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Abstract

Phenotypic plasticity is often an adaptation of organisms to cope with temporally or spatially heter-
ogenous landscapes. Like other adaptations, one would predict that different species, populations,
or sexes might thus show some degree of parallel evolution of plasticity, in the form of parallel
reaction norms, when exposed to analogous environmental gradients. Indeed, one might even ex-
pect parallelism of plasticity to repeatedly evolve in multiple traits responding to the same gradi-
ent, resulting in integrated parallelism of plasticity. In this study, we experimentally tested for paral-
lel patterns of predator-mediated plasticity of size, shape, and behavior of 2 species and sexes of
mosquitofish. Examination of behavioral trials indicated that the 2 species showed unique patterns
of behavioral plasticity, whereas the 2 sexes in each species showed parallel responses. Fish shape
showed parallel patterns of plasticity for both sexes and species, albeit males showed evidence of
unique plasticity related to reproductive anatomy. Moreover, patterns of shape plasticity due to
predator exposure were broadly parallel to what has been depicted for predator-mediated popula-
tion divergence in other studies (slender bodies, expanded caudal regions, ventrally located eyes,
and reduced male gonopodia). We did not find evidence of phenotypic plasticity in fish size for ei-
ther species or sex. Hence, our findings support broadly integrated parallelism of plasticity for
sexes within species and less integrated parallelism for species. We interpret these findings with
respect to their potential broader implications for the interacting roles of adaptation and constraint
in the evolutionary origins of parallelism of plasticity in general.
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Environmentally induced phenotypic plasticity is commonly viewed
as an alternative to divergent adaptation, particularly in reference to
mechanisms that produce phenotypic variation across a heteroge-
neous landscape (Bradshaw 1965; Via et al. 1995; Dybdahl and
Kane 2005). However, this viewpoint is somewhat oversimplified in
that phenotypic plasticity can be considered an adaptation in its
own right when the range of environmentally induced phenotypes
expressed by a given genotype, or reaction norm, enhances the rela-
tive fitness of those genotypes in the corresponding environment
compared to other phenotypes (reviewed in Gotthard et al. 1995,
Ghalambor et al. 2007). Given that phenotypic plasticity functions
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similar to other adaptations, it may in theory show analogous pat-
terns of parallel or convergent evolution in the form of parallel re-
action norms within and among species (West-Eberhard 2005;
Ghalambor et al. 2007; Wund et al. 2008). Like other adaptations,
one would predict that the degree to which adaptive reaction norms
are parallel or unique for 2 species, populations, or even 2 sexes,
will be determined both by the extent that the species, populations,
or sexes face similar patterns of selection across that gradient, and
the degree that history (contingency) and shared genetic architecture
constrain or promote analogous responses to that selection. In this
study, we consider parallel and unique aspects of phenotypic
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plasticity in behavior, size, and morphology of males and females of
2 very closely related and ecologically similar fish species that are
adapted to the same environmental gradient of predation risk.

Predator-mediated phenotypic plasticity is common in nature.
Phenotypes of prey species respond to physical cues of predation at-
tempts (Trussell et al. 2003; Hammill et al. 2010), chemical cues of
predators or injured conspecifics (Brossman et al. 2014), visual cues
(Sih et al. 2011), or predator alterations to the community (Alonzo
et al. 2003). Physical changes in prey size or shape often confer a fit-
ness benefit associated with a reduced ability of predators to con-
sume an individual (Dewitt et al. 2000) or an increase in an
individual’s escape performance (Langerhans et al. 2004).
Behavioral antipredator defenses are highly variable among taxa but
usually center around alterations to time allocation, activity levels
or habitat use when feeding (Chalfoun and Martin 2010; Rodgers
et al. 2013) or conducting other risky behaviors like mating
(Johnson and Basolo 2003; Eggers et al. 2005). Importantly, these
various adaptive responses to presence of predators come with
trade-offs in environments without predators (Palkovacs et al. 2011;
Lacasse and Aubin-Horth 2012), placing a selective premium on an
individual’s capacity to produce the right phenotype under the right
predation risk conditions.

In fishes and other animals, most work on predator-driven
phenotypic plasticity, as well as adaptive divergence, has focused on
responses in behavior, body size, and body shape. Many risk-
response behaviors center around “within-situation” time budgeting
and activity levels (Sih et al. 2004), assuming an important trade-off
between the risky but profitable benefits of activities that facilitate
foraging or acquisition of mates and safer behaviors that afford con-
cealment or otherwise reduce the odds of being preyed upon. The
different correlated sets of behaviors that mediate this trade-off are
commonly conceptualized in terms of relative boldness or shyness
(Sih et al. 2004). Traditionally, bold behaviors associated with
increased exploration, aggressiveness, or activity levels (Frost et al.
2007; Wisenden et al. 20115 Sih and Del Giudice 2012; King et al.
2013) are thought to come at an increased risk of predation relative
to more reserved shy behaviors (Sih et al. 2004, 2012; Bell and Sih
2007). However, some research indicates that boldness can afford
its own benefits for reducing predation risk, such as when bolder in-
dividuals are more vigilant of predators (O’Steen et al. 2002;
Pascual and Senar 2014). Importantly for the current study, while
species, population, and sex differences in boldness are well docu-
ment (Harris et al. 2010; Wilson et al. 2010; Sih et al. 2012), studies
also show that individuals often adjust their boldness with respect to
perceived predation risks, consistent with adaptive phenotypic plas-
ticity (Bell and Sih 2007; Sih et al. 2011).

Many fishes are able to adjust their effective body size in re-
sponse to predation risk in 1 of 2 ways. Species that increase body
size often do so specifically in response to gape-limited predators. As
a result, some individuals will grow very quickly or develop body
projections to surpass the maximum size a predator can consume
(Januszkiewicz and Robinson 2007). Alternatively, some species
show decreased overall body size (Bell et al. 2011; Vilimaki et al.
2012) often in association with earlier maturation and greater early
2012;
Handelsman et al. 2013). As in cases of adaptive population diver-

investment into reproduction (Torres-Dowdal et al.
gence, the degree to which such size plasticity is parallel or unique
among species (or sexes) might depend upon the degree that size has
the same effect on predation risk in different species or sexes. In add-
ition, such parallel or uniqueness of plasticity may also depend on
size trade-offs associated with processes like competition and

reproduction that also influence fitness (Hjelm and Persson 2001;
Farley et al. 2015).

Independently of size, body shape in fishes can also influence the
likelihood of prey escaping attacks by predators (Borazjani 2013;
Scharnweber et al. 2013). Various studies of population divergence,
plasticity, or functional performance suggest 2 major ways in which
body shape might often influence escape potential. First, individuals
with more streamlined and hydrodynamic body shapes (Fu et al.
2013) experience less drag and can to move more efficiently and
quickly through water when pursued by predators. Additionally, in-
dividuals may develop body proportions favoring greater relative
area of the caudal region and its important role in burst starts
(Langerhans et al. 2004; Scharnweber et al. 2013) to avoid a lunging
attack. As with other traits, however, the relative degree of parallel
or unique plasticity in fish body shape is expected to depend on both
the specific attributes of predators and potential trade-offs with
other aspects of performance. Notably, these same aspects of body
shape in fishes are often important for foraging and reproduction
(Ghalambor et al. 2004).

Most studies of phenotypic plasticity in fishes or other species
focus on single traits or trait types. However, overall adaptation to a
given environmental gradient might in principle involve concerted
plastic responses in all or many of these trait categories as part of an
integrated plastic phenotype. This raises the possibility that species
(or sexes) showing parallel patterns of plasticity in 1 set of traits
might generally show parallel patterns in other traits, resulting in an
overall integrated pattern of parallelism. Although it might be pos-
sible to infer such integrated parallelism of plasticity by comparing
multiple studies of plasticity in various traits, sexes, and species, the
most rigorous assessment of integrated parallelism would involve
simultaneous quantification of multiple forms of plasticity within a
single study and set of individuals from 2 species or 2 sexes. In the
current study, we adopt this integrated approach for assessing paral-
lelism, both across species and across sexes of mosquitofish
(Gambusia spp.). The sexes and species of mosquitofish represent an
interesting contrast for understanding factors determining parallel-
ism of plasticity given that the sexes of our focal species are more
overtly different in terms of size, shape, and many aspects of behav-
ior than are members of the same sex across species, raising the
question of whether similarity of trait backgrounds or genetic inter-
dependence are more prone to produce parallel plasticity across the
various components of an integrated phenotype.

We examined potential parallel and unique aspects of predator-
induced phenotypic plasticity of 2 closely related and ecologically
analogous species of prey fish (eastern mosquitofish: Gambusia affi-
nis and western mosquitofish: G. holbrooki). Specifically, we as-
sessed 1) whether predator cues produce size, shape, or behavioral
plasticity within the integrated phenotypes of mosquitofishes; 2) the
degree that plastic responses are parallel or unique by species; and 3)
the degree that responses are parallel or unique by sex. We in turn
consider whether our data are consistent with integration of paral-
lelism at different scales (sex vs. species) and what that might tell us
about the relative roles of selection, contingency, and constraint in
the origins of parallelism of plasticity in general.

Materials and Methods

Study species

The eastern and western mosquitofish are widespread, and often
abundant, species of North American poeciliid fishes. These species
have very similar morphologies, behaviors, life histories, and


Deleted Text: two 
Deleted Text: ; <xref ref-type=
Deleted Text: b
Deleted Text: <xref ref-type=
Deleted Text: one 
Deleted Text: two 
Deleted Text: two 
Deleted Text: one
Deleted Text: two 
Deleted Text: two 
Deleted Text: two 
Deleted Text: -
Deleted Text: ersu

Arnett and Kinnison - Parallel and unique plasticity of shape and behavior 371

ecological niches, and were considered a single species or subspecies
until as recent as 1988 (Wooten et al. 1988). Both species are sexu-
ally dimorphic with females larger than males, and males possessing
gonopodia for internal fertilization.

Both species have also been introduced extensively for biological
control of disease-carrying invertebrates (Meffe 1985) and have a
combined introduced range that now includes all continents except
Antarctica (Brown 1987; Cote et al. 2011). The high local abun-
dance of these fishes in their native and introduced ranges is driven
by high fecundity accompanied with short generation times and a
viviparous reproductive strategy (Vondracek et al. 1988; Haynes
and Cashner 1995). The colonizing capacity, abundance, and ecolo-
gical habits of these fishes that made them appealing for disease vec-
tor control also make them a high concern IUCN Red List invasive
species (Pyke and White 2000). In particular, mosquitofishes are
voracious consumers of aquatic insects and zooplankton (Goodsell
and Kats 1999; Matveev et al. 2000) and can be aggressive competi-
tors that displace other species (Carmona-Catot et al. 2013).

Importantly for the present study, mosquitofishes are also com-
mon prey for piscivorous fishes and aquatic birds (Britton and
Moser 1982; Meffe and Snelson 1989), and evidence suggests that
fish predators in particular are important in driving adaptive trait di-
vergence of mosquitofish populations. For instance, the presence of
predators is associated with population differences in color patterns
(Horth 2004) and body shape (Langerhans and DeWitt 2004). Both
of the species in this study coevolved with a diversity of Centrarchid
predators, including largemouth bass Micropterus salmoides, other
bass species, and some sunfishes (Lepomis spp.). Populations of
Gambusia that coexist with piscivorous fish predators exhibit
streamlined body shapes with greater investment in the size of the
caudal region important for generating high escape velocity in re-
sponse to predator attacks (Langerhans et al. 2004). Body size and
shape in mosquitofish can also be correlated with boldness and soci-
ability behaviors (Cote et al. 2011). Where the ranges of G. hol-
brooki and G. affinis overlap, G. holbrooki commonly displaces G.
affinis due to a suite of demographic, behavioral, and genetic factors
(Scribner and Avise 1994).

Collection and breeding

Gambusia holbrooki were collected using dip nets from a pond site
in the Croatan National Forest lands near New Bern, NC (Lilly
Pond 34.79°N, 76.86°W). At the time of collection, the pond was
reported to have long-standing populations of eastern mosquitofish
and centrarchid predators (largemouth bass M. salmoides and blue-
gill sunfish Lepomis macrochirus). Gambusia affinis were provided
by the Contra Costa Mosquito and Vector Control District in
Concord, CA (37.93°N, 121.95°W) Although this region is outside
the native range of this species, mosquitofish introduced to
California derive from portions of the native range with centrarchid
predators (Texas) and the introduced region used for sources by
Contra Costa is characterized by pervasive introduced populations
of bass and sunfish. Ponds in the source and introduced regions for
both species are generally shallow with extensive macrophyte
growth along the littoral zone and algal growth in the pelagic zone
during the summer. The shallow nature of these systems makes
them subject to occasional disturbance and colonization events in
the form of droughts, floods, and anthropogenic fish introductions,
suggesting both mosquitofish lineages have a long evolutionary his-
tory of predator and prey metapopulation dynamics favoring evolu-
tion of phenotypic plasticity. Finally, both regions where our fish
derived have similar thermal environments, with average annual

highs of 21.2-22.3 °C and annual lows of 8.8-9.5 °C, however,
Contra Costa, CA receives significantly less rainfall than New Bern,
NC (418 mm vs. 1221 mm).

All brood fish were quarantined and captive reared in a single
lab for 1 year in the absence of any predator cues. Brood fish were
thus extensively acclimated to shared laboratory conditions before
being used to produce common-garden offspring (1 generation) for
experimentation. All fish rearing and breeding took place under con-
ditions of 26.5 °C water temperature and 15L:9D photoperiod.
Aquaria, breeding pools, and rearing pools were filled with treated
and conditioned well water and water levels were maintained with
deionized water. Fish were fed ad libidum 1-2 times daily with a di-
verse diet, including dried tubifex worms, dried krill, spirulina
flakes, and live bearer flake food.

Breeding and offspring production took place in 3 replicate 295
L wading pools per species with a central, circular refuge area of
artificial plants surrounded by 5 mm mesh that could be accessed by
fry but not by cannibalistic adults. Each breeding tank employed
10-12 adults of 1 species, with a sex ratio of 60-70% females. Pools
were checked daily for fry that were then removed from the breeding
tanks for allocation to the rearing treatments. Any fry >12 mm were
discarded to ensure all fry were exposed to rearing treatments at a
similar size and development stage.

The group of fry from a given parturition event were equally and
randomly allocated to exposure treatment pools with or without
predator cues. All of the exposure pools (again 295 L wading pools
with 3 replications) included a central chamber constructed of 1 mm
polyurethane coasted square mesh that contained either a predator
or remained empty depending on the exposure treatment. The re-
maining area of each pool was further subdivided with 1 mm poly-
urethane mesh into 2 halves, into which individuals of the 2 species
were, respectively, introduced. Hence, both species and sexes experi-
enced identical exposure conditions within each treatment. Both the
predator and nonpredator pools (each subdivided for 2 species)
were replicated 3 times to further account for any potential pool ef-
fects. The predator used in our exposure pools was a live largemouth
bass fed live mosquitofish of both species throughout the study
period. Predator cues thus included a cohesive set of potential visual,
chemical, and physical (e.g., auditory or movement) signals associ-
ated with both predators and predation upon prey (conspecific and
heterospecific). Fry of both species remained in these respective
pools until the appearance of secondary sexual characteristics at ap-
proximately 4-12 weeks, at which time they were assayed for be-
havior, size at maturity, and morphology.

Behavioral assays

Mature fish from the rearing treatments were assayed for risk-taking
and foraging behaviors after a 72-h fasting period. Assays were per-
formed in a 114 x 36 cm risk-reward arena that contained a large-
mouth bass enclosed behind 5-mm polyurethane coated diamond
mesh wide at 1 end to provide visual and chemical cues of predation
risk and a shoaling group of 3-5 conspecifics (depending on the size
of the individuals) enclosed behind similar mesh that was 10 cm
wide at the opposite end. The central 71 cm region of the arena was
subdivided into a 2x 5 grid to quantify movements within the tank
(Figure 1). The space closest to the shoal group end of the chamber
was designated as the “safe zone.” Conversely, the final row on the
grid closest to the predator enclosure was designated the “danger
zone.” A food reward was used to encourage exploration in the
arena. The food reward consisted of a mixture of freeze-dried krill
or spirulina flakes that were distributed among all of the grid
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squares. Fish were introduced individually into an acclimation tube
at the safe end nearest to the shoal group since this species of fish is
social and this most closely mimics realistic biological conditions.
Individuals were acclimated for 2 min before the tube was lifted and
the assay began. This arena design allowed us to simultaneously
score the time individuals spent in presumptively safe versus risky
activities (i.e., holding vs. exploring) and in safe versus risky loca-
tions (near a shoal vs. near a predator). Behaviors were continuously
recorded using the JWatcher software (Ver. 1.0, Macquarie
University and UCLA) for 10 min and used to quantify the amount
of time required to first leave the release area and begin exploring
(lag time), the subsequent amount of time spent swimming around
the arena or feeding (exploration time), the percentage of time spent
in portion of the arena closest to the shoal (time in safe zone, diag-
onal dashed area), and the percentage of time in the portion of the
arena closest to the predator (time in danger zone, vertical dashed
area) (Figure 1). Fish spent very little if any time feeding during the
trials, so feeding time was included in exploration time. Behaviors
were analyzed with a multivariate analysis of variance (MANOVA)
on a linear mixed effects (LME) model with replicate as a random
variable and predator treatment, species, and sex as fixed effects.
Subsequent comparisons within treatment groups (sex, species, or
exposure) were performed using a ¢-test with unequal variances and
a Bonferroni correction.

Body size and shape
After behavioral assays, individuals were euthanized with a lethal
dose of MS-222 (>250 mg L"), weighed (to =4 mg), and photo-
graphed against a grid background with a ruler for scale. Individuals
were measured in Image] (Ver. 1.6.0_20, Rasband and NIH) for
total length (mm from tip of snout to tip of caudal fin), and body
depth (mm of deepest vertical measure of the body). These 3 differ-
ent size indexes (mass, length, and depth) were analyzed with
MANOVA followed by post hoc #-tests within treatment levels.
Shape data were collected from the photographs based on 15
fixed landmarks (Appendix A) adapted from a set used by Palkovacs
etal. (2011), excluding some spinal and cranial markers, and adding
caudal region markers. These landmarks were used for geometric
morphometric analyses to summarize overall fish body shape using
the program tpsDig2 (Ver. 2.17, Rohlf and SUNY). Because mosqui-
tofish are strongly sexually dimorphic, relative warps were obtained
for each sex in separate geometric morphometric analyses. Relative
warps were obtained from a principal component analysis of thin-
plate spline shape variation using tpsRelw (Ver. 1.49, Rohlf and
SUNY). Sex-specific MANOVA and discriminant function analyses
(DFA) were performed on the relative warps using predator

Figure 1. Behavioral assay experimental design. Area (1) is the largemouth
bass enclosure, Area (2) is the risk assessment grid, Area (3) is the acclima-
tion tube, and Area (4) is the shoal group. The “danger zone” is represented
by the vertical-lined area. The “safe zone” is represented by the diagonal-
lined area.

exposure treatment as the primary (discriminating) factor for each
sex. Interacting factors that were not significant (P < 0.05) were
removed and the reduced model was used. DFA scores were then
visualized in terms of landmark deformations using tpsRegr (Ver.
1.40, Rohlf and SUNY).

Inference

In all analyses, presence of phenotypic plasticity was inferred where
there was statistical evidence for either a direct effect of predator ex-
posure or for its interaction with sex or species. A significant sex-by-
exposure or species-by-exposure interaction was considered support
for nonparallel (unique) plastic responses. Conversely, presence of a
significant exposure effect without a significant sex-by-exposure or
species-by-exposure interaction was considered evidence of parallel
norms of reaction. All statistical analyses were performed using the
R Programming Environment (Ver. 3.1.1, R Core Team), using the
libraries vegan (Oksanen, Ver. 2.0), car (Fox and Weisberg, Ver.
2.0), MASS (Ripley, Ver. 7.3), nlme (Oenheiro and Bates, Ver. 3.1),
heplots (Fox, Friendly, and Monette, Ver. 1.0-1.6), and ape (Paradis
etal., Ver. 3.3).

Results

Behavioral assays

Predator exposure had a significant effect on the behavior of mos-
quitofish. Importantly, there was a significant interaction effect be-
tween species and exposure treatment (Fy516=8.10, P <0.01), but
no interaction effect for sex and exposure (Fj,14=0.54, P=0.49),
and no fixed effect for sex (F;216=0.94, P=0.34), indicating
unique plastic responses by the 2 species but parallel reaction norms
for the sexes (Appendix B). Hence, the following description of spe-
cies effects apply in common to males and females of both species.
Considered separately within the LME framework, both compo-
nents of time allocation were affected by the species-by-exposure re-
gime interaction (lag time: Fj,16=28.10, P <0.01, percentage of
time exploring: Fi16="7.51, P=0.02). Gambusia affinis exhibited
a slightly, but not significantly (¢;14=1.58, P=0.11), longer lag time
to begin exploring the risk-reward environment compared to
G. holbrooki when reared in the absence of predator cues. However,
G. affinis greatly increased this lag time when reared in the presence
of the predator, relative to the G. holbrooki (t 9s=4.51, P <0.001)
that responded with a slightly reduced lag time (Figure 2a). Once a
fish began exploring, individuals of both species that had not been
exposed to predator cues spent similar time actively moving about
the arena (#;,3=0.16, P=0.87). However, predator exposed
G. holbrooki and G. affinis showed different (¢19,=—3.08,
P=0.002) and opposing patterns of exploration. G. holbrooki
tended to increase their exploration time, whereas G. affinis showed
somewhat reduced exploration (Figure 2b).

As with time allocation, where fish spent their time was also
plastically influenced by prior exposure to predator cues. Time spent
in the “safe zone” was significantly affected by an interaction be-
tween species and exposure (Fj,16=4.06, P=0.05), but not by
sex (Fi214=2.72, P=0.10) or between sex and exposure
(F1214=0.001, P=0.97). This again indicates a unique aspect to
plasticity of the 2 species. While percentage of time spent in the
“safe zone” was similar for the 2 species in the absence of predator
exposure during development (¢;;4=—0.41, P=0.68), exposed G.
affinis spent a significantly greater percentage of time in the “safe
zone” when compared with exposed G. holbrooki (t190=2.42,
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P=0.01) (Figure 2c). Although we did not detect a significant
species-by-exposure interaction for time in the “danger zone”
(F1214=1.24, P=0.27), this was likely due to reduced power due to
greater variation among individuals in their use of this region of the
arena. Supporting this, we did detect an overall species effect
(F1217=4.78, P=0.03), and the trends for exposure effects on
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Figure 2. Behavioral responses for G. affinis (dashed line) and G. holbrooki
(solid line). Panel (A) is the time for a fish to leave the “safe zone” the first
time. Panel (B) is the percentage of time a fish spent outside of the “safe
zone.” Panel (C) is the percentage of time a fish spent near the shoal group.
Panel (D) is the percentage of time a fish spent near the bass enclosure.
Asterisks represent significant differences with unique interactions (species
by predation). Double crosses represent significant effect of species. All error
bars are =1 standard error.

relative species use of the “danger zone” was essentially opposite
that observed for time in the “safe zone” (Figure 2d). Indeed, unlike
the LME, separate t-tests at each exposure treatment indicate that
whereas nonexposed members of these species do not differ in their
time spent in the “danger zone” (¢;,5=1.98, P=0.53), exposed G.
holbrooki spent significantly more time there than exposed G. affi-
nis (t104 = —2.19, P=0.03).

Body size and shape

The multivariate length, body depth, and mass model showed no
significant interactions among sex, species, or exposure groups on
body size metrics, as well as no separate effect of predator exposure,
indicating that size was not phenotypically plastic (Appendix C).
The subsequent reduced model did reveal significant separate effects
of both sex (Fj,17=39.3, P<0.001) and species (F;,17=9.81,
P <0.01). The effect size of sex was double that of species
(sex=0.16, species=0.08), confirming the substantial sexual size
dimorphism in these fishes. Overall, females were 11% longer
(tr07=—5.33, P<0.001), 30% deeper (t201=—10.5, P <0.001),
and 50% heavier (t,9;=—6.40, P <0.001) than males. Univariate
comparisons indicated that G. holbrooki were 6% longer
(t223=—2.60, P < 0.01) than G. affinis, but the species did not differ
in body depth (t55=-0.79, P=0.43) or mass (f;=-1.30,
P=0.20).

Unlike body size, we did find support for phenotypic plasticity of
body shape. Female body shape responded to predator cues with a
parallel norm of reaction across species, as reflected by a significant
effect of exposure treatment (Fy 114 =234.9, P < 0.001, 1*=0.23) but
not species (Fy 114=2.48, P=0.11), with no interaction between the
two (Fy,114=3.63, P=0.06). Male body shape differed between spe-
cies (Fy105=18.2, P<0.001) and changed with predator exposure
(F1,105=24.9, P<0.001), but still with a parallel reaction norm
(i.e., nonsignificant interaction: Fy ;905 =1.14, P=0.26). Indeed, ex-
posure effects among male fishes were twice as strong as species dif-
ferences (exposure: n>=0.19, species: 7*=0.10). Within each sex
and species, discriminant function scores based on relative warps
differed significantly by exposure treatment, with treatment ac-
counting for 33-46% of variation in the DFA scores (females: G.
affinis:  Fyss=54.4, P<0.001, G. holbrooki: Fj49=38.8,
P <0.001; males: G. affinis: F, 53=38.0, P<0.001, G. holbrooki:
Fy5=25.7, P<0.001). Regression of DFA scores back on relative
warps to depict associated deformations indicated that predator-
exposed individuals of both sexes and species tended to show more
slender and streamlined bodies, a body shape difference that is par-
ticularly apparent in the region of the anal fin insertion (Figure 3).
The cranium also showed a reduction in depth, with a dorsal-ven-
tral flattening in both the jaw and the posterior extent of the cra-
nium. Fish from exposure treatments also had eyes more ventral in
the cranium than those from nonexposure treatments. Caudal re-
gions in predator-exposed fish were expanded anterior-posterior,
particularly along the dorsal side from the posterior dorsal fin inser-
tion to the dorsal side caudal fin insertion.

In addition to these generally parallel reaction norm morpho-
logical effects of predator exposure for both sexes and species, there
were some sex-specific patterns of plasticity. Male mosquitofish of
both species responded to predator cues in the angle and width of
their anal fin insertions (Figure 3). Exposure (Fjo3=4.41,
P=10.04), but not species (F 103=2.27, P=0.14), significantly af-
fected the width of the insertion, with predator-exposed males de-
veloping fin insertions 10% wider than nonexposed males. The
angle of gonopodial insertion was also marginally affected by
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predator exposure (Fq108=2.95, P=0.08),

(F1,10=2.20, P=0.14). Gonopodia angle was approximately 16%

but not species

flatter in exposed individuals compared to nonexposed individuals
(Figure 3). Given that exposure groups did not differ in any body
size measurements, these shape differences are not associated with
differences in body size and analyses of DFA scores revealed no sig-
nificant correlations with size measures.

Discussion

Our study clearly demonstrates that mosquitofishes show marked
phenotypic plasticity in response to predator associated cues.
However, not all traits showed this response to the same extent and
some traits showed more evidence of parallel plastic responses than
others. Behavioral responses were parallel for both sexes but unique
within species, with the generally bolder G. holbrooki becoming
bolder after rearing in the presence of predator cues. Body shapes of
both species and sexes shifted toward greater caudal peduncle in-
vestment and an overall slimmer body profile in the presence of
predator cues, a pattern that is very analogous to what has been sug-
gested for adaptive divergence of mosquitofish from habitats lacking
or containing predators, respectively (Langerhans et al. 2004). Size
was not plastic with predator exposure.

Parallel and unique plasticity of behavior
The 2 species of mosquitofish showed fairly similar behavior when
reared without predator cues. In contrast, the behavior of the species

became very different when they were exposed to predator cues,
with G. holbrooki becoming notably bolder and G. affinis becoming
somewhat shyer. Indeed, G. holbrooki increased seemingly risky be-
haviors by 20-29% under predator exposure, whereas G. affinis
reduced such behaviors by 8-37%. Divergence in behavioral norms
of reaction between species is not entirely unexpected given prior
work showing that this can even occur among populations within
species of other taxa (reviewed in Sih et al. 2012). Interestingly,
prior studies also suggest that bolder behavioral types might often
be more plastic in their tendencies, altering their behaviors more in
the presence or absence of a predator or food conditions (Thomson
et al. 2012), which is generally consistent with our findings, al-
though there were exceptions (e.g., greater change in lag time by G.
affinis).

It may not seem intuitive that the opposite responses of both G.
holbrooki and G. affinis to predator cues could both be adaptive,
but there is reason to think that may be the case. The fact that bold
and shy individuals persist in most populations of fish and other or-
ganisms has led to the theory that both phenotypes can be adaptive
by expressing a cohesive set of intraspecific and interspecific behav-
iors (Sih et al. 2004; Wilson et al. 20105 Cote et al. 2011). Support
for this premise comes from studies of boldness in fishes, including
poeciliids, where it has been shown that shorter lag times, greater
exploration, and willingness to approach predators can be associ-
ated with predator vigilance and ability to more efficiently gauge
risk (O’Steen et al. 2002; Brown and Braithwaite 2004; Brown et al.
20035; Leblond and Reebs 2006; Harris et al. 2010; Reed et al. 2010;
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Brown and Irving 2014). A similar line of reasoning might thus ex-
plain why 2 species with somewhat different innate tendencies to-
ward boldness or shyness might evolve plasticity to predators that
exaggerates those tendencies to exploit two different adaptive peaks
in the fitness landscape (Sih et al. 2004; Briffa et al. 2008).

In contrast to comparison of the 2 species, the 2 sexes showed
largely parallel behavioral plasticity within species. This was some-
what surprising given the marked sexual size and shape dimorphism
in these species, as well as known differences in how males and fe-
males allocate their activity and energy budgets in mosquitofish and
other poeciliids (Magurran and Seghers 1994; Basolo and Alcaraz
2003). For many small prey fishes the larger sex can experience
increased predation (Britton and Moser 1982) and present shyer
traits (Harris et al. 2010; Wilson et al. 2010) than the smaller sex. In
mosquitofish, males and females may be somewhat locked together
in their plastic responses to predators through both their social and
genetic associations tied to mating. Interbreeding could constrain
the opportunity for genetic divergence in reaction norms. Socially,
mature males almost continuously pursue females and because of
this divergent plastic responses to predators might be incompatible
where predator attention depends on joint behaviors of interacting
males and females (e.g., female shyness negated by attention drawn
by bolder males).

Lack of plasticity of size

We did not detect plasticity of size in either mosquitofish species
despite the presence of such plasticity in other fishes (i.e.,
Januszkiewicz and Robinson 2007; Burns et al. 2009; Preisser and
Orrock 2012). Larger size is often assumed to enhance prey escape
ability through aspects of predator gape limitation or greater escape
velocity, but these advantages can be offset if predators target the
larger prey for their greater energetic value (Brooks 1968; Britton
and Moser 1982). While some prey may be able to surpass a given
predator’s gape limitation (Cowan et al. 1996; Abate et al. 2010), if
the predator has no functional gape limitation for that prey (re-
viewed in Sogard 1997) or cost of prey capture varies little with size
(Gill and Hart 1994), larger size might make prey more attractive
target, as is likely the case with mosquitofish (Britton and Moser
1982). Conversely, smaller prey may at times be more difficult for
predators to detect and present lower per capita value to predators
(Werner and Hall 1974; Goss-Custard 1977), leading to the predic-
tion that predation risks might favor expression of smaller size (re-
viewed in Blanckenhorn 2000). However, being poeciliid fishes,
mosquitofish are already among the smallest fish species in North
America, with some of the shortest times to maturation (weeks) and
highest investment in maternal provisioning (live bearers). Hence,
there may simply be limited scope for plasticity favoring even
smaller size in response to predator cues.

Parallel plasticity of shape

We found a strong degree of parallelism of shape plasticity in these
2 species as well as evidence of parallel plasticity of shape across the
sexes, even given their substantial sexual dimorphism. Parallelism in
divergence or plasticity might be predicted to be greatest where spe-
cies or sexes with similar genetic and phenotypic makeup are sub-
jected to a genetically or adaptively constrained fitness landscape.
Consistent with this prediction, the 2 species of mosquitofish in this
study are exceedingly similar in morphology and ecological niche, to
the point that they are commonly confused and were initially treated
as a single species (Wooten et al. 1988; Pyke 2005). At the same

time, the great size disparity and lunging predatory attacks of bass
likely places a premium on burst escape abilities that approach the
physical and hydrodynamic limitations of small fishes (Bainbridge
1957; Domenici and Blake 1997). Hence, unlike behavior where the
2 species might have somewhat different behavioral tendencies and
alternative adaptive optima might exist to cope with predators (i.e.,
bolder or shyer), these 2 observations for morphology imply strong
adaptive constraints and less opportunity for alternative body con-
formations to aid escape. Assessing whether morphological plasti-
city is more generally parallel across species and sexes than
behavioral plasticity awaits future studies of the type conducted
here, but the importance of adaptive constraints acting on initially
analogous body plans is reinforced by another aspect of parallelism
observed within this study—parallelism of adaptive divergence and
phenotypic plasticity.

Morphological plasticity in the present study showed remarkably
analogous predator-associated patterns of overall streamlining,
dorsal-side longitudinal expansion of the caudal peduncle and shifts
in eye position to patterns observed among wild populations of G.
affinis living in the presence or absence of fish predators, particu-
larly for females (Langerhans et al. 2004) (Figure 4). Indeed, these
patterns of trait divergence appear remarkably conserved among
wild populations of mosquitofish, males and females, and even other
fish species facing this same ecological selection gradient (Gonzalez
and Gianoli 2004; Langerhans and DeWitt 2004; Hendry et al.
20065 Fu et al. 2013). Moreover, functional studies have established
that caudal peduncle size is linked with burst speed and quick escape
behaviors in mosquitofish, and differs among populations with and
without fish predators (Langerhans et al. 2004; Langerhans and
Makowicz 2009; Borazjani 2013). Although many of these prior
studies of geographic variation in body shape did not compare
populations under common-garden conditions, and thus likely con-
found adaptive divergence with the phenotypic plasticity that we
demonstrate here (our design precludes the opposite), it seems prob-
able that these 2 forms of trait determination are adaptively con-
strained to be largely analogous. Moreover, these 2 forms of trait
determination may not even be independent. Where traits are ini-
tially plastic, selection may act to intensify or flatten the slopes and
intercepts of associated norms of reaction leading to heritable popu-
lation divergence (Crispo 2008).

Although sexual parallelism of plasticity predominated, it was
not complete. The primary exception was a trait strongly associated
with the different reproductive anatomy of males and females. Anal
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Figure 4. Superimposition of morphological deformations due to plasticity
(this study) and due to population divergence (Langerhans et al. 2004). All
panels are of G. affinis. Thin plate spine images of plasticity from the present
study are exaggerated by 4 units (shaded, black points). Images are paired
with corresponding sex and predator exposure outlines from Langerhans
et al. (2004) with 2-unit exaggeration (dashed, gray points). Different point
sets from the 2 studies contribute to some differences in shape resolution,
but overall deformation patterns are broadly analogous.
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fin morphology is sexually dimorphic for mosquitofish with males
having anal fins modified into gonopodia for internal fertilization.
Male mosquitofish of both species showed much greater plasticity in
this region than females, with males exposed to predator cues
showing an expansion in the width and a reduction in the angle of
this region. Prior work has found that mosquitofish populations in
systems with predators generally have shorter gonopodia with a
smaller overall area (Langerhans et al. 2005; Heinen-Kay and
Langerhans 2013). We did not measure gonopodia length or area
directly, but it seems likely that an overall reduction in the angle
of gonopodia could also reflect a reduction in gonopodial invest-
ment. Certainly, it seems reasonable that traits that are very tightly
linked to alternative sexual anatomy and mating systems, like gon-
opodia in mosquitofish, might often be subject to more unique
patterns of plasticity.

Integration of plasticity across traits

In the current study, the 2 sexes exhibited generally integrated pat-
terns of plasticity in the sense that they showed parallelism of plasti-
city for nearly all plastic traits, with the possible exception of actual
reproductive anatomy (gonopodia in males). In contrast, the 2 spe-
cies showed less integration of parallelism, with parallel patterns of
morphological plasticity but nonparallel patterns of behavioral plas-
ticity. This outcome is again noteworthy in that males and females
within each of these species are more overtly divergent in morph-
ology, size, and many aspects of behavior (e.g., sex roles) than are
members of the same sex across species. In light of this observation,
we advance the hypothesis that initial similarity of phenotypes is less
apt than genetic and selective interdependence to produce broad in-
tegration of parallelism across various plastic traits. However, we
only considered 1 species pairing in our study, and while our ap-
proach is unique in combining both multiple traits, sexes and species
in 1 study, the generality of our observation and this hypothesis
must await additional future studies of phenotypic plasticity that
adopt a similarly broad comparative approach. This should be pos-
sible in that many closely related species or populations of fish and
other taxa show greater sexual dimorphism than interspecific or

interpopulation divergence within sexes.

Acknowledgments

We thank E. P. Palkovacs for his help in fish collection as well as the Contra-
Costa Mosquito and Vector Control District. We thank Kevin Simon for pro-
viding friendly review of the manuscript, as well as Cameron Ghalambor,
Brian McGill, and others for thoughtful insights. We thank W. Wright, C.
Bigos, L. Lamb-Wotton, and R. Lund for help in the lab.

Funding

This work was funded by the Maine Agricultural and Forest Experiment
Station (Contribution #3488), the University of Maine Graduate School
Government Individual Grants, and the US National Science Foundation
(NSF DEB 1457112). H.A.A. was supported by the Chase Distinguished
Research Assistantship and a University of Maine Teaching Assistantship.

Conflict of Interest

The authors have declared no conflicts of interest.

References

Abate ME, Eng AG, Kaufman L, 2010. Alarm cue induces an antipredator
morphological defense in juvenile Nicaragua cichlids Hypsophrys nicara-
guensis. Curr Zool 56:36-42.

Alonzo SH, Switzer PV, Mangel M, 2003. An ecosystem-based approach to
management: using individual behaviour to predict the indirect effects of
Antarctic krill fisheries on penguin foraging. ] Appl Ecol 40:692-702.

Bainbridge BYR, 1957. The speed of swimming of fish as related to size and
the frequency and amplitude of the tail beat. ] Exp Biol 35:109-133.

Basolo AL, Alcaraz G, 2003. The turn of the sword: length increases male
swimming costs in swordtails. Proc Biol Sci 270:1631-1636.

Bell AM, Dingemanse NJ, Hankison SJ, Langenhof MBW, Rollins K, 2011.
Early exposure to nonlethal predation risk by size-selective predators in-
creases somatic growth and decreases size at adulthood in three-spined
sticklebacks. | Evol Biol 24:943-953.

Bell AM, Sih A, 2007. Exposure to predation generates personality in threes-
pined sticklebacks Gasterosteus aculeatus. Ecol Lett 10: 828-834.

Blanckenhorn WU, 2000. The evolution of body size: what keeps organisms
small? O Rev Biol 75:385-407.

Borazjani I, 2013. The functional role of caudal and anal/dorsal fins during the
C-start of a bluegill sunfish. | Exp Biol 216:1658-1669.

Bradshaw AD, 1965. Evolutionary significance of phenotypic plasticity in
plants. Adv Genet 13:115-155.

Briffa M, Rundle SD, Fryer A, 2008. Comparing the strength of behavioural
plasticity and consistency across situations: animal personalities in the her-
mit crab Pagurus bernhardus. Proc R Soc B275:1305-1311.

Britton RH, Moser ME, 1982. Size specific predation by herons and its effect
on the sex-ration of natural populations of the mosquito fish Gambusia affi-
nis Baird and Girard. Oecologia 53:146-151.

Brooks JL, 1968. The effects of prey size selection by lake planktivores. Syst
Zool 17:273-291.

Brossman KH, Carlson BE, Stokes AN, Langkilde T, 2014. Eastern Newt
Notophthalmus viridescens larvae alter morphological but not chemical de-
fenses in response to predator cues. Can | Fish Aquat Sci 92:279-283.

Brown C, Braithwaite VA, 2004. Size matters: a test of boldness in eight popu-
lations of the poeciliid Brachyraphis episcopi. Anim Behav 68:1325-1329.

Brown C, Irving E, 2014. Individual personality traits influence group explor-
ation in a feral guppy population. Bebhav Ecol 25:95-101.

Brown C, Jones F, Braithwaite V, 2005. In situ examination of boldness-
shyness traits in the tropical poeciliid Brachyraphis episcopi. Anim Behav
70:1003-1009.

Brown KL, 1987. Colonization by mosquitofish Gambusia affinis of a Great
Plains River Basin. Copeia 1987:336-351.

Burns JG, Di Nardo P, Rodd FH, 2009. The role of predation in variation in
body shape in guppies Poecilia reticulata: a comparison of field and com-
mon garden phenotypes. | Fish Biol 75:1144-1157.

Carmona-Catot G, Magellan K, Garcia-Berthou E, 2013. Temperature - spe-
cific competition between invasive mosquitofish and an endangered
Cyprinodontid fish. PLoS ONE. doi:10.1371/journal.pone.0054734.

Chalfoun AD, Martin TE, 2010. Facultative nest patch shifts in response to
nest predation risk in the Brewer’s sparrow: a “win-stay, lose-switch” strat-
egy? Oecologia 163:885-892.

Cote ], Fogarty S, Brodin T, Weinersmith K, Sih A, 2011. Personality-
dependent dispersal in the invasive mosquitofish: group composition mat-
ters. Proc R Soc B Biol Sci 278: 1670-1678.

Cowan JH, Houde ED, Rose KA, 1996. Size-dependent vulnerability of mar-
ine fish larvae to predation: an individual-based numerical experiment.
ICES ] Mar Sci 53:23-37.

Crispo E, 2008. Modifying effects of phenotypic plasticity on interactions
among natural selection, adaptation and gene flow. | Evol Biol
21:1460-1469.

Dewitt TJ, Robinson BW, Wilson DS, 2000. Functional diversity among
predators of a freshwater snail imposes an adaptive trade-off for shell
morphology. Evol Ecol Res 2:129-148.

Domenici P, Blake RW, 1997. The kinematics and performance of fish fast-
start swimming. | Exp Biol 200:1165-1178.


Deleted Text: two 
Deleted Text: two 
Deleted Text: -
Deleted Text: one
Deleted Text: one

Arnett and Kinnison - Parallel and unique plasticity of shape and behavior 377

Dybdahl MF, Kane SL, 2005. Adaptation vs. phenotypic plasticity in the suc-
cess of a clonal invader. Ecology 86:1592-1601.

Eggers S, Griesser M, Ekman J, 2005. Predator-induced plasticity in nest visit-
ation rates in the Siberian jay Perisoreus infaustus. Behav Ecol 16:309-315.

Farley JH, Davis TLO, Bravington MV, Andamari R, Davies CR, 2015.
Spawning dynamics and size related trends in reproductive parameters of
southern bluefin tuna Thunnus maccoyii. PLoS ONE 10:1-17.

Frost AJ, Winrow-Giffen A, Ashley PJ, Sneddon LU, 2007. Plasticity in animal
personality traits: does prior experience alter the degree of boldness? Proc
Biol Sci 274:333-339.

Fu §J, Cao ZD, Yan GJ, Fu C, Pang X, 2013. Integrating environmental vari-
ation, predation pressure, phenotypic plasticity and locomotor perform-
ance. Oecologia 173:343-354.

Ghalambor CK, McKay JK, Carroll SP, Reznick DN, 2007. Adaptive versus
non-adaptive phenotypic plasticity and the potential for contemporary
adaptation in new environments. Funct Ecol 21:394-407.

Ghalambor CK, Reznick DN, Walker JA, 2004. Constraints on adaptive evolution:
the functional trade-off between reproduction and fast—start swimming perform-
ance in the Trinidadian guppy Poecilia reticulata. Am Nat 164:38-50.

Gill AB, Hart PJB, 1994. Feeding behaviour and prey choice of the threespine
stickleback: the interacting effects of prey size, fish size and stomach full-
ness. Anim Behav 47:921-932.

Gonzdlez AV, Gianoli E, 2004. Morphological plasticity in response to shad-
ing in three Convolvulus species of different ecological breadth. Acta Oecol
26:185-190.

Goodsell JA, Kats LB, 1999. Effect of introduced mosquitofish on pacific tree-
frogs and the role of alternative prey. Conserv Biol 13:921-924.

Goss-Custard JD, 1977. Optimal foraging and the size selection of worms by
redshank, Tringa totanus, in the field. Anim Behav 25:10-29.

Gotthard K, Gotthard K, Nylin S, Nylin S, 1995. Adaptative plasticity and
plasticity as an adaptation: a selective review of plasticity in animal morph-
ology and life history. Oikos 74:3-17.

Hammill E, Petchey OL, Anholt BR, 2010. Predator functional response
changed by induced defenses in prey. Am Nat 176:723-731.

Handelsman CA, Broder ED, Dalton CM, Ruell EW, Myrick CA et al., 2013.
Predator-induced phenotypic plasticity in metabolism and rate of growth:
rapid adaptation to a novel environment. Integr Comp Biol 53:975-988.

Harris S, Ramnarine IW, Smith HG, Pettersson LB, 2010. Picking personalities
apart: estimating the influence of predation, sex and body size on boldness
in the guppy Poecilia reticulata. Oikos 119:1711-1718.

Haynes JL, Cashner RC, 1995. Life history and population dynamics of the
western mosquitofish: a comparison of natural and introduced populations.
] Fish Biol 46:1026-1041.

Heinen-Kay JL, Langerhans RB, 2013. Predation-associated divergence of
male genital morphology in a livebearing fish. | Evol Biol 26:2135-2146.

Hendry AP, Kelly ML, Kinnison MT, Reznick DN, 2006. Parallel evolution of
the sexes? Effects of predation and habitat features on the size and shape of
wild guppies. | Evol Biol 19:741-754.

Hjelm J, Persson L, 2001. Size-dependent attack rate and handling capacity:
inter-cohort competition in a zooplanktivorous fish. Oikos 95:520-532.

Horth L, 2004. Predation and the persistence of melanic male mosquitofish
Gambusia holbrooki. | Evol Biol 17:672-679.

Januszkiewicz AJ, Robinson BW, 2007. Divergent walleye Sander vitreus—
mediated inducible defenses in the centrarchid pumpkinseed sunfish
Lepomis gibbosus. Biol | Linn Soc 90:25-36.

Johnson JB, Basolo AL, 2003. Predator exposure alters female mate choice in
the green swordtail. Behav Ecol 14:619-625.

King AJ, Firtbauer I, Mamuneas D, James C, Manica A, 2013. Sex-differences
and temporal consistency in stickleback fish boldness. PLoS One 8:1-7.

Lacasse J, Aubin-Horth N, 2012. A test of the coupling of predator defense
morphology and behavior variation in two threespine stickleback popula-
tions. Curr Zool 58:53-65.

Langerhans RB, DeWitt TJ, 2004. Shared and unique features of evolutionary
diversification. Am Nat 164:335-349.

Langerhans RB, Layman CA, DeWitt TJ, 2005. Male genital size reflects a
tradeoff between attracting mates and avoiding predators in two live-
bearing fish species. Proc Natl Acad Sci USA 102:7618-7623.

Langerhans RB, Layman CA, Shokrollahi AM, DeWitt TJ, 2004. Predator-
driven phenotypic diversification in Gambusia affinis. Evolution
58:2305-2318.

Langerhans RB, Makowicz AM, 2009. Shared and unique features of morpho-
logical differentiation between predator regimes in Gambusia caymanensis.
J Evol Biol 22:2231-2242.

Leblond C, Reebs SG, 2006. Individual leadership and boldness in shoals of
golden shiners Notemigonus crysoleucas. Behaviour 143:1263-1280.

Magurran AE, Seghers BH, 1994. Sexual conflict as a consequence of ecology:
evidence from guppy Poecilia reticulata populations in Trinidad. Proc R Soc
B 255:31-36.

Matveev V, Matveeva L, Jones GJ, 2000. Relative impacts of Daphnia grazing
and direct stimulation by fish on phytoplankton abundance in mesocosm
communities. Freshwater Biol 44:375-385.

Meffe GK, 1985. Predation and species replacement in American southwestern
fishes: a case study. Southwest Nat 30:173-187.

Meffe GK, Snelson FF, 1989. An ecological overview of peociliid fishes. In:
Meffe GK, Snelson FF, editors. Ecology and Evolution of Livebearing
Fishes (Poeciliidae). Englewood Cliffs (NJ): Prentice Hall. 13-31.

O’Steen S, Cullum AJ, Bennett AF, 2002. Rapid evolution of escape ability in
Trinidadian guppies Poecilia reticulata. Evolution 56: 776-784.

Palkovacs EP, Wasserman BA, Kinnison MT, 2011. Eco-evolutionary trophic
dynamics: loss of top predators drives trophic evolution and ecology of
prey. PLoS One 6:¢18879.

Pascual ], Senar JC, 2014. Antipredator behavioural compensation of pro-
active personality trait in male Eurasian siskins. Anim Behav 90:297-303.
Preisser EL, Orrock JL, 2012. The allometry of fear: interspecific relation-
ships between body size and response to predation risk. Ecosphere

3:1-27.

Pyke GH, 2005. A review of the biology of Gambusia affinis and G. holbrooki.
Reuv. Fish Biol Fish 15:339-365.

Pyke GH, White AW, 2000. Factors influencing predation on eggs and
tadpoles of the endangered green and golden bell frog Litoria aurea
by the introduced plague minnow Gambusia holbrooki. Aust Zool
31:496-505.

Reed TE, Waples RS, Schindler DE, Hard JJ, Kinnison MT, 2010. Phenotypic
plasticity and population viability: the importance of environmental predict-
ability. Proc R Soc B 277:3391-3400.

Rodgers GM, Gladman NW, Corless HF, Morrell L], 2013. Costs of colour
change in fish: food intake and behavioural decisions. | Exp Biol
216:2760-2767.

Scharnweber K, Watanabe K, Syviranta J, Wanke T, Monaghan MT et al.,
2013. Effects of predation pressure and resource use on morphological
divergence in omnivorous prey fish. BMC Evol Biol 13:132-144.

Scribner KT, Avise JC, 1994. Population cade experiments with a vertebrate:
the temporal demography and cytonuclear genetics of hybridization in
Gambusia fishes. Evolution 48:155-171.

Sih A, Bell AM, Johnson JC, 2004. Behavioral syndromes: an ecological and
evolutionary overview. Trends Ecol Evol 19:372-378.

Sih A, Cote J, Evans M, Fogarty S, Pruitt JN, 2012. Ecological implications of
behavioural syndromes. Ecol Lett 15:278-289.

Sih A, Del Giudice M, 2012. Linking behavioural syndromes and
cognition: a behavioural ecology perspective. Philos Trans R Soc B
367:2762-2772.

Sih A, Ferrari MCO, Harris DJ, 2011. Evolution and behavioural responses to
human-induced rapid environmental change. Evol Appl 4:367-387.

Sogard SM, 1997. Size selective mortality in the juvenile stages of teleost fishes:
a review. Bull Mar Sci 60:1129-1157.

Thomson JS, Watts PC, Pottinger TG, Sneddon LU, 2012. Plasticity of bold-
ness in rainbow trout Oncorbynchus mykiss: do hunger and predation influ-
ence risk-taking behaviour? Horm Behav 61:750-757.

Torres-Dowdal J, Handelsman CA, Reznick DN, Ghalambor CK, 2012. Local
adaptation and the evolution of of phenotypic plasticity in Trinidadian gup-
pies Poecilia reticulata. Evolution 66:3432-3443.

Trussell GC, Ewanchuk PJ, Bertness MD, 2003. Trait-mediated effects in
rocky intertidal food chains: predator risk can alter prey feeding rates.
Ecology 84:629-640.



378

Current Zoology, 2017, Vol. 63, No. 4

Vilimiki K, Herczeg G, Merild J, 2012. Morphological anti-predator defences
in the nine-spined stickleback: constitutive, induced or both? Biol | Linn Soc
107:854-866.

Via S, Gomulkiewicz R, De Jong G, Scheiner SM, Schlichting CD et al., 1995.
Adaptive phenotypic plasticity: consensus and controversy. Trends Ecol
Evol 10:212-217.

Vondracek B, Wurtsbaugh W, Chech ] Jr, 1988. Growth and reproduction of
the mosquitofish Gambusia affinis in relation to temperature and ration
level: consequences for life history. Environ Biol Fishes 21:45-57.

Werner EE, Hall DJ, 1974. Optimal foraging and the size selection of prey by
the bluegill sunfish Lepomis Macrochirus. Ecology 55:1042.

West-Eberhard M]J, 2005. Developmental plasticity and the origin of species
differences. Proc Natl Acad Sci USA 102(Suppl):6543-6549.

Appendix A

Body landmarks used in shape analysis: (a) tip of snout, (b) premax-
illa, (c) superior posterior extent of cranium, (d) inferior posterior
extend of cranium, (e) anterior extent of dorsal fin insertion, (f) pos-
terior extent of dorsal fin insertion, (g) anterior extend of anal fin in-
sertion, (h) posterior extent of anal fin insertion, (i) superior tip of
caudal peduncle, (j) inferior tip of caudal peduncle, (k) superior edge
of caudal fin insertion, (l) inferior edge of caudal fin insertion, and
(0) eye centroid.

Eye landmarks used in eye size: (m) posterior edge of ocular
socket and (n) anterior edge of ocular socket.

Appendix B

Complete reduced LME model for behavioral traits. Model represents
the effects of sex, species, and exposure treatments on a suite of behav-
ioral traits. Behaviors were a combination of time to initiate explor-
ation, total time spent exploring, percentage of time exploring the
“danger zone” (nearest to bass), and percentage of time exploring the
“safe zone” (nearest to shoal group). Models were reduced via back-
wards selection. Interaction terms were removed if not significant
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(P > 0.05). Table values are from an MANOVA on the final LME
model. Effect sizes are as a proportion (partial association in the linear
model). Significance is indicated at < 0.01 (**) and < 0.0001 (***).

Population Degrees of F-value P-value Significance Effect
term freedom size
Sex 1,216 0.94 0.33 0.02
Species 1,216 12.82  0.0004 *** 0.10
Exposure treatment 1,216 2.46 0.12 0.02
Species by exposure 1,216 8.10 0.005  ** 0.04
interaction
Appendix C

Complete reduced LME model for size traits. Model represents the ef-
fects of sex, species, and exposure treatments on a suite of independ-
ently measure size characteristics. Size metrics were a combination of
total length (snout to tip of tail), body depth (vertical measure of deep-
est portion of the body), and weight. Models were reduced via back-
wards selection. Interaction terms were removed if not significant
(P>0.05). Table values are from an MANOVA on the final LME
model. Effect sizes are as a proportion (partial association in the linear
model). Significance is indicated at < 0.01 (**) and < 0.0001 (***).

Population term Degrees of F-value P-value Significance Effect

freedom size
Sex 1,217 39.29 <0.0001 e 0.47
Species 1,217 9.81 0.002 ** 0.09
Exposure treatment 1,217 1.52 0.22 0.07
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