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Ecological predictions lead to the discovery of a
benthic-limnetic sympatric species pair of
threespine stickleback in Little Quarry Lake,
British Columbia

J.L. Gow, S.M. Rogers, M. Jackson, and D. Schluter

Abstract: Sympatric species pairs of benthic and limnetic threespine stickleback (Gasterosteus aculeatus L., 1758 com-
plex) are an important example of the role of ecology in speciation in nature. Four endemic pairs are known and each ap-
pears to have diverged independently as a consequence of adaptation to alternative environments. Using specific
ecological and physical attributes hypothesized to be important to their evolution, we focused a search for further species
pairs. Now, two decades after the last discovery, we describe another benthic-limnetic species pair from Little Quarry
Lake on Nelson Island, British Columbia, Canada. Bimodality of genetic admixture values provides evidence of strong re-
productive isolation between two morphological and genetic clusters, supporting the existence of a sympatric species pair
within this lake. Close correspondence in shape to extant benthic and limnetic species pairs confirm their status as such.
The remarkable similarity between them and other benthic and limnetic species pairs in levels of morphological differen-
tiation, as well as extent of admixture and hybridization, points to similar processes underlying their origin. This discovery
serves as an important reminder of the specificity of ecological factors that promote and maintain biodiversity, as well as
the value of habitat conservation.

Résumé : Les paires d’espeéces sympatriques benthique et limnétique de I’épinoche a trois épines (complexe de Gasteros-
teus aculeatus L., 1758) constituent un exemple important du role de 1’écologie dans la spéciation en nature. On connait
quatre de ces paires endémiques et chacune semble avoir divergé de facon indépendante a la suite d’une adaptation a des
environnements de rechange. En utilisant des caractéristiques écologiques et physiques considérées par hypothése comme
importantes dans cette évolution, nous avons ciblé notre étude sur la recherche de nouvelles paires d’especes. Maintenant,
deux décennies apres la derniére découverte, nous décrivons une nouvelle paire d’especes benthique-limnétique du lac Lit-
tle Quarry sur 1’fle Nelson, Colombie Britannique, Canada. La bimodalité des valeurs de mélange génétique constitue une
indication d’un fort isolement génétique entre les deux groupes morphologiques et génétiques. ce qui appuie 1’existence
d’une paire d’especes sympatriques dans ce lac. Une forte correspondance de forme avec les paires d’especes benthiques
et limnétiques connues a ce jour vient confirmer leur statut similaire. La ressemblance remarquable entre cette paire d’es-
peces benthique et limnétique et les autres au niveau de la différenciation morphologique, ainsi que 1’étendue du mélange
et de 1’hybridation, font croire que des processus similaires peuvent expliquer leur origine. Notre découverte constitue un
rappel important de la spécificité des facteurs écologiques qui favorisent et maintiennent la biodiversité et de la valeur de
la conservation des habitats.

[Traduit par la Rédaction]

Introduction

The ecological theory of adaptive radiation postulates that
population divergence and speciation are the outcome of
divergent natural selection stemming from resource hetero-
geneity and competitive interactions (Dobzhansky 1951;
Simpson 1953; Schluter 2000). Repeatable patterns of popu-
lation divergence along similar environmental gradients has
offered some of the strongest evidence that population diver-
gence has, indeed, been driven by natural selection.

Recently derived postglacial fish populations are among

the most extensively studied systems of ecological specia-
tion in nature (reviewed in McKinnon and Rundle 2002;
Nosil et al. 2005; Rundle and Nosil 2005; Rogers and Ber-
natchez 2007). One such example is the threespine stickle-
back (Gasterosteus aculeatus L., 1758 complex), whereby
ecological divergence has resulted in the recent evolution of
limnetic and benthic species pairs in several postglacial
lakes (McPhail 1993). In each pair, the limnetic stickleback
is a small, slender fish that specializes in feeding on zoo-
plankton in the open-water zone of lakes. The benthic
stickleback is larger and deeper bodied, foraging mainly on
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large invertebrates from sediment or plants in littoral habi-
tats (Schluter and McPhail 1992).

Their ecological divergence has proceeded independently
(Taylor and McPhail 1999) and repeatedly, ultimately as a
consequence of adaptation to alternative environments
(Rundle et al. 2000) and, since the first description of
benthic—limnetic threespine stickleback (McPhail 1984),
these sympatric species pairs have become an important
example of parallel evolution in nature. However, they have
been documented from only four separate water drainages in
the central Strait of Georgia region of coastal British Co-
lumbia, Canada: Enos Lake on Vancouver Island; the Va-
nanda Creek drainage, including Priest Lake, on Texada
Island; Paxton Lake on Texada Island; and Hadley Lake on
Lasqueti Island (McPhail 1993). Their limited distribution
raises the question: if divergent natural selection for differ-
ent trophic niches has driven their divergence, why have
more species pairs not been found?

Details of the pairs’ origins are still not well understood.
An earlier description of the geological history of the Strait
of Georgia suggested that there had been two marine sub-
mergences separated by about 2000 years since the last gla-
ciation (Mathews et al. 1970). This led to the idea that the
same marine stickleback species (Gasterosteus aculeatus)
had simply colonized each lake twice at intervals (the
“double invasion hypothesis™; Schluter and McPhail 1992;
McPhail 1993; Taylor and McPhail 2000). This scenario ex-
plained not only the highly restricted geographic distribution
of the species pairs but also the narrow elevation range (50—
100 m above sea level) of coastal lakes containing them
(McPhail 1993; Vamosi 2003).

However, more exhaustive geological samples have ruled
out a second postglacial sea-level rise in this region (Hutch-
inson et al. 2004) and, therefore, the scenario for the origin
of the pairs based upon it. The species pairs nevertheless ap-
pear to have resulted from multiple invasions to freshwater
by the marine species. For example, nuclear DNA indicates
that the limnetic species in each lake is closer genetically to
the present-day marine species than is the benthic species
(Taylor and McPhail 2000), and it retains a higher tolerance
of salt water (Kassen et al. 1995). Atop this uncertainty
about the precise historical context of their evolution, spe-
cific ecological and physical attributes of lakes are hypothe-
sized to promote the divergence and persistence of the
species pair, determining their local distribution. These fac-
tors include lake size and depth, habitat diversity (littoral
and deeper open-water zones), and depauperate fish com-
munities (McPhail 1993; Vamosi 2003).

There is strong evidence that the disruption of the envi-
ronmental factors underlying their origin can lead to the re-
versal of the benthic—limnetic divergence. In Enos Lake,
elevated levels of gene flow associated with the appearance
of an exotic crayfish (Pacifastacus leniusculus (Dana,
1852)) during the 1990s have resulted in their collapse into
a hybrid swarm (Gow et al. 2006; Taylor et al. 2006). The
increased pressure on these species pairs and their habitat in
these coastal areas, which are experiencing rapid increases
in human population density, is further exemplified by the
extinction of another of the known species pairs. The Had-
ley Lake species pair on Lasqueti Island was exterminated
sometime between 1988 and 1992 following the unauthor-
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ized introduction of an exotic catfish, the brown bullhead
(Ameiurus nebulosus (Lesueur, 1819); Hatfield 2001). With
only two extant species pairs remaining on one island, Tex-
ada Island, these unique fish are now considered endangered
(COSEWIC 2000).

Using the physical and ecological conditions hypothesized
to be important to the evolution and persistence of benthic—
limnetic species pairs, we identified and explored a lake
potentially harbouring such sticklebacks on Nelson Island,
British Columbia; the first survey of its kind in these waters.
Two decades after the last discovery of benthic—limnetic
sticklebacks (Hatfield 2001), we describe another species
pair from Little Quarry Lake. Morphological and genetic
analyses of threespine stickleback collected from this lake
confirm their status as a benthic—limnetic species pair and
yield important insights into patterns of evolution in these
remarkable fish. Their adaptation to different niches driven
by divergent natural selection only under certain environ-
mental conditions serves as an important reminder of the
specificity of ecological factors that promote and maintain
biodiversity, and the importance of habitat conservation.

Materials and methods

Little Quarry Lake

Bathymetric data for this lake is currently limited. We do,
however, know that it is at about the same elevation (53 m)
as Enos Lake, which is at the lower end of the elevation
range for known species-pair lakes (McPhail 1993; Vamosi
2003). Approximately 1 km at its longest and 350 m at its
broadest, Little Quarry Lake is intermediate in surface area
compared with other known species-pair lakes, which range
up to 43.5 ha in size (McPhail 1993). In similarity to other
species-pair lakes, Little Quarry Lake is connected to the sea
by a high gradient stream that has been dammed in recent
years, resulting in a raised lake level of several feet. As
with Enos and Priest lakes, Little Quarry Lake serves as a
domestic water supply for local residents. Investigations so
far reveal threespine stickleback to be the only fish in this
lake. The absence of other fish species (with the exception
of cutthroat trout, Oncorhynchus clarkii (Richardson, 1836))
is considered crucial to their persistence (Vamosi 2003). As
with other known species-pair lakes, Little Quarry Lake con-
tains a range of littoral habitat, ranging from rocky cliffs to
shallow beds of vegetation.

Sample collection

We collected adult sticklebacks found in Little Quarry
Lake on Nelson Island, British Columbia, in June 2007.
Thirty minnow traps distributed approximately evenly
along the whole shoreline were used in conjunction with
dip-netting to obtain lake-wide samples. We sacrificed fish
with an overdose of MS-222 (Tricaine Methane Sulpho-
nate). Tissue samples from fin clips were preserved in
95% ethanol prior to DNA extraction, while fish were
soaked in 10% formalin for 2 weeks and stained with ali-
zarin red as previously described (Peichel et al. 2001).
While effort was made to balance the proportions of
benthic- and limnetic-looking fish in these collections, we
did not selectively exclude indeterminate forms, i.e., fish
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that appeared to have ambiguous morphology were not dis-
carded.

Shape analysis

We analyzed the shape of 96 fish specimens to determine
whether two morphological clusters were present in the sam-
ples from Little Quarry Lake. Three specimens with severe
bending of shape after preservation were excluded from fur-
ther analysis. We digitized 25 landmarks on photographs
taken of the right side of each specimen (Fig. 1). The land-
marks we used are those of Albert et al. (2007), excluding
two associated with the pelvis that we did not use, and are
similar to those utilized in previous studies of shape (Walker
1997; Schluter 2003; Schluter et al. 2004; Taylor et al.
2006). They include positions at the extremities of bony tis-
sues visible in stained fish, and insertion points of fins and
spines. The 50 x and y coordinates for the 25 landmarks
were obtained using tpsDig version 2 (Rohlf 2005), and
were aligned using generalized least squares and corrected
for geometric size in tpsRelw version 1.45 (Rohlf 2006).
The aligned landmarks were then imported into R version
2.6.0 for further analysis (R Development Core Team 2007).

We used the model-based clustering method implemented
in MCLUST version 3 for R (Fraley and Raftery 2006) to
determine the number of distinct morphological clusters
present in the landmark data. This method fits the observed
frequency distribution of morphological measurements to a
series of alternative models incorporating only one or mix-
tures of two to six Gaussian distributions. The estimated
number of clusters is that number maximizing the Bayesian
information criterion (BIC, analogous to Akaike’s informa-
tion criterion; Fraley and Raftery 2002). We applied the
method to the first two principal components of the aligned
landmark data, which captured 28% and 19% (sum: 47%) of
the total variance present in all 50 x and y coordinates. The
simplest Gaussian mixture model in MCLUST, which as-
sumes that every cluster has the same variance and co-
variance, fitted the data better than more complex models.
We repeated this analysis using the first five principal com-
ponents rather than the first two, to capture more of the total
variance present (71%), but the results were unchanged and
we do not present them. A visual summary of the contribu-
tion of each landmark to the first two principal components
is provided in Fig. S1.2 With the most probable number of
clusters being two (see Results), we calculated for every
specimen the posterior probability of its being of the pur-
ported benthic type (Pp). These measures were compared
with analogous probabilities from the genetic analysis, de-
scribed next.

Microsatellite genotyping

We isolated DNA from tissue of the same 96 fish ana-
lysed for shape using standard phenol-chloroform protocol
(Sambrook et al. 1989) and genotyped it at 11 G. aculeatus
dinucleotide microsatellites. Eight of these loci constitute a
species diagnostic molecular profile for the other benthic—
limnetic species pairs (Sn388, Stm295, Stnl42, Stn383,
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Stn254, Stm216, Stn386, Stnd3; Gow et al. 2006) and were
used alongside three other microsatellites that are highly
polymorphic in other benthic—limnetic species pairs (Gac7,
Cir51, and Gac4; Gow et al. 2006). Together, they have pro-
vided a highly discriminatory tool that has distinguished be-
tween benthics, limnetics, and their hybrids (Gow et al.
2006, 2007). We genotyped these loci by using fluorescently
labelled primers on a CEQ 8000 Genetic Analysis System
(Beckman Coulter, Fullerton, California) according to Gow
et al. (2006).

Genetic cluster and admixture analysis

We used the program STRUCTURE (Pritchard et al.
2000) to explore the number of discrete genetic clusters (K)
present in the genetic data. This Bayesian algorithm,
Markov-chain Monte-Carlo-based approach uses a genetic
inheritance model to minimize Hardy—Weinberg and linkage
disequilibrium within cluster groups. We calculated the
probability of there being one to four clusters by running
five simulations for each K value, using the admixture and
correlated allele frequencies models. Simulations began
with a “burn-in” period of 25000 iterations to minimize the
dependence of subsequent parameter estimates on starting
values, and parameters were estimated after a further
200000 iterations. We followed the procedure and guidance
of Pritchard and Wen (2003) and Evanno et al. (2005) to
estimate the number of clusters given the data; the earlier
qualitative method, which estimates the real number of clus-
ters as the K value where the “log probability of data”
(L(K)) begins to plateau (Pritchard and Wen 2003), has
been formalized by the ad hoc statistic AK, which is based
on the rate of change in L(K) between successive K values
(Evanno et al. 2005).

With the most probable number of clusters being two (see
Results), we estimated each individual’s admixture propor-
tions between benthic and limnetic gene pools for each of
the five simulations where K = 2. Following this, we calcu-
lated each individual’s average proportion of ancestry in the
purported benthic population (g,®).

Comparison with extant benthic—limnetic species pairs
To visualize the relative similarity of samples from Little
Quarry Lake to those belonging to the other extant benthic—
limnetic species pairs from Priest and Paxton lakes, we com-
pared their patterns of morphological and genetic variation.
We repeated the shape analysis using fish collected from
Priest Lake (a mixture of 65 benthics and limnetics) and
Paxton Lake (a mixture of 70 benthics and limnetics) during
2005. The same preservation and staining procedures en-
sured samples from different lakes were directly compara-
ble. It was clear by eye that the mean shape of fish in one
of the two clusters in Little Quarry Lake resembled that of
the limnetic species in the two other lakes, and the second
cluster resembled the benthic species from the other lakes.
We confirmed our designations quantitatively with a K-
means clustering analysis (Hartigan and Wong 1979) on
pairwise Mahalanobis distances between mean shapes of all

2 Supplementary Fig. S1 for this article is available on the journal Web site (http:/cjz.nrc.ca) or may be purchased from the Depository of
Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Building M-55, 1200 Montreal Road, Ottawa,
ON KI1A 0R6, Canada. DUD 3752. For more information on obtaining material refer to http://cisti-icist.nrc-cnrc.gc.ca/cms/unpub_e.html.
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Fig. 1. (A) Little Quarry Lake benthic threespine stickleback (Gasterosteus aculeatus) illustrating the 25 landmarks (shaded circles in print;

red circles on the Web) used in the shape analysis. (B) Little Quarry Lake limnetic stickleback with the same landmarks.
1

(B)

Fig. 2. The two clusters identified by the MCLUST analyses of
shape carried out on the threespine stickleback (Gasterosteus acu-
leatus) samples from Little Quarry Lake. Each symbol indicates the
position of an individual fish along the first two principal compo-
nents of variation among landmark coordinates. Solid triangles in-
dicate fish classified as limnetic and open squares are fish classified
as benthic. Ellipses encircle about 90% of the measurements pre-
sent in each cluster, assuming a Gaussian frequency distribution of
measurements.

0.06

0.04

0.02 - 4

pc2

0.00

-0.02

-0.04

-0.06

-0.05 0.00 0.05

six populations in the three lakes (results not provided). We
then calculated shape differences of sympatric species by the
magnitude and direction of difference (*“shift”) in the mean
position of each landmark between the limnetic and the
benthic clusters within each lake. Similarity between lakes
in the direction and magnitude of these shifts in different
lakes was quantified using correlation.

10 mm

10 mm

Table 1. Pelvic girdle presence or absence in three-
spine stickleback (Gasterosteus aculeatus) speci-
mens analysed from (A) Little Quarry, (B) Priest,
and (C) Paxton lakes.

Pelvic girdle

Species Presence  Absence
(A) Little Quarry Lake

Limnetic 41 0
Benthic 5 43

(B) Priest Lake

Limnetic 25 0
Benthic 38 0

(C) Paxton Lake

Limnetic 37 1
Benthic 3 27

Note: Individuals were classified as benthic or limnetic
according to their posterior probability of being benthic
(Py). Individuals with ambiguous assignments (P, >0.1
but <0.9) were excluded from the analysis.

Staining revealed that the pelvic girdle was absent in a
high fraction of benthic individuals from Little Quarry Lake
(Fig. 1), an unusual characteristic among threespine stickle-
backs in general and within the benthic—limnetic species
pairs, occurring only in the Paxton Lake benthic species
(McPhail 1992). Therefore, we compared the frequency of
limnetics and benthics in all three lakes with and without a
pelvic girdle. A pelvic girdle was scored as present if any
bony tissue, however diminutive, was evident in the pelvic
region. Otherwise the girdle was scored as absent.

Genetic admixture within each species pair was also
compared using two alternative approaches. Firstly, we
transformed ¢,(® into hybridity () values using the formula
hi =0.5-10.5 — ¢,V (sensu Carney et al. 2000; Duvernell et
al. 2007), and calculated mean h; for each species pair.
Ranging from O for pure parentals to 0.5 for F; hybrids,

© 2008 NRC Canada



568

Can. J. Zool. Vol. 86, 2008

Fig. 3. Shape change between benthic and limnetic threespine sticklebacks (Gasterosteus aculeatus) within the three species pairs. The base
of each arrow indicates the mean position of the corresponding landmark in the limnetic species. Arrows indicate the direction and magni-
tude of change in landmark position from this limnetic shape to the mean shape of the benthic species. The length of each arrow was mul-

tiplied by two to increase visibility.

/

hybridity provides a measure of how intermediate an indi-
vidual’s multilocus genotype is on an admixture scale. Sec-
ondly, we assigned individuals as benthic, limnetic, or
hybrid based on their 90% posterior probability interval
(90% PI) of gy: a benthic had a 90% PI overlapping 1, a
limnetic had a 90% PI overlapping 0, and a hybrid had a
90% PI overlapping with neither 0 nor 1. We calculated the
frequency of individuals having a 90% posterior probability
interval of ¢, overlapping neither O nor 1, hereinafter
termed hybrid frequency. The admixture calculations for
Priest and Paxton lakes species pairs were drawn from data
for adult samples from 2004 to 2006 (n = 439 and 575 for
Priest and Paxton lakes, respectively) published in Gow et
al. (2007).

Results

Two distinct morphological clusters within Little Quarry
Lake correspond to benthics and limnetics

The MCLUST analysis of the first two principal compo-
nents indicated that the Little Quarry Lake specimens fell
into two distinct morphological clusters (Fig. 2). Two clus-
ters fit the sample of measurements better than any other
model. The next best fitting model, containing three clusters,
had substantially lower support (difference in BIC from the
best model: A = 10.7). The single-cluster model had even
lower support (A = 16.6). Models with A scores >10 are
considered to be without support (Raftery 1996).

The difference in shape between the two groups of fish
from Little Quarry Lake, as classified by the MCLUST anal-
ysis, is visualized in the top panel of Fig. 3. Arrows repre-
sent the direction and magnitude of shift in mean landmark
position from fish in the more limnetic-like cluster to fish in

: "v Little Quarry

Paxton

the more benthic-like cluster. Arrow lengths in the figure are
doubled to facilitate visibility. Similar diagrams for Paxton
and Priest lakes (middle and bottom panels of Fig. 3) reveal
that the transitions between limnetic and benthic mean
shapes are similar, though not identical, in the three lakes.
Shifts in common include a greater overall body depth in
the benthic relative to the limnetic species, shorter dorsal
and anal fins, a smaller eye, and a shorter jaw that is more
downward-oriented. We quantified the resemblance of shifts
in different lakes by correlating the magnitudes of the differ-
ences in each landmark coordinate (50 in all). The correla-
tion between the shifts in Little Quarry Lake and Paxton
Lake was 0.73, and that between Little Quarry Lake and
Priest Lake was 0.73. This is virtually identical to the
“reference” correlation between the shifts in Paxton and
Priest lakes (0.71).

The frequency of benthic individuals lacking a pelvic gir-
dle was high and similar in both Little Quarry and Paxton
lakes. Benthics from Priest Lake and limnetics from all three
lakes tend to possess a pelvic girdle (Fig. 1, Table 1).

Morphological clusters within Little Quarry Lake
correspond to two genetic clusters

The presence of two distinct types within Little Quarry
Lake is corroborated by the genetic analysis. Again, the
most probable number of clusters was two: the log probabil-
ity of the data (L(K)) (Pritchard and Wen 2003) plateaus at
K =2 and AK (Evanno et al. 2005) is modal at K = 2. A
highly significant correlation between an individual’s
MCLUST posterior probability of being benthic (Py) and its
average proportion of ancestry in the purported benthic pop-
ulation (¢,) (r = 0.96, df = 87, P = 3.98 x 10%9) illustrates
concordance between morphological and genetic clusters.
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Fig. 4. The average proportion of ancestry of individual threespine sticklebacks (Gasterosteus aculeatus) in the benthic population (gp®)
estimated by STRUCTURE (K = 2) for all samples collected from Little Quarry Lake (n = 93) species pairs in 2007. The proportion of
parental and admixed individuals is illustrated by plotting the frequency of gp” values. A threshold g, value of 0.2 divides parental and

admixed individuals, which are separated by broken vertical lines.
45
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Bimodal admixture values indicate strong reproductive
isolation between benthics and limnetics

The distribution of individual genetic admixture values
(ranging from 0 to 1 between two parental types) indicates
the degree of reproductive isolation between two clusters. If
premating reproductive isolation is strong, hybridization will
be rare and the distribution of admixture values is expected
to be bimodal, with most individuals having values near O or
1. If hybridization takes place but postzygotic reproductive
isolation is strong, then some adults with admixture values
close to 0.5 may be present, but admixture values between
0.5 and the parental extremes will be scarce. Finally, if both
premating and postzygotic reproductive barriers are weak,
then gene flow will be common and we should see a contin-
uous distribution of admixture values across the range
between 0 and 1. Assigned by their average proportion of
ancestry in the benthic population (g,?), individual admix-
ture values for Little Quarry Lake sticklebacks exhibit a
strongly bimodal frequency distribution, with the few inter-
mediate admixture values fairly evenly distributed between
0.2 and 0.8 (Fig. 4).

Little Quarry Lake species pair shares a remarkably simi-
lar level of genetic admixture with those from Priest and
Paxton lakes; neither estimate of admixture, hybridity (0.04,
0.02, and 0.02 for Little Quarry, Priest, and Paxton lakes, re-
spectively), nor hybrid frequency (4.3%, 3.7%, and 4.7% for
Little Quarry, Priest, and Paxton lakes, respectively) varied
significantly among species pairs (Fj6; = 3.13, P = 0.15 for
hybridity; Fp¢ = 0.43, P = 0.68 for hybrid frequency).

Discussion

Evidence for the parallel evolution of sympatric stickle-
back species pairs, each consisting of a benthic and limnetic
species, has contributed significantly to our understanding of
the origin of species and of how divergent natural selection
can drive adaptation to alternative environments (McKinnon

0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1.0

a,”

and Rundle 2002; Nosil et al. 2005; Rundle and Nosil 2005).
The addition of a fifth sympatric pair of benthic and lim-
netic sticklebacks sheds more light on the environmental
context of the evolution of these highly endemic species.
We have been able to focus a search and identify a further
species pair in Little Quarry Lake on Nelson Island in Brit-
ish Columbia, Canada, based on the knowledge of the
ecological and physical factors in lakes thought to drive and
maintain their divergence that we have gleaned from the
four lakes where these species pairs have been previously
known to occur (McPhail 1993; Vamosi 2003).

Little Quarry Lake shares several important features with
the other lakes harbouring benthic-limnetic species pairs
(McPhail 1993; Vamosi 2003): it falls within their known
elevation range of 50-100 my; it is relatively small but in-
cludes both littoral habitat and open water; it is close to,
but presently inaccessible from, the sea; and it appears to
harbour few other fish species. Unlike the other species-pair
lakes (Vamosi 2003), Little Quarry Lake appears to have no
cutthroat trout. We cannot rule out the possibility of a recent
extinction of this species following the creation of a small
dam that might prevent cutthroat trout from moving between
the lake and the potential breeding habitat in the outlet
creek.

By identifying two distinct clusters within the Little
Quarry sticklebacks, the morphological and genetic evidence
clearly support the existence of a sympatric threespine
stickleback species pair within Little Quarry Lake. Their re-
semblance to the limnetic and benthic species in other lakes
allows us to designate the clusters as another benthic and
limnetic species pair. The benthic species in this lake exhib-
its pelvic reduction, similar to that seen in Paxton Lake.

The bimodality of genetic admixture values provides evi-
dence of strong reproductive isolation between the two clus-
ters. However, the presence of some individuals with
intermediate admixture values shows that premating repro-
ductive isolation, although strong, is not complete. The per-
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sistence of the species pair in the face of some gene flow
implies that there is selection against hybrids. Indeed, selec-
tion against wild hybrids has been detected across the
stickleback life cycle in Priest and Paxton lakes, and this se-
lection might be pivotal in maintaining their distinct gene
pools in sympatry (Gow et al. 2007). Levels of genetic ad-
mixture between the limnetics and benthics in Little Quarry
Lake are, in fact, very similar to those found in the other
species pairs. While this implies that different pairs of
benthics and limnetics share a similar degree of reproductive
isolation, the contribution made to this reproductive isolation
by different pre- and post-mating mechanisms may vary
among species pairs.

In addition to its scientific value, this description of an-
other benthic—limnetic species pair comes as welcome news
to their conservation, given that two of the four previously
described ones are now extinct, with the two extant pairs re-
maining on one island, Texada Island. Their discovery rein-
forces the concept that specific environmental conditions are
necessary for the existence of benthic—limnetic species pairs,
highlighting the importance of habitat conservation and
drawing our attention to the fragility of these endangered
species. Indeed, the speciation reversal of the Enos Lake
species pair caused by diminished reproductive barriers
between benthics and limnetics is associated with human-
induced environmental change (Gow et al. 2006; Taylor et
al. 2006), a phenomenon that is of growing concern to bio-
diversity loss (Seehausen 2006; Seehausen et al. 2008). A
thorough investigation of the Little Quarry Lake species
pair’s habitat and the threats it may face should now be
carried out to assess the conservation status of this species
pair. In addition, future surveys of other lakes on Nelson
Island may prove fruitful in uncovering yet more remark-
able examples of threespine stickleback adaptation to fresh-
water environments.

Acknowledgements

This project was conceived thanks to the symposium or-
ganized by the Texada Stickleback Association, which
brought together the knowledge and enthusiasm of many
stickleback authorities and local interest groups. In particu-
lar, we are grateful to Don McPhail for sharing his knowl-
edge and details of his earlier surveys in this area. The
fieldwork for this study would not have been possible with-
out the local knowledge, expertise, and enthusiasm of John
Dafoe from the Lagoon Society and Iris Griffith Centre
(http://lagoonsociety.com), whose aim it is to explore and
document the natural wonders of the Sunshine Coast, British
Columbia. We are grateful to the following individuals: Pat-
rick Tamkee for DNA extraction; Eric Taylor for use of lab-
oratory equipment and facilities; Richard Svanbick for
providing the photographs of limnetics and benthics from
Paxton and Priest lakes; and Katriina Ilves for helpful com-
ments in the preparation of the manuscript. This study was
funded by Acroloxus Wetlands Consultancy and a Natural
Sciences and Engineering Research Council of Canada Dis-
covery Grant to D.S.

References
Albert, A.Y.K., Sawaya, S., Vines, T.H., Knecht, A.K., Miller,

Can. J. Zool. Vol. 86, 2008

C.T., Summers, B.R., Balabhadra, S., Kingsley, D.M., and
Schluter, D. 2007. The genetics of adaptive shape shift in stick-
leback: pleiotropy and effect size. Evolution, 62: 76-85.
PMID:18005154.

Carney, S.E., Gardner, K.A., and Rieseberg, L.H. 2000. Evolution-
ary changes over the fifty-year history of a hybrid population of
sunflowers (Helianthus). Evolution, 54: 462-474. PMID:
10937223.

COSEWIC. 2000. COSEWIC assessment and updated status of the
Vananda Creek and Paxton Lake stickleback species pairs, Gas-
terosteus spp., in Canada. Committee on the Status of Endan-
gered Wildlife in Canada (COSEWIC), Ottawa, Ont.

Dobzhansky, T. 1951. Genetics and the origin of species. 3rd ed.
Columbia University Press, New York.

Duvernell, D.D., Schaefer, J.F., Hancks, D.C., Fonoti, J.A., and
Ravanelli, A.M. 2007. Hybridization and reproductive isolation
among syntopic populations of the topminnows Fundulus nota-
tus and F. olivaceus. J. Evol. Biol. 20: 152-164. doi:10.1111/j.
1420-9101.2006.01213.x. PMID:17210008.

Evanno, G., Regnaut, S., and Goudet, J. 2005. Detecting the num-
ber of clusters of individuals using the software STRUCTURE:
a simulation study. Mol. Ecol. 14: 2611-2620. doi:10.1111/j.
1365-294X.2005.02553.x. PMID:15969739.

Fraley, C., and Raftery, A.E. 2002. Model-based clustering, discri-
minant analysis, and density estimation. J. Am. Stat. Assoc. 97:
611-631. doi:10.1198/016214502760047131.

Fraley, C., and Raftery, A.E. 2006. MCLUST version 3 for R: Nor-
mal mixture modeling and model-based clustering. Tech. Rep.
No. 504, Department of Statistics, University of Washington.
Available from http://www.stat.washington.edu/fraley/mclust/
[accessed 6 February 2008].

Gow, J.L., Peichel, C.L., and Taylor, E.B. 2006. Contrasting
hybridization rates between sympatric threespine sticklebacks
highlight the fragility of reproductive barriers between evolutio-
narily young species. Mol. Ecol. 15: 739-752. doi:10.1111/j.
1365-294X.2006.02825.x. PMID:16499699.

Gow, J.L., Peichel, C.L., and Taylor, E.B. 2007. Ecological selec-
tion against hybrids in natural populations of sympatric three-
spine sticklebacks. J. Evol. Biol. 20: 2173-2180. doi:10.1111/j.
1420-9101.2007.01427.x. PMID:17887972.

Hartigan, J.A., and Wong, M.A. 1979. A K-means clustering algo-
rithm. Appl. Stat. 28: 100-108. doi:10.2307/2346830.

Hatfield, T. 2001. Status of the stickleback species pair, Gasteros-
teus spp., in Hadley Lake, Lasqueti Island, British Columbia.
Can. Field-Nat. 115: 579-583.

Hutchinson, I., James, T.S., Clague, J.J., Barrie, J.V., and Conway,
K.W. 2004. Reconstruction of late Quaternary sea-level change
in southwestern British Columbia from sediments in isolation
basins. Boreas, 33: 183-194. doi:10.1080/03009480410001299.

Kassen, R., Schluter, D., and McPhail, J.D. 1995. Evolutionary
history of threespine sticklebacks (Gasterosteus spp.) in British
Columbia: insights from a physiological clock. Can. J. Zool. 73:
2154-2158. doi:10.1139/z95-252.

Mathews, W.H., Fyles, J.G., and Nasmith, H.-W. 1970. Postglacial
crustal movements in southwestern British Columbia and adja-
cent Washington State. Can. J. Earth Sci. 7: 690-702. doi:10.
1139/e70-068.

McKinnon, J.S., and Rundle, H.D. 2002. Speciation in nature: the
threespine stickleback model systems. Trends Ecol. Evol. 17:
480-488. doi:10.1016/S0169-5347(02)02579-X.

McPhail, J.D. 1984. Ecology and evolution of sympatric stickle-
backs (Gasterosteus): morphological and genetic evidence for a
species pair in Enos Lake, British Columbia. Can. J. Zool. 62:
1402-1408. doi:10.1139/z84-201.

© 2008 NRC Canada



Gow et al.

McPhail, J.D. 1992. Ecology and evolution of sympatric stickle-
backs (Gasterosteus): evidence for a species-pair in Paxton
Lake, Texada Island, British Columbia. Can. J. Zool. 70: 361—
369. doi:10.1139/292-054.

McPhail, J.D. 1993. Ecology and evolution of sympatric stickle-
backs (Gasterosteus): origin of the species pairs. Can. J. Zool.
71: 515-523. doi:10.1139/293-072.

Nosil, P., Vines, T.H., and Funk, D.J. 2005. Perspective: reproduc-
tive isolation caused by natural selection against immigrants
from divergent habitats. Evolution, 59: 705-719. PMID:
15926683.

Peichel, C.L., Nereng, K.S., Ohgi, K.A., Cole, B.L.E., Colosimo,
P.F., Buerkle, C.A., Schluter, D., and Kingsley, D.M. 2001. The
genetic architecture of divergence between threespine stickle-
back species. Nature (London), 414: 901-905. doi:10.1038/
414901a. PMID:11780061.

Pritchard, J.K., and Wen, W. 2003. Documentation for STRUC-
TURE software. Version 2. Available from http://pritch.bsd.
uchicago.edu/structure.html [accessed 6 February 2008].

Pritchard, J.K., Stephens, M., and Donnelly, P. 2000. Inference of
population structure using multilocus genotype data. Genetics,
155: 945-959. PMID:10835412.

R Development Core Team. 2007. R: a language and environment
for statistical computing. Reference index version 2.6.0 [com-
puter program]. R Foundation for Statistical Computing, Vienna,
Austria. Available from http://www.r-project.org [accessed 2 De-
cember 2007].

Raftery, A.E. 1996. Approximate Bayes factors and accounting for
model uncertainty in generalized linear regression models. Bio-
metrika, 83: 251-266. doi:10.1093/biomet/83.2.251.

Rogers, S.M., and Bernatchez, L. 2007. The genetic architecture of
ecological speciation and the association with signatures of se-
lection in natural lake whitefish (Coregonus sp. Salmonidae)
species pairs. Mol. Biol. Evol. 24: 1423-1438. doi:10.1093/
molbev/msm066. PMID:17404398.

Rohlf, F.J. 2005. tpsDig: digitize landmarks and outlines. Version
2.05 [computer program]. Department of Ecology and Evolu-
tion, State University of New York at Stony Brook, Stony
Brook. Available from http://life.bio.sunysb.edu/morph/ [ac-
cessed 16 November 2006].

Rohlf, F.J. 2006. tpsRelw: relative warps analysis. Version 1.44
[computer program]. Department of Ecology and Evolution,
State University of New York at Stony Brook, Stony Brook.
Available from http://life.bio.sunysb.edu/morph/ [accessed 8 No-
vember 2007].

Rundle, H.D., and Nosil, P. 2005. Ecological speciation. Ecol. Lett.
8: 336-352. doi:10.1111/j.1461-0248.2004.00715.x.

571

Rundle, H.D., Nagel, L., Boughman, J.W., and Schluter, D. 2000.
Natural selection and parallel speciation in sympatric stickle-
backs. Science (Washington, D.C.), 287: 306-307. doi:10.1126/
science.287.5451.306. PMID:10634785.

Sambrook, J., Fritsch, E.F., and Maniatis, T. 1989. Molecular clon-
ing: a laboratory manual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, N.Y.

Schluter, D. 2000. The ecology of adaptive radiation. Oxford Uni-
versity Press, New York.

Schluter, D. 2003. Frequency dependent natural selection during
character displacement in sticklebacks. Evolution, 57: 1142-
1150. PMID:12836830.

Schluter, D., and McPhail, J.D. 1992. Ecological character displa-
cement and speciation in sticklebacks. Am. Nat. 140: 85-108.
doi:10.1086/285404.

Schluter, D., Clifford, E.A., Nemethy, M., and McKinnon, J.S.
2004. Parallel evolution and inheritance of quantitative traits.
Am. Nat. 163: 809-822. doi:10.1086/383621. PMID:15266380.

Seehausen, O. 2006. Conservation: losing biodiversity by reverse
speciation. Curr. Biol. 16: R334-R337. doi:10.1016/j.cub.2006.
03.080. PMID:16682344.

Seehausen, O., Takimoto, G., Roy, D., and Jokela, J. 2008. Specia-
tion reversal and biodiversity dynamics with hybridization in
changing environments. Mol. Ecol. 17: 30-44. doi:10.1111/j.
1365-294X.2007.03529.x. PMID:18034800.

Simpson, G.G. 1953. The major features of evolution. Columbia
University Press, New York.

Taylor, E.B., and McPhail, J.D. 1999. Evolutionary history of an
adaptive radiation in species pairs of threespine sticklebacks
(Gasterosteus): insights from mitochondrial DNA. Biol. J. Linn.
Soc. 66: 271-291.

Taylor, E.B., and McPhail, J.D. 2000. Historical contingency and
ecological determinism interact to prime speciation in stickle-
backs, Gasterosteus. Proc. R. Soc. Lond. B Biol. Sci. 267:
2375-2384. doi:10.1098/rspb.2000.1294.

Taylor, E.B., Boughman, J.W., Groenenboom, M., Sniatynski, M.,
Schluter, D., and Gow, J.L. 2006. Speciation in reverse: mor-
phological and genetic evidence of the collapse of a three-spined
stickleback (Gasterosteus aculeatus) species pair. Mol. Ecol. 15:
343-355. doi:10.1111/5.1365-294X.2005.02794.x. PMID:
16448405.

Vamosi, S.M. 2003. The presence of other fish species affects spe-
ciation in threespine sticklebacks. Evol. Ecol. Res. 5: 717-730.
Walker, J.A. 1997. Ecological morphology of lacustrine threespine
stickleback Gasterosteus aculeatus L. (Gasterosteidae) body

shape. Biol. J. Linn. Soc. 61: 3-50.

© 2008 NRC Canada




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENC ()
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


