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INTRODUCTION
Sexual dimorphism – phenotypic divergence between the sexes –
is a common and often substantial form of intraspecific phenotypic
variation. For example, the West Indies island radiations of Anolis
lizards exhibit sexual dimorphism in size, shape and habitat
preference, and sexual dimorphism substantially increases
morphospace occupation within each radiation (Schoener, 1967;
Butler et al., 2000). Many studies have examined sexual dimorphism
in various traits, including body size, trophic morphology, locomotor
ability and color (Nagamine and Knight, 1980; Hedrick and Temeles,
1989; Shine, 1989; Price and Birch, 1996; Berwaerts et al., 2006;
Albert and Crampton, 2009), but the consequences of morphological
sexual dimorphism for functional dimorphism have rarely been
addressed, particularly in the context of sex-specific behaviors
impairing performance in non-sex-specific behaviors.

Some evidence exists that sexual dimorphism occurs in traits
closely linked to movement and activity performance. Adult male
rainbow trout, Oncorhynchus mykiss, exhibit double the cardiac
power output of females, in part as a consequence of an increase
in heart mass (Franklin and Davie, 1992). In Pararge butterflies,
males produce lift more effectively than females, as a result of
increased wing beat frequency and stroke amplitude (Berwaerts et
al., 2006). However, Archilochus hummingbirds show the opposite
pattern, with shorter-winged males exhibiting decreased hovering
ability relative to females (Chai et al., 1996).

In contrast to recent work on sexual dimorphism in locomotor
kinematics, dimorphism in feeding kinematics has received little
attention. However, if individuals exhibit sexual dimorphism in diet,

habit or behaviors performed with the trophic apparatus, selection
could favor divergence in feeding kinematics. For example, if habitat
occupation differs between the sexes (sensu Reimchen and Nosil,
2004), selection may favor kinematic specializations on food items
unique to each habitat. Conversely, behaviors such as territory
defense, display or brood care may place demands on the trophic
apparatus that compromise feeding performance; for example,
enlargement of the buccal cavity in mouth-brooding male
cardinalfishes could compromise suction-feeding ability (Barnett and
Bellwood, 2005; Wainwright et al., 2007). However, despite
extensive study of the kinematics of prey capture (Wainwright et
al., 2007; Higham, 2007) and divergence in diet and feeding
morphology between the sexes (Vincent et al., 2004; Barnett and
Bellwood, 2005; Barnett et al., 2006; Hoey et al., 2012), there appear
to be no examples of sexual dimorphism in feeding kinematics.

The threespine stickleback, Gasterosteus aculeatus, offers an
excellent system for examining dimorphic feeding kinematics.
Stickleback are known to exhibit sexual dimorphism in body shape
and trophic morphology (Caldecutt and Adams, 1998; Kitano et al.,
2007; Aguirre et al., 2008; Aguirre and Akinpelu, 2010; Leinonen
et al., 2011). Additionally, males exhibit sex-specific behaviors
involving the trophic apparatus (Stanley and Wootton, 1986).
During the breeding season, male threespine stickleback construct
nests from benthic debris, which they collect with the oral jaws.
Once the nest is complete, male stickleback defend their territory
from other males and egg predators via bites delivered with the oral
jaws. Therefore, males use their feeding apparatus not only for prey
capture and processing but also for parental care and male–male
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competition. However, stickleback females exhibit none of these
behaviors and use the trophic apparatus primarily in feeding and
respiration. The multiple competing demands on the trophic
apparatus of male stickleback may alter the kinematics of prey
capture and any underlying morphological traits relative to females.

In this study, we sought to determine whether male and female
threespine stickleback exhibit divergent prey-capture motions of the
oral jaws, neurocranium and hyoid. We predicted that males would
exhibit kinematic patterns that were slower and/or less effective at
prey capture than females, likely due to the influence of male-
specific behaviors like nest building and/or territory defense. We
also sought to determine whether kinematic differences between the
sexes have a morphological basis and, if so, whether intersexual
divergence in an ancestral population resembles interpopulation
divergence in derived freshwater populations.

MATERIALS AND METHODS
Collections and filming

We collected adult anadromous threespine stickleback (G. aculeatus,
Linnaeus 1758) from Cheney Outlet in Bodega Bay, Sonoma
County, CA, USA, using unbaited minnow traps. Fish were
transported to the University of California, Davis and maintained
in 100l aquaria at 16°C. Fish were fed ad libitum with freeze-dried
chironomid larvae. A total of four fish showing red nuptial coloration
and four fish showing no nuptial coloration were selected for filming;
they were placed individually into 201 aquaria, acclimated, and
starved 24h prior to filming to ensure a strong feeding response.
Stickleback, like many teleost fishes, capture their prey in
milliseconds (Grobecker and Pietsch, 1979), so we opted to film
fish using high speed video. We used a NAC Memrecam ci digital
system (Tokyo, Japan) set at 500framess–1. Fish were filmed
laterally while consuming live cladoceran prey (Daphnia sp.)
introduced singly via pipette. Only sequences that appeared to be
in squared lateral view, as determined by the orientation of the fish’s
open mouth, were processed further. We collected sequences from
each fish until a minimum of eight lateral full-effort strikes were
recorded. Afterwards, fish were killed with an overdose of MS-222
and placed in a solution of 95% ethanol.

Genetic determination of sex
Tissue samples from epaxial muscle posterior to the pectoral girdle
and from the pectoral fins were removed from the ethanol-preserved
fish. Genomic DNA was extracted from these samples, and genotypes
were obtained for the Idh (isocitrate dehydrogenase) gene using
established methods (Peichel et al., 2004). The Idh locus was
previously shown to exhibit sex-based polymorphism in wild East
Pacific stickleback populations, and Idh was found to co-segregate
with the sex determining locus in 98.5% and 99.4% of individuals in
genetic mapping populations derived from these fish (Peichel et al.,
2004). Among the stickleback specimens we investigated, four Idh
homozygotes (females) and four Idh heterozygotes (males) were
found. Genetically determined sex always agreed with phenotypically
determined sex. For example, all fish displaying red nuptial coloration
(a male courtship ornament) were genotyped as Idh heterozygotes.

Morphological measurements
After tissue sample removal, fish were fixed in formalin, cleared,
and bone-stained with Alizarin Red. We measured standard length
(SL) in each fish, as well as a set of variables associated with
maximum jaw protrusion and hyoid depression, which exhibited
some measure of divergence in our kinematic analysis. Standard
length was measured using calipers, while jaw protrusion and hyoid

variables were measured with an ocular micrometer under a
dissecting microscope. We measured the distance from the
anteriormost portion of the orbit to the tip of the premaxilla when
the fish’s mouth was closed (Motta, 1988; Barnett et al., 2006). The
same distance was measured again after elevating the neurocranium
and opening the mouth to elicit a posture similar to the position of
the head at peak gape during prey capture. We calculated
morphological jaw protrusion by subtracting the premaxilla–orbit
distance with the mouth closed from the premaxilla–orbit distance
with the mouth open. For hyoid depression, we measured the
distance from the ventral-most portion of the orbit to the ventral tip
of the hyoid bone while the fish’s jaws remained closed. We then
measured this same distance when the fish’s neurocranium was
elevated and the jaws opened, and calculated morphological hyoid
depression by subtracting this distance with the mouth open from
the distance between the same two landmarks with the mouth closed.
To evaluate the extent of variation in jaw protrusion between
populations, we also measured standard length and morphological
jaw protrusion on a group of 10 male and 10 female anadromous
stickleback from Jakle’s Lagoon, San Juan Island, WA, USA, as
well as previously collected limnetic and benthic fish from Paxton
Lake, BC, Canada, including both males and females, with 29
limnetic and 28 benthic fish in total.

Digitizing sequences
Kinematic sequences were analyzed using a custom-written
modification of the DLTdv3 package in MATLAB (Hedrick, 2008;
Holzman et al., 2012). A total of 11 landmarks (Fig.1) were tracked
from the beginning of mouth opening until the prey item was
captured and the mouth closed. These landmarks were used to
calculate a series of 12 kinematic variables (Table1) that describe
maximum excursions and timings of major movements.

Maximum gape was defined as 95% of the maximum distance
between two landmarks on the anteriormost points of the upper and
lower jaw, respectively. We defined maximum jaw protrusion as
the maximum distance between the anteriormost point of the upper
jaw and a stable landmark on the skull. Maximum hyoid depression
was defined in a similar manner, as the maximum distance between
the ventralmost visible extent of the hyoid complex and the same
stable skull landmark described above. Maximum cranial and lower
jaw rotation were defined as the maximum change in the angle of
either two points on the skull or two points covering the extent of
the lower jaw, respectively, relative to two stable points on the body.
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Fig.1. The 11 landmarks used for calculating kinematic variables. Two
points track gape width, two track lower jaw rotation, two track body
movement and angle, two track head movement and angle, one tracks the
hyoid, one tracks the prey, and a final point tracks the background.
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Time to peak gape was defined as the time between 20% and
95% of maximum gape (Day et al., 2005; Higham et al., 2006).
This convention avoids the confounding effects of a highly variable
slow opening phase and the asymptotic approach to peak gape,
allowing a measure of the speed of movement during the rapid
expansion phase of suction feeding (Sanford and Wainwright, 2002).
Other timings, including time to peak jaw protrusion, hyoid
depression, cranial rotation and jaw rotation, were defined as the
time between 20% and 95% of each variable’s maximum value.
Strike distance was defined as the distance between the midpoint
of two landmarks indicating anteriormost points of the upper and
lower jaw and the position of the prey at 20% of peak gape. Time
to prey capture was defined as the time between 20% of peak gape
and the time when the prey item passed between the two anteriormost
points of the upper and lower jaw.

To ensure that camera motion did not affect kinematic results,
the position of every landmark was referenced to a fixed background
point in the sequence. To ensure that only high effort strikes were
analyzed, we excluded the sequence from further analysis if it
contained a maximum gape less than 75% of the maximum gape
recorded from all sequences of that individual. After removal of
these sequences, we analyzed a total of 51 videos, with five to eight
sequences per individual.

Kinematic analysis
We performed a principal component analysis (PCA) on the
correlation matrix of the six timing variables and another PCA on
the correlation matrix of the six excursion variables. PCA takes
correlation between variables into account, which is particularly
important in kinematic studies because variables, especially those
reflecting timing, are often highly correlated with each other. To
determine how many principal components to interpret, we used
a broken-stick model implemented in the R package ‘vegan’ to
determine whether each principal component axis contained 
more variation than would be expected by chance (Jackson, 
1993).

Another difficulty with kinematic analysis is that sequences
obtained from the same individual cannot be treated as independent,
so we used linear mixed models in our comparisons of kinematics
in the two sexes. Each retained principal component axis was
regressed on sex as a fixed effect and individual fish as a random

effect. Body size is known to affect strike kinematics in fishes
(Richard and Wainwright, 1995), so we also performed mixed-model
analysis as described above, adding standard length as an additional
fixed effect.

Mixed-model analysis does not allow for traditional significance
calculations, so we used Markov Chain Monte Carlo (MCMC)
methods to simulate the underlying distributions for fixed effects
and generated P-values using the ‘pvals.fnc()’ function in the
‘languageR’ package; 10,000 MCMC samples were generated for
each analysis. We then examined the loadings of individual
kinematic variables on principal component axes that showed a
significant effect of sex in our MCMC analysis. We also used a
mixed-model approach similar to that described above to analyze
the 12 individual kinematic variables. In addition, we calculated
two speed variables, jaw-protrusion speed and prey-capture speed,
by dividing the appropriate excursion variable by the relevant timing
variable.

Morphological analysis
Morphological data analysis was handled using a mixed-model
approach similar to that described above, with kinematic maximum
jaw protrusion treated as a dependent variable, morphological jaw
protrusion and standard length treated as fixed effects, and individual
fish treated as a random effect. For analyses of hyoid depression
morphology and its relationship to kinematics, kinematic maximum
hyoid depression was treated as a dependent variable, morphological
hyoid depression and standard length as fixed effects, and individual
fish as a random effect. For analysis of population variation in
morphological jaw protrusion, we corrected for the effects of size
using a regression of morphological jaw protrusion on standard
length. We then compared the residuals using a Wilcoxon rank-sum
test. The same procedure was followed when analyzing the limnetic
and benthic fish.

RESULTS
For both the timing and the excursion PCA, only the first principal
component was found to contain more variation than expected by
chance; the other components were discarded. The first principal
component of excursion explained 44.7% of total variation and the
first principal component of timing explained 81.3% of total
variation. A plot of excursion PC1 versus timing PC1 shows that

Table1. Principal component loadings and results from mixed-model analysis of kinematic variables

PC1 loading P-value Female Male

Excursions
Gape 0.063 0.130 5.0mm 5.5mm 
Jaw protrusion 0.481 0.001** 2.1mm 1.5mm 
Hyoid depression 0.335 0.007** 1.7mm 1.3mm 
Cranial rotation 0.444 0.013* 14.0deg 9.1deg 
Lower jaw rotation 0.497 0.005** 30.8deg 24.1deg 
Strike distance 0.456 0.021* 13.5mm 11.8mm

Timings
Gape –0.431 0.115 18ms 10ms 
Jaw protrusion –0.405 0.032* 30ms 18ms 
Hyoid depression –0.397 0.096 30ms 22ms 
Cranial rotation –0.359 0.747 34ms 30ms 
Lower jaw rotation –0.439 0.067 18ms 10ms 
Time to prey capture  –0.414 0.028* 20ms 10ms

The female and male values were calculated using the fixed effect of standard length (for a 60mm fish) and the fixed effect of sex from a mixed-effect model
for each kinematic trait.

P-values for fixed effects were obtained from Markov Chain Monte Carlo (MCMC) simulation (see Materials and methods).
*P<0.05, **P<0.01.
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the sexes exhibit little overlap (Fig.2). Mixed-model MCMC
simulation indicated that sex was a significant predictor of timing
(P<0.0002) and excursion (P<0.0494) kinematics. Standard length
was not a significant predictor of strike kinematics, nor did it affect
the significance of the effect of sex for either comparison. This was
likely because our males and females occupied a similar and narrow
size range (P=0.49, Wilcoxon rank-sum test, Table2).

On the first principal component of timing, all six timing
variables exhibited similarly strong loadings (Table1), indicating
that males exhibited slightly faster strikes than females. In contrast,
only five of the six variables loaded strongly on the first principal
component of excursion (Table1). Individual kinematic variables
associated with the first principal component showed a significant
effect of sex (Table1). Maximum jaw protrusion had both the
smallest P value (0.0004) and the largest effect size of sex (Table1).
Two individual kinematic timing variables, time to peak jaw
protrusion and time to prey capture, showed a significant effect of
sex (Table1), but a mixed-model analysis of jaw protrusion speed
and speed of prey capture indicated no significant effect of sex
(P=0.31 and P=0.35, respectively).

Morphological jaw protrusion was significantly related to
kinematic jaw protrusion (P<0.0018) and to log-transformed
standard length (P<0.025). However, morphological hyoid
depression was not a significant predictor of kinematic hyoid
depression. A Wilcoxon rank-sum test indicated that morphological
jaw protrusion differed between males and females in the second
anadromous (WA) population (P<0.0002, Table2) and between
mixed-sex benthic and limnetic populations (P<0.0012, Table2).

DISCUSSION
Sexual dimorphism in trophic structures is known in several fish
groups (Feduccia and Slaughter, 1974; Barnett and Bellwood, 2005;
Albert and Crampton, 2009; Hoey et al., 2012) and is suspected in
others, but our findings are the first to demonstrate sexual
dimorphism in feeding kinematics. It is particularly interesting that
one of the major differences between male and female stickleback
is in jaw protrusion, a trait that has long been thought to impact
various aspects of feeding ability (Schaeffer and Rosen, 1961; Motta,
1984) and was recently shown to play a major role in determining
suction-feeding performance (Holzman et al., 2008; Holzman et al.,
2012). Below we discuss our results and their implications for the
feeding biomechanics and ecology of anadromous stickleback.

Sexual dimorphism in kinematic patterns
The sexually dimorphic first principal component of excursion was
most strongly correlated with strike distance and head elevation,
followed by jaw protrusion, jaw rotation and excursion of the hyoid.
The distribution of strikes along this axis suggests that males strike
closer to the prey item and exhibit less skull kinesis during the strike.
Closer strikes risk alerting visually sensitive prey prior to strike
initiation (Holzman et al., 2012). Male stickleback may initiate strikes
at a closer distance to the prey in order to compensate for decreased
jaw protrusion. Decreased cranial elevation and jaw rotation may also
result in male stickleback being unable to expand their buccal cavity
as much as female stickleback, potentially impacting the
hydrodynamic force males can exert on prey and the volume of water
they ingest. Kinematic timing also differs between males and females.
Stickleback males usually reach their maximum excursions faster than
females, with jaw protrusion occurring 11ms earlier. However, these
faster timings likely reflect the fact that it takes males less time to
reach their maximum excursions because male maximum excursions
are less than female maximum excursions, given that speed variables
do not exhibit sexual dimorphism.

Kinematic differences do not always map closely to
morphological measurements of manipulated excursions made on
cleared and stained specimens, but our mixed-model approach
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Fig.2. The first principal component (PC) of the six excursion variables
versus the first principal component of the six timing variables. Numbers
within points indicate sequences from a given individual.

Table 2. Basic statistics for standard length and jaw protrusion between and among populations

Female Male P-value

Standard length
Anadromous (CA) 62.5±3.4 60.9±2.3 P=0.49
Anadromous (WA) 53.1±2.7 50.5±3.3 P=0.07

Jaw protrusion, size-corrected residuals
Anadromous (CA) 0.19±0.09 –0.19±0.13 P<0.03*
Anadromous (WA) 0.23±0.12 –0.23±0.15 P<0.0002*** 

Limnetic Benthic P-value

Standard length 43.3±4.2 50±6.8 P<0.00004***
Jaw protrusion, size-corrected residuals 0.09±0.24 –0.09±0.14 P<0.0015**

Female, male, limnetic and benthic data are means ± s.d. 
P-values were obtained from a rank-sum test. *P<0.05; **P<0.01, ***P<0.001.
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indicates that morphological jaw protrusion is a significant predictor
of that individual’s maximum jaw protrusion during a strike.
Morphological hyoid depression is not a significant predictor of
kinematic maximum jaw depression, though kinematic hyoid
depression is significantly different between the sexes. This is likely
because hyoid depression during feeding was not perfectly replicated
by the method we used when measuring hyoid depression on cleared
and stained specimens, or because life-like hyoid depression is harder
to achieve in a cleared and stained specimen than life-like jaw
protrusion. The presence of morphological jaw protrusion as a
significant predictor of kinematic jaw protrusion suggests that, in
this case, sexual dimorphism in morphology is driving sexual
dimorphism in feeding kinematics. Sexual dimorphism in
morphological jaw protrusion exhibits strikingly similar patterns in
the California and Washington populations (Table2), suggesting that
this divergence is likely widespread in anadromous East Pacific
stickleback populations.

Ecology of jaw protrusion
In teleosts, differences in jaw protrusion are often associated with
ecological and functional divergence (Motta, 1984). Osse suggests
that highly protrusible jaws should be less effective at grasping prey
because the formation of the mouth into a protrusible tube reduces
the length of the toothed jaw edge (Osse, 1985). In a comparison
of two Lake Victoria haplochromine cichlids, one of the
characteristics distinguishing a generalist species from a biting
specialist was reduced jaw protrusion in the biter (Otten, 1982).
More recent work also supports an association between increased
jaw protrusion and the capture of evasive, mid-water prey (Waltzek
and Wainwright, 2003; Holzman and Wainwright, 2009).

Reduced maximum jaw protrusion and shorter strike distance in
males may decrease foraging efficiency when feeding on visually
sensitive evasive prey, but if reduced maximum protrusion correlates
with increased bite force on the prey, foraging success on alternative
prey types may improve. Many benthic prey items are relatively
non-evasive, relying instead on armor, clinging and burrowing
(Benson, 1981; Heinis et al., 1994; Limén et al., 2005). Decreased
excursion of the premaxilla may increase the fish’s ability to
manipulate and bite prey using the oral jaws.

In Enos Lake, benthic fish routinely bite prey items and drag
them up in the water column for consumption (Bentzen and
McPhail, 1984). Interestingly, in the same study, male limnetic
stickleback fed on benthic prey items when placed in aquaria, but
female limnetics avoided benthic foraging even in conditions of high
prey abundance, suggesting that some stickleback populations may
have the capacity for sex-specific foraging behavior. In another
British Columbia lake, stickleback exhibited sexual dimorphism in
foraging area, with females and males occupying open-water and
littoral habitat, respectively (Reimchen and Nosil, 2004). Our study
supports these previous results indicating ‘male-like’ benthics and
‘female-like’ limnetics, and suggest that some of the sexual
divergence in habitat use seen in freshwater populations may have
originated with the ancestral colonizing anadromous form.

Kinematics in the light of reproductive behavior
While both sexes use the trophic apparatus for feeding and indirectly
in respiration, male stickleback use their jaws differently from
females during the breeding season. Male stickleback use the oral
jaws to grip and move benthic objects for assembly into a nest (Van
Iersel, 1953). A more robust, less kinetic skull may help male
stickleback grip benthic objects and assemble a nest more efficiently,
even if this robustness comes at the cost of reduced jaw protrusion.

After the nest is complete, male stickleback defend their territories
from rival males and egg predators. Defense is typically
accomplished by biting invaders until they or the defender is evicted
from the area. If correlated with increased bite force, reduced jaw
protrusion may help stickleback males deliver more powerful bites
and more effectively defend their territory. This situation may be
analogous to several lizard systems including Caribbean Anolis,
where male lizards have larger heads than females and exhibit a
corresponding increase in bite force (Herrel et al., 2007).

Sexual dimorphism in stickleback adaptive radiation
If male stickleback enjoy an advantage in benthic foraging and
female stickleback exhibit greater success on evasive limnetic prey,
sexual dimorphism in this system may help facilitate rapid adaptive
radiation into benthic and limnetic ecomorphs (Albert et al., 2008).
The pattern of jaw protrusion divergence in limnetic and benthic
fish mirrors that of ancestral anadromous males and females.
Limnetic fish from Paxton Lake exhibit a ‘female-like’ pattern of
jaw protrusion, despite the population samples including both males
and females. Benthics, conversely, exhibit a ‘male-like’ pattern of
reduced jaw protrusion in both males and females. In this case, the
evolution of sexual dimorphism increases the range of
ecomorphological population variation. If a sexually dimorphic
anadromous population invades a new habitat that favors only one
prey-capture strategy, the population should adapt more quickly
because it already contains ecologically relevant variation for
selection to act on. This process would likely resemble models for
the evolution of sexual dimorphism (Bolnick and Doebeli, 2003),
but in reverse, possibly through movement of a sex-linked allele to
the autosomes or via a change in one or more sex-limited modifier
alleles (Rice, 1984). The presence of sexual dimorphism in
anadromous stickleback may help explain why stickleback evolve
rapidly when anadromous populations invade new freshwater
habitats (Albert et al., 2008; Bell et al., 2004).

Conclusion
Our study shows that anadromous threespine stickleback exhibit
sexual dimorphism in feeding kinematics. This variation has
implications for feeding performance and could be driven by sexual
divergence in resource use, as well as by the demands of nest building
and/or territory defense in males. Sexually dimorphic feeding
kinematics are likely much more common in natural systems than
has previously been reported, particularly when a species exhibits
sex-specific reproductive behavior with the trophic apparatus.
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