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Abstract: Multivariate morphometric analyses were used to examine variation in head, body, and fin shape between two
sympatric morphotypes of Arctic char (Salvelinus alpinus (L., 1758)) from Lake Hazen, Ellesmere Island, Nunavut, Can-
ada. Population structure of the Lake Hazen Arctic char was examined using five microsatellite loci. The ‘‘small’’ morph
was found to have a larger (primarily deeper) head, larger and more elongate fins, and a deeper lateral profile than the
‘‘large’’ morph. The morphs also differed in allometric growth patterns. The large and small morphs do not appear to rep-
resent genetically distinct populations. The head morphology of the Lake Hazen small and large morphs exhibited similar-
ities to benthic and pelagic morphs (respectively) from other lakes. We hypothesize that the large morph may be adapted
to high-efficiency swimming and that the small morph may be adapted to low-efficiency, high-acceleration swimming.
Such functional trade-offs are not uncommon among fish specializing in dispersed or mobile prey (fish and plankton) and
benthic prey, respectively. The lack of apparent genetic differentiation between the morphs may suggest that the morpho-
logical differences result, to some extent, from phenotypic plasticity. Based on these results and previous analyses, it
seems reasonable to conclude that Lake Hazen Arctic char represent a resource polymorphism.

Résumé : Des analyses morphométriques multidimensionnelles nous ont servi à étudier la variation de la forme de la tête,
du corps et des nageoires chez deux morphotypes sympatriques de l’omble chevalier (Salvelinus alpinus (L., 1758)) du lac
Hazen, ı̂le d’Ellesmere, Nunavut, Canada. Nous avons déterminé la structure de population des ombles chevaliers du lac
Hazen par l’examen de cinq locus microsatellites. Le morphotype « petit » possède une tête plus grosse (surtout plus
haute), des nageoires plus grandes et plus allongées et un profil latéral plus élevé que le morphotype « grand ». Les mor-
photypes diffèrent aussi par leurs patrons de croissance allométrique. Les morphotypes petit et grand ne semblent pas re-
présenter des populations génétiquement distinctes. La morphologie de la tête des morphotypes petit et grand du lac Hazen
rappelle les morphotypes (respectivement) benthique et pélagique décrits dans d’autres lacs. Nous émettons l’hypothèse se-
lon laquelle le grand morphotype peut être adapté à la nage de grande efficacité et le petit morphotype l’est à la nage de
faible efficacité, mais d’accélération rapide. De tels compromis fonctionnels ne sont pas rares chez les poissons qui se spé-
cialisent respectivement pour les proies dispersées ou mobiles (poissons et plancton) et pour les proies benthiques. L’ab-
sence apparente de différenciation génétique entre les morphotypes peut laisser croire que les différences morphologiques
proviennent, dans une certaine mesure, de la plasticité phénotypique. D’après nos résultats et des analyses antérieures, il
semble raisonnable de conclure que les ombles chevaliers du lac Hazen présentent un polymorphisme basé sur les ressour-
ces.

[Traduit par la Rédaction]

Introduction

Resource polymorphisms occur when more than one dis-
crete phenotype exists within a given population and differ-
ent phenotypes exhibit differential resource utilization
(Wimberger 1994; Skúlason and Smith 1995). Polymor-
phisms that result in differential habitat use, life histories,
or significant visual cues (e.g., coloration and body shape)
can promote assortative mating and contribute to reproduc-
tive isolation (Greenwood 1974; Wimberger 1994). Re-

source polymorphisms may convey a selective advantage by
reducing intraspecific competition through niche specializa-
tion (Skúlason and Smith 1995; Swanson et al. 2003). Thus,
such polymorphisms are thought to be more common in eco-
systems with low interspecific competition and where novel
resources are available (Gı́slason et al. 1999).

Arctic char (Salvelinus alpinus (L., 1758)) is a highly
polymorphic salmonid that has colonized postglacial lakes
and rivers inhabited by few other species of fish (Smith and
Skúlason 1996; Skúlason et al. 1999; Alekseyev et al. 2002).
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One of the most remarkable examples of resource polymor-
phisms in Arctic char is that of the four morphotypes
(henceforth morphs) identified from Thingvallavatn, Iceland,
which differ in terms of morphology, habitat use, trophic
ecology, and life history (Sandlund et al. 1992). Differences
in body shape and head morphology have been linked to dif-
fering trophic ecology in sympatric morphs of Arctic char,
as well as other polymorphic fish populations, e.g., stickle-
backs (genus Gasterosteus L., 1758) (Skúlason et al. 1989;
Schluter 1993; Adams et al. 2006). Genetic analyses of
Thingvallavatn Arctic char (as well as polymorphic Arctic
char from other Icelandic lakes) have indicated that the lake
was colonized once by Arctic char and that morphs subse-
quently diverged, rather than being colonized by benthic
and pelagic morphs independently (Volpe and Ferguson
1996; Gı́slason et al. 1999). The study of divergence among
sympatric morphs of Arctic char provides an opportunity to
examine the influence of functional morphology, heritable
variation, and phenotypic plasticity during early stages of re-
productive isolation and speciation (Smith and Skúlason
1996).

Two sympatric morphs of Arctic char have been previ-
ously identified from Lake Hazen, Ellesmere Island, Nuna-
vut (Hunter 1960; Reist et al. 1995). The ‘‘small morph’’
has been described as having a dark olive or brown colora-
tion, long pelvic fins, and a terete body form, while the
‘‘large morph’’ has been described as having a light colora-
tion, small pelvic fins, and a rounded body form, as well as
a higher growth rate (Fig. 1 is printed in black and white but
appears in color on the Web) (Reist et al. 1995). Although it
was initially hypothesized that the morphological differences
were the result of differences in migratory behaviour, anadr-
omy (seaward migration) has not been documented during
the 30+-year life span of Lake Hazen Arctic char (Babaluk
et al. 1997; Halden et al. 2000).

It has been suggested that differences between the two
morphs represent an adaptive response to differential re-
source utilization, and that Lake Hazen Arctic char demon-
strate a resource polymorphism. Guiguer et al. (2002)
confirmed that the large morph feeds at a higher trophic
level than the small morph. Several authors have observed
that the large morph preys almost exclusively on other fish
in the lake (i.e., other char <25 cm), whereas the small
morph preys predominantly on benthic invertebrates (Ba-
baluk et al. 1997; Guiguer et al. 2002). It has also been de-
termined that the observed bimodality in sizes between the
morphs is not a result of predation pressure on the small
morph (Guiguer et al. 2002).

Lake Hazen Arctic char provide a unique opportunity to
study the divergence of sympatric morphs. The geological
and geographical history of the Lake Hazen plateau has per-
mitted a relatively recent time period during which Arctic
char could have colonized the lake (see site description in
Materials and methods). Studies examining trophic ecology
in Lake Hazen Arctic char have confirmed ecological differ-
ences between the two morphs but have been unable to di-
rectly identify these as the underlying cause of the observed
morphological differences. It is possible, for example, that
the differences in diet composition and trophic ecology are
a by-product of other selective pressures (e.g., sexual selec-
tion) on morphology. Furthermore, without an examination

of the genetic relationships of the Lake Hazen Arctic char,
the role of factors such as phenotypic plasticity and geno-
typic composition in determining morphological differences
cannot be fully resolved.

The objective of the present study is to quantify morpho-
logical and genetic differences between the two morphs of
Lake Hazen Arctic char. Previous studies on Lake Hazen
Arctic char have included only univariate morphological
measures (Reist et al. 1995; Guiguer et al. 2002). This
means that important spatial components of morphological
variation have not been examined in morphs of Lake Hazen
Arctic char (Rohlf 2002). Geometric morphometric analysis
considers variation in the spatial configuration of homolo-
gous landmarks and thus represents a more powerful mor-
phometric analysis than has been employed previously. This
study also represents the first genetic analysis of morphs of
Lake Hazen Arctic char.

Materials and methods

Study area and sampling procedure
Lake Hazen (81850’N, 70825’W), situated within the Qut-

tinirpaaq National Park, Ellesmere Island, Nunavut, is the
largest lake in the Canadian High Arctic, with an estimated
area of 542 km2 and a maximum depth of 280 m (Fig. 2)
(McLaren 1964). The Lake Hazen plateau was entirely ice-
covered during the last glacial maximum, with the glacial
retreat reaching the plateau by 8000 years before present
(BP) (Smith 1999). It is believed that the main breakup of
glaciers across the Lake Hazen basin occurred between
5300 and 5000 years BP, with summer ice cover retreating
by 4200–3300 years BP (Smith 1999; Smith 2002). Today
the lake receives turbid glacial meltwater and is not infre-
quently ice-free for a period of several weeks annually
(McLaren 1964). The lake is oligotrophic and lacks macro-
phytes. Both the zooplanktonic and benthic communities ex-
hibit low diversity (Oliver 1963; McLaren 1964). Arctic
char is the only species of fish found in the lake.

Fig. 1. Small morph (top, 39.5 cm (fork length (FL)) and large
morph (bottom, 59.5 cm FL) of Arctic char (Salvelinus alpinus)
collected from Lake Hazen, Ellesmere Island, during August 2005.
Note that the figure is printed in black and white but appears in
color on the Web.
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Nonlethal sampling of Arctic char was carried out at six
sites across Lake Hazen (Table 1; Fig. 2). One hundred and
thirty-nine Arctic char were collected by angling from 8–
15 August 2005 (Table 1). All specimens were cared for in
accordance with the Guidelines on the Care and Use of
Wildlife (Austin-Smith et al. 2003) and all procedures were
approved by the animal care review committee at Dalhousie
University. Upon collection, Arctic char were visually as-
sessed as a large morph or small morph according to criteria
(body and fin color) identified in previous descriptions of
Lake Hazen Arctic char (Babaluk et al. 2001; Guiguer et al.
2002). Large morphs were silver (dorsally) and white (ven-
trally) in body color, with pale (often reddish; J.H. Arbour,
personal observation) ventral and anal fins with bright white
marks along the leading edges. Small morphs possessed
olive–green to brown flanks and an orange to rosy under-
belly, as well as darkly colored ventral and anal fins with
dull (greyish) white markings along the leading edges. Small
specimens under 22.5 cm fork length (FL) were excluded
from further analyses because of consistent difficulties in
identifying landmarks from photographs. The FLs of the
specimens of Arctic char were measured and digital photo-
graphs were taken of the right side of the specimen (full
profile and a close up of the head, pelvic fins, and anal fin).
A tissue sample (adipose fin clip) was obtained and pre-
served in 95% ethanol.

Morphometric analysis

Head morphology
Conventional linear morphometrics were used to examine

variation in head morphology between large and small
morphs, as variable jaw position precluded the use of geo-
metric morphometrics (see body shape analysis below).
Nine characters of head morphology were measured from
the digital photographs using the image analysis software
ImageJ (Figs. 3A, 3B). These measures have been found to
relate to trophic polymorphisms in some populations of Arc-
tic char and have been used widely in previous studies of
head morphology of Arctic char (Skúlason et al. 1989;
Adams et al. 1998; Adams et al. 2003). Each character was
corrected to account for the effects of body size across all
the sampled specimens, using an allometric size correction
(Thorpe 1975; Reist 1985). Adjusted head characters did
not show a relationship with body size, indicating that the
correction effectively removed confounding size effects.
The calculation of the corrected measures proceeded as fol-
lows: log Ŷ = log Y – b(log X – log Xm), where Y is the unad-
justed head charcter, Ŷ is the corrected head character, X is
the fork length (individual), Xm is the mean fork length, and
b is the slope of the regression of log Y vs. log X.

A principle components (PCs) analysis was carried out on
the corrected head morphology characters. The Kaiser
method (eigenvalues > 1) was used to determine the number
of critical PCs from the analysis. Individual PC scores were
contrasted between the morphs using ANOVAs. In this and
all following analyses, values are presented as mean ± SD.

Body shape
The coordinates of 13 homologous landmarks and 2 refer-

ence points were digitized from the photograph of each
specimen, using TPSdig2 (Fig. 3B; supplementary
Table S14). These landmarks were predominantly type 1 or
2 landmarks as defined by Bookstein (1991) and represented
significant skeletal or structural features. Ventral or dorsal
bending of the specimens initially represented a large pro-
portion of the variance in shape. This was corrected by ob-
taining the perpendicular deviations of the landmarks from a
quadratic curve fit using landmarks 1, 14, 15, and 7, and
plotting these deviations onto a straight line (‘‘unbending’’
procedure in TPSutil). Following this correction, landmarks
14 and 15 were excluded from further analysis.

A generalized least-squares Procrustes superimposition
was performed on the coordinates of the straightened homol-

Fig. 2. Sampling locations from Lake Hazen in the Canadian High
Arctic. (A, B) Location of Lake Hazen on Ellesmere Island in the
Canadian High Arctic. (C) Five major regions from which Arctic
Char (Salvelinus alpinus) were sampled during August 2005. Maps
were produced using ArcView (version 3.2).

Table 1. Number of large morph (L), small morph (S), and
juvenile (J) Arctic char (Salvelinus alpinus) collected at each
of the Lake Hazen sampling sites during August 2005.

Location L S J
Blister Creek East 4 3 0
Blister Creek West 29 17 0
Henrietta Nesmith Glacier 32 26 3
Mesa Creek 8 1 0
Ptarmigan Creek 5 0 0
Ruggles River 0 0 11

4 Supplementary Tables S1 and S2 and Figs. S1–S3 are available on the Journal Web site (http://cjz.nrc.ca).
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ogous landmarks using TPSrelw (Bookstein 1997; Rohlf and
Slice 1990; Rohlf 2003). Relative warps (RW) were deter-
mined using the uniform and nonuniform components of
shape changes from the consensus (mean) configuration to
the landmark configuration of each specimen. RWs that ex-
plained at least 10% of the total variation were included in
our analyses. Deviations from the consensus configuration
along each RW axis were visualized using thin-plate splines
(Bookstein 1991; Zelditch et al. 2000) (Figs. 5A, 5C). The
mean RW scores for each morph were compared using a
one-way ANOVA (or ANCOVAs if RWs varied signifi-
cantly with body size, with log FL as a covariate).

Fin shape
The lengths of the anal and pelvic fins were determined

from the closeup digital photographs and were allometrically
corrected as previously described. Anal and pelvic fin shape
was analyzed using the insertion points and tips of the fins
as homologous landmarks. The outline of the fins was
sampled repeatedly (20–30 times) between each of the land-
marks, using the TPSdig2 outline drawing tool and the re-
sulting lines were resampled by length so that curve
landmarks were equally spaced between homologous land-
marks, to make the landmarks comparable between speci-
mens and to reduce small-scale variation (e.g., small rips or
other temporary damage) not relevant to fin shape. The re-
sulting outlines were converted to landmark coordinates, us-
ing TPSutil (Figs. 4A, 4B). A RW analysis (as described
previously) was conducted on anal and pelvic fin shape. Fin
position could not be accounted for using algorithms similar
to those used to ‘‘unbend’’ specimens. When position and

shape information were not expressed on different RW axes
(based on thin-plate splines), discriminate function analysis
of RW scores was used to examine which combinations of
RW axes separated the two morphs.

Genetic analysis
DNA was extracted from the tissue samples according to

the protocol given by Elphinstone et al. (2003). Individual
specimens were genotyped using a polymerase chain reac-
tion, as described by Bradbury et al. (2008). Allelic varia-
tion was examined at five microsatellite loci (Sco19,
Sco202, Omm1105, OtsG83b, and OtsG253; supplementary
Table S24). Random subsampling was used to correct for
the effect of sample size on allelic richness and mean diver-
sity was determined from 1000 iterations for the large
morph of Arctic char (Lsub; Table 3) (Leberg 2002). Single
locus estimates of FIS, FST, and FIT were calculated for
each microsatellite locus using GENEPOP version 4.0.7.
GENEPOP was used to test for deviations from Hardy–
Weinberg equilibrium (HWE) at each locus, using a Markov
chain method (dememorization = 10 000, batches = 20, iter-
ations per batch = 5 000) to determine an unbiased estimate
of the P values (Guo and Thompson 1992; Raymond and
Rousset 1995). An exact G test of genotypic differentiation
was used to examine population differentiation between the
two morphs (Markov chain parameters: dememorization =
10 000, batches = 20, iterations per batch = 5 000). A Fishers
method c2 test was used to assess the significance of the
P values across all of the loci examined (Raymond and
Rousset 1995).

The Bayesian analysis program Structure was used to
probabilistically assign individuals to inferred groups based
upon their genotype at multiple loci (50 000 burn-in period,
250 000 repetitions, and k = 1, 2, or 3) (Pritchard et al.
2000). BAPS, a second Bayesian analysis program, was
used to cluster groups of individuals based on expected
HWE between loci within the defined groups (in this case
the two morphs; Corander et al. 2003). A population mixture
analysis based on clustering of groups of individuals was
conducted on the five microsatellite loci, with a maximum
number of clusters of 2.

Results

Morphometric analysis
Large morphs of Arctic char exhibited a greater maximum

size and size range (22.5–73.5 cm) compared with the small
morphs (31.5–49.5 cm), but the morphs did not differ in
mean body size (large morphs = 41.3 ± 11.8 cm, small
morphs = 38.9 ± 3.6 cm; Student’s t test: P = 0.101).

Head morphology
Three of the nine univariate measures of head morphol-

ogy showed significant differences between the two morphs.
Small morphs exhibited a greater head depth at the opercu-
lum (P = 0.006), a greater head depth at the eye (P = 0.007),
and a longer upper jaw (P = 0.023) (supplementary
Fig. S1).4

Given that PC1 (~63% of variation, Table 2) was charac-
terized by positive factor loadings that were similar in range,
high PC1 scores can be interpreted as representing individu-

Fig. 3. (A) Landmarks used in the measure of head morphology
characters of Lake Hazen Arctic char (Salvelinus alpinus): head
depth at operculum (HDO, 1–3), head depth at eye (HDE, 4–6),
head length (HL, 2–7), posteye distance (PED, 2–5), eye diameter
(ED, 5–8), upper jaw length (UJL, 7–9), maxilla width (MW, 10–
11), lower jaw length (LJL, 12–13), and snout length (SL, 4–7).
(B) Landmarks used in a geometric morphometric analysis of body
shape among Lake Hazen Arctic Char. Landmarks 14 and 15 are
not homologous and are used only in straightening of specimens.
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als with larger features (i.e., head depth, jaw length and
width, eye size), whereas low PC1 scores corresponded to
individuals with smaller features for a given body size. PC1
did not exhibit a significant relationship with body size
(R2 £ 0.021 for both morphs, P = 0.324–0.807). PC1 was
found to differ significantly between the two morphs, with
small morphs having higher scores, on average (ANOVA:
F[1,122] = 4.56, P = 0.035). Small morphs of Arctic char pos-
sessed a more robust head morphology than large morphs of
Arctic char. PC2 (Table 2) did not exhibit a significant rela-
tionship with body size (R2 = 0.007–0.016, P = 0.399–
0.469). The mean PC2 scores also did not differ signifi-
cantly between the two morphs (ANOVA: F[1,122] = 1.67,
P = 0.198).

Body shape
RW1 score explained 43.9% of the variation in the con-

figuration of the body landmarks. Thin-plate splines re-
vealed that the gradient from positive to negative RW1
scores described a transition in body shape from long and
slender towards a longer, deeper head, a longer abdomen
with a more angled dorsal fin base, and a shorter caudal pe-
duncle for a given body size (Fig. 5A). RW1 exhibited a re-
lationship with body size with the large morph’s scores
being more strongly correlated with log FL than those of the
small morph (R2 = 0.601 vs. R2 = 0.115, P £ 0.02 for both).

This is not unexpected, as the gradient from positive RW1
scores to negative RW1 scores reflected the typical transi-
tion in body shape from that of an immature individual to
one that is mature (transition from a narrow body with a
small head to a broad body with a steeper dorsal profile and
a large head), which is observed in many salmonid species.
The small morph also possessed a more negative regression
coefficient than the large morph (b = –0.157 vs. b =
–0.148). When FL was considered a covariate, a statistically
significant difference in RW1 scores was observed between
large and small morphs of Arctic char (ANCOVA; log FL:
F[1,118] = 103.3, P = <0.001; morph: F[1,118] = 7.24, P =
0.008), with small morphs possessing lower RW1 (corre-
sponding to a ‘‘mature’’ body form) than the large morph,
on average (Fig. 5B).

RW2 score explained 17.2% of the variation in the con-
figuration of the landmarks. Thin-plate splines revealed that
the gradient from positive to negative RW2 scores described
a transition from a fusiform body shape to a broad body
shape (Fig. 5C). Small morph RW2 scores were not signifi-
cantly correlated with body size (R2 = 0.049, P = 0.136) and
large morph RW2 scores were only weakly positively corre-
lated with body size (R2 = 0.066, P = 0.03). The mean RW2
scores differed significantly between the two morphs
(ANOVA: F[1,119] = 11.92, P = 0.001; Fig. 5D), with the
small morph exhibiting higher RW2 scores than the large
morph. On average, the small morphs expressed a broader
lateral profile than the large morphs and this disparity in
body shape between the morphs was consistent in spite of
differences in body size.

Fin size and shape
The anal fins of the two morphs differed significantly in

length (ANOVA: F[1,122] = 89.27, P < 0.001) but did not ex-
hibit a significant relationship with body size. On average,
the anal fins of the small morph were 21% longer than those
of the large morph (4.80 vs. 3.98 cm size-corrected length,
respectively). RW1 score explained 54.1% of the variation
in the configuration of the landmarks but described only a
change in fin position and did not differ significantly be-
tween morphs (ANOVA: F[1,122] = 0.41, P = 0.521;
Fig. 6A). RW2 explained 27.2% of the variation in the con-
figuration of the anal fin landmarks (or ~60% of variation
after excluding RW1). Positive RW2 scores corresponded to

Fig. 4. Curved outlines of pelvic (A) and anal (B) fins of specimens of Arctic char (Salvelinus alpinus). Dots indicate the position of land-
marks established by resampling the curves by length.

Table 2. Factor loadings for the first two principle components
(PC1 and PC2) of head morphology for Lake Hazen Arctic char
(Salvelinus alpinus).

Variable Landmarks PC1 PC2
Head depth (operculum) 1–3 0.273 0.403
Head depth (eye) 4–6 0.363 0.148
Head length 2–7 0.399 –0.065
Post eye length 2–5 0.355 0.217
Eye eiameter 5–8 0.187 –0.711
Upper jaw length 7–9 0.389 –0.088
Maxilla width 10–11 0.198 0.406
Lower jaw length 12–13 0.388 –0.057
Snout length 4–7 0.364 –0.29

Variation explained (%) 62.70 12.60
P value (ANOVA by morph) 0.035 0.198
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individuals with an elongated, scythe-shaped anal fin,
whereas negative RW2 scores corresponded to individuals
with a broad triangular anal fin (Fig. 6A). The mean RW2
scores differed significantly between the two morphs
(ANOVA: F[1,122] = 31.58, P < 0.001), with the small morph
possessing higher RW2 scores than the large morph
(Fig. 6B). RW2 differed between the two morphs when con-
sidered in respect to body size (ANCOVA; log FL: F[1,121] =
7.24, P = 0.008; morph: F[1,121] = 35.54, P < 0.001). How-
ever, for both the large and small morphs, the correlation
between RW2 and log FL was very weak (R2 = 0.058, P =
0.037 and R2 = 0.142, P = 0.008, respectively).

The length of the pelvic fins of the two morphs differed
significantly (ANOVA: F[1,122] = 98.52, P < 0.001), was not
significantly correlated with body size for the large morph
(R2 = 0.002, P = 0.733), and was only weakly positively
correlated with body size for the small morph (R2 = 0.086,
P = 0.04). On average, the pelvic fins of small morphs were
22% longer than those of large morphs (5.27 vs. 4.30 cm
size-corrected length, respectively). RW1 score explained
49.0% of the variation and RW2 score explained 27.8% of
the variation in the configuration of the pelvic fin land-

marks. The two groups differed significantly in both RW
scores (RW1 score: F[1,103] = 27.16, P < 0.001; RW2 score:
F[1,103] = 7.80, P = 0.006), with small morphs possessing
higher scores, on average, across both axes (Fig. 6D). RW1
and RW2 scores appeared to each describe elements of both
fin position and fin shape; based on the thin-plate splines
produced as a combination of RW1 and RW2 scores
(Fig. 6C), it appeared that information pertaining to fin
shape was described along a subspace approximate to

span f½
1

1
�g (Fig. 6C, solid line), whereas information

regarding fin position appeared to be described along a

subspace approximate to span f½
�1

1
�g (Fig. 6C, broken

line). A discriminant function analysis showed that both
morphs were best explained along an axis with a regression
coefficient (slope) of +0.81, which corresponds with the ob-
served subspace of fin shape. The discriminant function
analysis ‘‘accurately’’ predicted group membership (based
on our observations) in 70% of small morphs and 76% of
large morphs. Although fin shape is not an absolute predic-

Fig. 5. Relative warps (RWs) from a geometric morphometric analysis of body shape in Lake Hazen Arctic char (Salvelinus alpinus). (A,
C) Thin-plate splines (oriented with the head to the right) illustrating the complete range of RW1 and RW2 scores. (B, D) The 95% con-
fidence intervals for the mean RW1 and RW2 scores from each morph.

Fig. 6. A geometric morphometric analysis of anal fin shape in Lake Hazen Arctic char (Salvelinus alpinus). (A, C) Thin-plate splines
illustrating the complete range of relative warp (RW) 1 (left) and RW2 (right) scores of anal and pelvic fin shapes. (B) The 95% confidence
intervals for the mean RW2 scores for the shape of anal fins from each morph. (D) Distribution of RW1 and RW2 scores for the pelvic fin
shape of large morphs (*) and small morphs (*) of Arctic char (Salvelinus alpinus). Solid line is the hypothesized ‘‘fin shape’’ subspace,
whereas the broken line is the hypothesized ‘‘fin position’’ subspace.
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tor of morph type, the large and small morphs appear to be
generally divergent in terms of pelvic fin shape. Similar to
the anal fin, small morphs appear to possess fins that are
elongated along the anterior margin compared with large
morphs.

The shape of the caudal fins could not be analyzed using
geometric morphometrics, as they were improperly placed in
many full body photographs. However, a number of small
morphs, in particular those that were especially large or ex-
hibited the largest anal and pelvic fins compared with body
size, possessed an extension of the most ventral fin rays on
the lower lobe of the caudal fin (supplementary Fig. S2).4
Such an extension or elongation of fin rays was not ob-
served on the upper lobe of the caudal fin or on any of the
caudal fins of the large morphs.

Genetic analysis
Four of the five microsatellite loci examined were moder-

ately polymorphic, with 9–11 alleles present at each locus
over all the specimens sampled (supplementary Fig. S3).4
One locus (Sco19) was highly polymorphic, with a total of
28 alleles present across the specimens sampled. The com-
position of alleles at each locus was similar between the
two morphs. The dominant alleles at each locus were typi-
cally conserved between the morphs, and for alleles unique
to only one morph, the frequencies were typically low
(<4%). At Omm1105, however, the frequency of the most
common alleles differed substantially between the morphs;
e.g., allele 2 (142): 8.21% for the large morph vs. 21.05%
for the small morph, and allele 4 (150): 60.45% for the large
morph vs. 39.47% for the small morph (supplementary
Fig. S3).4 When the large morphs were subsampled to the
same sample size as the small morphs, there were few dif-
ferences in allelic richness between the two morphs. How-
ever, at Sco202, allelic richness was greater among small
morphs than among large morphs (Table 3), both before
and after corrections for sample size.

Overall, the He values of the five loci ranged from 0.618
(OtsG253, large morph) to 0.941 (Sco19, large morph).
Sco202 was the only locus to exhibit a significant departure
from HWE (both morphs; Table 3) and overall the two
morphs did not exhibit significant departures from HWE,
based on Fishers method (P = 0.153 for large morphs and
P = 0.322 for small morphs). Although significant genotypic
differentiation was observed at Omm1105 (P = 0.037), the
morphs did not exhibit significant genotypic differentiation
overall (P = 0.184).

No significant differences were observed in the allelic
composition of the inferred groups produced from the geno-
type data in the program Structure. The probability of the
inferred populations was maximized at a k of 1 (probability
of one population > probability of two populations > proba-
bility of three populations). When groups were predefined in
the program BAPS (i.e., morphs), the optimal clustering in-
dicated no differences between large and small morphs of
Arctic char.

Discussion
Arctic char exhibit some of the most impressive examples

of resource polymorphisms (Wimberger 1994). Two morphs
of Arctic char have been identified from Lake Hazen, Elles-
mere Island, and these morphs have been shown to differ in
life-history characteristics and trophic ecology (Reist et al.
1995; Babaluk et al. 1997, 2001; Guiguer et al. 2002). The
present study showed that the large and small morphs dif-
fered significantly in body shape, head morphology, and fin
length and shape, but they did not exhibit significant genetic
differentiation across five microsatellite loci. The functional
and ecological implications of these differences are dis-
cussed below.

Head morphology and trophic ecology
The Lake Hazen small morph exhibited a larger, predom-

Table 3. Allele richness of large (L and Lsub; mean richness based on 1000 random subsamplings) and small (S) morphs of
Lake Hazen Arctic char (Salvelinus alpinus), size range in base pairs, expected (He) and observed (Ho) heterozygosities, in-
breeding coefficients (FIS, FST, and FIT), and P values for deviations from Hardy–Weinberg equilibrium (HWE) and genotypic
differentiation.

Locus Morph Sco19 Sco202 Omm1105 OtsG83b OtsG253 Overall
Number of alleles L 25 8 9 8 9

Lsub 21 7.9 8.4 7.7 7.5
S 20 11 9 8 8
L + S 28 11 9 9 9

Size range L 184–258 121–185 138–170 148–176 114–150
S 186–260 121–189 142–170 144–176 114–150

Ho L 0.941 0.687 0.612 0.791 0.618
S 0.921 0.816 0.816 0.816 0.658

He L 0.918 0.782 0.612 0.784 0.716
S 0.891 0.824 0.768 0.774 0.742

FIS –0.0288 0.0806 –0.0258 –0.0251 0.1295 0.0246
FST 0.0023 –0.0027 0.0402 –0.001 –0.0052 0.006
FIT –0.0264 0.0781 0.0155 –0.0262 0.1249 0.0304
P value (HWE) L 0.3035 0.0439 0.2678 0.987 0.2065 0.153

S 0.9938 0.0464 0.9039 0.5666 0.1363 0.322
P value (genotypic differentiation) 0.481 0.193 0.037 0.584 0.511 0.184
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inantly deeper, head proportional to body size when com-
pared with that of the large morph. Similar trends in head
morphology have been observed in other populations of
Arctic char and other polymorphic populations of fish. John-
son (1980) noted, for example, that Arctic char consuming
zooplankton and other pelagic prey exhibited a shallower
head structure than those consuming benthic prey. Further-
more, morphs of stickleback (Gasterosteus spp.) specializing
on pelagic prey such as zooplankton exhibit a longer, shal-
lower head morphology than those specializing on benthic
prey (McPhail 1984; Schluter 1993). Similar to our findings,
Fraser et al. (1998) found that a benthic morph of Arctic
char from Loch Ericht, Scotland, possessed a longer upper
jaw and deeper body than a pelagic, planktivorous morph.
Overall, the head morphologies of Lake Hazen Arctic char
are consistent with trends observed in benthic and pelagic
morphs (corresponding to the small and large morphs, re-
spectively) from other populations of Arctic char and in
other polymorphic fish.

Adaptation to steady vs. unsteady swimming
Fish body shapes are typically adapted towards steady

swimming (high efficiency, long-range cruising or gliding)
or unsteady swimming (high acceleration, low efficiency
bursts and turns), with some intermediate shapes (Webb
1982). Steady swimming is constrained by minimizing fric-
tional drag; steady swimmers tend to exhibit a streamlined
(fusiform) shape, narrow caudal peduncle, and a high aspect
ratio caudal fin (high height to width ratio; Lighthill 1977).
Unsteady swimming is constrained by maximizing thrust;
unsteady swimmers typically exhibit a deep caudal peduncle
and increased body depth across the entire length of the fish.

Trade-offs in steady vs. unsteady swimming have been
linked to diet preference and trophic ecology in fish and
can characterize some resource polymorphisms (Webb
1982; Malmquist et al. 1992; Hjelm et al. 2001). Steady
swimmers can cover large distances relative to their body
size while using a minimal amount of energy, which is ben-
eficial for preying on food that is highly dispersed or very
mobile (e.g., plankton or fish). Unsteady swimmers cannot
cover large distances efficiently but are capable of fast
bursts of speed and tight manoeuvring, which is beneficial
for preying on food that can be highly evasive (e.g., benthic
prey). Eurasian perch (Perca fluviatilis L., 1758) confined to
pelagic enclosures have been found to exhibit a fusiform
body shape (streamlined with a narrow caudal peduncle),
whereas those grown in benthic enclosures have been found
to exhibit a deeper body morphology (Hjelm et al. 2001).
Malmquist et al. (1992) found that both the planktivorous
morph and the piscivorous morph from Thingvallavatn ex-
hibited the streamlined body shape of a steady swimmer,
whereas the benthic morphs exhibited a deeper body shape,
typical of an unsteady swimmer. In our examination of body
shape in the Lake Hazen morphs of Arctic char, the large
morph possessed a more fusiform body shape, whereas the
small morph possessed a deeper body shape.

Body shape and growth
The first axis of a geometric morphometric analysis of

body shape (RW1) in Lake Hazen Arctic char may describe
ontogenetic changes in body shape (allometry). In general,

the small morph exhibited a more ‘‘mature’’ body shape
(deep body with a steep dorsal profile, a large head, and a
proportionately short caudal peduncle relative to the positive
extreme of RW1) than the large morph in terms of the RW1,
although the relationship between body shape and size dif-
fered between the morphs. The difference in RW1 scores
may reflect differences in growth rates, as higher rates have
been observed in the large morph (Reist et al. 1995; Guiguer
et al. 2002). This would not, however, explain why the
strength of the correlation (of RW1 vs. body size) differed
between the two morphs, especially when considering that
the large morph exhibits greater variability in size at age
than the small morph (Guiguer et al. 2002). It is also possi-
ble that the morphs are exhibiting heterochrony, or differen-
tial timing of developmental events (Gould 1966; Skúlason
et al. 1989). The small morph may be achieving a ‘‘mature’’
body shape at a younger age than the large morph, which
would be beneficial if the small morph is adapted to un-
steady swimming (Webb 1982). Lacking specimen ages, it
is impossible to fully differentiate the influences of re-
source-limited growth and heterochrony; however, the
greater variability in the RW1 scores across body size for
small morphs suggests that heterochrony may play a role in
generating morphological differences between the morphs of
Arctic char from Lake Hazen, as has been observed among
morphs of Arctic char from Thingvallavatn (Skúlason et al.
1989).

Implications of differential fin size and shape
The median (dorsal, anal, and caudal) fins have been

found to play an important role in acceleration for both
steady and unsteady swimming (Lauder and Drucker 2004).
Median fins in steady swimmers prevent lateral flow across
the top and bottom of the body, reducing drag by delaying
separation of flow (Weihs 1989). Unsteady swimmers may
employ enlarged median fins to add to the surface area of
the posterior body (i.e., towards the caudal peduncle), which
consolidates flow, improving thrust and acceleration overall.
In the large morph of Arctic char, the small anal fin would
be beneficial in improving flow regimes across the caudal
peduncle and fin, whereas the long anal fins of the small
morph of Arctic char would increase the thrust-producing
surface area of the caudal peduncle region, contributing to
fast starts and manoeuvres.

The function of the pelvic fins in ray-finned fish is poorly
understood compared with that of other fish fins (Lauder
and Drucker 2004). Standen (2008) concluded that the pel-
vic fins in the salmonid rainbow trout (Oncorhynchus mykiss
(Walbaum, 1792)) may dampen body oscillations and reduce
drag during steady swimming. Furthermore, during manoeu-
vres (turns, sudden starts and stops), the pelvic fins act as
trimming surfaces (Gosline 1980; Standen 2008). In the
large morph, the small pelvic fins may dampen body oscilla-
tions (greater swimming efficiency), whereas the long pelvic
fins of the small morph could improve turning radius and
precision, as well as contribute to the overall area of the lat-
eral profile.

There are several possible mechanisms by which the elon-
gation of the anterior rays (that produces the observed
scythe shape) in the pelvic and anal fins in the small morph
could influence swimming dynamics. The elongated fins
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rays may help to generate turbulent wake in front of the cau-
dal fin or improve flexibility towards the distal end of the
pelvic and anal fins, which would aid in precise manoeu-
vring (Greenwood et al. 1966; Webb 1982). The elongated
tips of the pelvic and anal fins of the small morph may ex-
tend past the turbulent boundary layer produced around the
fish as it accelerates, which would improve the effectiveness
of the fins at controlling stability and manoeuvrability
(Pavlov 2003). Alternatively, the elongation of the anterior
rays of the anal and pelvic fins may function in some sort
of substrate interaction in the small morph of Arctic char,
as has been observed in the parr of Atlantic salmon (Salmo
salar L., 1758) (Arnold et al. 1991). This would be sup-
ported by the observation that some small morph of Arctic
char exhibited extensions of the most ventral rays of ventral
lobe of the caudal fin, but never exhibited fin ray extensions
of the dorsal lobe (supplementary Fig. S2).4

Genetic differentiation of Lake Hazen Arctic char
Our results suggest that the large and small morphs do not

constitute genetically distinct populations. However, devia-
tions in tests for HWE and differentiation occurred at indi-
vidual loci, which may indicate a few weak genetic
differences between the two morphs. Furthermore, it is pos-
sible that the variability of the five (assumedly) selectively
neutral loci may not reflect the variation observed in encod-
ing loci. Therefore, our estimates of genetic divergence
between morphs of Lake Hazen Arctic char could underesti-
mate the true level of divergence between the morphs. The
present discussion will focus on interpreting the results of
our analyses. However, given that the potential weaknesses
of the approaches used in the present study may lead to an
under-representation of the genetic divergence between the
morphs, it must be noted that further genetic studies are nec-
essary to confirm (or refute) our findings of no significant
genetic differentiation between the morphs of Lake Hazen
Arctic char.

Morphs of Arctic char in other lakes exhibit a wide range
of genetic divergence. Genetic differentiation has been ob-
served in populationso of Arctic char from Loch Rannoch,
Scotland (Hartley et al. 1992), as well as several Icelandic
lakes, including Thingvallavatn (Volpe and Ferguson 1996),
Svinavatn, and Lake Galtabol (Gı́slason et al. 1999),
whereas no differentiation has been observed in the popula-
tions from Vatnshlidarvatn and Stora Vidarvatn, Iceland
(Gı́slason et al. 1999). Considering the relatively recent
time frame in which Arctic char could have colonized and
been isolated in Lake Hazen, it may not be a surprise that
genetic differences at (presumably) selectively neutral loci
have not accumulated between the two morphs. Gı́slason et
al. (1999) noted that a maximum of 3 000 generations of
Arctic char may have lived in the Icelandic lakes since they
were deglaciated 10 000 years ago, making divergence be-
tween these morphs extremely rapid. Based on the geologic
history of the region, it is likely that Lake Hazen was colon-
ized much later, occurring 3 300 to 5 300 years ago (Smith
1999, 2002). It is also probable that the generation time of
Lake Hazen Arctic char is greater than that of other poly-
morphic Arctic char. Lake Hazen Arctic char as old as
35 years of age have been collected (Guiguer et al. 2002),
with a mean age of sampled adults often ranging between

18 and 22 years. By comparison, maximum ages of 15 and
18 years have been reported for Arctic char from Thingval-
lavatn and Loch Rannoch, respectively (Gardner et al. 1988;
Sandlund et al. 1992; Adams et al. 1998).

Lacking genetic differences between the two Lake Hazen
morphs, it is possible that phenotypic plasticity plays an im-
portant role in maintaining the morphological differences
between the two morphs. Diet has been shown to regulate
head morphology in polymorphic Arctic char from Loch
Rannoch, despite significant genetic differences between the
morphs (Hartley et al. 1992; Adams and Huntingford 2004).
It has been suggested that heritable variation in foraging be-
haviours could be reinforced by plastic morphology and pro-
mote assortative mating; following reproductive isolation,
such plasticity could be rapidly reduced (Wimberger 1994;
Adams et al. 2003). It is possible that in genetically differ-
entiated morphs of Arctic char, such as those observed in
Thingvallavatn, morphological traits that exhibit a strong ge-
netic basis may have originally been plastic and later be-
come fixed. In this case, the Lake Hazen Arctic char could
represent an example of the early stages of the divergence of
Arctic char.

Resource polymorphism in Lake Hazen Arctic char
The results of this and previous studies on Lake Hazen

Arctic char suggest that differences observed between large
and small morphs of Arctic char are indicative of a resource
polymorphism. The large morph has been found to feed at a
higher trophic level than the small morph, with the large
morph preying on juvenile Arctic char (<20–25 cm) and the
small morph preying on benthic invertebrates (Reist et al.
1995; Babaluk et al. 1997; Guiguer et al. 2002). The colora-
tion of the small morph is typical of a fish feeding near the
substrate (dark dorsal coloration), whereas the coloration of
the large morph is typical of a fish feeding in the water col-
umn (silvery dorsal and lateral coloration, pale ventral colo-
ration). The two morphs, when visually assessed based on
qualitative characteristics (e.g., coloration), were found to
exhibit complex, quantitative morphological differences
with important functional implications. The large morph ap-
pears to be adapted to steady swimming, whereas the small
morph appears to be adapted to unsteady swimming. It has
been repeatedly observed that such trade-offs in swimming
dynamics are typical of morphs specializing on pelagic prey
(steady swimming) or benthic prey (unsteady swimming;
Webb 1982; Malmquist et al. 1992; Hjelm et al. 2001). A
lack of genetic differentiation between the two morphs
would not rule out resource polymorphism as playing a ma-
jor role in the divergence of the two morphs observed in
Lake Hazen, and may suggest a role for phenotypic plasti-
city in the maintenance of the different morphologies. The
life histories, trophic ecology, and morphologies of the large
and small morphs reported in the present study and in pre-
vious studies are consistent with previous reports of resource
polymorphisms in Arctic char, other fish, and other verte-
brate species (Wimberger 1994).

Genetic and ontogenetic studies have suggested that the
piscivorous morphs from Thingvallavatn represent planktiv-
orous individuals that have attained a sufficient size to prey
on other fish and thus undergo an ontogenetic niche shift
(Skúlason et al. 1989). The Thingvallavatn piscivore exhib-
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its a streamlined, steady swimmer morphology which is con-
sistent with that observed from the planktivorous morph.
However, the piscivorous morph from Loch Ericht, Scot-
land, exhibits an unsteady swimmer morphology and lives
epibenthically, preying on both fish and benthic inverte-
brates (Fraser et al. 1998). It appears that the piscivorous
morphs in Arctic char may arise via several trophic and on-
togenetic pathways. In the case of the Lake Hazen piscivo-
rous (large) morph, it is possible that the morph may have
arisen through an ontogenetic diet shift in juvenile Arctic
char feeding on zooplankton, as has been previously sug-
gested (Guiguer et al. 2002). The body and head morphol-
ogy of the large morph is most similar to streamlined
planktivorous morphs and the planktivore-originating pisci-
vore from Lake Thingvallavatn, rather than the benthivore-
originating piscivore from Loch Ericht. Therefore, the most
appropriate classification of these two morphs may be the
benthic morph (small morph) and the pelagic morph (large
morph), rather than the benthivorous and piscivorous
morphs.

From our results, it is evident that the Lake Hazen Arctic
char do not currently represent a population diverging to a
significant, measurable level (though see discussion of ge-
netic results). However, the variety of Arctic char polymor-
phisms together may indicate one mechanism by which
sympatric populations may diverge. The potential plastic
morphology of the Lake Hazen Arctic char may represent a
polymorphic population that is ‘‘primed’’ to take advantage
of environmental (changing habitats), ecological (variation
in resource availability), or genetic (appearance of novel
traits or heritable behaviours) changes. The resource poly-
morphism exhibited by Lake Hazen Arctic char may repre-
sent an early stage along a gradient of ecological, spatial,
and reproductive differentiation on a route towards specia-
tion and adaptive radiations (Dieckmann et al. 2004; Butlin
et al. 2008). This highlights the importance of long-term ex-
aminations of morphological differentiation and population
dynamics of polymorphic populations, such as those exhib-
ited by the Lake Hazen Arctic char, particularly in northern
ecosystems that are anticipated to change significantly as a
consequence of climate change.
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