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Sexual Dimorphism in the External Morphology of the Threespine

Stickleback (Gasterosteus aculeatus)

JUN KITANO, SEIICHI MORI, AND CATHERINE L. PEICHEL

Information about sexual dimorphism is essential for understanding the ecology,
behavior, and life history of a species, as well as for making morphological
comparisons between populations. Furthermore, in order to understand the evolution
of sexual dimorphism, it is important to know whether sexual dimorphism is genetically
determined or the result of phenotypic plasticity. To this end, we have characterized
patterns of sexual dimorphism in the threespine stickleback (Gasterosteus aculeatus).
These fish are widely distributed throughout the temperate Northern Hemisphere, and
their behavior, ecology, and evolution have been extensively characterized. We first
examined sexual dimorphism in morphometric and meristic characters of wild-caught
threespine sticklebacks from multiple populations that demonstrate different life
history strategies in order to understand general patterns of sexual dimorphism in the
threespine stickleback. Next, we made several crosses by in vitro fertilization and raised
them in the laboratory to investigate developmental and genetic contributions to sexual
dimorphism. Morphological analysis of wild-caught breeding males and females from
four North American and six Asian populations revealed that adult males have larger
heads and mouths than adult females in all populations. In contrast, adult females were
longer in standard length and had longer pelvic girdles than adult males in many
populations. Sexual dimorphism in dorsal-spine length was variable among popula-
tions. Except for body size, sexual dimorphism in most external morphological traits
was similar between wild-caught and lab-reared fish. However, sexual dimorphism was
only observed after the fish became reproductively mature. These results suggest that
general features of secondary sexual characters are shared across different threespine
stickleback populations and that sexual dimorphism in some morphological traits may

have a genetic basis.

EXUAL dimorphism is widespread across the

animal kingdom. Males and females usually
differ not only in reproductive organs, but also in
external structures that are not directly related to
reproduction (Darwin, 1874; Andersson, 1994).
Sexual dimorphism can result from a variety of
factors, including both sexual and natural
selection. Different reproductive roles, niche
divergence between the sexes, preference of
one sex for particular traits of the other sex,
and intra-sexual competition can drive sexual
differences in external structures (Darwin, 1874;
Slatkin, 1984; Shine, 1989; Parker, 1992; Anders-
son, 1994). Information about sexual dimor-
phism is required for understanding the ecology,
behavior, and life history of a species. In
addition, knowledge of sexual dimorphism and
its appearance during ontogeny is indispensable
when making morphological comparisons be-
tween populations.

Threespine sticklebacks (Gasterosteus aculeatus)
occur in coastal areas of the temperate Northern
Hemisphere (Wootton, 1984; Bell and Foster,
1994), and their behavior, ecology, and evolution
have been well characterized (Tinbergen, 1951;
Wootton, 1976, 1984; Bell and Foster, 1994).

Threespine stickleback populations inhabit di-
verse habitats and display extensive phenotypic
divergence in morphological, behavioral, and
physiological traits (Bell and Foster, 1994). Male
and female sticklebacks have divergent repro-
ductive roles (Wootton, 1984). Breeding males
become aggressive to obtain both breeding
territory and gravid females (Wootton, 1984).
Males build nests, court females, and perform
parental care for offspring, while the primary
role of breeding females is egg production
(Wootton, 1984). In addition to the divergent
reproductive roles of the sexes, several morpho-
logical structures, such as body size, are impor-
tant for male and female mate choice in stickle-
backs, suggesting that sexual selection may
contribute to the evolution of sexual dimorphism
in these morphological cues (Tinbergen, 1951;
Wootton, 1984; Rowland, 1994; Schluter, 2001;
McKinnon and Rundle, 2002). In addition,
several ecological factors are associated with
sexual dimorphism of armor structures in Cana-
dian stickleback populations, implicating a role
for natural selection in the evolution of sexual
dimorphism in sticklebacks (Reimchen, 1980;
Reimchen and Nosil, 2001, 2004, 2006).
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Although sexual differences in a variety of
external structures have been noted in many
populations from Japan (Ikeda, 1937; Mori,
1984; Mori and Takamura, 2004), Russia (Pota-
pova, 1972), northwest North America (Schluter
and McPhail, 1992; Caldecutt et al., 2001;
Reimchen and Nosil, 2006), northeast North
America (Blouw and Hagen, 1990; Blais et al.,
2004), Iceland (Kristjansson et al., 2002a), and
Furope (Bakker and Mundwilder, 1999; Krist-
jansson et al., 2002b), it is unknown whether
sexual dimorphism is genetically determined in
sticklebacks. Because the genetic architecture of
a trait can either facilitate or constrain the
evolution of sexual dimorphism (Lande, 1980;
Rice, 1984), it is important to understand the
genetic factors that contribute to sexual dimor-
phism. If sexual dimorphism in sticklebacks has
a genetic basis, the recently established genomic
tools for threespine sticklebacks (Peichel et al.,
2001; Peichel, 2005) make these fish a good
model system in which to study the genetic
architecture of sexual dimorphism.

In the present investigation, we first analyzed
sexual dimorphism in external structures within
four North American and six Asian populations
of threespine stickleback. Next, we made several
crosses by in vitro fertilization and reared both
male and female sticklebacks in the same
environment to gain insight into the develop-
mental and genetic mechanisms underlying
sexual dimorphism.

MATERIALS AND METHODS

Wild-caught fish.—We analyzed ten populations,
which were chosen to include a wide range of
populations that demonstrate different life his-
tory strategies, including anadromous, lake-resi-
dent, and stream-resident forms, and also to
cover the two basal phylogenetic lineages identi-
fied by allozyme analysis of global threespine
stickleback populations: the Japan Sea and the
Pacific/Atlantic Ocean lineages (Haglund et al.,
1992; Orti et al., 1994; Higuchi and Goto, 1996).
There is extensive divergence in courtship
behavior between these two lineages (Ishikawa
and Mori, 2000), suggesting that sexual selection
might produce different patterns of sexual di-
morphism in these lineages. Therefore, we
included both lineages for analysis. All wild-
caught sticklebacks were adults that were collect-
ed at mid to late breeding seasons from May
through June (Fig. 1; for data on breeding
seasons, see Hagen, 1967; Foster, 1988; Mori,
1990; Kume et al.,, 2005). In 2004, Canadian
anadromous and stream-resident forms were
collected from the estuary (Little Campbell
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Fig. 1. Map showing collection sites in North

America (A) and in Asia (B). Abbreviations are as
follows: LCA, Little Campbell River anadromous
form; LCS, Little Campbell stream-resident form;
LCH, Little Campbell River hybrid form; CL, Crystal
Lake population; HPA, Lake Harutori Pacific Ocean
anadromous form; APA, Akkeshi Pacific Ocean
anadromous form; HP, Hyotan Pond-resident form;
NS, Nishikitappu stream-resident form; AJS, Akke-
shi Japan Sea population; SJS, Sakhalin Japan Sea
population.

anadromous, LCA) and the upstream region
(Little Campbell stream, LCS) of the Little
Campbell River, respectively. There is reproduc-
tive isolation between the LCA and LCS forms
except in a previously described hybrid zone of
the Little Campbell River, where sticklebacks
were also collected in 2004 (Little Campbell
hybrid, LCH; Hagen, 1967). Threespine stickle-
backs from a Canadian lake were collected in
2004 from Crystal Lake (CL) on Vancouver
Island, Canada (Foster, 1988). Anadromous
forms of the Japanese Pacific Ocean population
were collected from Lake Harutori (Harutori
Pacific anadromous, HPA; Mori, 1990) and
Akkeshi Bay (Akkeshi Pacific anadromous, APA;
Kume et al., 2005) on Hokkaido Island, Japan in
1984 and 2003, respectively. Threespine stickle-
backs of the APA population used for geometric
morphometrics were collected in 2005 at Akkeshi
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Bay. A Japanese lake-resident form and a Japanese
stream-resident form were collected from Hyotan
pond (HP), Hokkaido, Japan, in 2003 and
Nishikitappu stream (NS), Hokkaido, Japan, in
1997, respectively (Arai et al., 2003). Anadro-
mous forms of the Japan Sea lineage were
collected from Lake Krestonosthka in Sakhalin
Island, Russia, in 2001 (Sakhalin Japan Sea
population, SJS) and Akkeshi Bay in Hokkaido
Island, Japan, in 2004 (Akkeshi Japan Sea
population, AJS), respectively (Kume et al,
2005). For each population, voucher specimens
were deposited in the University of Washington
fish collection in Seattle (accession numbers
UWI115835-UW115844).

Laboratory-reared fish.—We produced three fami-
lies of laboratory-reared fish by in vitro fertiliza-
tion (Hagen, 1967). Fish were fed with live
Artemia, frozen Mysis, and frozen Chironomidae.
All fish were cultured in bare tanks to prevent
them from nesting and reproducing, because we
wanted to know whether sexual dimorphism
appears before the fish perform reproductive
behaviors. In order to compare sexual dimor-
phism before and after reproductive maturity, we
split the progeny from a cross (AxF) between an
anadromous APA female and a freshwater HP
male into several tanks and cultured them at
a density of 30-40 fish/120 L at 16 C with
a photoperiod of 16 h light and 8 h dark. Fish
in one tank were sacrificed at 12 months before
any of them showed apparent signs of reproduc-
tive maturity, such as male nuptial color and
female eggs. Fish in another tank were kept
further for 12 months until males showed nup-
tial color and females became gravid.

Two crosses (AxA) were established between
an anadromous APA female and an anadromous
APA male. One cross was kept at a density of 40
fish/120 L at 16 C with a photoperiod of 16 h
light and 8 h dark for 12 months and sacrificed
before they started breeding. Another AXA cross
was divided into two groups and raised under
low-density and high-density conditions until
they showed apparent signs of reproductive
maturity, such as male nuptial color and female
eggs. We first split the progeny into four tanks
and cultured them for 14 months at a density of
30-40 fish/120 L at 16 C with a photoperiod of
16 h light and 8 h dark. One tank was kept at this
condition for another 7 months until they came
into reproductive condition. These fish were
used as the high-density group. Fish from the
other three tanks were transferred to a larger
tank at the age of 14 months and cultured at
a lower density of 100 fish/517 L at 15 C with
a photoperiod of 8 h light and 16 h dark for one
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month to stimulate growth. Then, the tempera-
ture and light/dark cycle of the tanks was
restored to breeding condition: 19 C with a pho-
toperiod of 16 h light and 8 h dark. After three
months, they showed signs of reproductive
maturity and were sacrificed and used as the
low-density group.

Morphological analysis.—For both wild-caught and
laboratory-reared fish, right pectoral fins were
clipped under anesthesia and preserved in
ethanol for later DNA analysis, while the rest of
the bodies were preserved in formalin for
morphological analysis. Sex was determined by
either visual examination of the gonads or
detection of a male specific polymorphism in
the isocitrate dehydrogenase gene by polymerase
chain reaction (Peichel et al.,, 2004). Standard
length (SL), head length (HL), body depth
(BD), upper-jaw length (JL), snout length
(SnL), gape width (GW), eye diameter (ED),
first and second dorsal-spine length (1DS and
2DS, respectively), pelvic-spine length (PS), and
pelvic-girdle length (PG) were measured from
the left side of each fish with a vernier caliper as
described previously (Mori, 1984; Peichel et al.,
2001). Gill raker number (GRN) and lateral plate
number (LPN) were counted under a dissecting
microscope from the right sides and both sides,
respectively, of alizarin red-stained fish (Peichel
et al,, 2001). To investigate LPN asymmetry, we
subtracted the left LPN from the right LPN for
each individual to calculate asymmetry (R-L;
Reimchen and Nosil, 2001). We tested whether
R-L differed significantly from zero by using
a one-sample #test to examine the presence of
directional asymmetry in LPN (Reimchen and
Nosil, 2001).

To detect sexual dimorphism, SL was normal-
ized by log-transformation (logSL) and com-
pared between the sexes for each population by
ANOVA. Since two meristic counts, lateral plate
and gill raker numbers, are not correlated with
SL in any populations (Spearman rank correla-
tion; P > 0.05), these traits were compared
between the sexes for each population by the
Mann-Whitney U-test. For testing sexual dimor-
phism of LPN asymmetry, we used a ttest to
compare R-L between the sexes for each
population (Reimchen and Nosil, 2001). For all
other traits, we first performed log-transforma-
tion and then performed ANCOVA with logSL as
a covariate. First, we tested the interaction
between logSL and sex in order to examine
slope heterogeneity of regression lines between
the sexes for each population. When the in-
teraction was not significant (P > 0.05), suggest-
ing slope homogeneity, we next excluded the
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interaction term from the model and compared
the log of the trait by ANCOVA with the logSL as
a covariate. If the ANCOVA results were signif-
icant, we calculated a body size-corrected trait
that was adjusted to a grand mean of logSL in
a population and determined which sex has
a larger value. When slope homogeneity was
rejected (P < 0.05), we made no conclusions
about the presence or absence of sexual di-
morphism. SPSS (SPSS Inc.) and StatView (SAS
Institute Inc.) software was used for calculations
and statistics. When we performed a multiple
comparison, we adjusted the statistical signifi-
cance of a = 0.05 by sequential Bonferroni
correction to avoid a Type I error (Rice, 1989).
For measuring the serration on dorsal spines
(Ikeda, 1937; Gross, 1978), a picture of the first
dorsal spine of each fish was taken with a digital
camera connected to a dissecting microscope
(Fig. 2A). The area of the first dorsal spine was
calculated with NIH image 1.63 software (http://
rsb.info.nih.gov/nih-image/). After the serra-
tions were removed by using the eraser tool of
Adobe Photoshop 7.0 (Adobe Systems), the area
of the smoothened spine was calculated again
with NIH image 1.63. The area of the spine
serration was calculated by subtracting the area
of smoothened spine from the total spine area. A
serration index was calculated by dividing the
serration area by the total spine area. The
serration index was compared between the sexes
by the Mann—-Whitney U-test. For 15 randomly
chosen fish, we repeated the calculation of
serration index and confirmed that the first
and second measurements are highly correlated
with each other (Spearman’s rank correlation, 7,
= 0925, P < 0.001), suggesting that our
calculation of serration index is reproducible.
To visualize sexual dimorphism in body shape,
we used landmark-based geometric morpho-
metrics (Rohlf and Marcus, 1993; Walker, 1997;
Zelditch et al., 2004). Digital pictures of anesthe-
tized fish were taken from the left side of 17 wild-
caught APA males and 17 wild-caught APA
females. FEight landmarks (landmarks 1-8 in
Fig. 3B) cover the body shape and overlap with
the landmarks described in Walker (1997),
except landmark 7. In addition, we used the
eye (landmark 9) and pectoralfin positions
(landmarks 10 and 11), because these positions
appeared to be different between males and
females. These landmarks were digitized with
tpsDig2 software (http://life.bio.sunysb.edu/
morph/index.html). We used tpsRelw software
(http://life.bio.sunysb.edu/morph/index.html)
to conduct principal component analysis of
partial warp scores to calculate relative warp
scores (RW) for each individual (Caldecutt and
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Fig. 2. (A) Representative images of male and

female dorsal spines in the Akkeshi Japan Sea
population. (B) Means * SD of serration indexes.
Fifteen males and 15 females of the Akkeshi Pacific
anadromous form (APA), 17 males and 13 females
of the Akkeshi Japan Sea population (AJS), 15 males
and 15 females of the Hyotan pond-resident form
(HP), ten males and ten females of the Little
Campbell River anadromous form (LCA), and ten
males and ten females of the Crystal Lake-resident
form (CL) were analyzed. Abbreviations: M, males;
F, females. In all populations, males have a signifi-
cantly larger serration index than females (Mann—
Whitney U-test; **, P < 0.001, *, P < 0.01).

Adams, 1998; Zelditch et al., 2004). Landmark
positions of the fish that have particular RW were
visualized with the thin-plate spline method.

RESULTS

Sexual dimorphism in wild-caught fish.—Females
were significantly larger than males in SL for
eight populations (Table 1; Fig. 4). However, in
the other two populations (LCH and CL), males
and females did not differ significantly in SL. In
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Fig. 3. (A) Representative images of male and female anadromous forms of the Akkeshi Pacific Ocean

population (APA). Scale bar =

1 cm. (B) Location of landmarks used for geometric morphometrics.

Numbers in the figure indicate the eleven landmarks: (1) anterior tip of upper lip, (2) anterior base of the
first dorsal spine, (3) anterior base of the third dorsal spine, (4) caudal end of caudal keel, (5) base of anal
spine, (6) anterior base of pelvic spine, (7) ventral border of operculum, (8) posterior edge of anglular, (9)
center of eye, (10) upper end of pectoral-fin base, and (11) lower end of pectoral-fin base. (C) Scatter plot
of first and second relative warp scores (RW1 and RW2, respectively) for APA males (n = 17; open square),
APA non-gravid females (n = 12; open circle), and APA gravid females (n = 5; black circles). (D) Thin-plate
spline deformation grids visualizing the body shape with RW1 of —0.07 and RW1 of 0.07, which reflect the

male- and female-specific body shapes, respectively.

general, males had larger heads and mouths than
females. Males had larger values of body size-
adjusted JL in eight populations and body-size
adjusted SnL in nine populations (Table 1;
Fig. 4). Slope heterogeneity between the sexes
for logJL. and logSnL in the remaining popula-
tions precluded use of ANCOVA to test for sexual
dimorphism. However, males in these popula-
tions had larger absolute values in these traits,
although the females had longer SL, suggesting
that there is sexual dimorphism in JL. and SnL.
Therefore, a larger mouth in males is a shared
feature among the ten populations. Sexual
dimorphism in HL, GW, and ED was not
universal, but when sexual dimorphism was
present, males had larger values after body size
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correction (Table 1; Fig. 4), suggesting that
males usually have larger head structures than
females. In three populations, males had deeper
bodies (BD) than females after body size
correction, while in no population did females
have larger values in body size-adjusted BD than
males (Table 1; Fig. 4).

We then conducted geometric morphometrics
to analyze the variation of body shape in the APA
population (Fig. 3). The first and second relative
warps (RW1 and RW2, respectively) explain 58.3 %
and 13.7 % of the variance in partial warp scores.
RWI1 differs significantly between males and
females (Mann-Whitney U-test; Z = -5.0; P <
0.001), while RW2 did not differ between the sexes
(Mann-Whitney U-test; Z = —1.1; P = 0.274). A
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Fig. 4. (A) Summary of sexual dimorphism in ten populations of wild-caught threespine sticklebacks.
The differences between male and female means are expressed as a percentage of the female mean for each
population, where a negative value indicates that females are larger and a positive value indicates that males
are larger. All traits except standard length are corrected for body size. In each panel, bars are arranged
from left to right in the order of LCA, LCS, LCH, CL, APA, HPA, HP, NS, AJS, and SJS populations. Black
bars indicate that the sexual difference is significant, even after sequential Bonferroni correction. Sexual
dimorphism that is significant at P < 0.05, but not significant after sequential Bonferroni correction is
indicated by a above or below each bar. The traits for which sexual dimorphism was not tested due to slope
heterogeneity are indicated by b. (B) Morphological traits that show sexual dimorphism in most
populations are shown in black, while other traits are depicted in gray. The upper panel is a schematic
figure of a left side of a threespine stickleback, while the lower panel is a schematic figure of a ventral side of
a threespine stickleback.
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scatter plot of RWI1 and RW2 shows that the males
and females have distinct clusters along the axis of
RWI. Figure 3D shows deformation grids that
visualize the fish that have RWI1 of —0.07 and
RW2 of 0.07, which reflect the male- and female-
specific body shape, respectively. This analysis
shows that in the males, the head is larger and
the base of pectoral fin is located in a more caudal
position than in the females. This sexual di-
morphism of body shape is not due to the gravidity
of females, because the males and females make
distinct clusters along the RWI, regardless of
whether the females were gravid or not (Fig. 3C).

Females had consistently larger values of body
size-adjusted PG length, although sequential
Bonferroni correction left only three populations
as significantly dimorphic (Table 1; Fig. 4).
Sexual dimorphism in dorsal-spine length was
variable among populations (Table 1; Fig. 4): the
males had longer dorsal spines in the HP and AJS
populations, while females had longer dorsal
spines in the CL population. No significant
sexual dimorphism was seen in pelvic spine
length (PS). GRN, left LPN, and right LPN were
not sexually dimorphic in any population
(Mann-Whitney U-test, P > 0.05; Table 2).
Although slight left-right asymmetry of LPN
was observed in CL females (one sample #test,
P = 0.036) and SJS males (one sample ttest; P =
0.007), with left LPN greater than right LPN,
asymmetry (R-L) did not significantly differ
between the sexes in any population (Student #
test, P> 0.05). Serration on the first dorsal spine
was greater in males in all of the six populations
we analyzed (Fig. 2B).

Sexual dimorphism in laboratory-reared fish.—None
of the morphological traits we analyzed were
significantly sexually dimorphic in the pre-
breeding fish of both the AxF and AxA crosses
(Table 3). However, all body shape traits except
PG became larger in males after they started
breeding in both the AxF and AxA crosses,
regardless of whether they were cultured at high
density or low density (Table 3). Sexual di-
morphism in SL was not observed in either cross,
regardless of whether the fish were in reproduc-
tive condition or not.

DiscussioN

Different populations of threespine stickle-
backs have shared features of sexual dimorphism:
males have larger heads and mouths, while
females have larger body sizes and pelvic girdles.
Sexual dimorphism in the head and mouth
seems to be a general feature in threespine
sticklebacks, because adult males have larger
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heads than
populations

adult females not only in the
we analyzed, but also in other
populations of threespine sticklebacks from
Japan (Mori, 1984, 1987a; Mori and Takamura,
2004), Canada (McPhail, 1992; Reimchen and
Nosil, 2006), Iceland (Kristjansson et al., 2002a),
and Europe (Kristjansson et al., 2002b). Similar-
ly, males have larger heads than females in Asian
populations of the related species Pungitius
pungitius, P. tymensis, and P. sinensis (Kobayashi,
1959; Chae and Yang, 1990). Female-biased
sexual dimorphism in body size may be another
general feature in sticklebacks. Adult females are
larger than adult males not only in the popula-
tions we analyzed, but also in other populations
of threespine sticklebacks from Japan (Ikeda,
1933; Mori, 1984, 1990; Mori and Takamura,
2004) and Canada (Moodie and Reimchen, 1976;
Blouw and Hagen, 1990; Lavin and McPhail,
1993; Reimchen and Nosil, 2006) as well as other
species of stickleback such as Gasterosteus whea-
tlandi (Sargent et al., 1984), Culaea inconstans
(Moodie, 1986), Apeltes quadracus (Blouw and
Hagen, 1984), P. pungitius, P. tymensis, and P.
sinensis (Ikeda, 1933; McKenzie and Keenleyside,
1970). However, exceptional cases of male-biased
size dimorphism are reported in lacustrine
populations of Canadian threespine sticklebacks
(Bentzen and McPhail, 1984; Schluter and
McPhail, 1992; Boughman et al., 2005). Adult
females also have larger pelvic girdles than adult
males in Canadian lacustrine populations (Re-
imchen and Nosil, 2006).

Larger heads may be adaptive for male
threespine sticklebacks. During the breeding
season, males use their mouths to collect fibers
and sand to build their nests (Wootton, 1984). In
addition, biting behavior frequently occurs in
male—-male antagonistic interactions and during
male courtship behavior (Wootton, 1984). In
contrast, nest care and biting behavior is rarely
observed in female threespine sticklebacks
(Wootton, 1984). In addition to divergence in
reproductive roles, niche divergence between the
sexes may be a factor contributing to sexual
dimorphism (Slatkin, 1984; Shine, 1989). During
the breeding season, breeding males inhabit
benthic zones, while breeding females are
prevalent in open water (Reimchen, 1980;
Reimchen and Nosil, 2004). Longer jaws and
wider gapes are characteristic of sticklebacks in
benthic zones and adaptive for feeding on
benthic invertebrates (Bentzen and McPhail,
1984; Lavin and McPhail, 1986; Schluter and
McPhail, 1992), although snout length is usually
shorter in benthic sticklebacks.

Body size does play a significant role in
reproduction of threespine sticklebacks. Larger
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females are suggested to have higher reproduc-
tive success both because they produce more
eggs and are preferred by courting males. For
example, there exists a positive correlation
between female body length and fecundity in
many wild populations (Wootton, 1973; Mori,
1987b; Baker et al., 1998; for a review, see Baker,
1994). However, it should also be noted that
a negative association has been suggested be-
tween egg number and egg size in studies of wild-
caught sticklebacks from Alaska (Baker et al.,
1998, 2005), suggesting a potential trade-off
between offspring number and the quality of
zygotes (Smith and Fretwell, 1974; Wootton,
1979; Parker and Begon, 1986; Stearns, 1992).
Male preference for larger females is prevalent in
stickleback populations and can be a selective
force (Rowland, 1989a, 1994; Kraak and Bakker,
1998). However, in one of the Canadian lacus-
trine stickleback species pairs, limnetic males
prefer smaller females (Albert and Schluter,
2004), and in this lake the limnetic females are
smaller than the limnetic males (Bentzen and
McPhail, 1984; Schluter and McPhail, 1992;
Boughman et al., 2005).

Female threespine sticklebacks also prefer
larger males in several populations (Moodie,
1982; Rowland, 1989b). Larger males are likely to
succeed in male-male contests for nesting
territories (Rowland, 1989c¢; Dufresne et al.,
1990; Candolin, 1998) and less likely to be
victims of sneaking than smaller males (Parker,
1992; Largiader et al., 2001; Zbinden et al.,
2001). In addition, the presence of paternal care
may increase male body size, because size has
high advantage in guarding nests (Parker, 1992).
However, there are also advantages for smaller
males because they can mature and start breed-
ing earlier than larger males (Andersson, 1994).
In field studies of threespine sticklebacks, it was
found that smaller males start breeding earlier,
occupy better breeding territories, and eventually
achieve higher reproductive success than larger
males, which breed later (Mori, 1993; Candolin
and Voigt, 2003). Males may be able to attain
higher reproductive success by investing more
energy into territoriality, nesting, and parental
care rather than allocating energy to their own
growth. Further research on the balance between
different components of male and female re-
productive success will lead to a better under-
standing of the evolution of sexual dimorphism
in body size in threespine sticklebacks.

Larger pelvic girdles in females may be
adaptive. Because the pelvic girdle is a bony
structure covering a part of the ventral surface of
the fish (Bell and Foster, 1994), it may be
a primary defensive armor to protect the eggs
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in the abdominal cavity. Other armor structures
such as dorsal and pelvic spines show various
patterns of sexual dimorphism. Females in
Boulton Lake have a greater mean spine number
than the males (Reimchen, 1980), and this is
attributed to divergent predation regimes be-
tween the sexes: breeding males usually inhabit
the benthic zones and are likely to be preyed
upon by benthic invertebrates, while breeding
females are prevalent in open water and subject
to avian predation (Reimchen and Nosil, 2004).
In the present investigation, we did not see any
great variation in spine number or a consistent
pattern in sexual differences of dorsal-spine
length. However, dorsal spines are more serrated
in males than in females across multiple popula-
tions (Ikeda, 1937). It is suggested that the
serration makes penetration of the dorsal spine
into the soft tissues of the mouth of a predator
more difficult when a stickleback is trapped in its
mouth (Gross, 1978). Besides protection against
predators, male dorsal spines have another
function; the males raise their dorsal spines and
prick the females during courtship (ter Pelkwijk
and Tinbergen, 1937; Wilz, 1970). Despite the
consistent pattern that males have more serrated
spines than females, little is known about the role
of serration in stickleback reproductive behavior.
Although lateral plate number is sexually di-
morphic in a related species, Gasterosteus whea-
tlandi (Sargent et al., 1984), and left-right
asymmetry of lateral plate number is more
frequent in females than in males in a Canadian
population of threespine sticklebacks (Reimchen
and Nosil, 2001), in the present investigation we
did not observe sexual dimorphism in lateral
plate number or lateral plate asymmetry. Further
research is required to understand the relation-
ship between sexual dimorphism and variation in
fitness and reproductive success as well as the
ecological factors that contribute to variation in
sexual dimorphism in skeletal armor.
Laboratory-reared threespine sticklebacks had
patterns of sexual dimorphism similar to those
found in wild-caught fish. Since the males and
the females were grown under similar environ-
mental conditions, these data strongly suggest
that sexual dimorphism in body shape has
a genetic basis. In contrast to body shape, sexual
dimorphism of body size was not observed in our
laboratory-reared fish. This suggests that envi-
ronmental factors are more important for the
expression of sexual dimorphism in body size
than of body shape in sticklebacks. This is
consistent with previous studies, which suggest
that body size is greatly influenced by rearing
environment (Mori and Nagoshi, 1987; Wootton,
1994; McKinnon et al., 2004), although it is

Cust # CG-06-055R2



346

genetically controlled to some extent (McPhail,
1977; Snyder and Dingle, 1989, 1990; Snyder,
1991; Colosimo et al., 2004).

Sexual dimorphism in body shape only became
significant after the fish started breeding. This
suggests that sexual dimorphism in body shape is
a secondary sexual character that may be
regulated by reproductive hormones. Although
sex in threespine sticklebacks is genetically
determined (Peichel et al., 2004), it is currently
unknown what genes or hormones might regu-
late sexual dimorphism of body shape in these
fish. Further analysis of the genetic and de-
velopmental mechanisms that underlie sexual
dimorphism in threespine sticklebacks will be
possible by using the recently established geno-
mic tools (Peichel et al., 2001; Peichel, 2005) and
will provide a complement to ecological studies
to discern the functional significance of sexual
dimorphism in threespine sticklebacks.
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