significant differences in path length, direction,
and shape were calculated using 1000 random permutations.

Pooled sequencing

The concentration of extracted DNA in each sample was
quantified twice using a Qubit 2.0 Fluorometer with a Qubit
dsDNA Broad Range Assay kit (Invitrogen), and the two read-
ings were averaged. DNA pools were created, containing
equal nanogram amounts of DNA from all individuals sam-
pled in each population. Once combined, the DNA pools were
quantified and subsequently diluted using extraction buffer
(AE buffer) from a Qiagen DNeasy Blood and Tissue kit to
3–6 ng/μL. Pooled DNA libraries were prepared by Genome
Quebec (Montreal, QC) using a TruSeq DNA LT Sample Prep
kit (Illumina, San Diego, CA, USA) and sequenced on one
Illumina HiSeq X Ten lane using 150 base pair paired-end
reads.

Sequences were trimmed to remove Truseq adapters and
low-quality reads using Trimmomatic v.036 (Bolger et al.
2014) and aligned to the unmasked 2015 threespine stickle-
back genome assembly (Glazer et al. 2015) using the Burrow–
Wheeler Aligner v.0.7.17 bwa-mem function (Li and Durbin
2009). Samtools v1.5 (Li et al. 2009) was then used to sort
the aligned reads by chromosome and remove reads where
only one mate mapped, and then duplicates were identi-
fied and removed using the Picard v2.17.3 function MarkDu-
plicates (http://broadinstitute.github.io/picard/). Samtools v1.5
was used to filter unpaired reads and reads with low-quality
mapping, and convert bam files to a mpileup where reads are
organized by chromosome position. The mpileup was then
rearranged into a msync file using the mpileup2sync.jar func-
tion in the Popoolation2 package (Kofler et al. 2011), as the
msync file provides a summary of allele counts at each posi-
tion per population that is required as input for downstream
analysis.

The pairwise neutral fixation index (FST), based on non-
genic single-nucleotide polymorphisms (SNPs), was calcu-
lated to provide a measure of neutral genetic divergence be-
tween each population. Although it is possible that nongenic
SNPs are linked to genes under selection, they serve as a
reasonable proxy of neutrality for conservative comparisons
(Lind et al. 2011; Glazer et al. 2015; Morris et al. 2018; Barry
2019). Gene coding regions were identified using the gene
file provided by Glazer et al. (2015) with the unmasked 2015
threespine stickleback genome assembly. These regions were
subsequently removed from the msync file to generate a file
including all presumed nongenic regions. The msync file con-
taining nongenic regions was moved to RStudio v. 2022.02.01

running R 4.1. (R Team 2020; R Team 2022). The function com-
pute.pairwiseFST in the R package Poolfstat v.2.0.0 (Hivert et al.
2018; Gautier et al. 2022) was used to call all SNPs in the non-
genic regions that had at least 15 reads per pool and a min-
imum allele frequency of 0.05 across all pools and calculate
neutral pairwise FST. Bioinformatic parameters and further
details can be found in the pipeline detailed in Kozak (2021),
based on that developed by Barry (2019) and Stanford (2019;
dx.doi.org/10.17504/protocols.io.e6nvwk372vmk/v1).

Results

Genotypes and phenotypes within Lost Lagoon

Eda genotypes, Idh genotypes, and plate
phenotypes

Eda genotyping indicated that of the 64 fish sampled from
Lost Lagoon, 20 (31.25%) were homozygous for the complete-
plated allele, 34 (53.13%) were heterozygous, and 10 (15.63%)
were homozygous for the low-plated allele. The Eda genotype
is typically reflected in the lateral plate morph phenotype,
and all three plate morphs were present in Lost Lagoon (Fig.
2). A few exceptions to the correspondence between Eda geno-
type and lateral plate phenotype were found, including one
individual heterozygous for Eda with a low morph phenotype
and three individuals homozygous for the complete-plated
allele with partial morph phenotypes. Additionally, four het-
erozygotes had complete morph phenotypes, which is con-
sistent with the expectation that heterozygotes may develop
into either partial morphs or complete morphs (Colosimo et
al. 2004; Cresko et al. 2004).

All homozygotes for the low-plated allele at Eda had 5–9
lateral plates per side with a mean of 6.80 ± 1.27 (Fig. 2).
Likewise, homozygotes for the complete-plated allele showed
limited variation from 30 to 33 plates per side, with the
exception of three individuals. These three individuals had
15, 16, and 17 lateral plates per side and were character-
ized as partial morphs rather than complete morphs. The
mean number of lateral plates per side in homozygotes for
the complete-plated allele was 31.44 ± 1.08 when the three
partial morphs were excluded and decreased to 29.07 ± 5.87
when included. Heterozygotes displayed a wider range, vary-
ing from 6 to 33 lateral plates per side, with an intermediate
mean of 20.19 ± 7.01. Idh genotyping indicated that of the
64 fish sampled from Lost Lagoon, 40 (62.5%) were male and
24 (38.5%) were female. The full range of variation in plate
morphs was seen in both males and females, ranging from 5
to 33 plates and 6 to 33 plates, respectively. The mean num-
ber of lateral plates per side was 21.26 ± 9.05 in males and
20.23 ± 10.26 in females.

Morphometric analysis

Centroid size, sex, and Eda contributed significantly to the
variation in shape within Lost Lagoon (Table 1). The first prin-
cipal component (PC1) explained 15.01% of the variance in
shape, while the second principal component (PC2) explained
12.35% of the variance in shape observed in threespine stick-
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Fig. 2. Plate counts for Lost Lagoon threespine sticklebacks. (A) Computed tomographic scans of (1) low-, (2) partial-, and (3)
completely-plated individuals from Lost Lagoon, in lateral view. (B) Summary of plate count in Lost Lagoon. Plate number = av-
erage number of plates per side for each individual. Count = number of individuals exhibiting the specified number of plates.
CC = homozygous for the complete-plated Eda allele; CL = heterozygous for Eda alleles; LL = homozygous for the low-plated
Eda allele.

Table 1. Analysis of variance in shape for Lost Lagoon stick-
leback.

Df SS MS F p

logSize 1 0.0184 0.0184 7.1951 0.0001

sex 1 0.0058 0.0058 2.2698 0.0030

eda 2 0.0072 0.0036 1.4098 0.0493

Residuals 59 0.1506 0.0026

Total 63 0.1822

Note: Df, degrees of freedom; eda, Eda genotype; F, F-statistic; logSize, natural
log of centroid size; MS, mean square; SS, sum of squares.

leback from Lost Lagoon (Fig. 3). No clustering patterns were
evident along either of these axes. Heterozygous individuals
occupied the greatest area of morphospace, with the majority
of homozygous individuals plotting inside the heterozygous
morphospace.

Shape variation along PC1 reflected minor differences in
body depth, head shape, eye size, subopercle size and shape,
position of the mouth, and the shape and size of the pelvic
girdle. The negative end of PC1 was associated with a deeper
body and blunter snout, whereas the positive end of PC1 was
associated with a shallower body and a more elongated head.
Subtle variation found along PC2 included head angle, subop-
ercle size and shape, distance between the most ventral point
of the articular bone and the maxilla, and distance from the
opercular region to lateral plate 4 (Fig. 3).

Genotypes and phenotypes of Lost Lagoon and
comparative populations

Frequency of Eda

The frequency of the low-plated Eda allele was 42.19% in
Lost Lagoon. This was much lower than samples from nearby
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Fig. 3. Principal component analysis of the Lost Lagoon threespine stickleback. Convex hulls indicate the morphospace occu-
pied by each sex. CC = homozygous for the complete-plated Eda allele; CL = heterozygous for Eda alleles; LL = homozygous
for the low-plated Eda allele; PC = principal component. Wireframe thumbnails illustrate shape deformation in superior (top)
and lateral (bottom) views at the extreme ends of each axis. Black lines indicate mean shape; grey lines indicate deformation.
Deformations are magnified 3× for clarity.

freshwater populations of Hotel Lake (100%) and Klein Lake
(98%) and much higher than samples from nearby marine
populations Bargain Bay Lagoon (1%) and Bargain Bay Nar-
rows (0%). Lost Lagoon was the only sample that contained
all three Eda genotypes (Fig. 4).

Pooled sequencing

Pairwise FST (Table 2), calculated using over four million
presumably non-genic SNPs to approximate neutrality, was
effectively zero between the marine populations Bargain Bay
Lagoon and Bargain Bay Narrows (0.0007). Pairwise FST was
much higher between Lost Lagoon and both marine popula-
tions (∼0.13), Bargain Bay Lagoon and Bargain Bay Narrows.
Freshwater Hotel and Klein Lake populations were even more
differentiated from marine populations (0.26–0.32). These
freshwater populations were also distinct from one another
(0.31) and from Lost Lagoon (0.26–0.29). Overall, Lost Lagoon
was more similar to the marine populations than the fresh-
water water populations; however, Lost Lagoon was much
more differentiated from both marine populations than the
marine populations were from one another (Table 2).

Morphometric analysis

Centroid size, Eda, and sex all contributed significantly to
differences in shape in the comparative sample containing
individuals from Bargain Bay Lagoon, Bargain Bay Narrows,
Hotel and Klein Lakes, and Lost Lagoon (Table 3). Addition-
ally, there was a significant interaction between size and Eda.
PCA conducted on Procrustes transformed landmark coordi-
nates from individuals from Bargain Bay Lagoon, Bargain Bay
Narrows, Hotel and Klein Lakes, and Lost Lagoon revealed
that PC1 explained 23.38% of the variance in shape and PC2
explained 14.08% of the variance in shape (Fig. 5a). Overall,
Lost Lagoon individuals clustered with marine individuals
from Bargain Bay Lagoon and Bargain Bay Narrows (samples
where the full plated allele was present with a frequency of
99%–100%) rather than with freshwater individuals from Ho-
tel and Klein Lakes (samples where the low plated allele was
present with a frequency of 98%–100%) despite the presence
of all three genotypes in Lost Lagoon and the locality’s con-
firmed freshwater status. Individuals from the two freshwa-
ter localities were highly differentiated in shape, while in-
dividuals from the two marine localities occupied the same
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Fig. 4. Eda genotype frequency in Lost Lagoon and comparative populations of threespine sticklebacks. CC = homozygous for
the complete-plated Eda allele; CL = heterozygous for Eda alleles; LL = homozygous for the low-plated Eda allele.

Table 2. Pairwise FST matrix for Lost Lagoon and comparative
populations of threespine stickleback.

Lost
Lagoon

Klein
Lake

Hotel
Lake

Bargain
Bay

Lagoon

Bargain
Bay

Narrows

Lost Lagoon 0 0.2934 0.2552 0.1255 0.1325

Klein Lake 0 0.3094 0.3120 0.3202

Hotel Lake 0 0.2634 0.2663

Bargain Bay
Lagoon

0 0.0007

Bargain Bay
Narrows

0

Table 3. Analysis of variance in shape for Lost Lagoon and
comparative populations of threespine stickleback.

Df SS MS F p

logSize 1 0.0286 0.0286 9.8080 0.0001

eda 2 0.01077 0.0054 1.8457 0.0026

Sex 1 0.0212 0.0212 7.2457 0.0001

logSize:eda 2 0.0116 0.0058 1.9879 0.0007

Residuals 151 0.4404 0.0029

Total 157 0.6432

Note: Df = degrees of freedom; eda = Eda genotype; F = F-statistic; logSize =
natural log of centroid size; MS = mean square; SS = sum of squares.

region of morphospace, which overlapped with that occupied
by Lost Lagoon individuals.

PC1 separated freshwater individuals from both Hotel and
Klein Lakes localities from Lost Lagoon and marine indi-
viduals (Fig. 5a). The negative end of PC1, where the fresh-

water individuals cluster, was associated with a shallower
body, smaller pelvic girdle, a thinner pelvic plate that ex-
tends further anteriorly, shorter pelvic spines, an elongated
head with a greater distance from the buccal region to the
opercular region, bigger eyes, larger articular bone, deeper
mouth, smaller basal plates, and a long and thin suboper-
cle bone, whereas the positive end of PC1 where the ma-
rine individuals along with Lost Lagoon cluster was associ-
ated with a deeper body, larger pelvic girdle, longer pelvic
spines, blunter snout with smaller distance from the buccal
region to the opercular region, smaller eyes, smaller articu-
lar bone, shallower mouth, larger basal plates, and a shorter,
thicker subopercle bone. Of note, individuals from Lost La-
goon displayed a range of body sizes that most closely re-
sembled the range found in the freshwater localities used
here for comparison (Fig. 5b), but Lost Lagoon individuals
clustered with the considerably larger marine individuals
along this axis, indicating that PC1, while likely contain-
ing elements of size, was not strictly a “size axis” and was
heavily influenced by genotype. This is discussed further
below.

The freshwater localities diverged substantially from each
other along PC2, as did the two marine localities from Lost La-
goon, although the latter distinction was less clear (Fig. 5a).
Variation along this axis was associated with differences in
size and shape of the pelvic girdle, angle of the head in com-
parison to the body, basal plate and dorsal spine size, lateral
plate size, and opercle and preopercle height. The negative
end of PC2, where Klein Lake and Lost Lagoon clustered, was
associated with a narrower and shorter pelvic girdle, thinner
and shorter pelvic spines, more pointed anterior tips on the
pelvic plate, a downturned head with less distance from the
buccal region to the opercle region, smaller basal plates and
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Fig. 5. (a) Principal components analysis of Lost Lagoon and comparative populations of marine (Bargain Bay Lagoon and
Narrows) and freshwater (Hotel and Klein Lakes) threespine stickleback. Convex hulls indicate morphospace occupied by each
locality. (b) Violin plot depicting the range of centroid sizes (natural log) found at each locality. CC = homozygous for complete-
plated Eda allele; CL = heterozygous for Eda alleles; LL = homozygous for low-plated Eda allele; PC = principal component.
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Fig. 6. Phenotypic trajectory analysis of Lost Lagoon and comparative populations of marine (Bargain Bay Lagoon and Nar-
rows) and freshwater (Hotel and Klein Lakes) threespine stickleback. Compared to Fig. 5a for population groupings, convex
hulls indicate morphospace occupied by the complete comparative group and Lost Lagoon. Open circles connected by paths
indicate trajectories within each cluster. CC = homozygous for complete-plated Eda allele; CL = heterozygous for Eda alleles;
LL = homozygous for low-plated Eda allele; PC = principal component.

dorsal spines, shorter lateral plates, a short and thick subop-
ercle, and shorter opercle and preopercle bones. The positive
end of PC2, where Hotel Lake, Bargain Bay Lagoon, and Bar-
gain Bay Narrows clustered, was associated with a wider and
taller pelvic girdle, wider and longer pelvic spines, a pelvic
plate that ends bluntly, a slightly upturned and elongated
head with more distance from the buccal region to the op-
ercular region, larger basal plates and dorsal spines, longer
lateral plates, a long and thin subopercle, and taller opercle
and preopercle bones.

Phenotypic trajectory analysis indicated a clear, near-linear
path between marine and freshwater genotypes in the com-
parative group, whereas the path inferred for Lost Lagoon
genotypes indicates a deviation from this comparative tra-
jectory (Fig. 6). Heterozygotes within the Lost Lagoon popula-
tion do not fall on the line between marine and freshwater
trajectory, indicating the presence of a phenotype in this sam-
ple that does not clearly represent an intermediate position
along the evolutionary pathway from a marine to a freshwa-
ter phenotype. Despite appearing to be quite different when
depicted graphically, the two trajectories calculated did not
differ in length (p = 0.0839), direction (p = 0.6106), or shape
(0.991), and we interpret these results with caution.

Discussion
Results of this study support the hypothesis that threespine

stickleback in Lost Lagoon have begun to undergo both ge-
netic and phenotypic changes characteristic of adaptation to
freshwater in the nearly 100 years since the population was
isolated. Our results support our prediction that Lost Lagoon
stickleback are genetically and phenotypically intermediate
but are following a parallel trajectory to that described by the
shape differences between marine and established freshwa-
ter groups. While our data do not allow us to exclude the pos-
sible confounding effects of environmental effects or genetic
drift on the phenotypes we observe, our results suggest that
the Lost Lagoon population has been captured in the midst
of this evolutionary transition.

All three Eda genotypes are present within the Lost Lagoon
threespine stickleback population, and these genotypes are
reflected in lateral plate morph as expected (Fig. 2; Colosimo
et al. 2004; Cresko et al. 2004; O’Brown et al. 2015; Peichel and
Marques 2017). The tight match between Eda genotypes and
lateral plate morphs provides further support for the well-
established claim that Eda acts as a large effect gene and ex-
plains greater than 75% of the variation in the number of
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lateral plates (Colosimo et al. 2004). O’Brown et al. (2015)
found that low-plated Eda alleles induce cis-acting regulatory
changes, resulting in lower levels of expression in developing
skeletal features such as lateral plates and spines compared
to the complete plated Eda allele. The difference in expression
proposed by O’Brown et al. (2015) provides a molecular mech-
anism that links Eda genotype and lateral plate morphs con-
sistent with what is observed across the Holarctic (Colosimo
et al. 2004; Cresko et al. 2004; Peichel and Marques 2017) and
mirrored in Lost Lagoon.

Previous studies have linked Eda to variation in body shape,
beyond lateral plate phenotype, through quantitative trait
locus analysis (Albert et al. 2008; Rogers et al. 2012). Our
results support this link in Lost Lagoon (Table 1). Although
Aguirre and Bell (2012) observed a significant association
between body shape and lateral plate morph, they noted
that the mean variation in body shape between morphs was
small and mostly associated with the size of bones. The di-
vergence of homozygous low-plated individuals along PC2
in this study (Fig. 3) provides support for previous studies
that suggest Eda has pleiotropic effects on shape (Albert et
al. 2008; Barrett et al. 2009; Rogers et al. 2012) and is consis-
tent with the observation that the number of lateral plates
and shape vary in the same direction during freshwater adap-
tation (Klepaker 1993; Bell and Foster 1994; Schluter et al.
2004; Bjærke et al. 2010; Aguirre and Bell 2012). Eda het-
erozygotes and complete-plated homozygotes diverge very
slightly in shape in the Lost Lagoon sample, and unsurpris-
ingly, heterozygotes occupy more morphospace, indicating
greater within-group variation.

When compared to nearby marine populations in Madeira
Park, threespine stickleback in Lost Lagoon appear to have be-
gun to adapt to freshwater conditions, supporting the main
hypothesis for this study. The first and most obvious indica-
tion of adaptation is that the frequency of the low-plated Eda
allele, and corresponding lateral plate phenotype, is much
higher in Lost Lagoon at 42.19% than in the neighbouring ma-
rine populations of Bargain Bay Lagoon and Bargain Bay Nar-
rows (Fig. 4). The low-plated Eda allele is absent in the sample
from Bargain Bay Narrows and present at a frequency of 1%
in Bargain Bay Lagoon (Morris et al. 2018), confirming that
the complete-plated allele dominates marine environments
off the coast of British Columbia, Canada. The presence of
the low-plated allele in Bargain Bay Lagoon supports previous
findings that the low-plated allele is present in marine popu-
lations as standing genetic variation (Colosimo et al. 2005;
Barrett and Schluter 2008; Morris et al. 2018). The lack of
low-plated Eda alleles in Bargain Bay Narrows is likely an ar-
tifact of the relatively small sample size (n = 50). Although
the frequency of the low-plated Eda allele in Lost Lagoon is
decidedly elevated compared to nearby marine populations,
it is not nearly as high as in nearby freshwater populations
in Madeira Park, Hotel and Klein Lakes, which were presum-
ably colonized following deglaciation thousands of years ago
(Fig. 4).

Pairwise FST, calculated using nongenic SNPs, provides fur-
ther support for the hypothesis that Lost Lagoon is in a tran-
sitional state, beginning to diverge from marine populations
but not yet as divergent as well-established freshwater pop-

ulations. Results indicate Lost Lagoon is much more genet-
ically differentiated from nearby marine populations than
marine populations are from one another, indicating Lost La-
goon has genetically diverged from its presumably ancestral
condition over the last ∼100 years (Table 2). However, Lost
Lagoon remains more genetically similar to marine popula-
tions than the established freshwater populations to which
it was compared (Table 2). Freshwater populations are as dif-
ferentiated from one another as they are from marine popu-
lations at neutral loci due to isolation. While these results do
not rule out the possibility that genetic differentiation in Lost
Lagoon is the result of gene flow between marine and fresh-
water populations, this is unlikely based on the geography of
the area. There are two potential seasonal inflows into Lost
Lagoon: Ceperley Creek, which does not connect to a natural
water reservoir but rather pumps municipal water into Lost
Lagoon; and Beaver Lake, which may occasionally overflow
in times of very high water levels. We have recently (2023)
confirmed the presence of G. aculeatus in Beaver Lake. Pas-
sive dispersal caused by human activities, either intention-
ally or unintentionally, is also possible, especially in such an
urban setting. Additionally, birds are commonly believed to
be capable of moving fish eggs, although the empirical evi-
dence for this phenomenon in stickleback is scant (Hirsch et
al. 2018). Nonetheless, freshwater stickleback may contribute
to the Lost Lagoon population.

Working with pooled data raises concerns about adequate
sample size for accurate FST estimates, as large sample sizes
have previously been viewed as essential. However, Willing
et al. (2012) found that very small sample sizes can obtain ac-
curate FST estimates when the number of genetic markers is
large in simulated data, and this result has since been repli-
cated in sequenced data (Nazareno et al. 2017). Using pooled
sequencing results and an appropriate FST estimator that con-
siders differences between pooled data and individual data
produces accurate results when compared to individual se-
quencing results (Gautier et al. 2013; Hivert et al. 2018). The
FST estimator in Poolfstat based on the analysis of variance
that was developed and tested by Hivert et al. (2018) is unbi-
ased and measures FST with accuracy when compared to re-
sults from individual sequencing as well as previous estima-
tors for pooled sequencing. Pairwise FST values calculated in
this study using Poolfstat with over four million SNPs can be
reasonably interpreted as accurate based on these findings.
Further analysis can be conducted to determine specific com-
ponents of the population structure.

The results of morphometric analyses comparing shape
among all individuals from all localities revealed significant
effects of size, sex, and Eda on body shape as well as an inter-
action between size and Eda (Table 3), confirming the pres-
ence of nonuniform effects of size on shape in these sam-
ples. In particular, individuals from Lost Lagoon display a
range of body sizes that most closely resemble those found
in the freshwater localities, but rather than clustering with
those localities as one would expect if PC1 were a “size com-
ponent”, instead Lost Lagoon individuals cluster with the
considerably larger marine individuals along this axis. This
indicates that PC1 is relatively more heavily influenced by
Eda genotype than size (Fig. 5). Divergence of marine and
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freshwater body shape in individuals from Madeira Park sup-
ports many previous studies that found parallel evolution
in body shape varies in the same direction as lateral plate
phenotype (Klepaker 1993; Bell and Foster 1994; Bell 2001;
Schluter et al. 2004; Bjærke et al. 2010; Aguirre and Bell 2012).

Interestingly, Lost Lagoon stickleback resemble marine in-
dividuals in overall body shape, regardless of Eda genotype
and corresponding lateral plate phenotype, despite their rel-
atively smaller size. This suggests that Lost Lagoon stickle-
back are more similar in shape to marine populations char-
acterized by a deeper body, a larger pelvic girdle, larger dorsal
plates, a shorter head and blunter snout, and larger eyes (Fig.
5). Lost Lagoon stickleback diverge at least partially from ma-
rine populations genetically and in lateral plate phenotype,
yet they cluster with marine populations along the main
axis of variation in shape. Interestingly, phenotypic trajectory
analysis does not indicate that the shape trajectory calculated
for Lost Lagoon differs from that calculated for the compar-
ison group, despite the presence of a relatively highly vari-
able intermediate phenotype that clusters separately from
most other individuals in the comparison group (Fig. 6). One
possible explanation for this discrepancy is that the pace of
adaptation differs between different phenotypic characteris-
tics. Schluter et al. (2004) proposed that parallel evolution of
the lateral plate phenotype relies on only a few genes with
large effects, namely Eda, whereas parallel evolution of body
shape relies on many genes with smaller effects. The results
we report here support this hypothesis, although we note
that our failure to observe significant differences in trajec-
tory features is not a direct test of the similarity of these tra-
jectories.

Lost Lagoon individuals cluster apart from marine individ-
uals slightly along the second principal component. Individ-
uals at either end of this axis vary in bone size, with Lost
Lagoon stickleback trending towards exhibiting a smaller
pelvic girdle and smaller dorsal plates (Fig. 5). However,
this axis of variation may also be associated with sex. Male-
dominated samples from Bargain Bay Narrows, Hotel Lake,
and, to some extent, Bargain Bay Lagoon cluster at the posi-
tive end, while our female-dominated Klein Lake sample clus-
ters near the negative end of the axis. Divergence of males
towards the positive end and females towards the negative
end of this axis also occurs within groups, except for Lost La-
goon, where males and females are interspersed. The most
striking occurrence is in Hotel Lake, where the only two fe-
males present greatly diverge from the rest of the population.
This divergence suggests that this axis of variation may be
capturing variation that is partly driven by sex. Several pre-
vious studies have observed sexually mediated variation in
morphological traits in stickleback (e.g., Aguirre et al. 2008;
Aguirre and Akinpelu 2010; Leinonen et al. 2011a; Kitano et
al. 2012), including between individuals from the compar-
ative localities described here (Schutz et al. 2022). Interest-
ingly, while there is a significant effect of sex on shape in Lost
Lagoon (Table 1), the nature of this variation is not clearly cap-
tured along either of the two largest principal components of
variation within this group (Fig. 3). Sexually mediated vari-
ation in stickleback is known to vary in expression across
habitats (Spoljaric and Reimchen 2008) and may be obscured

by habitat-associated differences in body shape (Schutz et
al. 2022). In the Lost Lagoon population documented here,
which is in the process of adapting to fresh water, changing
Eda allele frequencies are likely driving gradual body shape
change that is obscuring the nature of any sexually mediated
variation in body shape within the Lost Lagoon sample. We
also note that single-locus sex determination may be less reli-
able than a multi-locus approach (Toli et al. 2016), and while
sexual dimorphism is not a central focus of this work, deter-
mining the relationship between sex and Eda may require a
more complex consideration of sex determination.

Our results provide an interesting comparison to the three
other well-documented examples of contemporary evolution
in stickleback described above (Klepaker 1993; Kristjánsson
et al. 2002; Bell et al. 2004). The time scale in these three
cases is much shorter than in the present case, ranging from a
maximum of ∼40 years in the Norwegian example (Klepaker
1993) to ∼12 years in the Icelandic example (Kristjánsson et
al. 2002) to less than ten years in the Alaskan example (Bell
et al. 2004). However, in all of these cases, the decline in low-
plated morphs was much more pronounced than what we
report here, indicating that the pace of evolution in different
genetic and environmental contexts may be quite different.
While we do not have the data to test the hypothesis about
pace in the present study, this discrepancy suggests that fur-
ther characterization of the evolutionary context will be im-
portant as we seek to further understand adaptive change in
sticklebacks. We also note that these differences reinforce the
caveat we raised earlier in the Discussion, namely that our
data do not allow us to exclude the influence of either drift
or environmental effects on the phenotypes we observe.

Taken together, the results of this study indicate that Lost
Lagoon stickleback appear to be in the process of adapting
both genetically and phenotypically to a freshwater environ-
ment, likely following the same parallel evolutionary trajec-
tory that is understood to be common among transitioning
stickleback in Eastern Pacific habitats, and our data reflect
a snapshot of this transition at an intermediate point. We
demonstrate, for the first time, the direct effects of chang-
ing Eda frequency on the lateral plate phenotype, provid-
ing an example of the genetic basis for parallel evolution
on a contemporary timescale. In this example, the frequency
of Eda genotypes and lateral plate phenotypes is not con-
sistent with those that are characteristic of either marine
or fully freshwater populations. Further, although Lost La-
goon is genetically distinct from nearby marine populations,
these fish still more closely resemble those marine popula-
tions in overall body shape relative to either freshwater com-
parator, despite occupying a unique area of morphospace
relative to the comparative populations studied here, sug-
gesting an intermediate phenotype along this evolutionary
trajectory. Eda frequency and lateral plate phenotype, as as-
sessed in this study, seem to be changing faster than body
shape in response to freshwater conditions, suggesting that
future work might consider that the pace of adaptation dif-
fers across traits in response to the same environmental con-
ditions in this system. Few stickleback populations have been
identified in nature where all three Eda genotypes and corre-
sponding lateral plate morphs are present at reasonably high
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frequencies. In those that have been identified, polymor-
phism is typically maintained by a balance between selection
and gene flow (Raeymaekers et al. 2014) or disruptive natural
selection (Marchinko et al. 2014). While these populations
may be useful in testing for differences between Eda geno-
types in a specific habitat, gene flow complicates the interpre-
tation of results because individuals with different Eda geno-
types do not necessarily have a shared genetic background, as
some may be recent migrants. The presence of all three Eda
genotypes in an isolated population in Lost Lagoon makes it
an ideal population to test hypotheses for adaptation because
of the natural presence of variation in Eda on a shared genetic
background without gene flow. The results presented in this
study support the findings of previous studies demonstrat-
ing contemporary evolution in stickleback (Klepaker 1993;
Kristjánsson et al. 2002; Bell et al. 2004), and our results fur-
ther bolster the case for G. aculeatus as a key model to in-
vestigate the strength and temporal dynamics of selection
(Kingsolver et al. 2001; Siepielski et al. 2009). Future stud-
ies of this population should include repeated sampling over
multiple years to determine the rate of evolutionary change
in this population (Lande and Arnold 1983; Hendry and Kin-
nison 1999; Sanderson et al. 2022) to better compare with
other known examples of contemporary evolution, includ-
ing such systems as the Lake Malawi cichlids (Streelman et
al. 2004), saltmarsh beetles (Van Belleghem et al. 2018), He-
liconius butterflies (Reed et al. 2011), and others, which are
powerful models to understand such evolutionary processes
in detail.
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