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Introduction

Divergent natural selection (DNS) – selection pulling trait

means of two or more populations toward different

adaptive peaks – is generally believed to represent a

primary mechanism generating and maintaining pheno-

typic diversity (e.g. Rice & Hostert, 1993; Orr & Smith,

1998; Schluter, 2000). Although most studies examining

DNS have focused on diversification stemming from

resource competition, the potential importance of preda-

tion as a major driver of evolutionary change has

recently attracted considerable attention (e.g. Robinson

& Wilson, 1994; Endler, 1995; Smith & Skúlason, 1996;

Schluter, 2000; Vamosi, 2005; Langerhans, 2006).

Together, these selective agents (competition and preda-

tion) form two of the most important sources of natural

selection in the wild. Because the intensity of predation is

heterogeneously distributed across space and time, many

organisms inhabit both low- and high-predation envi-

ronments. In most cases, selection via intraspecific

competition is predicted to be strongest under the high

densities present in low-predation environments – where

selection via predation is weakest – and weaken as

predation intensity increases and population densities

subsequently decline – where selection via predation is

strongest (e.g. Hassell, 1975; Holt, 1985; Chesson &

Huntly, 1997; Gurevitch et al., 2000; Abrams, 2001;

Reznick et al., 2001). Thus, different predation intensi-

ties are expected to generate very different selective

regimes.

Divergent natural selection typically arises from a

combination of (1) a functional trade-off, where organ-

isms cannot simultaneously optimize multiple types of

performance, and (2) a shift in the balance of selection on

these performance variables across environments, where

selection in one environment favours one type of

performance but selection in another environment
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Abstract

Differences in predation intensity experienced by organisms can lead to

divergent natural selection, driving evolutionary change. Western mosquito-

fish (Gambusia affinis) exhibit larger caudal regions and higher burst-swimming

capabilities when coexisting with higher densities of predatory fish. It is

hypothesized that a trade-off between steady (constant-speed cruising;

important for acquiring resources) and unsteady (rapid bursts and turns;

important for escaping predators) locomotion, combined with divergent

selection on locomotor performance (favouring steady swimming in high-

competition scenarios of low-predation environments, but unsteady swim-

ming in high-predation localities) has caused such phenotypic divergence.

Here, I found that morphological differences had a strong genetic basis, and

low-predation fish required less hydromechanical power during steady

swimming, leading to increased endurance. I further found individual-level

support for cause-and-effect relationships between morphology, swimming

kinematics and endurance. Results indicate that mosquitofish populations

inhabiting low-predation environments have evolved increased steady-swim-

ming abilities via stiffer bodies, larger anterior body ⁄ head regions, smaller

caudal regions and greater three-dimensional streamlining.
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favours an opposite type of performance. Both functional

trade-offs and environmental heterogeneity are com-

monplace, and together are presumably largely respon-

sible for much of the phenotypic diversity that exists

today. One performance trade-off that is thought to be of

general evolutionary importance in fishes is the trade-off

between steady and unsteady locomotion (e.g. Lighthill,

1969, 1970; Webb, 1982; Blake, 1983, 2004; Webb, 1984;

Videler, 1993; Reidy et al., 2000; Domenici, 2003; Lan-

gerhans, 2006, 2008; Langerhans & Reznick, in press).

Steady swimming (cruising) describes constant-speed

locomotion in a straight line, and is commonly employed

in nature during competition for limited resources, such

as searching for food (which is often patchily distributed),

obtaining mates (sometimes involving long courtship

chases) and seeking favourable abiotic conditions (e.g.

maintaining preferred environmental temperature)

(Plaut, 2001; Domenici, 2003; Blake, 2004). As steady-

swimming activities are often of critical importance,

natural selection is believed to often favour various

means of reducing the energetic cost of movement (i.e.

enhance steady-swimming performance). Unsteady

swimming refers to more complicated locomotor patterns

in which changes in velocity or direction occur, such as

fast-starts, rapid turns, braking, and burst-and-coast

swimming. In the wild, such activities are common in

predator–prey interactions (i.e. capturing evasive prey

and evading predatory strikes) and social interactions

(e.g. courtship, antagonistic interactions). The most

commonly studied form of unsteady swimming is the

Mauthner-cell initiated escape response present in most

fish, called a ‘C-start’ (e.g. Weihs, 1973; Eaton et al.,

1977; Domenici & Blake, 1997; Hale et al., 2002; Blake,

2004; Domenici, in press). During this fast-start, the fish

body rapidly bends into a ‘C’ shape and then produces a

propulsive stroke of the caudal region in the opposite

direction, resulting in a sudden, high-energy swimming

burst. Thus, fast-start performance is highly important in

evading predatory strikes (Webb, 1986a; Katzir & Camhi,

1993; Walker et al., 2005; R.B. Langerhans, unpublished

data). These descriptions lead to the hypothesis that

selection will favour steady swimming in low-predation

environments (to increase competitive abilities), but

instead favour unsteady swimming (namely, fast-start

performance) in high-predation environments (to

increase survival) (e.g. see Walker, 1997; Langerhans

et al., 2004, 2007; Langerhans & Reznick, in press).

Traits optimal for steady swimming necessarily com-

promise unsteady swimming because primary propulsive

mechanisms are coupled in most fish (i.e. same structures

are used for force generation, transmission and delivery

during different swimming modes). This leads to dis-

tinctly different phenotype arrangements for optimiza-

tion of steady and unsteady swimming. Steady

swimming is enhanced with a stiff, streamlined body,

high proportion of red muscle and a high aspect ratio

caudal fin (e.g. Wu, 1971; Lighthill, 1975; Webb, 1975,

1984; Blake, 1983; Weihs, 1989; Videler, 1993; Vogel,

1994; Fisher & Hogan, 2007). These features act to

maximize thrust while minimizing drag and recoil energy

losses. High unsteady performance is typically produced

by a flexible, posteriorly deep body (relatively small

head, large caudal peduncle; this might be accomplished

by median fins rather than the body), high proportion of

white muscle and a large low aspect-ratio caudal fin (e.g.

Blake, 1983, 2004; Webb, 1983, 1984, 1986b; Walker,

1997; Langerhans et al., 2004). These features maximize

thrust and stability during rapid bouts of swimming

activity. Using these biomechanical relationships, com-

bined with the hypothesis of DNS for steady and

unsteady swimming between predator regimes, we can

make specific predictions for the evolution of phenotypes

in different predatory environments: stiffer, more

streamlined bodies, higher aspect-ratio caudal fin, higher

ratio of red : white muscle, higher steady-swimming

performance and lower unsteady-swimming perfor-

mance in fish inhabiting low-predation environments

compared with fish in high-predation environments (see

Langerhans & Reznick, in press).

Some of the strongest evidence to date for the role of

predation in driving phenotypic evolution in fish comes

from livebearing fishes (Family Poeciliidae, e.g. Reznick

& Endler, 1982; Endler, 1995; Reznick et al., 1997;

Johnson & Belk, 2001; Jennions & Telford, 2002; O’Steen

et al., 2002; Ghalambor et al., 2004; Langerhans &

DeWitt, 2004; Langerhans et al., 2005, 2007; Langerhans

& Reznick, in press). For instance, populations of western

mosquitofish (Gambusia affinis) coexisting with large,

predatory fish exhibit smaller anterior body ⁄ head

regions, larger caudal regions and higher unsteady (burst

swimming) locomotor performance than conspecific

populations inhabiting waters lacking piscivorous fish

(Langerhans & DeWitt, 2004; Langerhans et al., 2004).

This system, however, still harbours a number of impor-

tant, unanswered questions: (1) Have these differences

arisen as a response to DNS for steady and unsteady

locomotion between predator regimes? Here I address

this question by testing whether low-predation popula-

tions–which have reduced burst-swimming performance

(Langerhans et al., 2004) – exhibit greater steady-swim-

ming performance relative to high-predation popula-

tions. (2) Are differences in morphology and swimming

performance due to genetically based differentiation? In

this study, I test for a genetic basis to phenotypic

divergence by examining first- and second-generation

adult males and females that were born and raised in a

common laboratory environment. (3) Has divergence

between predator regimes manifested as a result of

individual-level, cause-and-effect relationships between

morphology and swimming performance? Here I address

the mechanistic basis of phenotypic divergence by

investigating the interrelationships among morphology,

steady-swimming kinematics and endurance using path

analysis.
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Methods

Study system and experimental animals

G. affinis is a widespread, livebearing fish that occupies a

broad range of habitats across the south-central United

States and north-eastern Mexico (Meffe & Snelson,

1989). These small fish (maximum �50 mm standard

length) are a common prey item for many coexisting

piscivorous fish, and are known to exhibit phenotypic

differences between low- and high-predation environ-

ments (Langerhans & DeWitt, 2004; Langerhans et al.,

2004, 2005). In the face of high levels of predation, the

importance of unsteady-swimming activities is straight-

forward: increased acceleration and velocity during

predator evasion should increase survival. In the absence

of predators, steady-swimming performance is predicted

to be of critical ecological importance, as Gambusia

populations are often found at high densities in these

localities (suggesting higher levels of intraspecific com-

petition), and make greater use of open-water habitat (an

area too dangerous to utilize in high frequency in high-

predation environments) where fish continuously swim

in search of prey patches and mating opportunities

(Horwood & Cushing, 1977; Winkelman & Aho, 1993;

Langerhans, 2006; R.B. Langerhans, unpublished). Thus,

the natural history of this system appears consistent with

the hypothesis of DNS between predator regimes on

locomotor performance.

G. affinis individuals examined in this study were derived

from fish originally collected from six freshwater ponds in

Brazos County, Texas, in March 2003: three populations

coexisted with large, predatory fish (e.g. Micropterus

salmoides, Lepomis cyanellus, Pomoxis annularis), whereas

three populations did not coexist with any piscivorous fish

(see further descriptions in Langerhans et al., 2004, 2005).

Predatory fish were surveyed on numerous occasions

using seines, cast nets, dip nets, and hook-and-line angling

to ensure that predator communities were accurately

assessed. These populations are relatively isolated from

one another, but are geographically proximate (straight-

line geographical distance; range: 0.80–17.34 km), with

similar distances between populations of either the same

(mean ± 1 SE; 10.32 ± 2.34 km) or different predator

regime (8.17 ± 1.93 km).

Wild-caught females were held in the laboratory for

approximately 1 month before delivering offspring in an

attempt to reduce potential maternal effects associated

with natal environments. First-generation (F1) offspring

were acquired from wild-caught females (six females

from each population) and raised in 15-L aquaria (two

tanks per population). Second-generation (F2) offspring

were acquired from F1 females (two females from each

population) and raised in 30-L aquaria (one tank per

population). Fish densities were similar for all popula-

tions (mean ± SE, 0.27 ± 0.03 fish per litre), and did not

differ between predator regimes (t-test, P = 0.45). All fish

were reared with a 14L : 10D photoperiod. Fish were fed

newly hatched brine shrimp nauplii daily until 16 weeks

of age when fish began receiving frozen daphnia and

bloodworms. To reduce the possible effects of microen-

vironmental factors, aquaria were arranged side by side

in the laboratory, alternating between low- and high-

predation populations.

Morphometrics

To assess lateral body shape, I digitized 10 landmarks

(Fig. 1a) on digital images of each specimen (n = 83;

54 F1, 29 F2) using TPSTPSDIGIG (Rohlf, 2006), and used

geometric morphometric methods to examine morpho-

logical variation (Rohlf & Marcus, 1993; Marcus et al.,

1996; Zelditch et al., 2004). For further description of

landmarks and methods, see Langerhans et al. (2004),

Langerhans & DeWitt (2004) and Langerhans et al.

(2007). I used TPSTPSREGREGR software (Rohlf, 2005) to perform

generalized least-squares Procrustes superimposition (i.e.

align landmark coordinates by rotating, translating and

scaling coordinates to remove positioning effects and

isometric size effects; Bookstein, 1991; Marcus et al.,

1996) and obtain shape variables (uniform components

and partial warps) for analysis.

In addition to lateral body shape, I was interested in

variation in three-dimensional streamlining. For fish

bodies (and airship hulls), streamlining is often discussed

relative to volume (as fish must carry internal organs and

muscles, and cannot be two-dimensional), where a

streamlined rigid body is not simply elongate, but rather

exhibits a fusiform shape that minimizes drag while

maximizing volume (i.e. approximating the volume

distribution of a foil; von Mises, 1945; Hoerner, 1965;

Blake, 1983; Weihs & Webb, 1983; McHenry & Lauder,

(a)

(b)

Fig. 1 Illustration of morphometric methods. (a) Landmarks used

for examination of lateral body shape (male depicted). (b) Body

outlines (upper panel; female depicted) from both lateral (left) and

ventral (right) perspectives were used to compare volume distribu-

tion between fish bodies and streamlined foils (lower panel) for

assessment of three-dimensional streamlining.
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2006). Thus, a streamlined shape exhibits an anteriorly

positioned (�30% of total length from nose) maximum

thickness (diameter �22% of total length) and tapers to a

small posterior end (excluding the tail; see Fig. 1b). To

evaluate three-dimensional streamlining, I calculated a

recently described streamlining index (SI; for details, see

Langerhans & Reznick, in press) for each fish used in the

steady-swimming performance experiment (n = 45;

20 F1, 25 F2). This index represents a slight modification

of the streamlining ratio described by McHenry & Lauder

(2006), in which the volume distribution of a fish’s body

is compared to a body having the profile of a streamlined

shape (foil drawn from the U.S. National Advisory

Committee for Aeronautics, NACA). I used lateral and

ventral images of specimens to compare a fish’s volume

distribution to that of a NACA-streamlined body

(Fig. 1b). The SI can range from )¥ to 1.0, with 1.0

representing a perfect match in volume distribution

between a fish’s body and the NACA-streamlined body

(see Appendix S1 for details).

Steady-swimming performance

I investigated steady-swimming performance of labora-

tory-reared G. affinis by examining morphology, swim-

ming kinematics and endurance (see Table 1) during

constant-velocity swimming in a swim chamber. All fish

were starved 24 h prior to experimentation to ensure a

post-absorptive state (Niimi & Beamish, 1974). Swim-

ming trials were conducted in a 40-L flow tank holding a

plexiglass chamber with a working section of 10 · 60 ·
10 cm. A propeller pump (Leader Provort 540a; Ladson,

SC, USA) generated flow into the chamber, and water

temperature was maintained at approximately 27 �C
(27.4 ± 0.38 �C) using ice packs placed near the pump

motor. A straw grid at the upstream end of the working

section smoothed water flow within the chamber and a

mesh screen at the downstream end prevented fish from

escaping.

Each fish was tested at a flow speed of 0.20 m s)1,

measured with a velocity probe and meter (Flow Probe

101; Global Water, Gold River, CA, USA). This speed was

selected in an attempt to provide ecologically meaningful

estimates of steady-swimming performance and to ensure

that I examined prolonged swimming, the swimming

category between burst and sustained swimming, where

speeds can be maintained for 20 s to 200 min (Beamish,

1978). The flow speed used here provides a moderately fast

swimming speed for G. affinis (�5–8 L s)1, where L is total

body length), corresponding to speeds commonly

employed in the wild during activities such as antagonistic

foraging interactions and inter-sexual chases (personal

observation). Because all fish examined here primarily

experienced inertial forces at the high Reynolds numbers

(Re) achieved during steady-swimming trials (Re of

5000–11 000), standard hydrodynamic theories of

undulatory swimming (e.g. rigid- and elongated-body

theories) can be appropriately applied to these fish (e.g. see

Pedley & Hill, 1999; McHenry & Lauder, 2006). A pilot

study confirmed that individuals typically fatigued within

4 min at this flow speed, yielding fatigue times in the range

of those commonly reported in studies of endurance (e.g.

Videler & Wardle, 1991; Nikora et al., 2003; Blake et al.,

2005). This experimental design should primarily assess

aerobic-swimming performance (e.g. require minimal

recruitment of white muscle fibres). To this end, measure-

ment of swimming kinematics (see below) during steady

swimming should provide a largely exclusive examination

of aerobic-swimming performance, whereas the estima-

tion of overall endurance (see below) may inevitably

involve some degree of anaerobic-swimming performance

(a fact common to all studies involving fatigue).

To measure kinematic variables, all trials were

recorded from above with a high-speed digital video

camera (Fastec TroubleShooter HR; San Diego, CA, USA)

set to125 frames s)1 and 640 · 480 pixel resolution. A

2-cm grid was affixed underneath the aquarium glass for

scale, and a 45� mirror permitted the simultaneous

observation of dorsal and lateral aspects of the fish. I

selected five kinematic variables for measurement based

on their potential importance in the hydrodynamics of

steady swimming (see Table 1). Assuming a fairly sim-

plistic model of undulatory swimming, where fish

swimming is modelled as an actuator-driven, flexible

body (see fig. 11 in McHenry et al., 1995), swimming

speed can be controlled by modifying three variables:

body stiffness (estimated here as propulsive wavelength,

k), driving frequency (estimated here as tail-beat fre-

quency, f) and driving amplitude (estimated here as

rostral amplitude, R). Together, these three parameters

determine the propulsive wave speed (calculated here as

c = kf) and tail-beat amplitude (H, measured from video

sequences here) – consequently determining swimming

speed (U, held constant here at 0.20 m s)1). If fish

from high-predation environments suffer reduced

steady-swimming abilities compared with low-predation

fish as predicted, then this should be reflected by

differences in at least one of these parameters. Because

Table 1 Variables measured or calculated for all fish examined in

the steady-swimming performance experiment.

Data type Variable

Morphology Body size

Lateral body shape

3D streamlining

Caudal fin depth

Kinematics Tail-beat frequency

Rostral amplitude

Tail-beat amplitude

Propulsive wavelength

Propulsive wave speed

Force production Power

Endurance Fatigue time
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steady-swimming performance is enhanced with stiffer

bodies, while fast-start performance is enhanced with

more flexible bodies (Webb, 1984; Videler, 1993; Long &

Nipper, 1996; Pabst, 1996; Brainerd & Patek, 1998;

Dickinson et al., 2000; Domenici, 2003; Blake, 2004),

low-predation fish are predicted to exhibit greater

flexural stiffness than fish from high-predation environ-

ments. If high-predation fish do exhibit lower body

stiffness, they should compensate for this deficiency

during steady swimming by either increasing driving

frequency, driving amplitude or both. Furthermore, such

modifications to steady-swimming kinematics are

expected to lead to greater hydromechanical work

produced by high-predation fish relative to low-

predation fish swimming at the same speed. To provide

an overall summary of the magnitude of thrust

production, I estimated total hydromechanical power

(P). Appendix S1 provides a detailed description of how

each of these variables was measured.

Endurance was estimated for each fish as the time to

fatigue (Ft), defined as the time from initiation of flow

until the fish ceased swimming and fell back against the

downstream screen. This measurement is meant to

provide a summary metric of organism-level endurance,

which is assumed to provide a strong estimate of fitness

in low-predation environments, where fish are continu-

ally cruising throughout the environment due to the lack

of predation risk and high intensity of competition.

Because endurance and several kinematic variables are

expected to scale with body size, I measured total body

length (L, mm) of each fish, and included this variable in

all analyses. Other measurements of size (mass, surface

area) were highly correlated with body length (both

r > 0.98, P < 0.0001), and produced very similar results.

Statistical analysis

Differences in overall lateral body shape between pred-

ator regimes were tested using nested multivariate

analysis of covariance (MANCOVAMANCOVA), where geometric

shape variables (uniform components and partial warps)

served as dependent variables, centroid size served as the

covariate (controlling for multivariate allometry), and

predator regime and population nested within predator

regime served as independent variables. Centroid size –

the typical estimate of body size in geometric morpho-

metric studies – is the square root of the summed,

squared distances of all landmarks from their centroid.

Analyses were initially conducted separately for F1 and

F2 generations. Terms for sex and the interaction

between sex and predator regime were initially included

in both models, and nonsignificant terms were removed

for final analyses. In both cases, the term for sex was

retained whereas the interaction term was removed

(nonsignificant for F1 and F2 fish; P = 0.90 and 0.68

respectively). This indicated that sexes differed in mor-

phology, but both males and females exhibited a similar

nature of morphological differentiation between predator

regimes. Because these models revealed highly similar

results among laboratory-reared generations, I only

present here the final analysis where fish were pooled

across generations to provide an overall test of the

genetic basis of morphological differences between pred-

ator regimes. Again, a term for sex, but not the interac-

tion between sex and predator regime (P = 0.29), was

retained in this analysis. Heterogeneity of slopes (inter-

action between centroid size and predator regime) was

nonsignificant in all models, and thus excluded from the

final analysis.

To determine the nature of morphological divergence

between predator regimes, I performed a canonical

analysis of the predator regime term in MANCOVAMANCOVA. Rather

than deriving a standard canonical variate from the

predator regime term [i.e. principal components analysis

(PCA) of E)1H, where E)1 is the inverse of the error sums

of squares and cross-products matrix, and H is the sums

of squares and cross-products matrix of the term of

interest], I wished to avoid scaling the multidimensional

space by a matrix inverse. Such scaling prior to matrix

diagonalization generates some degree of distortion in

the multivariate space relative to the original shape space

unless within-group variation is isotropic (i.e. E �
identity matrix), which is virtually never the case with

landmark data (see Klingenberg & Monteiro, 2005).

Thus, I performed diagonalization of H directly. That is, I

performed a PCA of H (for the predator regime term) to

derive an eigenvector of divergence (d) in body shape

between predator regimes. d describes the linear combi-

nation of dependent variables exhibiting the greatest

difference between predator regimes in Euclidean space.

Random nested factors are not often possible in a

MANOVA framework (matrix determinants are negative,

and thus the term is un-testable, if the error degrees of

freedom does not equal or exceed the number of

dependent variables), forcing the use of only fixed-effects

which can cause the test of the main effect to exhibit

inflated type I error rates if the nested term is significant.

Because the nested term was significant here, I con-

ducted mixed-model nested analysis of covariance

(ANCOVAANCOVA) using d as the dependent variable. This model

was identical to the nested MANCOVAMANCOVA with the exceptions

that the divergence vector was the sole dependent

variable and population nested within predator regime

was designated a random factor. Simulations indicate

that the nested ANCOVAANCOVA performed here with d only

yields significant results when the underlying dependent

variables truly exhibit differences between groups (R.B.

Langerhans, unpublished data).

Shape variation along divergence vectors (d) was

visualized using thin-plate spline transformation grids

(for details, see Bookstein, 1991; Rohlf et al., 1996;

Klingenberg et al., 2003; Klingenberg & Monteiro,

2005), and additionally examined using Pearson corre-

lation coefficients between landmark positions and
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divergence vectors. To evaluate the overall magnitude of

shape differences between populations, I calculated

Procrustes distance, the standard metric for shape dis-

similarity in geometric morphometrics (Bookstein, 1996;

Dryden & Mardia, 1998). Procrustes distance was calcu-

lated as the Euclidean distance between superimposed

shapes. I obtained means and standard errors of Procrus-

tes distances between predator regimes using 1000

bootstraps of pairwise Procrustes distances between

populations.

Following common procedure, and to allow results to

be comparable with previous studies, I transformed the

following parameters by dividing them by body length

prior to analysis: caudal fin depth, rostral amplitude, tail-

beat amplitude, propulsive wavelength and propulsive

wave speed. Because these ‘size-adjusted’ variables might

still exhibit scaling, I further included body size as a

covariate in all analyses (see below). As results are nearly

identical if log-transformed lengths are used instead of

ratios, I only present results using the ratios. All data

were inspected to meet assumptions of normality for

parametric statistical models, and the following transfor-

mations were made: arcsin square-root of SI, and log10 of

body length, power and fatigue time.

For fish used in the steady-swimming performance

experiment, I first conducted an overall test of differ-

ences in swimming kinematics between predator

regimes using nested MANCOVAMANCOVA as described above. In

this case, I used the five kinematic variables (see

Table 1) as dependent variables, and body length

served as the covariate. Because the nested term was

not significant, I did not perform an additional mixed-

model nested ANCOVAANCOVA with the divergence vector (d).

Following a significant MANCOVAMANCOVA, I then conducted

nested ANOVAANOVA for body length, and nested ANCOVAANCOVA for

all other response variables to test for differences

between predator regimes. For each model, I tested

for effects of predator regime and population nested

within predator regime (random factor), controlling for

effects of body size. Sex, generation (F1 or F2), and

their interactions were initially included in all models

and nonsignificant terms were removed from the final

analyses. The generation term and interactions involv-

ing the generation term were never significant, the sex

term was only retained for the model of body length,

and the sex and sex · predator regime terms were

included only for the analysis of hydromechanical

power. Heterogeneity of slopes was nonsignificant in

all cases, and thus excluded from final models. To aid

in the interpretation of the magnitude of differences

between predator regimes I present standardized effect

sizes (Cohen’s d, describing the difference between

means in standard deviation units; Cohen, 1988) along

with 95% confidence intervals (calculated using non-

central t distributions; e.g. Venables, 1975; Cumming &

Finch, 2001; Fidler & Thompson, 2001; Smithson,

2003; Zou, 2007).

To examine relationships among morphology, swim-

ming kinematics and endurance, I conducted a path

analysis (e.g. Wright, 1934; Mitchell, 1992, 2001; Ship-

ley, 1997; Kline, 2005). This analysis was meant to

provide a more detailed and multivariate understanding

of the causes of variation in swimming kinematics and

endurance, as well as the manner in which locomotor

performance has evolved in different predator regimes. I

assumed a directionality for causality in the analysis,

where morphology might influence swimming kinemat-

ics (but not vice versa), and both morphology and

swimming kinematics might affect endurance (but not

vice versa). The opportunity for direct effects of mor-

phology on endurance was included in the analysis

because of the possible existence of unmeasured perfor-

mance variables (Garland & Losos, 1994; Johnson et al.,

2008) and to allow for scaling with size. To reduce

dimensionality and multicollinearity, I conducted PCA

using correlation matrices for the four morphological

variables and the five kinematic variables (see Table 1).

Thus, PC axes were constructed separately for morphol-

ogy and kinematics, and subsequently used in path

analysis. I retained all PC axes that explained more

variation than that expected under a broken-stick model

(Frontier, 1976; Jackson, 1993). I evaluated the overall

fit of the path model using the Bollen–Stine bootstrap

test (Bollen & Stine, 1992), which tests the null hypoth-

esis that the a priori designation of paths is correct. All

path coefficients were estimated using maximum likeli-

hood, and significance was assessed using the critical

ratio (z = coefficient divided by its standard error), which

has a standard normal distribution under parametric

assumptions. Path analysis was conducted with AMOSMOS

version 5.0.1 (Arbuckle & Wothke, 1999; Arbuckle,

2003).

It is possible for this analysis to be confounded by

differences between predator regimes. For example, the

path analysis could suggest that swimming kinematics

influenced variation in endurance, whereas in reality the

two factors might simply covary with predator regime,

leaving the true causal mechanism a mystery. In an effort

to alleviate this concern, and assess the consistency of

results among predator regimes, I conducted the path

analysis within each predator regime and combined

probabilities (P-values for path coefficients) using a

weighted Z-transform test (also known as Stouffer’s

method; Whitlock, 2005). The reciprocal of the squared

standard error was used to weight each test (see Whit-

lock, 2005). The idea underlying such an approach is that

stronger evidence for cause-and-effect relationships is

garnered when the associations are consistent within

both low- and high-predation environments (e.g. Lan-

gerhans et al., 2004, 2007). I could not conduct an

additional weighted Z-transform test to combine proba-

bilities across analyses performed within each population

because degrees of freedom were exhausted within two

of the six populations due to low sample sizes. However,
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results from a weighted Z-transform test using the

remaining four populations produced qualitatively sim-

ilar results as the analysis described above. This suggests

that the findings are robust across both within-predator

regime analysis and within-population analysis. Because

a priori directional hypotheses exist for several analyses

(e.g. higher endurance in low-predation populations),

one-tailed significance values may be used. All P-values

presented, however, are two-tailed unless otherwise

indicated.

Results

Lateral body shape

Lateral body shape significantly differed between pred-

ator regimes (Table 2; Fig. 2). Although the magnitude of

divergence appears slightly greater for F1 fish than F2

fish, this was not significant, as a term for the interaction

between rearing generation and predator regime was

nonsignificant when included in the models (MANCOVAMANCOVA:

P = 0.22; ANCOVAANCOVA: P = 0.27). Interpretation of the nature

of morphological differences using correlations between

superimposed landmark coordinates and the divergence

vectors (d) derived from the predator regime term in

MANCOVAMANCOVA (Table 3), as well as using thin-plate spline

transformation grids (Fig. 3), revealed that body shape

divergence in laboratory-reared fish is highly similar to

that observed in wild-caught fish. Specifically, labora-

tory-reared fish derived from high-predation populations

exhibited smaller anterior body ⁄ head regions, larger

caudal regions, and a relatively posterior placement of

the eye compared with fish derived from low-predation

populations. Moreover, based on Procrustes distances

between populations, the overall magnitude of morpho-

logical divergence observed in the wild (mean ± 1 SE;

females: 0.030 ± 0.001; males: 0.034 ± 0.004; data from

Langerhans et al., 2004) was similar to that observed in

first-generation (females: 0.035 ± 0.005; males: 0.039 ±

0.003) and second-generation (females: 0.031 ± 0.004;

males: 0.037 ± 0.003) laboratory-born fish raised in a

common environment. These results suggest that

morphological differences between predator regimes

largely reflect genetically based differentiation.

Steady-swimming performance

MANCOVAMANCOVA revealed significant differences between pred-

ator regimes in steady-swimming kinematics (F5,34 =

10.99, P < 0.0001), whereas body length was marginally

significant (F5,34 = 2.15, P = 0.08), and population

nested within predator regime was nonsignificant

(F20,113.7 = 0.85, P = 0.65). Inspection of d suggested

that high-predation fish exhibited higher rostral and tail-

beat amplitudes, but smaller propulsive wavelengths and

wave speeds than low-predation fish (with no difference

in tail-beat frequency) (Table S1). Univariate tests found

no evidence for differences between predator regimes in

body length, caudal fin depth or tail-beat frequency, but

differences were either suggestive or evident for all other

variables (Table 4) – results consistent with MANCOVAMANCOVA.

Although differences between predator regimes in

Table 2 Nested multivariate analysis of covariance (MANCOVAMANCOVA) examining overall lateral body shape (uniform components and partial warps),

and nested univariate analysis of covariance (ANCOVAANCOVA) examining lateral body shape variation described by the divergence vector (d). The

population nested term was designated a fixed effect in the MANCOVAMANCOVA (see text) and a random effect in the ANCOVAANCOVA. F-ratios were approximated

using Wilks’s L values for the population nested within predator regime term in MANCOVAMANCOVA.

Source

MANCOVAMANCOVA ANCOVAANCOVA

F d.f. P F d.f. P

Centroid size 7.95 16, 60 < 0.0001 0.13 1, 75 0.7225

Predator regime 3.55 16, 60 0.0002 13.71 1, 4.17 0.0193

Population (predator regime) 2.03 64, 237.17 < 0.0001 2.83 4, 75 0.0305

Sex 35.63 16, 60 < 0.0001 23.16 1, 75 < 0.0001

Fig. 2 Genetic basis of morphological divergence between low-

predation (open bars) and high-predation (filled bars) populations of

Gambusia affinis as depicted by the divergence vector (d) derived

from MANCOVAMANCOVA (mean ± 1 SE).
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streamlining were not statistically significant using an a
of 0.05 – apparently due to one low-predation population

exhibiting relatively nonstreamlined bodies (see Fig. 4) –

I interpret these results as strongly suggestive, as the

direction of differences matched a priori predictions (i.e.

one-tailed P = 0.034), and the effect size was fairly large

with little overlap of the 95% confidence interval beyond

zero. For traits associated with body length, larger fish

had greater streamlining, lower tail-beat frequency and

propulsive wave speed, and higher power and fatigue

time. Relative to low-predation populations (controlling

for body size), fish derived from high-predation popula-

tions tended to exhibit lower streamlining, higher rostral

and tail-beat amplitudes, lower propulsive wavelengths,

lower propulsive wave speeds, higher power and lower

fatigue times (Fig. 4). These results indicate that fish

derived from different predator regimes swam in dis-

tinctly different manners. Swimming at the same speed,

fish from low-predation populations produced thrust in a

more energetically efficient manner by employing low-

amplitude and long-wavelength undulations (Fig. 4;

visualized in Fig. 5). This manner of swimming resulted

in lower overall power consumption at a given swim-

ming speed, and consequently higher endurance for fish

derived from low-predation populations.

Path analysis

Using PCA to eliminate redundant dimensions and

provide a more multivariate perspective to the relation-

ships among morphology, swimming kinematics and

endurance, I retained the first two PC axes for morpho-

logical variables and the first three PC axes for kinematic

variables (Table S2). Only these PC axes explained more

variation than expected under a broken-stick model, and

accounted for 63.18% and 95.48% of the variance in the

morphological and kinematic data sets respectively. I

constructed a path model as described above using these

five PC axes and the estimate for endurance (log10 Ft).

PCA effectively reduced dimensionality (five PC axes

rather than nine measured variables), eliminated multi-

collinearity for the paths between morphology and

swimming kinematics, and reduced multicollinearity for

all other paths (all variance inflation factors < 1.30).

There was no indication that the path model was

inadequately structured (Bollen–Stine bootstrap,

P = 0.98).

I found evidence for five significant path coefficients

(Fig. 6). These coefficients described the following rela-

tionships: (1) fish with larger anterior body ⁄ head regions

and smaller caudal regions produced smaller amplitude

undulations, but higher wave speeds, (2) larger, more

streamlined fish swam with lower tail-beat frequencies,

(3) fish with larger anterior body ⁄ head regions and

smaller caudal regions swam with lower tail-beat fre-

quencies, (4) fish with lower rostral and tail-beat ampli-

tudes and higher wave speeds had higher endurance, and

(5) larger, more streamlined fish exhibited higher endur-

ance.

Because theory predicts that fish with larger anterior

body ⁄ head regions and smaller caudal regions should

exhibit higher endurance via reduced drag (and this is

the major difference in morphology between predator

regimes), I tested for an indirect effect of PC2Morph on

endurance. This was accomplished by constructing a one-

sided bootstrapped confidence interval for the estimated

indirect effect using 10 000 bootstraps of the data set. I

found that PC2Morph did have a marginally significant

indirect effect on endurance via its direct effects on

PC1Kine (standardized indirect coefficient ± SE, 0.10 ±

0.08, one-tailed P = 0.079). That is, fish with larger heads

and smaller caudal peduncles tended to exhibit higher

endurance because those fish also produced low

amplitude undulations with high wave speeds (i.e.

utilized a more energetically efficient manner of thrust

production).

Using the weighted Z-transform method, I found that

four of the five significant path coefficients tended to be

consistent across predator regimes: PC1Morph to PC3Kine

(one-tailed P = 0.001), PC1Morph to endurance (one-

tailed P = 0.0004), PC2Morph to PC1Kine (one-tailed

P = 0.081) and PC1Kine to endurance (one-tailed

P = 0.013). In all these cases, the direction of the trend

Table 3 Pearson correlation coefficients between superimposed

landmark coordinates and the divergence vectors (d) derived from

the predator regime term of MANCOVAMANCOVAs for laboratory-reared and

wild-caught Gambusia affinis (values for wild-caught fish reflect

averages for males and females from data in Langerhans et al., 2004).

Landmark numbers follow Fig. 1. Directionality of the shift in

landmark positions is presented for high-predation populations,

relative to low-predation populations (e.g. landmark 1 is relatively

posterior in high-predation populations). Variables exhibiting a

correlation ‡|0.4| are in bold text.

Landmark Laboratory-reared Wild-caught Direction

1X +0.77 +0.67 Posterior

1Y )0.19 +0.05 –

2X +0.11 )0.16 –

2Y )0.71 )0.46 Ventral

3X )0.36 )0.21 –

3Y +0.27 )0.07 –

4X )0.38 )0.13 –

4Y +0.48 +0.06 Dorsal

5X +0.67 +0.61 Posterior

5Y +0.12 +0.20 –

6X +0.57 +0.62 Posterior

6Y )0.08 +0.14 –

7X )0.54 )0.88 Anterior

7Y )0.19 )0.26 –

8X )0.48 )0.78 Anterior

8Y )0.18 +0.03 –

9X )0.01 +0.21 –

9Y +0.48 +0.45 Dorsal

10X +0.60 +0.62 Posterior

10Y )0.18 )0.11 –
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was the same within each predator regime. However, the

path from PC2Morph to PC3Kine was not consistent across

predator regimes (one-tailed P = 0.435). Moreover, com-

bining results obtained within four of the six populations

(only four populations had enough degrees of freedom to

perform the path analysis) concurred with these results.

Discussion

Although a number of factors might influence divergent

selection between low- and high-predation environ-

ments (e.g. sexual selection, diet), a major prediction

involves selection on locomotor capabilities arising from

differences in the relative importance of competition and

predation. Results of this study are consistent with the

hypothesis of DNS between predator regimes for steady

and unsteady locomotion. The findings demonstrate a

genetic basis to phenotypic differences between predator

regimes in G. affinis, and reveal that phenotypic diver-

gence goes far beyond the previously documented cases

of lateral body shape and burst-swimming abilities. Fish

derived from low-predation environments also tended to

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3 Morphological divergence between

low-predation (left) and high-predation

(right) populations of Gambusia affinis:

(a) wild-caught males, (b) first-generation

laboratory-reared males, (c) second-

generation laboratory-reared males, (d) wild-

caught females, (e) first-generation labora-

tory-reared females, (f) second-generation

laboratory-reared females. Body shape

differences (i.e. variation described by

divergence vectors, d, derived from

MANCOVAMANCOVA) are illustrated using thin-plate

spline transformation grids relative to mean

landmark positions (magnified 2 · in all

cases to better demonstrate differences).

Solid lines connecting outer landmarks are

drawn to aid interpretation. Note the larger

anterior body ⁄ head region and smaller

caudal peduncle in low-predation popula-

tions. Data for wild-caught fish from

Langerhans et al. (2004).

Table 4 Nested analysis of variance (ANOVAANOVA)

and analysis of covariance (ANCOVAANCOVA) results

examining variation in morphology, kine-

matics and endurance among Gambusia affi-

nis populations. Cohen’s d is the standardized

effect size for the predator regime term, and

numbers in parentheses represent the lower

and upper bounds of its 95% confidence

interval.

Dependent variable R2 Cohen’s d

Predator

regime

Population

(predator regime)

Body

length

P P P

Body length (log10 L)* 0.18 0.07 ()0.54, 0.67) 0.7986 0.5385

Streamlining index (arcsin �SI) 0.23 0.69 ()0.05, 1.37) 0.0683 0.8083 0.0155

Caudal fin depth (B ⁄ L) 0.34 0.08 ()0.54, 0.67) 0.8137 0.0035 0.5141

Tail-beat frequency (f) 0.22 0.22 ()0.41, 0.82) 0.5093 0.6673 0.0076

Rostral amplitude (R ⁄ L) 0.33 1.22 (0.24, 2.14) 0.0116 0.4817 0.3012

Tail-beat amplitude (H ⁄ L) 0.43 1.19 (0.22, 2.14) 0.0152 0.1968 0.7596

Propulsive wavelength (k ⁄ L) 0.29 2.17 (0.95, 3.33) 0.0001 0.9226 0.7267

Propulsive wave speed (c ⁄ L) 0.29 0.80 (0.00, 1.52) 0.0502 0.6207 0.0103

Power (log10 P)� 0.68 0.89 (0.22, 1.53) 0.0112 0.5899 < 0.0001

Fatigue time (log10 Ft) 0.19 0.84 (0.07, 1.55) 0.0320 0.8760 0.0476

*Model also included a term for sex.

�Model also included terms for sex and sex · predator regime.

Functional trade-off in mosquitofish 1065

ª 2 0 0 9 T H E A U T H O R . J . E V O L . B I O L . 2 2 ( 2 0 0 9 ) 1 0 5 7 – 1 0 7 5

J O U R N A L C O M P I L A T I O N ª 2 0 0 9 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y



Fig. 4 Variation in morphology, kinematics and endurance among Gambusia affinis populations (least-squares means ± 1 SE). Open bars

represent low-predation populations and filled bars represent high-predation populations. All values control for possible effects of body size,

and are given for the average body length of 29.59 mm (slopes were homogeneous in all cases). Significant differences between predator

regimes are denoted in the upper-right corner of each graph: ns, nonsignificant; �P < 0.10; *P £ 0.05; **P < 0.001.
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exhibit greater three-dimensional streamlining, employ a

more energetically efficient means of thrust production

during steady swimming and have higher endurance

than fish derived from high-predation localities. Using a

multivariate path analytic approach, I also found evi-

dence consistent with cause-and-effect relationships

predicted by theory, and implicated in divergent natural

selection and subsequent predator-driven evolutionary

divergence in this system.

Lateral body shape

Although previous evidence suggests that morphological

divergence in G. affinis has a genetic basis (Langerhans

et al., 2004, 2005), lateral body shape is also known to

exhibit phenotypic plasticity in response to changes in

diet and foraging orientation (Ruehl & DeWitt, 2005).

Because no study had previously assessed lateral body

shape of adult laboratory-reared individuals, whether

divergence in lateral shape between predator regimes

reflected genetically based differentiation remained lar-

gely an open question prior to this study. I found that

laboratory-reared adult G. affinis derived from popula-

tions coexisting with predatory fish exhibited smaller

anterior body ⁄ head regions, larger caudal regions and a

more posterior placement of the eye compared with fish

derived from populations lacking piscivorous fish. These

differences not only match those observed in wild-caught

individuals, but variation in anterior body ⁄ head size and

caudal peduncle size also match a priori predictions. That

is, combining biomechanical knowledge of the functional

links between body form and swimming performance

with ecological knowledge of how swimming perfor-

mance should mediate fitness in alternative predator

regimes – i.e. selection should favour steady swimming in

low-predation environments, but favour unsteady swim-

ming in high-predation environments – yields the pre-

diction of smaller anterior body ⁄ head regions and larger

caudal regions in high-predation environments, as

observed (see Langerhans & Reznick, in press). This

correspondence between predictions and observations

strongly argues for DNS between predator regimes as the

primary mechanism of divergence, and is inconsistent

with other explanations such as genetic drift (e.g. Endler,

1986; Wainwright, 1988, 1996; Losos, 1990; Williams,

1992; Walker, 1997; Domenici, 2003). Further, recent

work is uncovering empirical data from several other

systems that also confirm these predictions, suggesting

such predator-driven divergence might represent an

ecomorphological paradigm, where similar forms of

DNS between predator regimes repeatedly drive similar

cases of morphological divergence within distantly

related lineages (e.g. Langerhans et al., 2004; Gomes &

Monteiro, 2008; reviewed in Langerhans & Reznick,

in press).

Although overall trends match predictions, it is unclear

exactly what selection pressures might be responsible for

the observed differences in positioning of the eye. Eye

placement might be important for prey acquisition or

predator detection, but no known selective differences

between predator regimes would favour such differences

in eye location, and thus deserve further study. Addi-

tionally, without testing the functional consequences of

morphological differences, it is possible that the predicted

body shapes have evolved for alternative reasoning (i.e.

some mechanism other than DNS for steady and

unsteady swimming between predator regimes). That is,

one could get the ‘right’ result for the ‘wrong’ reasons.

For instance, differences in anterior body ⁄ head size

might be associated with shifts in diet (e.g. consumption

or digestion of different prey types; Bouton et al., 2002)

or foraging mode (e.g. suction, ram, scraping ⁄ picking;

Liem, 1980). Dietary shifts have not yet been explored in

Fig. 5 Visualization of swimming kinematics during a complete tail

beat for Gambusia affinis individuals derived from low- and high-

predation environments. Amplitude envelope of body undulations

depicted by midlines (as viewed from above), where x-positions of

the snout were made to coincide (Dt = 0.008 s; snout tip on left, tail

tip on right). Fish from low-predation populations generate a long

body wave with a narrow amplitude envelope compared with high-

predation fish. Midlines were drawn from representative individuals

either near, or more extreme than, the mean of measured kinematic

variables for each predator regime (depicted are females derived

from L3 and H2; these two populations are only approximately

800 m apart).

Fig. 6 Path analysis results examining relationships among mor-

phology, swimming kinematics and endurance. Numbers beside

arrows indicate standardized path coefficients, and line thickness

reflects the strength of the path. Solid lines represent positive effects

and dashed lines represent negative effects. Primary factor loadings

(i.e. loadings ‡|0.6|) for each principal component are given inside its

respective box. Trait abbreviations follow Table 4 and Fig. 4. Morph,

morphology data set; Kine, kinematics data set; �P < 0.10; *P < 0.05;

**P < 0.01.
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this system, and thus their potential role is unknown. It is

for reasons such as these that the examination of

functional consequences of morphological variation

(e.g. swimming performance) is so important.

Steady-swimming performance

Because Gambusia fishes use steady swimming during

most competitive activities (see Introduction), steady-

swimming performance should greatly influence com-

petitive interactions (which generally strengthen under

the higher densities common to environments with low

extrinsic mortality rates). Moreover, in low-predation

environments, Gambusia often exhibit high densities and

utilize open-water habitat (e.g. Winkelman & Aho, 1993;

Langerhans, 2006), putting a premium on the ability to

continually cruise through their environment in search

of limited resources. Thus, fish with relatively high

steady-swimming performance are predicted to exhibit

high fitness in low-predation environments (i.e. obtain

and consume food more quickly, acquire mates more

effectively, contain greater energy supplies for reproduc-

tion) (e.g. Vogel, 1994; Plaut, 2001; Domenici, 2003;

Blake, 2004).

I found that morphological differences between labo-

ratory-reared G. affinis derived from different predatory

environments resulted in different manners of thrust

production during steady swimming, consequently lead-

ing to differences in endurance. Compared with fish

derived from low-predation environments, fish from

high-predation environments exhibited more flexible

bodies (lower propulsive wavelength) as predicted,

yielding slower wave speeds at a given driving frequency.

To compensate for their more flexible bodies and higher

drag, high-predation fish increased driving amplitude

(higher rostral amplitude, resulting in higher tail-beat

amplitude) but not driving frequency (similar tail-beat

frequency). This shift in swimming kinematics resulted in

less efficient thrust generation (higher power consump-

tion) and lower endurance (lower fatigue time). Thus,

consistent with a priori predictions based on DNS

between predator regimes, fish derived from high-

predation environments – which are known to exhibit

higher unsteady-swimming performance – suffer reduced

steady-swimming abilities relative to fish from low-

predation environments.

Although I did not directly measure flexural stiffness of

the body, propulsive wavelength should provide a

reasonable surrogate for body stiffness as it is body

stiffness that is believed to largely control the shape of

the undulatory wave (Long et al., 1994; McHenry et al.,

1995; Long & Nipper, 1996). Consistent with the

conclusion of stiffer bodies in G. affinis individuals

derived from low-predation environments, low-preda-

tion fish also exhibit lower turning angles during stage 1

of a C-start escape response compared with high-preda-

tion fish, suggesting their bodies are indeed less flexible

(R.B. Langerhans, unpublished). Owing to their stiffer

bodies, low-predation fish apparently employed a more

energetically efficient method of thrust production,

which exploits stored energy in the spring-like scenario

present in stiff bodies (Long & Nipper, 1996; Pabst, 1996;

Dickinson et al., 2000). This method of thrust generation

is presumably less metabolically costly than the produc-

tion of similar levels of thrust via increases in driving

frequency or amplitude; however, this hypothesis has yet

to be tested. Although it is clear that low-predation fish

have stiffer bodies during steady swimming relative to

high-predation fish, exactly how this difference has

arisen is unclear. That is, differences in stiffness could

derive from the increased ability of low-predation fish to

actively stiffen their bodies during swimming using

negative work, from increased passive flexural stiffness

in low-predation fish (e.g. involving differences in

muscles, skin) or a combination of both mechanisms

(Blight, 1976; Van Leeuwen et al., 1990; Altringham

et al., 1993; Long et al., 1996).

It is notable that driving amplitude and not driving

frequency differed between fish inhabiting different

predator regimes. Tail-beat frequency is probably the

most commonly studied kinematic variable in steady

swimming, and is often thought to reflect variation in

oxygen consumption among closely related fish (which

are typically assumed to exhibit similarities in other

kinematic variables) (e.g. Herskin & Steffensen, 1998;

Lowe, 2001; Steinhausen et al., 2005; Ohlberger et al.,

2007). However, as this study highlights, fish can modify

other kinematic variables to modulate thrust generation,

and tail-beat frequency alone may be insufficient in some

cases for characterization of energy costs such as active

metabolic rates. Here, G. affinis derived from high-preda-

tion environments exhibited similar tail-beat frequencies

as fish from low-predation environments, but yet still

appear to have required greater oxygen consumption

while swimming at a common speed (i.e. higher relative

power, lower fatigue time; see below) owing to their

increased driving amplitude. Although I have assumed

that rostral amplitude provides a useful surrogate for

driving amplitude, it could also be interpreted as largely a

recoil response to lateral motion of the body (Lighthill,

1970; Webb, 1988). More likely, it probably reflects both

sources of variation as they are inextricably linked (i.e.

the higher the driving amplitude, the larger the recoil

response to it). Thus, the larger amplitude undulatory

waves (reflected by increased rostral and tail-beat ampli-

tude) observed in high-predation environments surely

reflect greater driving amplitude compared to low-

predation fish.

Results suggest that low-predation fish have lower

metabolic costs during steady swimming than fish

derived from high-predation localities. Although direct

measurement of metabolic power is needed to confirm

this conclusion, endurance estimates should be positively

correlated with metabolic power. This is because fatigue
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time presumably largely reflects maximum aerobic

capacity, and therefore the upper limit of metabolic

scope (Beamish, 1978). I found that fish with higher

fatigue time tended to exhibit greater three-dimensional

streamlining, larger heads, smaller caudal peduncles,

higher wave speeds and lower amplitude undulations.

Thus, it is reasonable to conclude that fish derived from

low-predation environments suffered lower metabolic

costs of transport than high-predation fish swimming at

the same speed.

Trade-off between steady and unsteady locomotion

A functional trade-off is manifested when a given

morphological or physiological trait exhibits oppositely-

signed relationships with two performance variables (e.g.

see Walker, 2007; Langerhans, 2008). A general predic-

tion in fish hydrodynamics is that a functional trade-off

exists between steady and unsteady locomotion for fishes

employing a coupled locomotor system. I focused here on

the coupling of morphological features: the same body

parts being used for propulsion in both steady-swimming

and unsteady-swimming activities. Theory indicates that

steady swimming is optimized with a stiff, streamlined

body having a large anterior body ⁄ head region and a

small caudal region, whereas unsteady swimming is

optimized with the opposite trait values (e.g. Webb,

1982, 1984; Videler, 1993; Walker, 1997; Blake, 2004;

Langerhans & Reznick, in press). Empirical work with

G. affinis is consistent with these theoretical predictions:

populations exhibiting stiffer, more streamlined bodies,

with larger anterior body ⁄ head regions and smaller

caudal regions also display higher steady-swimming

performance but lower unsteady-swimming performance

(Fig. 7). Importantly, these relationships between mor-

phology and swimming performance also appear to hold

both between and within populations, suggesting a causal

relationship. That is, fish with larger caudal regions and

smaller anterior body ⁄ head regions produce higher

burst-swimming speeds – a trend consistently observed

within multiple populations (Langerhans et al., 2004) –

but expend greater hydromechanical power during

steady swimming, resulting in reduced endurance –

again, a trend consistently observed within multiple

populations (this study). Although this indicates the

existence of a functional trade-off, it does not directly

demonstrate a performance trade-off across individuals,

as the two types of swimming modes were not measured

on the same fish (e.g. correlated traits might mask the

trade-off across individuals, see below). Thus, the

observed functional trade-off predicts the occurrence of

an individual-level performance trade-off, but does not

demonstrate it – although prior evidence does exist for

this trade-off in G. affinis (see Langerhans, 2006). Based

on the observed form–function relationships, combined

with the hypothesized DNS on steady and unsteady

locomotion between predator regimes, we have a priori

predictions for divergent phenotypic evolution, including

stiffer, more streamlined bodies, larger anterior body ⁄ -
head regions and smaller caudal regions in environments

with lower predation intensity. This study revealed that

morphological divergence between predatory environ-

ments in G. affinis matches all these predictions.

Whether the trade-off between steady and unsteady

swimming is common to most fish is currently unclear.

Based on the functional morphology of fish locomotion,

the trade-off should exist whenever propulsor mecha-

nisms are highly coupled. Although the great majority of

fish exhibit some degree of locomotor coupling (it is

virtually impossible to completely decouple all propul-

sors), some species have evolved locomotor systems with

varying degrees of independence among swimming

modes. Most commonly, fish employ median-and-paired

fin propulsion for certain swimming activities, such as

low-speed cruising or burst-and-coast swimming, and

body-and-caudal fin propulsion for most other activities

(e.g. Webb, 1998; Sfakiotakis et al., 1999; Drucker &

Lauder, 2000; Hove et al., 2001; Blake, 2004). Further,

numerous features of fish design influence locomotor

performance (e.g. body form, fin size ⁄ shape, muscle

size ⁄ type, gill size; see Webb, 1998; Domenici, 2003;

Lauder, 2005; Langerhans & Reznick, in press), allowing

for the possibility of many-to-one mapping (Wainwright

et al., 2005; Wainwright, 2007). That is, multiple combi-

nations of traits might be capable of producing equivalent

levels of locomotor performance, effectively disguising

Fig. 7 Trade-off between steady- and unsteady-swimming

performance across six Gambusia affinis populations. Open symbols

represent low-predation populations and filled symbols represent

high-predation populations. Values are population means given at a

common body length of 28.0 mm. The two performance variables

are significantly associated (r = )0.89, one-tailed P = 0.009). Data

for burst-swimming speed are from Langerhans et al. (2004).
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the trade-off at the whole-organism level despite the fact

that strong trade-offs might exist at all lower levels of the

phenotypes themselves. This means that the performance

trade-off should weaken as traits become more indepen-

dent of one another (e.g. lower genetic correlation

among lower-level traits). Further, inter-individual var-

iation in general quality or motivation can mask the

existence of a trade-off (e.g. Van Noordwijk & de Jong,

1986; Losos et al., 2002; Van Damme et al., 2002).

Together, integrated forms of propulsion, many-to-one

mapping and confounding factors related to inter-indi-

vidual variation serve to obfuscate theoretical predictions

regarding a trade-off between steady and unsteady

locomotion, making the strength of the trade-off largely

an empirical question in need of proper experimental

design. A number of studies to date have examined

general endurance-sprint trade-offs in diverse taxa, and

although a number of studies have found evidence of a

trade-off (e.g. Huey et al., 1984; Arnold & Bennett, 1988;

Garland et al., 1988; Dohm et al., 1996; Reidy et al., 2000;

Vanhooydonck et al., 2001; Van Damme et al.,

2002; Wilson et al., 2002, 2004; Ojanguren & Brana,

2003; Yang et al., 2003; Santiago et al., 2008), many have

not (e.g. Bennett, 1980; Ford & Shuttlesworth, 1986;

Garland & Else, 1987; Garland, 1988; Bennett et al.,

1989; Tsuji et al., 1989; Huey et al., 1990; Jayne &

Bennett, 1990; Secor et al., 1992; Sorci et al., 1995; Pinch

& Claussen, 2003). This suggests that such a trade-off

indeed depends on numerous underlying factors, leaving

its strength unpredictable without empirical data.

Assuming this trade-off does indeed apply to many

fishes, an interesting question is whether DNS between

steady and unsteady swimming might represent a gen-

erally important diversifying mechanism in fishes. Lan-

gerhans & Reznick (in press) recently reviewed the

existing evidence for this hypothesis and posited that this

particular form of DNS might be of paramount impor-

tance in fish diversification, pointing to multiple envi-

ronmental gradients, including predation, that might

commonly generate such DNS. Thus, it seems that the

role of DNS involving steady and unsteady locomotion in

driving evolutionary divergence and speciation in fishes

may be of great significance and demands focused

attention.

Rapid evolution, invasiveness and speciation

Although exact dates are unknown, it is likely that

populations examined here were colonized and isolated

from one another within the last 150 years when human-

induced changes in the area led to an overall reduction in

surface waters and an increase in isolated, semi-

permanent aquatic environments (Schmidly, 2002). This

suggests that evolutionary changes documented here

occurred quite rapidly (and likely in the face of at least

some level of gene flow given the spatial proximity of some

divergent populations, e.g. 0.80 km). Using Haldanes (trait

change in standard deviation units per generation) as an

estimate of evolutionary rate, some traits have diverged as

much as twice that expected from other studies of

microevolution (predicted change of �0.66 standard

deviations over an estimated 200–300 generations

according to a large data set described in Kinnison &

Hendry, 2001), and are similar to that previously

documented for life history traits in introduced popula-

tions of G. affinis (Stockwell et al., 2003). While this study

examined populations of G. affinis within its native range,

G. affinis and another Gambusia species, G. holbrooki, have

been introduced worldwide, and are highly invasive in

many areas (e.g. Krumholz, 1948; Courtenay & Meffe,

1989; Gamradt & Kats, 1996; Lever, 1996; Webb & Joss,

1997; Goodsell & Kats, 1999; ISSG, 2000; Mills et al., 2004;

Laha & Mattingly, 2007). Given the results of this study,

combined with the previous demonstration of rapid

evolution in introduced G. affinis populations (Stockwell

& Weeks, 1999), the ability for such rapid, adaptive

evolutionary responses may play an important role in

the widespread native range of G. affinis and its invasive-

ness worldwide by facilitating successful colonization of

novel environments (e.g. reviewed in Mooney & Cleland,

2001; Reznick & Ghalambor, 2001; Sakai et al., 2001; Lee,

2002; Stockwell et al., 2003; Cox, 2004; Huey et al., 2005;

Wares et al., 2005).

Cases of adaptive differentiation, as observed here,

not only provide the basis for much of the phenotypic

diversity we see today but also centre prominently in

the process of ecological speciation (Schluter, 2001;

Rundle & Nosil, 2005; Podos & Hendry, 2006; Schluter,

2009). Ecological speciation describes the evolution of

barriers to gene flow resulting from ecologically based

divergent selection. Recent work has implicated DNS

between predator regimes as a possible driver of

ecological speciation in Gambusia fishes (Langerhans

et al., 2007), and work in other systems has demon-

strated that ecological speciation can commence within

only dozens of generations (Hendry et al., 2007). More-

over, ongoing work across the Gambusia genus is

revealing strong evidence for repeated patterns of

morphological evolution within similar predator regimes

(R.B. Langerhans, unpublished). This suggests that the

microevolutionary changes documented here might be

mirrored at the interspecific level. Irrespective of

whether results of this study are more relevant as the

catalyst of invasiveness, the driving force of speciation,

or transient evolutionary blips across a geographical

mosaic of communities, the process of DNS driving

evolutionary change is the same in all cases, and the

ecological and evolutionary importance of this process is

undisputed.
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Supporting Information 
 

Tradeoff between steady and unsteady swimming 
underlies predator-driven divergence in Gambusia affinis 

R. Brian Langerhans 
 
Appendix S1.  Methodological Details 
Streamlining Index 

Using lateral and ventral images of specimens, I calculated the depth and width of each 
fish body at 100 equally spaced positions along the midline using MorphoSys software version 
1.29 (Meacham, 1993).  I then calculated the depth and width at the same 100 positions along the 
midline for a streamlined body (foil drawn from the U.S. National Advisory Committee for 
Aeronautics, NACA) having the same maximum thickness as the fish.  I accomplished this using 
the equation for NACA 0000-series foils without camber (Jacobs et al., 1933): 
 

tNACA(x) = 2 ( tmax/0.2 (0.2969√x – 0.1260x – 0.3516x2 + 0.2843x3 – 0.1015x4) ) 
 
where tmax is the maximum thickness measured along the fish’s midline, and x is the position 
along the midline given in proportional units (distance from snout tip / body length).  This 
equation was employed twice for each fish: once for calculation of depth values and once for 
calculation of width values.  To compare a fish’s volume distribution to that of a NACA-
streamlined body, the ratio of second moments of area was used (Ifish / INACA).  This procedure 
integrates the product of many small volumes along a body by their squared distance from an 
axis of rotation.  Following McHenry & Lauder (2006), the axis of rotation was positioned 
anterior to the rostrum in a dorsoventral direction; the second moment of area was calculated 
from the depth and width values using equation 4 in McHenry & Lauder (2006).  This 
streamlining ratio (SR = Ifish / INACA) describes fish bodies that can range from shapes having 
more anterior volume relative to a foil (values < 1) to shapes having more posterior volume 
relative to a foil (values > 1), with the value 1.0 representing a perfect match in volume 
distribution between a fish’s body form and the foil.  Because SR values can range from less than 
to greater than 1.0, a hump-shaped relationship is predicted with steady-swimming performance 
(i.e. highest performance at 1.0, reduced performance either less than or greater than 1.0; see 
Langerhans & Reznick, in press for empirical confirmation in Gambusia).  To approximately 
linearize this predicted relationship, I calculated a streamlining index: SI = 1 – | 1 – SR |.  SI 
values ignore the specific nature of how a body deviates from the optimum, and can range from -
∞ to 1.0, with 1.0 representing a perfect match in volume distribution between a fish’s body and 
the NACA-streamlined body.  The direction of deviation from the optimum is not of interest 
here, as drag costs are expected to be approximately symmetric about the optimum SR across the 
relatively small phenotypic range observed within species (Langerhans & Reznick, in press).  
Because G. affinis individuals exhibited SR values on either side of the predicted optimum, I 
used SI in all statistical analyses. 
 
Steady-swimming Kinematics 

Tail-beat frequency (f, Hz) was measured from the video as the inverse of the average 
period (sec) of ten complete tail-beat cycles.  I measured the caudal fin trailing-edge depth (B, 
mm) as the vertical distance between the dorsal-most and ventral-most points on the caudal fin.  



For all other measured kinematic parameters, I performed frame-by-frame analysis of a video 
segment of steady swimming spanning three complete tail beats.  Landmarks were digitized from 
video frames using tpsDig software (Rohlf, 2006).  Rostral amplitude (R, mm) was measured as 
half of the average distance between right and left excursions of the anterior tip of the rostrum.  I 
tracked the tip of the caudal fin to measure tail-beat amplitude (H, mm) as half of the average 
distance between right and left excursions of the fin.  I estimated propulsive wavelength (λ, mm) 
by doubling the posterior half-wavelength (see Webb et al., 1984; Webb et al., 1992).  Because 
these latter three parameters represent averages across three tail beats, I calculated the 
repeatability of these measurements across the three tail beats using the intraclass correlation 
coefficient from a model II ANOVA (Lessells & Boag, 1987; Sokal & Rohlf, 1995).  All 
estimates were highly repeatable (H: intraclass correlation coefficient, r = 0.68, P < 0.0001; λ: r 
= 0.79, P < 0.0001; R: r = 0.52, P < 0.0001). 

Lighthill’s elongated-body theory (Lighthill, 1975; Wu, 1977; Videler, 1993) indicates 
that the mean thrust generated during undulatory swimming can be calculated from conditions at 
the trailing edge of the caudal fin.  Here I used elongated-body theory to estimate power, or the 
mechanical rate of working, as P ∝ f2H2B2(1 – U/c).  This parameter can be thought of as the 
total lateral force produced by the tail to overcome drag forces and maintain constant-velocity 
swimming.  Holding swimming speed constant, as I did in this study, a lower P indicates greater 
overall locomotor efficiency (i.e. less power consumed to swim at a given speed, analogous to 
miles per gallon). 
 



Table S1.  Pearson correlation coefficients between kinematic variables and the divergence 
vector derived from the predator regime term of the MANCOVA (positive end of axis associated 
with high-predation populations).  Variables exhibiting a correlation ≥ |0.6| are in bold text. 
 

Variable d 
Tail-beat frequency (f) -0.29 
Rostral amplitude (R/L) +0.81 
Tail-beat amplitude (H/L) +0.79 
Propulsive wavelength (λ/L) -0.61 
Propulsive wave speed (c/L) -0.65 

 
 
 
Table S2.  Principal components analysis of morphological and kinematic variables.  Lateral 
body shape is represented by the divergence vector derived from the predator regime term in 
MANCOVA (positive end of the axis describes fish with smaller heads and larger caudal 
peduncles).  Factor loadings in bold indicate variables that load strongly on each axis (loadings ≥ 
|0.6|).  Only axes retained for analysis are shown (retention of axes according to broken-stick 
criterion). 
 

Data Type Variable PC1 PC2 PC3 
Morphology body length (log10 L) +0.85 -0.21  
 lateral body shape (d) -0.13 -0.87  
 streamlining index (arcsin √SI) +0.77 +0.20  
 caudal fin depth (B/L) +0.27 +0.53  
 proportion of variance 0.35 0.28  
     
Kinematics tail-beat frequency (f) +0.70 -0.02 +0.71 
 rostral amplitude (R/L) -0.80 +0.43 +0.23 
 tail-beat amplitude (H/L) -0.69 +0.52 +0.40 
 propulsive wavelength (λ/L) +0.40 +0.74 -0.53 
 propulsive wave speed (c/L) +0.84 +0.50 +0.21 
  proportion of variance 0.49 0.25 0.21 
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