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ABSTRACT: In recent decades, numerous observations have been
made of evolution induced by anthropogenic change in natural
populations. Evolution in response to harvest, climate change, pollu-
tion, landscape change, and introduced invasive species are common.
Here, we provide evidence for evolution in a new context by docu-
menting a large increase in the frequency of defensive pelvic spines
in two unusual threespine stickleback (Gasterosteus aculeatus) popu-
lations previously shown to mostly lack such structures. These popu-
lations, in Parc national du Lac-Témiscouata, Québec, Canada, were
historically free of predatory fish and consisted nearly entirely of pelvic-
spineless stickleback. This phenotypic change coincided with the stock-
ing of the lakes with brook trout (Salvelinus fontinalis), a stickleback
predator, and the introductions of other species used by anglers as
live bait. The rapid evolutionary change toward a more defensive
morph in the populations should prompt increased caution regarding
the effects of management practices on native species.

Keywords: contemporary evolution, local adaptation, fisheries, stock-
ing, stickleback, brook trout.

Introduction

In threespine stickleback fish (Gasterosteus aculeatus), a
model species in ecology and evolutionary biology, pelvic
spines typically reduce mortality caused by gape-limited
predators, including salmonids (Hoogland et al. 1957; Re-
imchen 1991; Reimchen and Nosil 2002). Populations with
frequent pelvic reduction, including spine loss, are unusual
globally and extremely rare in the Atlantic drainage of North
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America, where they are known to occur in only two loca-
tions: Narrows Pond, Newfoundland (Scott et al. 2023),
and two of more than a dozen permanent lakes (contrasted
with the numerous but temporary beaver ponds) in Parc
national du Lac Témiscouata (PNLT)—a provincial park
in the Bas-Saint-Laurent region of Québec (fig. S1; figs. S1,
S2 are available online). In 1980-1981, the vast majority of
sticklebacks in Lac Croche and Lac Rond in PNLT lacked
pelvic spines (Edge and Coad 1983; Bell 1987). The PNLT
lakes and Narrows Pond both have environmental condi-
tions that differ considerably from other regions where
reduced-pelvis phenotypes are present, which typically have
low calcium concentrations and low levels of predation (Bell
et al. 1993; Klepaker et al. 2013). The PNLT lakes and Nar-
rows Pond both have calcium-rich geology, and Narrows
Pond also has abundant native brook trout (Salvelinus
fontinalis), a gape-limited predator (Ministere du Dévelop-
pement durable de 'Environnement et des Parcs 2008; Scott
etal. 2023). Additionally, Edge and Coad (1983) found that a
large majority of the PNLT sticklebacks have the “partial”
lateral plate morph, which is extremely unusual in combina-
tion with pelvic spine loss (Klepaker et al. 2013).
Adaptations of native species to selection imposed by
introduced populations are widespread in freshwater
systems (Taylor et al. 2006; Fisk et al. 2007; Kitano et al.
2008; Sharpe et al. 2012) and can have extensive impacts
on ecosystem integrity and functioning (Townsend 1996;
Cucherousset and Olden 2011). In lakes and streams, such
introduced populations often arrive by inadvertent trans-
port (Lawrie 1970; Bussman and Burkhardt-Holm 2020),
through escape/release from aquaria or aquaculture facilities
(Courtenay 1990), as baitfish used by anglers (McEachran
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et al. 2022), or through stocking programs (McDowall 1994;
Sandlund et al. 2019). Native “nongame” species that are
not widely valued as targets for fishing have historically been
ignored, considered a nuisance by anglers, or even deliber-
ately exterminated by fisheries managers (Rypel et al. 2021).
As a consequence, some strategies commonly employed for
the management of “game” species are detrimental to na-
tive populations of species with less direct economic value.
Within the brook trout’s range in eastern North America,
for example, introductions into previously trout-free habitats
have even been encouraged for conservation (Habera and
Moore 2005) or increased production (Kirn 2018; Clancy
et al. 2020). Through permitting stocking to such habitats,
inappropriate management practices pose a threat to locally
adapted and sometimes highly specialized populations.

Between 1973 and 1991, the two PNLT lakes previously
documented to contain nearly spine-free stickleback popu-
lations were stocked with brook trout (fig. S2). Within a
few years, the native sticklebacks had become important
prey items of the introduced trout (Edge and Coad 1983)
and have remained so well beyond the cessation of stocking
(Burman-Plourde 2014; Paquet-Walsh 2014; Lavigne 2015).
With new samples collected from 2021 to 2023, we show
that in the years since the stocking, the frequency of com-
plete pelvises with defensive spines has increased dramati-
cally in these previously spineless populations. We also doc-
ument two additional threespine stickleback populations
within the park’s Sutherland Creek watershed that have
likely adapted in response to brook trout.

Methods
The Study Organism

The threespine stickleback populations in Lac Rond and
Lac Croche, the lakes we will focus on within PNLT, have
been cited as part of the justification for the park’s creation
(Ministere du Développement durable de 'Environnement
et des Parcs 2008) because of their unusual phenotypes. Al-
though the species is fairly common in eastern Canada and
the northeastern United States, these particular popula-
tions are noteworthy because they exhibited reduced pel-
vises with missing spines when surveyed in 1980-1981
by Edge and Coad (1983). Mutations resulting in pelvic re-
duction typically occur de novo in freshwater populations
rather than being transported from the marine environ-
ment via anadromy (Xie et al. 2019), so it is probable that
pelvic reduction is derived from mutations that occurred
within this system.

In addition to having two pelvic spines, stickleback typ-
ically have a series of bony lateral plates that serve as a de-
fense against predation. These series of plates are commonly
assigned to three different morphs: complete, partial, and
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low. The complete morph is characterized by a continuous
series of plates that extend from the operculum to the cau-
dal peduncle (fig. 1). The low morph lacks the caudal keel
and most of the plate series. In the intermediate partial
morph, the series of plates is broken, leaving a gap between
the trunk and the caudal keel. Populations in which partial
plate morphs are in the majority are extremely unusual be-
cause these individuals are typically produced by heterozy-
gosity at the EDA (ectodysplasin) gene, along with minor
alleles at other loci related to EDA, whereas homozygotes
are typically complete or low morphs (Colosimo et al. 2004;
Colosimo et al. 2005; Laurentino et al. 2022). However,
in Lac Croche and Lac Rond, partially plated individuals
were in the majority (>90%), without any low-plated indi-
viduals and few completely plated individuals, when sur-
veyed in 1980-1981 (Edge and Coad 1983). This unusual
frequency of partial morphs is therefore another character-
istic of interest in the Lac Rond and Lac Croche popula-
tions (Klepaker et al. 2013). Because some individuals have
asymmetric lateral plate series in PNLT lakes, we also re-
corded a fourth intermediate “asymmetric complete” cate-
gory for individuals with a complete plate series on one
side and a partial one on the other.

Site Description and History

PNLT is located in the Bas-Saint-Laurent region of east-
ern Québec, lying within the northernmost portion of the
St. John River watershed. Most PNLT lakes are situated
in the Cabano-Squatec syncline, a largely calcareous basin
to the north and east of the western portion of Lac Témis-
couata, which contains the entire Sutherland Creek water-
shed (fig. S1; table S1, available online; Lespérance and
Greiner 1969; Tessier 2008). Here, we focus in particular on
two lakes within the watershed, Lac Rond and Lac Croche,
from which collections of threespine stickleback were made
in 1980 and 1981 by Edge and Coad (1983), who identified
only three fish species in these lakes: threespine stickleback,
brook trout (a recent introduction; see below), and fathead
minnows (Pimephales promelas; Lac Rond only). The two
focal lakes are separated by a series of waterfalls from migra-
tions upstream from the much more speciose Lac Témis-
couata (fig. S1). Because Lac Croche sits higher in the basin
and is separated from Lac Rond by another small lake (Lac
a Foin) followed by a small cascade, downstream migration
of fish from Lac Croche to Lac Rond is likely, but the re-
verse is much less so.

Although all three fish species identified by Edge and
Coad (1983) are within their native ranges in PNLT, brook
trout had been absent until their introduction was made
possible by the construction of logging roads in what would
become the park (Tessier 2008). The two focal lakes, Lac
Rond and Lac Croche, were first stocked with brook trout
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Figure 1: Complete (C) and partial (P) plate morphs. Shown are two threespine stickleback specimens that have been stained with alizarin
to highlight bony structures. The gap between the continuous lateral plates and the caudal keel is highlighted on the fish with the partial
plate morph. Rulers on the photographs indicate length in centimeters. Both specimens have complete pelvises. Photograph by Sarah Song.

in 1973 and 1974, respectively. Lac a Foin (fig. S1) was also
stocked with smaller numbers of brook trout in 1967 and
1968 (fig. S2). Prior to the 1967 stocking of Lac a Foin,
no brook trout were present within the Sutherland Creek
watershed (Tessier 2008). Emigration from Lac a Foin to
both Lac Croche and Lac Rond is possible, and judging by
the Edge and Coad (1983) sample size of 75 individuals,
trout populations were well established by the time of sam-
pling in 1980 and 1981. Despite the stocking program end-
ing in 1991, thriving populations of the introduced trout
persisted more than two decades later, with individuals

commonly reaching sizes of more than 30 cm (Paquet-Walsh
2014; Lavigne 2015). Stickleback are major prey items of
the brook trout in these lakes and make up a larger propor-
tion of the diets of larger fish (Burman-Plourde 2014; La-
vigne 2015). At least two other fish species have become es-
tablished in Lac Rond and Lac Croche: northern redbelly
dace (Chrosomus eos) and creek chub (Semotilus atroma-
culatus). Both of these species had become common by
2014 (Paquet-Walsh 2014; Lavigne 2015), likely before
the park’s establishment in 2009, as both species were fre-
quently used as live bait by recreational anglers in Québec



(Scott and Crossman 1973). Neither creek chubs nor dace
are expected to commonly prey on stickleback, although
both might act as competitors, and some evidence suggests
that large chubs may consume stickleback.

Field and Laboratory Methods

Between 2021 and 2023 we captured stickleback using
unbaited Gee-style minnow traps set at numerous sites
throughout PNLT (table S1), focusing on Lac Rond and
Lac Croche but also including other potential stickleback
habitats in the park. We measured basic water-quality var-
iables using a YSI sonde (ProQuatro multiparameter me-
ter; Yellow Springs Inc., Yellow Springs, Ohio) at many of
the sites where minnow traps were set. Captured stickleback
were euthanized using a clove oil solution, then preserved in
95% ethanol.

For two reasons, pelvic spine counts (zero, one, or two)
were used for analysis rather than the pelvic scores of Bell
etal. (1993), which are more common in recent work. First,
the pelvic score was introduced and became a standard way
to describe pelvic reduction only after Edge and Coad (1983)
was published, and the descriptions of pelvic phenotypes
they used can only be directly mapped onto pelvic scores
in some cases. Use of pelvic scores would therefore have
prevented us from conducting statistical analyses comparing
older data to modern specimens. Second, the number and
length of pelvic spines is presumably the target of selection
imposed by gape-limited predators. As a consequence, re-
duction of the pelvis beyond the loss of spines is not directly
relevant to the vulnerability to predation by trout.

We recorded lateral plate morphs described above as
follows: complete (C)—a full series with no gaps greater
than the width of two plates; asymmetric complete (Ce)—a
complete series on one side but gaps at least three plates
wide on the other; partial (P)—a series of plates with ante-
rior plates and a caudal keel but a gap at least three plates
wide between them; or low (L)—anterior plates only.

Finally, we compared the current stickleback defensive
trait phenotypes in Lac Rond and Lac Croche to those
recorded in 1980-1981 by Edge and Coad (1983) and in
2010 by LaCasse and Aubin-Horth (2012). We conducted
Wilcoxon rank-sum tests to compare pelvic spine pheno-
types between the 1980-1981 samples and the 2021-2023
samples to determine whether the populations changed mor-
phologically in the decades following brook trout stock-
ing. In the LaCasse and Aubin-Horth (2012) dataset, one-
spined and two-spined individuals were not recorded as
separate categories, so these data are excluded from our
statistical analyses and are instead evaluated qualitatively.
The plate morphs of the 1980-1981 specimens were not
described in sufficient detail by Edge and Coad (1983) to
allow comparisons using the Wilcoxon rank-sum test.
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To assess whether the available sample sizes were suffi-
cient to detect change, we also performed one-sided exact
binomial tests of spine and plate morphs. These tests used
the proportions of spineless and partially plated fish in
the 1980-1981 samples as population proportions, and be-
cause the plate morphs of the populations were not re-
ported separately by Edge and Coad (1983), we used their
pooled minimum P morph frequency of 90% for both
lakes. LaCasse and Aubin-Horth (2012) also used plate
number to differentiate plate morphs—with <10 plates
as low, 10-30 plates as partial, and >30 plates as complete
morphs—which would have resulted in similar classifica-
tion outcomes as our method if our C and Ce fish were
grouped together. Statistical tests were performed as im-
plemented in the stats R package (ver. 4.5.1; R Core Team
2025).

Results
Pelvic Spines

Frequencies of the reduced-pelvis phenotypes decreased
significantly between the early 1980s and the early 2020s
in both of our focal lakes (table 1; fig. 2; Croche: W = 96,
P <.001; Rond: W = 129, P <.001). Although substan-
tial phenotypic change has occurred in the Lac Rond and
Lac Croche stickleback populations, a small number of
stickleback at these sites still had reduced pelvises in the
early 2020s—as was common historically (table 1). Exact
binomial tests showed that the 2021-2023 sample sizes
were sufficient to detect differences from 1980-1981 pop-
ulation proportions in frequencies of fish lacking pelvic
spines for both lakes (Croche: n = 71, P < .001, 95% con-
fidence interval [CI] = 0t00.106; Rond:n = 9, P < .001,
95% CI = 0t00.655). A majority of the specimens col-
lected from Lac Rond by LaCasse and Aubin-Horth
(2012) in 2010 were spineless, consistent with increasingly
frequent complete pelvises.

In our sampling efforts, we captured threespine stick-
leback at five sites: Lac Croche, Lac Rond, Lac a Fion, Lac
Témiscouata, and a large shallow pond downstream of
Lac Rond informally referred to as Lac Sutherland (fig. S1).
No earlier stickleback samples from Lac a Foin (the site
of the earliest stocking) have been reported, but all 19 indi-
viduals collected between 2021 and 2023 have two pelvic
spines. One of the seven stickleback collected from Lac
Témiscouata had no pelvic spines. One of three specimens
collected in Lac Sutherland had a reduced pelvis with one
spine. We did not directly measure aqueous calcium concen-
trations, but low aqueous calcium concentrations are associ-
ated with low or very high pH (Weyhenmeyer et al. 2019),
and at all sites with stickleback we recorded pH values be-
tween 7.07 and 8.20 (table S1). This is further evidence that
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Table 1: Counts of specimens from Lac Rond and Lac Croche by defensive trait phenotypes

Plate morphs

Spine counts

Lake, year P Ce C Total 0 1 2 Total
Lac Rond:
1980-1981 79 3 82
2010* 28 28 17 n.r. 11* 28
2021-2023 7 A 1 8 3 1 5 9
Lac Croche:
1980-1981 36 1 1 38
2021-2023 25 6 39 70 3 2 66 71

Note: Plate morphs are as follows: P = partial; Ce = complete but asymmetric; C = complete. Spine counts refer to pelvic spines only. n.r. = not reported

in source publication.

* See the results section for an explanation of differences in data classification between the current study and LaCasse and Aubin-Horth (2012). Individuals

not reported as spineless are reported here as having two spines.

adaptation to low calcium is not likely to be responsible
for historical pelvic reduction in these populations.

Plate Morphs

Edge and Coad (1983) did not report plate morph data sep-
arately for each lake but found that >90% of stickleback
in Lacs Croche and Rond had the partial plate morph. As-
suming that their 1980-1981 sample was representative

of both populations, the available data from these lakes
suggests that the frequency of C (complete) or Ce (com-
plete asymmetric) fish has remained low in Lac Rond but
increased substantially in Lac Croche since 1980-1981
(P plate morph: n = 70, P <.001, 95% CI = 0to 0.462;
fig. 2). The proportion of partially plated fish in our Lac
Rond sample was not statistically different from the fre-
quency present in the earlier sample, and the exact bino-
mial test results suggest that a much larger sample would

Figure 2: Defensive trait phenotypes. A, Pelvic spine counts in the Lac Croche and Lac Rond threespine stickleback samples collected in
1980-1981 (Edge and Coad 1983) and those collected for the present study between 2021 and 2023. B, Frequencies of plate morphs in Parc
national du Lac Témiscouata lakes with threespine stickleback. “C” indicates a complete plate morph, “Ce” indicates an asymmetric com-
plete morph, and “P” indicates a partial plate morph. In both panels, the numbers to the right of the bars indicate sample sizes.



have been required to detect any differences (n = 8,
P = 570, 95% CI = 0t00.994), if present.

LaCasse and Aubin-Horth (2012) found that 100% of
Lac Rond sticklebacks had the partial plate morph in their
specimens collected in 2010 (but see differences in classifi-
cation methods above), whereas we found that seven of
eight fish in our Lac Rond sample had the P morph, with
one C morph. Although both the P and C plate morphs
have been found at all sites with threespine stickleback,
no low-plated individuals have ever been found in any
sampling of these lakes.

In their descriptions and illustrations of pelvic reduc-
tion, Edge and Coad (1983) and Bell (1987) noted substan-
tial asymmetry in pelvic reduction but did not remark on
asymmetry of the lateral plates. We found nine Ce morph
individuals in our data, along with plate asymmetry within
the other morph categories. Furthermore, although they
were not measured for this study, lateral plates closer to
the keel in all upstream populations appeared reduced in
size compared with the plates of fish from Lac Témis-
couata, where defensive traits were more robust, a point
also remarked on by Edge and Coad (1983).

Discussion

In PNLT, deliberate stocking of brook trout began in the
1960s and appears to have prompted the rapid evolution
of elevated pelvic spine frequencies in at least two—and
possibly several more—threespine stickleback populations
in a previously isolated catchment. Prior to brook trout
stocking, these stickleback populations were extremely un-
usual for both their historical pelvic reduction and their
high frequencies of partial plate morphs, which have also
declined in one population.

The Cabano-Squatec syncline includes at least four pop-
ulations of threespine stickleback, a model species in ecol-
ogy and evolutionary biology. In the two populations that
have been studied previously, frequencies of pelvic spine
loss have declined rapidly since shortly after the introduc-
tion of brook trout, resulting in stickleback with more ro-
bust defenses against predation. In another lake (Lac a
Foin), which in 1967 became the first to be stocked with
brook trout in this watershed, stickleback possess complete
pelvises including both spines, but no historical documen-
tation exists of pelvic phenotypes before the introduction
of trout for this lake. It is likely that the historical popula-
tion in Lac a Foin also had reduced pelvises, but this cannot
be confirmed with the evidence available at present. Addi-
tionally, the C lateral plate morph appears to have in-
creased in frequency in Lac Croche. The L plate morph is
absent from these lakes, which is consistent with the broad
geographical pattern of phenotypes in eastern North Amer-
ica (Haines 2022). However, the absence of the L plate
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morph in populations adapted to freshwater is unusual
globally due to selection against complete plating in low sa-
linity (Marchinko and Schluter 2007) and is difficult to rec-
oncile with the presence of the P morph, given the known
genetic influences on this trait (Colosimo et al. 2004; Colo-
simo et al. 2005; Laurentino et al. 2022).

Historically, these lakes have had species-poor fish com-
munities, including only threespine stickleback and fat-
head minnows. Reduced pelvises are typically only found
in habitats where they are not selected against by gape-
limited predators, particularly salmonids (Bell et al. 1993).
It is therefore probable that the shift away from reduced-
pelvis phenotypes was an adaptation to predation by the
stocked brook trout populations and that low levels of
reduced-pelvis phenotypes in Lac Témiscouata are likely
maintained by asymmetric gene flow (as suggested by a sin-
gle specimen in our sample).

Only one other reduced-pelvis population, Narrows
Pond in Newfoundland, is known within the threespine
stickleback’s range in eastern North America (Scott et al.
2023). The more extensive reduction of the pelvis for
stickleback in Narrows Pond, which results in complete
absence of the pelvic girdle in the majority of individu-
als, likely points to different genetic bases for pelvic reduc-
tion in these two locations (Edge and Coad 1983; Scott et al.
2023). The fragility and resulting high mutation rate of the
main genetic region responsible for pelvic reduction in
stickleback means that for this trait, separate de novo mu-
tations in the PNLT lakes and Narrows Pond are more
probable than a mutation derived from a common marine
ancestor (Schluter and Conte 2009; Xie et al. 2019).

The establishment of self-sustaining brook trout pop-
ulations in at least Lac Rond and Lac Croche, as well as sub-
sequent responses of stickleback antipredator morphology,
illustrates the evolutionary hazards of stocking programs
to native fish communities. This supports previous work
showing stocking-induced changes to native fish commu-
nities, including local extirpations of some species (Patan-
kar et al. 2006), extirpation of native locally adapted morphs
of the stocked species (Wilson 2021), and shifts in prey
community composition (Parker et al. 2001) that can also
induce an eco-evolutionary feedback on the stocked popu-
lation (Combrink et al. 2023). Awareness of the impor-
tance of local adaptation in populations of native species
has begun to be reflected in policies around stocking (Cowx
etal. 2012; Maine 12 M.R.S. §12461 2013; United States of
America 16 USC §90(c)(3) 2014). Still, although stocking
regulations increasingly restrict the introduction of non-
native species functionally if not explicitly (Pennsylvania
58 Pa. §71a.5 2024; Vermont 10 V.S.A. §4605 2024; DEC
2025), they rarely protect native fish populations from
stocking of regionally “native” species that were previously
absent from specific waters. Stocking programs similar to
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those once carried out in PNLT are no longer possible in
Québec, as its stocking guidelines provide a rare warning
about the hazards to native populations, largely due to
the extirpations of some populations in Gatineau Park
(Chapleau et al. 1997; Ministeére des Ressources Naturelles
et de la Faune 2008) However, the dramatic changes in re-
sponse to stocking that we have documented in these
unique threespine stickleback populations should prompt
freshwater fisheries managers and regulators in other juris-
dictions to evaluate the rationale, necessity, and possible
consequences of existing stocking programs and new pro-
grams under consideration, even for species native to the
region.
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