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Introduction

Abstract

The diversity of both the locomotor and feeding systems in fish is extensive,
although little is known about the integrated evolution of the two systems.
Virtually, all fish swim to ingest prey and all open their buccal cavity during
prey capture, but the relationship between these two ubiquitous components
of fish feeding strikes is unknown. We predicted that there should be a positive
correlation between ram speed (RS) and maximum gape (MG) because the
accuracy of a predatory strike goes down with an increase in RS and fish with
larger mouths eat larger, more evasive prey. For 18 species of neotropical
cichlids, we used phylogenetic-independent contrasts to study the relationship
between the predator closing speed (RS) and mouth size (MG) during prey
capture. To provide a robust comparative framework, we augmented existing
phylogenetic information available from the mitochondrial cytochrome b gene
with sequences from the S7 nuclear ribosomal intron for these species. Then,
we captured high-speed (500 images per second), lateral view feeding
sequences of each species by using a digital video camera and measured both
RS and MG. Uncorrected species values of MG and RS were positively and
significantly correlated. When accounting for any of the set of phylogenetic
relationships recovered, the independent contrasts of RS and MG remained
significantly, and positively, correlated. This tight evolutionary coupling
highlights what is likely a common relationship between locomotor behaviour
and feeding kinematics in many organisms.

among and across groups of organisms will provide
considerable insight into general rules that constrain and

Locomotion is highly integrated with prey capture in
diverse groups of predators such as snakes (e.g. Alfaro,
2003), lizards (e.g. Irschick & Losos, 1998), fish (e.g.
Higham et al., 2005a), carnivorous mammals (e.g. Iwa-
niuk et al., 1999), primates (e.g. Dunbar & Badam, 2000)
and spiders (e.g. Gorb & Barth, 1994; Schmid, 1997).
These relationships persist on multiple levels, including
physiological, morphological and behavioural, suggesting
that the co-evolution between these levels of organiza-
tion is extensive. Given how ubiquitous these interrela-
tionships are likely to be, identifying commonalities
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facilitate the co-evolution of what have traditionally
been treated as distinct classes of organismal perform-
ance.

The locomotor and feeding systems of fishes are
extremely diverse, and have been the focus of numerous
functional (reviewed in Ferry-Graham & Lauder, 2001;
Blake, 2004; Lauder, 2005) and evolutionary (Wain-
wright et al.,, 1989; Jayne & Bennett, 1990; Hale ef al.,
2002; Wainwright, 2002; McHenry & Patek, 2004;
Westneat, 2004; Hulsey & Garcia de Leon, 2005) studies.
Despite an ever-increasing understanding of the evolu-
tion of both locomotion and feeding, there is a paucity of
studies that examine locomotion and feeding concur-
rently in an evolutionary context. This is surprising given
the potential interdependence of these systems. For
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example, suction feeding, which involves expansion of
the mouth cavity resulting in an influx of water towards
the predator (Day et al., 2005; Higham et al., 2006a,b), is
the most common feeding mode among fishes (Lauder,
1980; Muller & Osse, 1984; Carroll ef al., 2004), but the
body must be positioned close to the prey (within one
mouth diameter) for suction to be effective (Wainwright
et al., 2001; Day et al., 2005; Higham et al., 2006a). Also,
predator locomotion is clearly intertwined with feeding
modes (e.g. ambush vs. roving predator) and specializa-
tion on particular prey types (e.g. evasive vs. sessile).

A common theme stemming from studies of both
locomotion and feeding kinematics is that fish exhibit a
wide range of ram speeds (RS) during prey capture
(Webb, 1984; Norton & Brainerd, 1993; Domenici &
Blake, 1997; Webb & Gerstner, 2000; Wainwright ef al.,
2001; Higham ef al., 2005a, 2006a). The possible conse-
quences of swimming faster at the time of prey capture
include the ingestion of a more narrow and elongated
volume of water, decreased suction performance, and an
increase in overall closing speed (Higham et al., 2005a,
2006a). However, it seems that a relatively low RS at the
time of prey capture enables the predator to maintain the
optimal suction performance, and at the same time better
focus the flow of water anteriorly, thus increasing the
suction feeding efficiency (Higham ef al., 2005a). There
are advantages to both fast and slow RSs that generate
tradeoffs with respect to suction feeding, and these
tradeoffs should generate negative correlations between
the locomotor and feeding behaviours that influence
suction feeding during evolution.

Slower attack speeds are also advantageous because
they increase strike accuracy as predators have more time
to modulate the position of their mouths relative to prey
when attacking (Webb & Skadsen, 1980; Higham et al.,
2006a). Fish frequently miss prey when they open their
mouths too soon or too late (e.g. Nyberg, 1971). Despite
the possible cost of decreased accuracy, species must
attack faster when feeding on rapidly escaping evasive
prey items (Nemeth, 1997; Wainwright et al.,, 2001).
Given the likely importance of higher attack speeds for
capturing evasive prey, a predator could offset the
decrease in accuracy by ingesting a larger volume of
water through an increase in mouth (gape) size (Higham
et al., 2006a) rather than decelerating prior to prey
capture to maintain accuracy (Lauder & Drucker, 2004;
Higham er al., 2005a,b). Thus, average attack speeds
should evolve in tandem with the size of the mouth
opening used to capture prey.

Cichlid fishes are an ideal group to study the evolution
of predators that vary in both locomotor and feeding
abilities. For example, even subsets of the cichlid
radiation such as the neotropical Heroine cichlids are
incredibly diverse in their jaw morphology and dietary
specialization (Eaton, 1943; Winemiller, 1989; Winemiller
et al., 1995, Waltzek & Wainwright, 2003; Hulsey &
Garcia de Leon, 2005). Mitochondrial DNA phylogenies
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suggest that even within this relatively small cichlid clade
there is convergence in the morphological specializations
used for obtaining prey with escape abilities as disparate
as shrimp and molluscs (Winemiller et al., 1995; Hulsey,
2006). Given that some of these cichlid species capture
predominantly large, evasive fish and other species ingest
predominantly small, nonevasive prey, locomotion dur-
ing prey capture should differ among these cichlid
species. It would be ideal to more extensively evaluate
the phylogenetic relationships of Heroine cichlids using
information obtained from their nuclear genomes in
order to robustly examine the co-evolution of trophic
characteristics such as gape and attack speed.

We hypothesized that there would be a positive
evolutionary correlation between RS and maximum gape
(MG) in Heroine cichlids. To test this, we first recon-
structed the relationships of numerous Heroines by using
the S7 ribosomal intron and mitochondrial DNA se-
quences of the cytochrome b gene. Then, we examined
the variation in MG and attack speed among Heroine
cichlids. Finally, we determined the evolutionary rela-
tionships between feeding kinematics and RS in the 18
species by using the phylogenetic-independent contrasts.

Materials and methods

Sequencing

The S7 ribosomal intron, one of 18 Heroine cichlid
species (Table 1) and the outgroup Mesonauta festivus
(Farias et al., 2001), was sequenced and analysed in
conjunction with cytochrome b sequences previously

Table 1 The species used in this study and their average gape
(+SEM) and ram speed (RS) (+SEM).

Standard Maximum
Species length (mm)  gape (mm) RS (cms™")
Amphilophus citrinellus 85 11.2+05 102.1 £ 8.2
Archocentrus nigrofasciatus 64 58+ 0.3 40.6 + 8.1
Caquetaia kraussif 83 11.7 £ 0.3 146.3 £ 18.6
Caquetaia myersi 94 149+ 04 96.7 + 11.0
‘Cichlasoma’ octofasciatum 69 7.7 +£0.7 80.5 + 5.1
‘Cichlasoma’ salvini 77 89+ 0.6 108.9 + 18.0
‘Cichlasoma’ trimaculatum 76 8.1+03 825+ 3.5
Caquetaia umbrifera 65 8.1+04 579+ 5.6
Nandopsis haitiensis 65 89+04 105.6 £ 11.9
Nandopsis tetracanthus 62 79+03 499 + 3.3
‘Cichlasoma’ festae 67 82+05 46.7 + 5.1
Herichthys pearsei 83 102+ 0.8 96.2 + 12.1
Herichthys minckleyi 77 8.1 +0.7 39.6 £ 10.0
Hypsophrys nicaraguensis 79 55+04 23.1+58
Parachromis managuensis 61 89+03 739 + 3.0
Petenia splendida 67 96+06 105.0+25
Vigja maculicauda 69 49+04 25,6 £ 6.4
Vigja synspila 81 7.0+04 50.5 +2.3

Ram speed includes the speed of the jaw during protrusion.
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generated. The individuals sequenced for the S7 intron
were collected from sites reported in previous studies
(e.g. Hulsey et al., 2004). For sequencing, total genomic
DNA was isolated from axial muscle by using Puregene®©
extraction at the University of California, Davis. A 1-uL
aliquot of this solution was used to provide a DNA
template for the polymerase chain reaction (PCR). The
entire S7 protein intron one was amplified (Chow &
Hazama, 1998). Amplifications were carried out in
a Perkin-Elmer DNA thermocycler (Perkin-Elmer,
Wellesley, MA, USA). The PCR reaction volume was
50 L [32 uL of H,0, 5 uL 10x MgCl, PCR buffer, 2.5 uL
MgCl,, 4 puL. dANTPs (10 mm), 2.5 pL. of each primer
(10 um), 0.5 uL of TAQ, and 1 uL DNA (~15-20 ng)].
Thermal cycling conditions consisted of an initial dena-
turation step of 94 °C (30s), 55°C (305s) and 72 °C
(1.5 min). A final incubation of 72 °C for 5 min was
added to ensure the complete extension of amplified
products. Subsequently, the 1.3-kb PCR products were
electrophoretically separated from unincorporated prim-
ers and dNTPs by using electrophoresis in low-melting
point agarose gel run in Tris—acetate buffer (pH 7.8). Gels
were stained in ethidium bromide (1 mg xL™") for 5 min
and destained in de-ionized water for 15 min. Positively
amplified DNA was then purified by using an enzymatic
combination of 1 uL of Exonuclease I (10.0 U uL™") and
1 uL shrimp alkaline phosphatase (2.0 U xL™') per 10 uL
of PCR product. Treated PCR products were used as
templates for Big Dye sequencing reactions (Applied
Biosystems terminator cycle sequencing reactions;
Applied Biosystems, Foster City, CA, USA). Sequen-
ces were read with an ABI377-automated sequencer
at the Automated DNA Sequencing Facility at the
University of California, Davis. Complete gene sequences
were assembled from individual sequencing reactions by
using the program seQUENCHER version 4.1 (Gene Codes,
Ann Arbor, MI, USA). For analyses, sequences were
aligned using crustar x (Thompson ef al., 1999). All
sequences for the S7 ribosomal intron one have been
submitted to Genbank (DQ836805-DQ836823).

Phylogenetic analysis

For the Bayesian analyses, the S7 ribosomal intron and
the cytochrome b gene were analysed independently and
also in combination. The S7 intron was treated as a single
partition and indels were treated as missing data. The
cytochrome b gene was partitioned into its three-codon
sites by using MAccLADE 4.0 (Maddison & Maddison,
2000) for the analyses. MODELTEST 3.06 (Prosada &
Crandall, 1998) was used to identify the best model of
molecular evolution for each cytochrome b codon site
and the entire S7 partition. MRBAYES 3.1 (Ronquist &
Huelsenbeck, 2003) was used to perform the Bayesian
analyses in order to find the best approximations of the
maximum likelihood tree. The analyses treated the
transition-transversion matrices, number of invariant

sites and gamma shape parameters as unlinked and
independent for each codon site. Flat prior probability
distributions for all parameters were assumed before
analysis. We ran five separate Bayesian analyses for
1 000 000 generations with four Markov chains in each
run for the cytochrome b gene alone, the S7 intron alone
and with both genes together. We sampled trees from the
Markov—-Chain—-Monte—Carlo search algorithm every 100
generations. At the end of each analysis, the log-
likelihood scores were plotted against generation time
to identify the point at which log likelihood values
reached a stable equilibrium. In all analyses, the equi-
librium appeared to be reached at approximately 50 000
generations, and therefore, sample points prior to gen-
eration 100 000 in each run were discarded as ‘burn-in’
samples. The remaining samples from all runs combined
were used to produce a single majority rule consensus
tree in paup+ 4.0B10 (Swofford, 2002) for each of the
three separate genetic partitions. The percentages of all
trees recovered for a particular clade (the clade’s poster-
ior probability) were depicted on the single lowest
likelihood tree topology found during each of the three
different partitioned Bayesian analyses. Comparative
analyses were performed on the three lowest likelihood
topologies obtained from each of the three gene parti-
tions analysed.

Experimental protocol

All cichlids used in the kinematic analyses were pur-
chased commercially and housed at the University of
Calitfornia, Davis. During experiments, all fish were fed
similarly sized (approximately 2-3-cm long) guppies
(Poecilia reticulata). The prey item that we used in this
study represents a relatively evasive prey species (Wain-
wright et al., 2001). Using a single prey type is important
in comparative studies because the strike behaviour of a
predator will vary depending on the type of prey
(Nemeth, 1997). One individual from each species was
tested, and a minimum of four sequences per individual
were obtained. Although one individual provides min-
imal intraspecific replication and could potentially
increase the noise in our analysis, we feel that the most
extensive variation in prey capture likely lies among the
species examined and not within species. Furthermore,
any significant results recovered would suggest that this
level of within species replication provides enough power
to test the hypotheses examined. All maintenance and
experimental procedures used in this research complied
with guidelines for the use and care of animals in
research at the University of California, Davis.

We recorded the body, jaw and mouth movements in
lateral view from each fish by using a high-speed NAC
Memrecam ci digital system (Tokyo, Japan) operating at
500 images per second. Grids (1 X 1 cm) were placed
behind the fish in order to provide a distance scale.
Additionally, we took a picture of a ruler inside the tank
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at the location of the prey in order to verify the scaling.
Two floodlights (600 W) on either side of the camera
illuminated the experimental tank during the experi-
ment. Following experiments, the fish were killed with
an overdose of anaesthetic (MS-222) and the standard
length (SL) of the fish was measured.

Kinematic measurements

For the frame-by-frame analysis, we chose only those
trials where the trajectory of the fish was straight, parallel
to the long axis of the tank, and where the prey was
completely consumed. All sequences were converted to
stacks of digital images and imported into IMAGE J version
1.33 (NIH, Washington, DC, USA) for digitizing. For each
frame, we digitized the anterior tips of the upper and
lower jaws. We then quantified the displacement of the
anterior tip of the upper jaw throughout the feeding
event, which started at the onset of mouth opening and
ended when the mouth was closed. Ram speed was the
first derivative of the fish’s displacement. As we were
primarily interested in the overall closing speed of the
predator, we refer to RS as the speed including jaw
protrusion. During prey capture, we measured gape as
the vertical distance between the tip of the lower jaw and
the tip of the upper jaw. Maximum gape was defined as
the maximum distance between these two points.

Comparative analyses

Correlations between MG and RS were examined both
without taking phylogenetic relationships into account
and also in a phylogenetic context. Ram speeds were
uncorrelated (P = 0.19, r = 0.33) with SL, so we did not
scale this variable. Because MG frequently scales with SL
(e.g. Wainwright et al., 2006), we scaled MG using the
residuals from a log-log least squares regression of MG
and SL for both analyses.

Correlations among species values are not statistically
independent because of the shared evolutionary history
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of species (Felsenstein, 1985) and comparative methods
are widely used to explore the relationships between
functional traits (e.g. Lauder, 1990; Garland et al., 2005;
Herrel et al., 2005; Johnson et al, 2005). Thus, we
calculated the phylogenetic independent contrast corre-
lations between RS and maximum gape by using the S7
ribosomal intron phylogeny, the cytochrome » phylo-
geny, and the phylogenetic tree obtained from analysing
both the sets of sequences combined. For the independ-
ent contrasts, the phylogenetic topology with branch
lengths was imported into MEsqQuiTE version 1.06
(Maddison & Maddison, 2005) and we then used the
ppAP package implemented in mesqQurte (Midford et al.,
2005) to obtain the independent contrasts (Garland et al.,
1992). The relationship between the phylogenetic inde-
pendent contrasts was then determined by using a
reduced major axis (RMA) regression as there is consid-
erable variation in both variables.

Results

Phylogenetics

Although the cytochrome b analyses suggested that
Nandopsis haitiensis and N. tetracanthus are phylogeneti-
cally located at the base of the Heroine radiation, the
analyses based on the S7 intron suggest that these species
may have affinities with the clade containing ‘Cichlasoma’
festae and species such as Herichthys minckleyi and the
genus Vieja (Fig. 1). Also, in the cytochrome b phylo-
geny, Caquetaia kraussi and C. myersi group together but
C. umbrifera appears to be phylogenetically distinct. How-
ever, C. umbrifera is clearly nested with other Caquetaia
based on the S7 intron (90% posteriors). This species has
been placed in the genus Caquetaia in previous taxonomic
groupings because of its elongate jaws and our results
from the S7 analysis support this previous morphologi-
cally based hypothesis. The close grouping of ‘Cichlasoma’
salvini, Herichthys pearsei, H. minckleyi, Vieja synspilus and
V. maculicauda is recovered in both the trees although the
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Fig. 1 The phylogenetic relationships reconstructed from the cytochrome b gene alone (a), the S7 intron (b), and both genes analysed

simultaneously (c) for 19 species of neotropical cichlids. The Bayesian posterior probabilities are shown to the left of nodes recovered in >50%

of the phylogenetic trees once the first 100 000 burn-in trees were excluded.
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exact relationships of H. minckleyi and H. pearsei are not
consistent. ‘Cichlasoma’ festae groups with this clade in all
three topologies. The phylogenetic affinities of ‘Cichla-
soma’ octofasciatum are generally nebulous. Both gene
partitions support a clade containing, Petenia splendida,
Hypsophrys nicaraguensis, Archocentrus nigrofasciatus, Nand-
opsis managuensis, ‘Cichlasoma’ trimaculatum and Amphilo-
phus citrinellus (Fig. 1). However, the two genes support
very distinct relationships among these morphologically
disparate species. The combined analysis of both genes is
largely congruent with the cytochrome b tree. One
difference is the rearrangement of Caquetaia umbrifera
and ‘C.’” festae as compared to the single mitochondrial

gene tree. Parachromis managuensis and A. nigrofasciatus
also switch their topological locations in the combined
analysis. Although exhibiting less support than the other
two rearrangements, P. splendida and H. nicaraguensis also
have slightly different relationships.

Ram speed and mouth size

Ram speed and maximum gape, at the time of prey
capture, varied considerably among the 18 species in this
study (Table 1; Fig.2). Ram speeds ranged from
23158 cms ' (H nicaraguensis)y to  146.3 %
18.6 cm s~ (C. kraussii). The highest and lowest varia-
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Fig. 2 The phylogenetic relationships among the Heroines examined in this study. In parentheses are the average ram speeds (cm s™') for each
species, with the exception of Mesonauta festivus for which we did not have experimental data. The topology shown is from the combined
cytochrome b and S7 sequence data. Several species representing the diversity in the species examined are depicted in the pictures to the right
of the tree. The three nodes with asterisks represent the three contrasts with the largest values (see Fig. 3c).

© 2006 THE AUTHORS 20 (2007) 70-78

JOURNAL COMPILATION ® 2006 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



bility in RSs was for H. nicaraguensis (SEM = 18.6 cm s™!)
and Vieja synspila (SEM = 2.3 cm s™') respectively
(Table 1). Ram speed (at the time of prey capture),
and maximum gape (scaled to the average SL from all
species) were significantly and positively correlated
using a RMA regression (Fig. 3b; P < 0.001, r = 0.73).
After correcting for phylogenetic relationships, the
independent contrasts of maximum gape were signifi-
cantly, and positively, correlated with the independent
contrasts of RS at the time of prey capture using the S7
ribosomal intron sequences (P < 0.001, r = 0.89), the
cytochrome b sequences (P < 0.001, » = 0.81), and both
genes analysed together (Fig. 3c; P < 0.001, r = 0.80).
Three independent contrasts (see Figs 2 and 3c) were
substantially higher than the other 14 independent
contrasts, and two of these were well nested within the
phylogeny making it unlikely they were simply due to
motivational differences between two closely related
species.

Discussion

Heroine phylogeny

The phylogenies recovered for the Heroines based on
genetic data from both the mitochondrial and nuclear
genomes provide some consistent results but also differ
substantially in several respects. The clade of cichlids
containing H. minckleyi, H. pearsei, and the Vieja species
appears to be robustly supported. Likewise the generally
close affinities of P. splendida, H. nicaraguensis, A. nigro-
fasciatus, Parachromis managuensis, ‘C.” trimaculatum and
A. citrinellus are clear. However, the transient relationships
among these species and the indeterminate relationships
of C. umbrifera, Nandopsis tetracanthus, N. haitiensis and
C. octofasciatum suggest that in order to make the most
robust conclusions possible concerning the trophic evo-
lution of this group that the phylogenetic relationships of
the entire radiation need to be more extensively assessed.
Because cichlids are known to hybridize in nature
(Streelman et al., 2004), and gene trees and species trees
can frequently be incongruent (Maddison, 1997), these
results may not be surprising. The inconsistencies recov-
ered here between cytochrome b and the S7 intron
indicate that it would be ideal to examine the relation-
ships of these species with the inclusion of many more
closely related Heroines and other cichlid outgroups with
further genetic partitions. Nevertheless, our study sug-
gests that, despite some phylogenetic uncertainty, attack
speed and maximum gape during prey capture clearly
change in a predictable manner during evolution.

Maximum gape and ram speed

Using phylogenetic-independent contrasts, we found
that RS and maximum gape were significantly, and
positively, correlated for the 18 species of cichlids we
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Fig. 3 The relationships between maximum gape and standard
length (a), ram speed (RS) and maximum gape (b) and the RS

(cm s’l) contrasts and maximum gape (cm) contrasts (c). For panel
A, the relationship was determined by using a least squares
regression. For panels B and C, reduced major axis regressions were
used. For panel C, both of the variables were log,, transformed. The
values of r in panels A, B and C were 0.63, 0.70 and 0.80,
respectively. The contrasts in C are those from the analysis using
both the cytochrome b and S7 sequence data, and the relationship
was statistically significant (P < 0.001).
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examined (Fig. 3). This supports the hypothesis that a
larger gape in predators that attack faster could offset the
decrease in accuracy and enable cichlids with larger
mouths to maintain a greater probability of successful
prey capture. This idea is supported by Higham et al.
(2006a) in which strike accuracy, measured as the
location of the prey item relative to the centre of the
ingested volume of water, was lower in the species of
centrarchid with higher RS. Predators like Heroine
cichlids must balance the effort they expend during an
attack with the potential reward gained from the prob-
abilistic success of actually capturing a prey item (Bolnick
& Ferry-Graham, 2002). An increase in ram is costly due
to increased energy expenditure arising from the greater
amount of axial muscle recruitment necessary for
increased swimming speed (Johnson et al.,, 1994; Jayne
& Lauder, 1995, 1996; Peake & Farrell, 2004). Energy
return from eating a larger, more evasive prey item
should exceed the amount of energy expended when
swimming faster. Future experiments that measure RS
and accuracy while manipulating prey size, prey eva-
siveness and energy content of the prey will be useful for
teasing apart the causal relationships between prey and
predator behaviour recovered here.

Mouth and prey size

Fish with larger mouths eat larger, more evasive, prey
items (Keast & Webb, 1966; Wainwright & Richard,
1995; Mittelbach & Persson, 1998). Thus, the higher RSs
in fish with larger mouths, as in cichlids, is potentially
linked to catching larger, more evasive prey. However,
the higher RSs that we observed might be a compensa-
tion for a reduced ability to generate a suction-induced
flow of water that results from having a larger mouth
(Van Leeuwen & Muller, 1984; Higham ef al.,, 2006a).
This explanation and the previous one are not necessarily
exclusive of one another. Eating larger prey should
require a larger mouth and perhaps a higher attack
velocity and afford the predator more flexibility with
regard to accuracy.

Preliminary evidence suggests that cichlids exhibiting
higher attack speeds and larger gapes consume a larger
quantity of evasive prey items as part of their normal diet
(C.D. Hulsey, unpubl. data). For example, 96% of the
diet of P. splendida (relatively high RS and large gape) is
comprised of evasive prey, whereas only 1% of the diet of
H. nicaraguensis (relatively low RS and small gape) is
comprised of evasive prey. Thus, a large gape and high RS
at the time of prey capture are likely adaptations to
feeding on evasive prey.

The evolution of locomotion and feeding

Phylogenetic independent contrasts remove the effects
of shared history on the correlations of characters, but
the results are not always easy to interpret biologically.

In our analyses of gape and RS, there is a cluster with
relatively low contrast values that presumably exhibit a
relatively slow change in both RS and maximum gape.
Conversely, there are three contrasts with higher values
that represent three nodes in the tree where these two
traits have evolved extensively. In most ahistoric ana-
lyses of trait correlation, these large ‘outliers” might lead
to the quick inference that a few errant and nongen-
eralizable contrasts are completely responsible for a
trend. However, this kind of result in an independent
contrast analysis is potentially very interesting evolutio-
narily because it suggests that a few major concordant
changes in RS and gape punctuated throughout Heroine
evolution may be responsible for the general pattern in
the group. For example, the contrast with the highest
values in Fig. 3c is for a node that resides relatively deep
in the tree (see Fig. 2). Thus, the high value for this
independent contrast is a result of a major change that,
once it occurred, continued to influence without much
change the association of RS and gape within sister
lineages that contain numerous species. Coupling com-
parative phylogenetic analyses with nonphylogenetic
analyses allows one to understand not only the corre-
lations between traits (e.g. Fig. 3b,c), but also permits
the identification of major, qualitative-like changes in
the relationships among the quantitative characters such
as RS and gape.

Our finding that RS is positively correlated with
mouth size has implications for the co-evolution of
locomotor and feeding abilities in fishes as well as other
aquatic and terrestrial organisms. We predict that
species that are more flexible with regard to the
accuracy required during a feeding strike, because of
their ability to exhibit a larger gape, will generally
exhibit greater attack speeds. Our prediction that these
two abilities will often be correlated is powerful and
exceedingly testable because both attack speeds and
mouth sizes are readily measured in mobile predators
(e.g. Wainwright et al., 2001; Rice & Westneat, 2005;
Higham ef al, 2006a). Our understanding of what
constrains and facilitates the evolution of novel trophic
habits will be greatly increased through additional
integrative analyses of both feeding and locomotor
behaviours in a phylogenetic context.
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