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A functional morphospace for the skull of labrid fishes:
patterns of diversity in a complex biomechanical system

PETER C. WAINWRIGHT"#, DAVID R. BELLWOOD?, MARK W. WESTNEAT?,
JUSTIN R. GRUBICH? and ANDREW S. HOEY*

'Section of Evolution and Ecology, University of California, Davis, CA 95616, USA

2Centre for Coral Reef Biodiversity, Department of Marine Biology, James Cook University, Townsville,
Queensland, Australia 4811

3Department of Zoology, Field Museum of Natural History, Chicago, IL 60505, USA

Received 4 March 2003; accepted for publication 16 December 2003

The Labridae (including wrasses, the Odacidae and the Scaridae) is a species-rich group of perciform fishes whose
members are prominent inhabitants of warm-temperate and tropical reefs worldwide. We analyse functionally rel-
evant morphometrics for the feeding apparatus of 130 labrid species found on the Great Barrier Reef and use these
data to explore the morphological and mechanical basis of trophic diversity found in this assemblage. Morphological
measurements were made that characterize the functional and mechanical properties of the oral jaws that are used
in prey capture and handling, the hyoid apparatus that is used in expanding the buccal cavity during suction feeding,
and the pharyngeal jaw apparatus that is used in breaking through the defences of shelled prey, winnowing edible
matter from sand and other debris, and pulverizing the algae, detritus and rock mixture eaten by scarids (parrot-
fishes). A Principal Components Analysis on the correlation matrix of a reduced set of ten variables revealed com-
plete separation of scarids from wrasses on the basis of the former having a small mouth with limited jaw protrusion,
high mechanical advantage in jaw closing, and a small sternohyoideus muscle and high kinematic transmission in
the hyoid four-bar linkage. Some scarids also exhibit a novel four-bar linkage conformation in the oral jaw apparatus.
Within wrasses a striking lack of strong associations was found among the mechanical elements of the feeding appa-
ratus. These weak associations resulted in a highly diverse system in which functional properties occur in many dif-
ferent combinations and reflect variation in feeding ecology. Among putatively monophyletic groups of labrids, the
cheilines showed the highest functional diversity and scarids were moderately diverse, in spite of their reputation
for being trophically monomorphic and specialized. We hypothesize that the functional and ecological diversity of
labrids is due in part to a history of decoupled evolution of major components of the feeding system (i.e. oral jaws,
hyoid and pharyngeal jaw apparatus) as well as among the muscular and skeletal elements of each component.
© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 82, 1-25.
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INTRODUCTION ids are among the primary herbivores. The extensive
diversity of labrid feeding types includes species that
feed on decapod crabs and prawns, polychaete worms,
gastropod and bivalve molluscs, other fishes, sea
urchins, brittle stars, nemerteans, sipunculans, the
mucous of scleractinian corals, ectoparasites of other
fishes, amphipods, copepods, isopods and a variety of
plankton (Randall, 1967; Westneat, 1995). This exten-
sive ecological diversity may be reflected in biome-
chanical diversity of the feeding mechanism and
*Corresponding author. E-mail: pcwainwright@ucdavis.edu labrids therefore hold promise as a model group for

The Labridae are a successful group of about 575 spe-
cies of marine perciform fishes that are most often
found in association with reef habitats (Parenti &
Randall, 2000). The group is particularly notable for
its trophic diversity on coral reefs where wrasses feed
on a wide range of invertebrate and fish prey and scar-
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studying the evolution of feeding mechanics and the
characteristics of trophic radiation (Wainwright, 1988;
Bellwood & Choat, 1990; Westneat, 1995).

In this study we characterize the diversity of feeding
functional morphology of labrid fishes from Australia’s
Great Barrier Reef. Our overriding aim is to provide a
quantitative functional morphological framework for
evaluating diversity in the feeding mechanism that
could also provide a benchmark for comparison to
other fish groups. We measured morphological fea-
tures from the skull that reflect mechanical properties
of the three major components of the feeding mecha-
nism: the oral jaws which are used during capture and
manipulation of prey, the hyoid apparatus that powers
the expansion of the buccal cavity during suction feed-
ing, and the pharyngeal jaw apparatus which is used
to overcome structural defences of prey and in win-
nowing behaviours. This data set is used to describe
and quantify the functional diversity of labrids from
the Great Barrier Reef and allows us to address four
primary questions. (1) What are the major axes of
functional diversity in this assemblage of labrids? (2)
Do scarids represent a major mechanical divergence
from the functional morphospace of other labrids? (3)
Which groups of labrids have the most and least func-
tional diversity? (4) What major associations can be
identified between skull mechanics and dietary
habits?

MATERIAL AND METHODS

We collected specimens of 130 species of labrid fishes
considered by Randall, Allen & Steene (1997) to be
part of the Great Barrier Reef fauna. Specimens were
collected between February 1998 and June 1999 by
SCUBA divers using barrier nets and hand spears,
primarily from the area around Lizard Island, in the
northern region of the Great Barrier Reef. About two
dozen specimens of species not encountered on Lizard
Island were obtained from commercial fish collectors
who worked the central and northern sections of the
Great Barrier Reef. Our sample of 130 species repre-
sents about 22% of the 570 species in the worldwide
labrid fauna, and about 90% of the Great Barrier Reef
fauna (Randall etal., 1997). We recognize the
Labridae as including the Scaridae and we refer to the
non-scarid labrids in our study as ‘wrasses’.

In selecting morphological measurements to charac-
terize the form of the skull we explicitly chose vari-
ables with known functional implications. In addition
to body size, we measured several traits that reflected
the mechanical properties of the oral jaws, the hyoid
apparatus and the pharyngeal jaw apparatus. These
are the principal musculoskeletal systems involved in
prey capture, biting, suction feeding by buccal expan-
sion, jaw depression and handling of prey by the

pharyngeal jaws (Clements & Bellwood, 1988; Wain-
wright, 1988; Gobalet, 1989; Bellwood & Choat, 1990;
Westneat, 1994; Ferry-Graham et al., 2002). Morpho-
logical measurements were made on three adult spec-
imens of each species and in a few cases four
specimens, for a total of 405 dissected specimens.
Within a few hours of capture, while they were still
fresh and relaxed, each specimen was weighed and
their standard length measured. At this time jaw pro-
trusion was measured as the excursion distance of the
anterior symphysis between the two premaxillae as
they travelled rostrally when the jaws were protruded
manually by depressing the lower jaw. Mouth gape
was measured as the horizontal distance between the
coronoid processes of the articular bones inside the
opened mouth. During measurements of jaw protru-
sion and mouth gape, the mandible was rotated into a
fully depressed position but without forcing it beyond
natural extension. After making these measurements
each specimen was fixed in 10% buffered formalin for
about two weeks before being transferred for storage
to 70% ethanol.

Three muscles were carefully removed from each
preserved fish and weighed: the adductor mandibulae,
the sternohyoideus and the levator posterior (Fig. 1).
We used the mass of these muscles as a rough indica-
tion of their force-producing capacity, although it is
likely that architectural variation and differences in
fibre type composition of these muscles also contribute
to interspecific variation in peak tension (Powell et al.,
1984; Wainwright, 1988). If these additional factors do
not vary systematically with body size, it can gener-
ally be expected that force capacity and power produc-
tion will scale as the 2/3 power of muscle mass
(Schmidt-Nielsen, 1983).

All sections of the adductor mandibulae complex
(AM) were removed from one side of the specimen
except section Aw (Winterbottom, 1974). The AM
(Fig. 1D) originates broadly from the lateral surface of
the suspensorium and attaches directly to the articu-
lar and by tendons to the maxilla and articular bones.
This large muscle complex acts to adduct the jaws and
is therefore the muscle that powers biting by the oral
jaws (Alfaro, Janovetz & Westneat, 2001; Westneat,
2003). Species with a larger adductor mandibulae, all
other features remaining the same, are interpreted as
having a stronger bite.

The sternohyoideus muscle (Fig. 1B) originates on
the anterior surface of the ventral region of the clei-
thrum bone and ventrally is continuous with slips of
the hypaxial musculature. It attaches to the urohyal
bone that connects to the medial hyoid elements by a
pair of ligaments. This large muscle acts to retract and
depress the hyoid bar and thus the floor of the buccal
cavity (Aerts, 1991; De Visser & Barel, 1996, 1998).
This complex motion is also the primary cause of buc-
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Figure 1. Illustrations of the muscles that were dissected and weighed, and the lever system of jaw opening and closing.
(A) Diagram of the levator posterior muscle in Thalassoma hardwicke. The operculum and most of the branchial arch
elements have been removed to reveal this deep muscle of the pharyngeal jaw apparatus. (B) Diagram of the sternohyoideus
muscle in Bodianus axillaris. The opercule, sub-, inter- and preopercle bones were removed to reveal this midline muscle
that connects the pectoral girdle to the hyoid bar. (C) Levers of the labrid mandible that were measured in this study. See
text for detailed description of landmarks. (D) Diagram of the adductor mandibulae muscles in Stethojulis trilineata. This
complex of muscles attaches the lateral face of the suspensorium to the upper and lower jaws. Abbreviations: AM, adductor
mandibulae muscle complex; LP, levator posterior muscle; SH, sternohyoideus muscle. Scale bars = 10 mm.

cal expansion in suction-feeding labrids (Westneat,
1990) and the activation pattern of this muscle has
been found to be the best predictor of suction pressure
in generalized suction-feeding perciform fishes
(Lauder, Wainwright & Findeis, 1986; Grubich &
Wainwright, 1997). Contraction of the sternohyoideus
also acts to depress the mandible by placing tension on
the interopercular-mandibular ligament that
attaches to the angular bone ventral to the jaw joint
(Fig. 1C). Thus, the sternohyoideus is both the major
jaw depressor and it plays a central role in buccal
expansion during suction feeding.

The paired levator posterior muscle (Fig. 1A) origi-
nates on the posterior surface of the neurocranium
and inserts on the lateral arms of the fused fifth cer-
atobranchial bone, the lower pharyngeal jaw
(Yamaoka, 1978). This muscle is the primary adductor
of the pharyngeal jaws in labrids (Wainwright, 1987;
Clements & Bellwood, 1988; Gobalet, 1989) and its
relative size has been shown to be a strong constraint

on prey use patterns in Caribbean labrids (Wain-
wright, 1988).

Linkage mechanics were also characterized for the
anterior jaw system and the hyoid depression appara-
tus (Fig. 2). Both systems have been represented by
four-bar linkage engineering models (Anker, 1974;
Westneat, 1990; Muller, 1996). We measured the four
links of each linkage and the diagonal distance at a
relaxed resting state with the jaws closed. Four-bar
linkages are planar constructs that transmit motion
and force from one element, through the four bars of
the linkage. Because the linkage is planar and con-
nected in a loop, movement at one joint results in
defined compensatory motion at all other joints. The
mechanical properties of each linkage were summa-
rized by calculating a kinematic transmission coeffi-
cient (KT) as the ratio of output motion for a given
unit of input in the system. Analogous to simple
levers, low values of KT indicate a ‘force-modified’
linkage system while high KT values indicate a ‘veloc-
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Figure 2. Illustrations of the four-bar linkages that were analysed in this study. (A) and (B): arrangement of the oral
jaws four-bar system with the jaws adducted and abducted in Xyrichtys pavo. Abbreviations: f, fixed link; j, jaw or input
link; m, maxillary or output link; n, nasal or coupler link. (C) The modified oral jaw four-bar linkage found in some scarids.
This linkage differs from that of wrasses in the presence of an intramandibular joint between the dentary and articular
bones. Chlorurus sordidus is shown. Abbreviations: f, fixed link; j, jaw or input link; d, dentary or coupler link; m, maxillary
or output link. (D) The hyoid four-bar linkage of Cheilinus chlorourus. Abbreviations: f, fixed link; i, input link; h, hyoid
or coupler link; s, sternohyoideus or output link. See text for detailed explanations and descriptions of each linkage system.

Scale bars = 10 mm.

ity-modified’ linkage. Force and velocity transmission
are mechanical trade-offs in four-bar linkages (West-
neat, 1994; Muller, 1996).

It has previously been demonstrated that the ante-
rior jaws four-bar linkage governs the transfer of
lower jaw depression into rotation of the maxilla and
protrusion of the premaxillae in four cheiline labrid
species (Westneat, 1990). We developed a slight mod-
ification of the linkage described by Westneat (1990)
for cheilines (in which the fixed link runs from the
quadrate—articular joint to a flexion point between the
palatine and pterygoids and the coupler link being the
palatine bone). In our linkage (Fig. 2A, B) the fixed
link is the distance between the quadrate—articular
joint and the proximal base of the nasal bone (Fig. 2B,
). The coupler link is the distance from the proximal
base of the nasal to the distal end of the nasal at its

ligamentous connection to the maxilla (Fig. 2B, n).
The output link is the distance from the distal end
of the nasal to the confluence between the distal end of
the alveolar arm of the premaxilla, the distal arm of
the maxilla and the coronoid process of the mandible
(Fig. 2B, m). The input link was thus the distance
between the latter point and the quadrate—articular
joint (Fig. 2B, j). We measured the diagonal distance
between the joint connecting the input and output
links and the fixed and nasal links. The diagonal was
used to determine the position of the linkage at rest.
In our rendering, rotation of the mandible was the
input motion and maxillary rotation was the output
motion. Depression of the mandible and rotation of the
maxilla act to protrude the premaxilla. The transmis-
sion coefficient was calculated as the ratio between the
degrees of maxillary rotation (relative to the position
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of the fixed link) from a given number of degrees of
mandible rotation (opening the mouth). This maxil-
lary KT has been shown to be sensitive to the starting
position of the linkage and the angular excursion of
the lower jaw in labrids (Hulsey & Wainwright, 2002).
An input rotation of 25° was applied to all species,
based on our observations from high-speed videos that
were recorded of several of these species during prey
capture (Westneat, 1990; Ferry-Graham et al., 2002).
Maxilla rotation, the output, was calculated based on
25° of input from a resting starting position.

Some members of the monophyletic Scaridae (Bell-
wood, 1994; Streelman et al., 2002) were found to pos-
sess a novel four-bar linkage of the oral jaws (Fig. 2C).
In these fish, the fixed link is the distance between the
joint connecting the articular and the quadrate bones
and the joint connecting the palatine and maxilla
(Fig. 2C, f). The output link is the distance from the
maxilla—palatine joint to the joint connecting the max-
illa and the dentary bone (distance m). The coupler
link is the distance between the maxilla—dentary joint
and the intramandibular joint between the dentary
and articular bones (distance d). The input link is the
distance between the dentary—articular joint and the
articular—quadrate joints (distance j). The kinematic
transmission coefficient of this system was calculated
as the ratio between the degrees of maxillary rotation
(relative to the fixed link) produced by 25° of input
articular bone rotation.

The hyoid four-bar linkage (Anker, 1974; De Visser
& Barel, 1998) has been shown to accurately predict
hyoid motion based on an input of cranial rotation in
four cheiline labrids (Westneat, 1990). We followed
Anker (1974) for the conformation of this linkage sys-
tem (Fig. 2D). The fixed link was the distance between
the attachment of the sternohyoideus muscle to the
cleithrum and the attachment of the pectoral girdle to
the neurocraniium (distance f). The input link was the
distance from the pectoral girdle attachment on the
neurocranium to the joint between the interhyal, hyo-
mandibula and symplectic bones (distance c¢). The cou-
pler link was the distance from the interhyal joint to
the connection of the hyoid bar to the basihyal (dis-
tance h). The output link was the distance between the
hyoid bar connection to the basihyal to the attachment
of the sternohyoideus on the cleithrum (distance s).
The diagonal was the distance from the joint between
the output and fixed links and the joint between the
coupler and input links. Shortening of the SH by 10%
was required for the model to reflect actual motions in
four cheiline species (Westneat, 1990), so we adopted
this convention and included SH shortening with cra-
nial rotation in our calculations of the output hyoid
depression. Thus, for this linkage system we calcu-
lated the transmission coefficient as the ratio of the
degrees of angular rotation of the joint between the

output and fixed links for 5° of cranial elevation. We
selected 5° of cranial elevation based on published val-
ues in labrids and our own observations of several of
these species (Westneat, 1990; Ferry-Graham et al.,
2002).

Finally, we measured the opening and closing lever
mechanism of the lower jaw (Fig. 1C) and calculated
mechanical advantage as in-levers divided by out-
levers (Wainwright & Richard, 1995). The in-lever for
opening was the distance from the jaw joint to the
attachment midpoint of the interopercular mandibu-
lar ligament on the angular bone. The in-lever for clos-
ing was the attachment midpoint of the adductor
mandibulae muscle on the coronoid process of the
articular bone. The ratio of in-lever/out-lever for these
two motions is the fraction of force exerted at the input
location that is transmitted to the anterior tooth row
of the jaw. For the scarid taxa that possessed an intra-
mandibular joint (Scarus, Chlorurus and Hippos-
carus), these lever systems may not function as they
do in other labrids and a single mechanical advantage
may not exist. However, we report mechanical advan-
tage of opening and closing in these taxa assuming the
intramandibular joint was fused, using the same for-
mula as used with the other labrids. Force transmis-
sion trades off directly with velocity transfer, such that
levers with a high force transmission must have low
velocity transmission (Westneat, 1994; Wainwright &
Richard, 1995).

STATISTICAL TREATMENT

Average values per species were calculated for the fol-
lowing 12 variables: body mass, standard length,
mouth gape, premaxillary protrusion, adductor man-
dibulae muscle mass, sternohyoideus muscle mass,
levator posterior muscle mass, fifth ceratobranchial
bone mass, anterior jaws four-bar linkage KT (maxil-
lary KT), hyoid apparatus four-bar linkage KT (hyoid
KT), mouth opening lever ratio and mouth closing
lever ratio. For all subsequent analyses the length and
mass variables were log;, transformed. Bivariate plots
of morphological and mechanical variable against
body mass or standard length were used to explore the
level of interspecific variation in each trait and the
position of individual species in morphospace. We used
phylogenetic and taxonomic treatments of labrid sub-
groups (Bellwood, 1994; Westneat, 1995; Gomon,
1997; Streelman et al., 2002) to examine patterns of
variation between monophyletic groups of labrids.
Several comparisons of trait values between hypothe-
sized natural groups of labrids were conducted using
analysis of covariance and body mass as the covariate,
although the probability values associated with these
tests should be regarded with caution until a well-
resolved phylogeny is available.
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In order to explore the major axes of diversity in the
skull of Great Barrier Reef labrids, a multivariate
morphospace of the labrid skull was created using a
pair of principal components analyses on a data set of
the mean value of each variable per species. An initial
analysis was conducted with the data for all labrid
species and a second one on a reduced data set that
lacked all scarid species, because of their unique jaw
morphology. In order to make variables dimensionally
similar, the cube root of each mass variable (body
mass, AM mass, SH mass, LP mass) was calculated
and residuals of all morphological variables were
taken from least-squares regressions with cube root of
body mass as the size variable. Because the data set
was a combination of linear variables and ratios, and
therefore variances differed widely among variables,
the correlation matrix of the following variables was
factored: Maxillary KT, Hyoid KT, mouth opening
lever ratio, mouth closing lever ratio, body mass (cube
root), adductor mandibulae mass residual, sternohy-
oideus mass residual, levator posterior mass residual,
mouth gape distance residual and premaxillary pro-
trusion distance residual.

Functional diversity of several putatively mono-
phyletic labrid groups was calculated using the factor
scores of member species from the principal compo-
nents analysis on all 130 species. Variance of scores on
each PC was calculated for the members of each group,
scaled by the proportion of the total variance
explained by the component, and summed across all
PCs (Foote, 1992, 1997). Five groups were studied. The
hypsigenyines (Gomon, 1997) included all species of
Bodianus, Choerodon, Pseudodax and Xyphocheilus
(18 species in total). The cheilines (Westneat, 1995)
included all species of Cheilinus, Oxycheilinus, Epibu-
lus and Wetmorella (ten species in total). The julidines
included all species of Thalassoma, Gomphosus, Hal-
ichoeres, Coris, Pseudocoris, Hologymnosus, Hemi-
gymnus, Stethojulis, Macropharyngodon, Labroides,
Labropsis, Labrichthys, Diproctacanthus and Pseudo-
Jjuloides (57 species in total). The novaculines included
all species of Novaculichthys, Xyrichtys and Cymolutes
(five species in total). Finally, the scarids (Bellwood,
1994; Streelman et al., 2002) included all species of
Scarus, Chlorurus, Leptoscarus, Bolbometopon, Ceto-
scarus, Hipposcarus and Calotomus (26 species in
total).

We follow Foote (1997) in using group variance to
characterize functional diversity. Variance has the
valuable property that it does not scale with sample
size, making it possible to compare groups of different
size. Under a Brownian motion model of character
evolution, variance of groups would be expected to
increase linearly with the time since the most recent
common ancestor in the group (Felsenstein, 1985;
Martins, 1994). When relationships among labrids are

better resolved it will be possible to estimate the ages
of these groups and use this information to compare
the rates of functional evolution in different groups.
Until then we present these estimates of functional
diversity as preliminary observations that are not
meant to imply differences in rates of evolution.

RESULTS

Labrids showed considerable diversity in skull mor-
phology and mechanics (Appendix, Figs 3-9). Taxa
varied widely in the shape of the skull, with Choero-
don (Fig. 3A), Xyrichtys (Fig. 5C), Macropharyngodon
(Fig. 6D) and scarids (Figs 2C, 4F) exhibiting the
deepest shapes and a trend toward elongation seen in
Cheilio (Fig. 5A), Gomphosus (Fig. 6E) and Hologym-
nosus (Fig. 7D). Skull elongation was typically associ-
ated with relatively long jaws. Taxa with relatively
large gape also tended to have a long mandible and
maxilla (e.g. compare Ouxycheilinus, Fig. 4B, with
Labropsis, Fig. 8D). The size of the adductor mandib-
ulae muscle complex was reflected by the size of the
fossa formed by the lateral surface of the suspenso-
rium. For example, taxa with a relatively large AM
included Hologymnosus (Fig.7D) and Cymolutes
(Fig. 5D) showed an expanded suspensorium com-
pared to taxa with a small AM such as Cirrhilabrus
(Fig. 3E) and Pseudocoris (Fig. 7C).

Striking variation among labrid taxa was seen in
oral jaw dentition, often showing clear associations
with what is known about feeding in labrids (summa-
rized in Randall et al., 1997; Westneat, 1999). Scarids
(Fig. 4F) and Pseudodax (Fig. 3F), both herbivores,
have flattened tooth surfaces. Many of the predators,
such as Oxycheilinus (Fig. 4B), Pseudocheilinus
(Fig. 3C), Pteragogus (Fig. 3D), of relatively large, elu-
sive prey have large, sharp raptorial teeth. Relatively
stout raptorial teeth were also seen in crustacean
predators and durophagous taxa such as Choerodon
fasciatus (Fig. 3A), Cheilinus oxychephalus (Fig. 4A),
Halichoeres marginatus (Fig.6A), Coris gaimard
(Fig. 7B), Novaculichthys (Fig. 5B), Xyrichtys (Fig. 5C)
and Cymolutes (Fig. 5D). Planktivores, e.g. Cirrhila-
brus (Fig. 3E) and Pseudocoris (Fig. 7C), have reduced
dentition. Taxa that feed on small benthic microcrus-
tacea tend to have small teeth (Hemigymnus and
Stethojulis, Fig.9; Pseudojuloides, Fig.4E) or
anteriorly orientated teeth (Anampses, Fig. 6C). The
ectoparasite-feeding ‘cleaner wrasses’, Labroides
(Fig. 8A, C), have small raptorial teeth. The coral
mucous feeders, Diproctacanthus, Labrichthys and
Labropsis (Fig. 8B, D) have short, stout raptorial teeth
that may be used in wounding coral to induce mucous
secretion.

The monotypic taxa Epibulus (Fig. 4C, D) and Gom-
phosus (Fig. 6E) are two particularly extreme, unique
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Figure 3. Representative labrids illustrating diversity of the trophic apparatus. (A) Choerodon fasciatus; (B) Bodianus
axillaris; (C) Pseudocheilinus octotaenia; (D) Pteragogus cryptus; (E) Cirrhilabrus lineatus; (F) Pseudodax moluccanus.
Bone name abbreviations: art, articular; ect, ectopterygoid; ent, entopterygoid; den, dentary; hd, hyoid bar; hm, hyoman-
dibula; ih, interhyal; iop, interopercle; met, metapterygoid; mx, maxilla; na, nasal; nc, neurocranium; op, opercle; pal,
palatine; pg, pectoral girdle; pmx, premaxilla; qu, quadrate; sop, subopercle; sym, symplectic. Scale bars = 10 mm.

forms. Epibulus has novel joints in the suspensorium
that permit extreme lower jaw protrusion (Westneat &
Wainwright, 1989), a very long mandible and high
maxillary KT. The longest jaws found belonged to
Gomphosus varius, a species that was not otherwise
mechanically extreme.

Species body mass ranged from 2.3 g in the dimin-
utive Pseudocheilinus hexataenia to 28 880 g in the

giant Cheilinus undulatus with a mean of 436 g and a
median of 55.5 g. Gape ranged from 1.7 mm in Labroi-
des pectoralis to 80.5 mm in Cheilinus undulatus.
Mass of the levator posterior muscle ranged from
0.001 g in Labroides dimidiatus to 118 g in Cheilinus
undulatus. After removing body-size effects (i.e. calcu-
lating residuals from plot against log of cube root of
body mass), gape ranged 3.4-fold among species, pre-
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Figure 4. Representative Great Barrier Reef labrids illustrating diversity of the trophic apparatus. (A) Cheilinus oxyceph-
alus; (B) Oxycheilinus digrammus with preopercle removed; (C) & (D) Epibulus insidiator with the jaws retracted in (C)
and extended in (D); (E) Pseudojuloides cerasinus; (F) Cetoscarus bicolor. Abbreviations as in Fig. 3. Scale bars = 10 mm.

maxillary protrusion distance ranged 40-fold, adduc-
tor mandibulae mass ranged 17.5-fold, sternohyoideus
mass ranged 12.8-fold, and levator posterior mass
ranged 477-fold.

The mechanical transmission properties of the man-
dible and four-bar systems of the oral jaws and the
hyoid apparatus also varied considerably among spe-

cies. The jaw-closing lever ratio ranged from 0.13 in
Cirrhilabrus condei to 1.04 in Scarus rivulatus, the
jaw-opening lever ratio ranged from 0.08 in Gompho-
sus varius to 0.39 in Scarus rivulatus, and the oral
maxillary KT ranged from 0.45 in Xyphocheilus typus
to 1.52 in Cirrhilabrus exquisitus. The hyoid KT
ranged from 0.07 in Anampses neoguinaicus to 4.7 in
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Figure 5. Representative Great Barrier Reef labrids illustrating diversity of the trophic apparatus. (A) Cheilio inermis
with preopercle bone removed; (B) Novaculichthys taeniourus; (C) Xyrichtys pavo; (D) Cymolutes praetextatus. Abbrevia-

tions as in Fig. 3. Scale bars = 10 mm.

Scarus dimidiatus. These transmission properties
indicate, for example, that 13% of adductor muscle
force is transmitted to the toothed tip of the dentary in
Cirrhilabrus condei, whereas 104% of the adductor
force is transmitted to the dentary tip in Scarus rivu-
latus. Mandibular depression of 25° would result in
11.3° of maxillary rotation in Xyphocheilus typus and
38° of maxillary rotation in Cirrhilabrus exquisitus.

Interspecific scaling relationships indicated a com-
bination of isometric features and some strong allom-
etry (Table 1). Both the mass of the sternohyoideus
muscle and gape scaled isometrically. Jaw protrusion
scaled with negative allometry, although when the
wrasses were considered separately protrusion scaled
with positive allometry (slope = 0.41; isometry would
be 0.33). All other morphological variables scaled with
positive allometry, led by mass of the levator posterior
muscle that showed particularly strong allometry
(slope = 1.44, isometry = 1.0).

SCARID JAW MECHANISMS

Parrotfish adductor muscle and levator posterior
sizes did not differ significantly from wrasses
(ANCOVA; P<0.35, P<0.75, respectively), but a
lower scaling exponent of the sternohyoideus in par-

rotfish (ANCOVA interaction term; P <0.001)
resulted in the parrotfishes in our sample all falling
below the wrasses in the space formed by SH mass
and body mass. Parrotfish tended to show extreme
values of KT in the hyoid four-bar system and all
parrotfish had higher jaw-closing lever ratios than
any wrasse (Fig. 10). A plot of the scores on the first
two principal components for the total assemblage of
130 species revealed complete separation of parrot-
fishes and wrasses (Fig. 11). This separation was
achieved primarily along PC1. PC1 was most highly,
but negatively, correlated with the jaw-closing and —
opening lever ratios and positively correlated with
mass residual of the sternohyoideus muscle, gape
distance residual and jaw protrusion (Table 2). This
axis reflects the tendency for scarids to have high
jaw lever ratios, little jaw protrusion, a relatively
small gape, small sternohyoideus muscle and large
body size. The second PC was positively correlated
with hyoid KT, adductor mandibulae mass, levator
posterior mass, gape distance and body mass. This
axis provided separation primarily among wrasses:
taxa such as Pseudocoris, members of the Labropsis—
Labroides group, Anampses and Cirrhilabrus showed
low scores on PC2, whereas Pseudocheilinus, some
Choerodon, Pteragogus and Ouxycheilinus were

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 82, 1-25
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Figure 6. Representative Great Barrier Reef labrids illustrating diversity of the trophic apparatus. (A) Halichoeres
marginatus with preoporcle removed; (B) Thalassoma quinquevittatum with preopercle removed; (C) Anampses twistii
with preopercle removed; (D) Macropharyngodon choati; E. Gomphosus varius. Abbreviations as in Fig. 3. Scale
bars = 10 mm.

among those with the highest scores. A discrimi- MORPHOMETRICS OF WRASSES

nant analysis using the first two PCs accurately

categorized all species as wrasse or parrotfish (dis- With the wrasses separated from scarids, 13 of 45 cor-
criminant function Wilk’s lambda = 0.138, d.f. =2, relations between variables were significant after
P <0.0001). Bonferroni correction (Table 3). Even in some cases

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 82, 1-25
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Figure 7. Representative Great Barrier Reef labrids illustrating diversity of the trophic apparatus. (A) Coris pictoides
with preopercle removed; (B) Coris gaimard; (C) Pseudocoris yamashiroi; (D) Hologymnosus annulatus. Abbreviations as
in Fig. 3. Scale bars = 10 mm.

Figure 8. Representative cleaner wrasses and their relatives. (A) Diproctacanthus xanthurus;(B) Labrichthys unilineatus;
(C) Labroides bicolor; (D) Labropsis xanthonota. Abbreviations as in Fig. 3. Scale bars = 10 mm.

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 82, 1-25
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Table 1. Scaling of five morphological measurements of
the labrid feeding apparatus

Variable Slope SE y-intercept SE R?

Gape distance 0.34 0.013 0.25 0.026 0.836
Jaw protrusion 0.26  0.027 0.09 0.052 0.416
AM mass 1.26  0.027 -2.97 0.051 0.946
SH mass 0.95 0.026 -2.27 0.050 0.911
LP mass 144 0.061 -3.78 0.118 0.813

Least-squares regressions were fitted to the relationship
between log,, transformed values of each variable and logy,
body mass.

where characters reflected mechanical systems that
were linked, there was often no correlation. For exam-
ple, maxillary KT was not correlated with adductor
mandibulae mass residual (Fig. 12A), jaw-closing
mechanical advantage was not correlated with gape
residual (Fig. 12C), and maxillary KT was not corre-
lated with gape residual (Fig. 12E). However, there
was a negative association between maxillary KT and
jaw-opening lever ratio (Fig. 12B) indicating that spe-
cies with velocity and displacement enhanced trans-
mission of lower jaw depression to upper jaw rotation
also tended to have similar modifications in the jaw
depression mechanism. Mass residuals of all three
muscles and gape were correlated, indicating that spe-
cies with large mouths tend to have large feeding mus-
cles. Species with relatively large mouths also tended

Table 2. Principal Components Analysis on trophic characters of 130 species of labrid fishes from the Great Barrier Reef.
Table entries are correlations between the ten variables and each principal component

Variable PC1 (33.9%) PC2 (20.1%) PC3 (14%) PC4 (10.4%)
Closing ratio —0.86 0.41 0.02 0.17
Opening ratio -0.83 -0.09 0.23 -0.07
Maxillary KT 0.18 -0.11 -0.67 0.6
Hyoid KT -0.45 0.71 -0.19 0.29
Gape distance! 0.66 0.56 0.05 0.04
Jaw protrusion’ 0.65 0.01 041 0.43
AM mass? 0.09 0.58 -0.21 -0.54
SH mass?® 0.79 0.26 0.4 —-0.02
LP mass? 0.29 0.67 -0.34 -0.09
Body mass -0.43 0.50 0.59 0.26

residual from log—log regression with cube root of body mass.
Zresidual from log—log regression of cube root muscle mass vs. cube root body mass.

Sym iop pop

Figure 9. Illustrations of the skull of (A) Hemigymnus melapterus and (B) Stethojulis trilineata. Abbreviations as in Fig. 3.

Scale bars = 10 mm.
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Table 3. Correlation matrix for ten trophic variables measured on 105 species of wrasses from the Great Barrier Reef

Variable Close ratio  Open ratio  Maxillary KT  Hyoid KT  Gape  Protrusion @AM SH LP
Open ratio 0.14

Maxillary KT  -0.16 -0.31

Hyoid KT -0.03 -0.51% 0.19

Gape' 0.01 —-0.36%* 0.10 0.63*

Protrusion’ -0.09 -0.19 0.21 0.09 0.26

AM? 0.21 -0.20 —-0.02 0.16 047  -0.08

SH? 0.02 -0.16 -0.08 0.25 0.52% 0.38* 0.45%

LPp? 0.14 —0.54* 0.07 0.39* 0.43* 0.06 0.37*  0.37*%

Body mass® 0.47* -0.07 -0.30 0.06 0.01 0.01 0.01 0.01 0.01

residual from log—log regression with cube root of body mass.

residual from log—log regression of cube root muscle mass vs. cube root body mass.

*body mass expressed as log of cube root body mass.

*significant correlation after Bonferroni correction at P < 0.05.

to have a velocity-modified hyoid four-bar system
(Fig. 12F).

The wrasse-only PCA generated four PCs with
eigenvalues greater than one that accounted for 71.2%
of the variation in the morphological data set (Table 4;
Fig. 13). PC1 accounted for 31% of the original vari-
ance and was not correlated with body mass, but had
high correlations with the mass residuals of the three
muscles, gape, hyoid KT, and a negative correlation
with the jaw-opening lever ratio. Species with high
scores on this axis thus tended to have relatively large
mouths, large feeding muscles and velocity-modified
transmission in the hyoid and lower jaw depression
systems. Among the species with the highest PC1
score were the three species of Pseudocheilinus, Pter-
agogus, several cheilines, species of Bodianus and
Choerodon. Taxa with the lowest scores on this axis
included all members of the Labropsis/Labroides
group, species of Anampses, and Stethojulis. PC2
loaded most heavily on the jaw-closing lever ratio,
body size and negatively on the oral maxillary KT.
Species with high scores on this axis tended to be large
and have force-modified oral jaws. The species with
the highest score on the second PC included Cheilinus
undulatus, other -cheilines, Thalassoma jansenii,
T. hardwicke, Xyrichtys aneitensis and several species
of Choerodon. Species scoring lowest on PC2 included
members of Cirrhilabrus, Pseudocoris and Pseudo-
cheilinus evanidus. The centre of the space demarked
by PC1 and PC2 included several species of Halicho-
eres, Hologymnosus, some Thalassoma, Macropharyn-
godon, Coris and Novaculichthys.

The third PC was negatively correlated with the
jaw-opening lever ratio, the sternohyoideus residual
and jaw protrusion, but positively correlated with
body mass and hyoid KT (Table 4; Fig. 13B). The high-
est score on this axis was achieved by Pseudodax mol-

lucanus and the lowest scores were found for
Labropsis, Hemigymnus and Stethojulis. PC4 was
most highly correlated with jaw protrusion and body
mass, and was negatively correlated with adductor
muscle mass. The highest score on this axis was
achieved by Epibulus insidiator, Cheilinus undulatus
and Hemigymnus, while the lowest scores were seen in
species of Labroides, Cymolutes and Xyrichtys.

With only ten species, the cheilines showed the
highest functional diversity of the five groups com-
pared (Fig. 14). Novaculines and the hypsigenyines
were the least diverse. Scarids were notable for having
moderate diversity in spite of the trophic constancy
typically thought to characterize the group.

DISCUSSION

The feeding apparatus of Great Barrier Reef labrid
fishes is a diverse musculoskeletal system with
marked variation in the major feeding muscles and
the skeletal linkage systems used for biting and
manipulating prey, suction feeding, and processing in
the pharyngeal jaws. This assemblage of fishes repre-
sents a model of biomechanical diversity, offering an
opportunity to explore general principles of the
mechanical basis of trophic radiation.

PARROTFISHES

One labrid lineage, the Scaridae, has invaded a novel
region of morphospace, radiating along an axis that is
largely orthogonal to the major axis of diversity in
wrasses (Fig. 11). The parrotfish feeding apparatus
can be distinguished from that of other labrids. It is
based on a combination of a relatively small mouth,
limited upper jaw protrusion, and particularly by a
small sternohyoideus muscle and high mechanical

© 2004 The Linnean Society of London, Biological Journal of the Linnean Society, 2004, 82, 1-25
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Table 4. Principal Components Analysis on wrasses of the Great Barrier Reef. Entries are correlations between the first

four principal components and the ten variables describing feeding structures

Variable PC1 (30.7%) PC2 (17.6%) PC3 (11.8%) PC4 (11%)
Closing ratio 0.03 0.76 0.19 0.13
Opening ratio -0.68 0.24 -0.47 -0.08
Maxillary KT 0.23 -0.63 0.27 0.06
Hyoid KT 0.71 —-0.09 0.35 0.05
Gape distance’ 0.83 0.04 -0.14 -0.01
Jaw protrusion! 0.34 -0.27 -0.38 0.75
AM mass® 0.57 0.36 -0.25 -0.47
SH mass? 0.65 0.17 —-0.60 0.09
LP mass? 0.72 0.12 0.19 -0.20
Body mass 0.01 0.69 0.34 0.49
! = residual from Log—Log regression with cube root of body mass.
% = residual from Log—Log regression of cube root muscle mass vs. cube root body mass.
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Figure 10. Scatterplots of trophic characters of Great Barrier Reef labrid fishes. Points represent means of each species.
Closed circles represent wrasses and open circles represent scarid species. Note that all scarids have higher mechanical
advantage in the jaw-closing system than all wrasses but that parrotfish show high interspecific variation. Scarids are
restricted to the upper left quadrant of the plot of hyoid and jaw transmission coefficient.

advantage in the jaw-closing and -opening systems.
This lineage includes forms with a novel oral jaw four-
bar linkage mechanism that involves motion at the
intramandibular joint between the articular and den-
tary bones. Interestingly, although parrotfishes are
well known for feeding by scraping and gouging rocky
reef surfaces and for their modified pharyngeal jaw
apparatus that is used to grind food, neither the size of
the adductor mandibulae nor the levator posterior
muscles could be distinguished from other labrids.

However, all parrotfish had higher jaw-closing lever
ratios than any wrasse (Fig. 10A) and a small sterno-
hyoideus muscle. Thus, the modifications that charac-
terize the parrotfish feeding apparatus feature a force-
modified jaw-closing lever system and the accompany-
ing loss of kinematic and velocity transmission. The
reduction in sternohyoideus muscle size reflects a loss
of reliance on suction feeding for prey capture in this
group, a feature that distinguishes them from other
labrids (Alfaro & Westneat, 1999). It may be that by
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Figure 11. Scatterplot of the dispersion of labrids in the
space of the first two principal components of an analysis
of trophic characters of the skull. Open symbols represent
scarid species and closed symbols represent wrasse species.
Note that scarids occupy a region of morphospace com-
pletely separate from wrasses. See Table 2 for factor load-
ings and text for discussion.

specializing on a grazing style of feeding, parrotfishes
have lost the need to maintain even a moderate kine-
matic transmission system in their mandible as would
be effective in the capture of more elusive prey, per-
mitting the acquisition of particularly efficient force
transmission.

WRASSES

Wrasses showed extensive diversity in feeding-related
structures and the different components of the skull
showed drastically different levels of diversity. For
example, jaw protrusion distance ranged 40-fold
among species, when considering residuals from plots
against log of cube root of body mass, as compared to
a 3.4-fold range for gape. Similarly, the variance in jaw
protrusion residual was about three times that of vari-
ance in gape residual (0.041 vs. 0.013). The sternohy-
oideus and adductor mandibulae muscles contributed
strongly to wrasse diversity, varying 12.8- and 17.5-
fold among species and having variances of 0.004 and
0.007, respectively. However, these muscles fell far
short of the extraordinarily variable levator posterior,
a muscle that ranged in size 477-fold among species
and that had a variance in the residuals of 0.04, nearly
six times the variance of the adductor mandibulae and
ten times that of the sternohyoideus. This muscle was

shown to strongly reflect a prey hardness gradient of
prey use in Caribbean labrids (Wainwright, 1988). The
mass of this muscle is closely related to its force-pro-
ducing capacity, and because it is the primary adduc-
tor of the pharyngeal jaw apparatus, it closely reflects
biting strength and the ability to crack the protective
coverings of shelled prey.

The linkage mechanics of the jaw and hyoid system
also showed high variability. For the mechanical
advantage of the mandible, ranges of 0.13-0.4 for the
closing system and 0.08-0.35 for the opening system
are considerably wider than previously reported for
smaller groups of labrids (Westneat, 1994; Wain-
wright & Richard, 1995; Wainwright & Bellwood,
2002). Similarly, the range in maxillary KT of 0.45—
1.52 and in the hyoid KT of 0.16-4.55 were both more
than twice the range previously reported in cheiline
labrids and their relatives (Westneat, 1995).

To what extent does the morphological variation of
wrasses that is described in Figure 13 map onto vari-
ation in patterns of prey use? A detailed analysis of
this question is the focus of an ongoing study, but some
preliminary patterns are clear from published
accounts of wrasse feeding habits. Planktivory has
apparently evolved several times in labrids (Randall,
1967; Hobson & Chess, 1978; Wainwright, Bellwood &
Westneat, 2002) and several instances of this feeding
habit are seen in the GBR fauna. Members of the
genus Cirrhilabrus are believed to be planktivores as
is Thalassoma amblycephalum, Pseudocoris yamashi-
roi and Leptojulis cyanopleura (Randall et al., 1997).
Pseudocoris and six Cirrhilabrus species have the low-
est PC2 scores from the wrasse-only PCA. Nine of
the 19 lowest scores on PC2 belong to planktivores.
These species have among the highest maxillary KT
values, moderate to small mouths and substantial jaw
protrusion.

Species with high PC2 scores appear to mostly be
durophagous (Choerodon anchorago, Cheilinus fascia-
tus, Cheilinus trilobatus and Choerodon fasciatus)
(Westneat, 1994). These species are large and have
high jaw-closing mechanical advantage, high jaw-
opening mechanical advantage and large levator pos-
terior muscles. Species with the highest PC1 scores
(Oxycheilinus spp., Pteragogus spp., Pseudocheilinus
octotaenia) tend to have a large mouth, large feeding
muscles, moderately high maxillary KT and appear
mostly to be predators of relatively large, elusive prey
(Westneat, 1994). Species that scored lowest on PC1
tend to have a small mouth, small muscles, low jaw
protrusion, low maxillary KT and high jaw-opening
mechanical advantage. This combination implies that
relatively weak muscles are used to move small jaws
with poor kinematic transmission. These species are
mostly predators of small crustaceans that live in
sand or algal turfs (e.g. Anampses spp.), ectoparasites
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of other fishes (Labroides), or coral mucous feeders
(Labroides spp., Labrichthys) (Randall et al., 1997).
Like the planktivores, species in this latter group have
a small mouth and small muscles, but they differ in
having poor kinematic and velocity transmission of
the jaws and low jaw protrusion.

THE LABRID RADIATION

A striking feature of the labrid radiation is the large
level of independence of trophic characters (Table 3).
The weak correlation matrix for the feeding vari-
ables (Table 3) indicates both functional diversity
and that labrids have been able to enhance diver-
sity by capitalizing on many different combinations
of functional traits. For example, among the wrasses
adductor mandibulae mass residual and maxillary
KT are not correlated (Fig. 12A). The diversity that
is permitted by the lack of association between these
traits maps onto distinct ecomorphs. Having a rela-
tively large adductor mandibulae muscle and force-
modified oral jaw four-bar linkage characterizes sev-
eral durophagous taxa (e.g. Choerodon fasciatus,
Cheilinus fasciatus) in which it is possible that
selection has favoured a strong oral jaw bite for
removing relatively immobile prey from their hold-
fasts. A large adductor muscle with a velocity-modi-
fied oral jaw four-bar linkage characterizes predators
of large elusive prey (e.g. Pseudocheilinus, Pterago-
gus, Oxycheilinus). In this case, the large adductor
muscle may provide high power during the explo-
sive expansion and compression that characterizes
the kinematics of suction feeding on elusive prey
(Ferry-Graham et al., 2001, 2002). A small adductor
muscle and high maxillary KT characterizes plankti-
vores (e.g. Cirrhilabrus, Pseudocoris), while a small
muscle and low maxillary KT typifies predators of
very small benthic crustaceans (e.g. Anampses,
Stethojulis, Labroides). An interesting hypothesis to
test in the future is that a history of correlated evo-
lution among these mechanical traits has neverthe-
less led to a pattern among living species in which
the variables are uncorrelated.

Cheilines showed higher functional diversity than
the other major groups of labrids (Fig. 14). Members of
this group range widely in properties of the feeding
mechanism and in their feeding ecology (Westneat,
1995). Adult body size varies enormously from the
3.8-g Wetmorella nigropinnata up to the 28 880-g
Cheilinus undulatus. This group includes the labrid

o

with the highest jaw protrusion, (Epibulus insidiator),
the labrids with the highest gape residual (Oxycheili-
nus bimaculatus and O. unifasciatus), the labrids with
the 2nd largest adductor mandibulae muscle (Oxy-
cheilinus digrammus) and the 2nd smallest adductor
mandibulae (Epibulus insidiator). Cheilines are also
among the labrids with the largest (Cheilinus fascia-
tus) and among the smallest (Epibulus and Cheilinus
undulatus) levator posterior muscle. The diversity of
feeding habits in this group maps onto this functional
diversity. Among the cheilines are predators of elusive
prey such as fishes and prawns (Oxycheilinus digram-
mus, O. unifasciatus and Epibulus), predators of
amphipods (Wetmorella nigropinnata), decapods
(Cheilinus chlorourus) and molluscs (Cheilinus fascia-
tus) (Westneat, 1994). With the notable exceptions of
herbivory and detritivory that are seen in scarids,
cheilines utilize a large part of the range of prey seen
throughout labrids. The next step needed in interpret-
ing the high functional diversity in this group would
be to scale the variation to the age of the clade, as
could be estimated from DNA sequence data (Martins,
1994; Cuervo & Moller, 1999). Cheilines may repre-
sent a particularly explosive functional radiation
within the Labridae or they may show comparable
rates of morphological evolution to other groups and
be a very old lineage.

The extensive ecological diversity seen in cheilines
appears to differ substantially from that seen in scar-
ids. Although scarids showed lower functional diver-
sity than cheilines, they were more diverse than the
hypsigenyines or novaculines and near equally diverse
as the much more species-rich julidines. While scarids
show some variability in the food they eat, it is
unlikely that they show the dietary diversity of the
julidines or hypsigenyines. The morphological diver-
sity in scarids may relate strongly to the mechanisms
they use to extract algae and detritus from the reef.
Scarids vary in how deeply their grazing penetrates
into rock surfaces (Bellwood & Choat, 1990) and may
differ somewhat in the make-up of their diet (Choat,
Clements & Robbins, 2002). Functional diversity of
GBR scarids is moderately high (Fig. 14), reflecting in
large part the very high variance in jaw-closing ratio
seen in this group. Those taxa identified by Bellwood
& Choat (1990) as scrapers (all Scarus spp. and Hip-
poscarus longiceps) have smaller adductor mandibu-
lae muscles and higher jaw-closing lever ratios than
those species that are excavators (Chlorurus, Ceto-
scarus, Bolbometopon).

<

Figure 12. Representative scatterplots of trophic characteristics of the skull in wrasse species. Note that there is no
association between variables in plots (A), (C) and (E) (also see Table 3), indicating that wrasses have evolved to adopt an
extensive range of trait combinations during their evolutionary history. This widespread independence of trophic features
is seen as an important component of the mechanical diversity of the labrid skull.
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Figure 13. Plots of the first two principal components from an analysis conducted only on wrasse species. (A) shows the
position of all wrasse species in this space with groups of species with shared trophic habits enclosed in polygons; (B)
indicates the axes of mechanical diversity that are found within this space; (C)—(F) show the positions of members of
various groups of wrasses. For italicized taxa all Great Barrier Reef members of the genus are shown. ‘Cheilines’ = all
species of Cheilinus, Oxycheilinus, Epibulus and Wetmorella; ‘Labropsis’ = all species of Labropsis, Labroides, Diprocta-
canthus and Labrichthys; ‘Novaculines’ = All species or Novaculichthys, Cymolutes and Xyrichtys; ‘Pseudocheilines’ = all
species of Pseudocheilinus and Pteragogus; ‘Thalassoma’ = all species of Thalassoma and Gomphosus.
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Figure 14. Bar graph of functional disparity in Great Bar-
rier Reef members of five putatively monophyletic groups
of labrids. Diversity for each group was calculated as the
summed variance of all ten principal components scaled for
the percent of variance explained by each principal compo-
nent. Numbers above each bar are the number of species
included in each group.

CONCLUSIONS

The Labridae are ecologically variable and show
extensive diversity in the mechanical properties of
their feeding apparatus. Labrids achieved this diver-
sity by evolving feeding systems that combine many
different functional attributes, rather than exhibiting
a strongly correlated suite of characters. Thus, oral
jaw linkage systems with high kinematic transmission
are found in combination with small, intermediate
and large adductor mandibulae muscles. Mouth size
and mechanical advantage of the adductor mandibu-
lae muscle also occur in many combinations. In spite of
this tendency for independence of trophic features,
major axes of diversity do exist. The strongest axis
completely separates the feeding systems of scarids
from those of wrasses on the basis of the former hav-
ing a small mouth with limited jaw protrusion, a small
sternohyoideus muscle and very high mechanical
advantage of the adductor muscle attaching to the

mandible. Within wrasses the major axis of diversity
contrasted species with big mouths, large feeding
muscles and high mechanical advantage of the mouth
opening muscles, against species with a small mouth,
small muscles and a speed-modified mouth-opening
system. The second axis of wrasse diversity contrasted
species that were large and had high mechanical
advantage of the jaw adductor muscle and the oral jaw
linkage system, with species that had high kinematic
transmission of the oral jaws, speed-modified jaw
opening and small body size.

Diversity was not spread evenly among labrid
groups. Cheilines were the most functionally diverse
group of labrids, greatly exceeding the variation seen
in the more species-rich julidines and hypsigenyines.
The moderate diversity of scarids was surprising in
light of the tendency to view this group as showing
very little trophic variation. The data presented in this
paper will provide a benchmark against which to com-
pare the functional diversity in the feeding systems of
other major teleost radiations.
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