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Feeding Morphology, Diet, and Ecomorphological Relationships among

Five Caribbean Labrids (Teleostei, Labridae)

KARI B. CLIFTON AND PHILIP J. MOTTA

The ecomorphological relationship between oral and pharyngeal jaw morphology
and diet was investigated for five labrids: Lachnolaimus maximus, Halichoeres garnoti,
H. bivittatus, H. maculipinna, and Thalassoma bifasciatum. The goals were to examine
the following: (1) the relationship between diet and oral and pharyngeal jaw mor-
phology; and (2) the influence of feeding behavior on diet. Twelve morphological
measurements reflecting aspects of feeding ability were made. Interspecific differ-
ences in dentition were described. Principal components analysis (PCA) explained
96% of the variance among morphological variables with the first two PCs. Principal
component 1 accounted for 92.2% of the variance, separating species by body size,
whereas PC2 (3.8% of variance) separated species by oral jaw shape and degree of
protrusibility. Twenty-six prey categories were identified. Canonical correspondence
analysis (CCA) revealed that only 4.7% of the variation in diet was attributable to
morphological variables, indicating a low correlation between oral and pharyngeal
jaw characters and diet. However, variables that measured some aspect of perfor-
mance were good predictors of diet. The proportion of hard prey consumed was
correlated to the estimates of biting force for each species. Species with stronger
pharyngeal jaw musculature consumed larger amounts of hard prey than those with
lesser force generating ability. Feeding behaviors, classified as suction feeding, win-
nowing, or biting, corresponded to oral jaw morphology. Species with less protru-
sible jaws were found to bite their prey, and species with more protrusible jaws

picked items out of the water column or winnowed on the substrate.

major premise of ecological morphology is
that an organism’s ecology is influenced by
its morphology. Ecomorphology aims to inte-
grate anatomical, functional, ecological, behav-
ioral, and evolutionary studies to gain not only
an idea of how a structure functions but also
how that structure is used by the organism in
its environment (Bock and von Wahlert, 1965;
Bock, 1980; Wainwright and Reilly, 1994). An
approach commonly used to address ecomor-
phological hypotheses is to identify patterns in
ecology and correlate them to patterns in mor-
phology (Motta and Kotrschal, 1992; Reilly and
Wainwright, 1994; Motta et al., 1995a). It is gen-
erally assumed that, if form and function vary
together in a predictable way, we should be able
to predict an organism’s ecology from its mor-
phology and vice versa (Wiens and Rotenberry,
1980; Ricklefs and Miles, 1994). For example,
morphological adaptations of feeding structures
limit an organism’s ability to utilize food re-
sources. Therefore, organisms with similar feed-
ing morphologies may have similar diets (Karr
and James, 1975; Wiens and Rotenberry, 1980;
Grossman, 1986).

Some studies have found a correlation be-
tween morphology and ecology (Moyle and
Senanayake, 1984; Norberg, 1994; Turingan,
1994). Other studies, however, have found little

correlation between morphology and ecology
(Grossman, 1986; Kotrschal, 1989; Motta et al.,
1995a). This apparent lack of correlation be-
tween ecological and morphological character
sets can be due to complex interplay of factors
(e.g., behavioral, ecological, physiological, his-
torical, and morphological constraints) that in-
fluence the relationship (Motta et al., 1995b).

Although the majority of the former ecomor-
phological studies on fish feeding have focused
on morphological characters associated with
body form, the oral jaw apparatus (OJA), and
gillrakers, the pharyngeal jaw apparatus (PJA) is
an important food processing center situated
between the OJA and the digestive tract. Wain-
wright (1987, 1988) found that the PJA plays a
central role in constraining diets of Caribbean
wrasses (Labridae) by limits in crushing
strength and pharyngeal jaw gape. Specializa-
tions in the labroid PJA unite the labroid fishes
(Labridae, Cichlidae, Embiotocidae, Odacidae,
Scaridae, and possibly the Pomacentridae) and
are correlated with morphological and ecologi-
cal diversification (Kaufman and Liem, 1982;
Stiassny and Jensen, 1987; but see Streelman
and Karl, 1997).

This study investigates the relationship be-
tween oral and pharyngeal jaw morphology,
diet, and feeding behavior in five labrid species.
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Furthermore, this study employs direct gradient
analysis, the statistical comparison of suites of
morphological and ecological characters, to test
the relationships between these character sets.
The goals were to determine the relationship
between diet and oral and pharyngeal jaw mor-
phology among five labrid species and the influ-
ence of feeding behavior on diet.

MATERIALS AND METHODS

Five Caribbean labrid species were included
in this study: Halichoeres garnoti (yellowhead
wrasse, 105-129 mm SL), H. bivittatus (slippery
dick, 102-126 mm SL), H. maculipinna (clown
wrasse, 98-117 mm SL), Thalassoma bifasciatum
(bluehead, 78-97 mm SL), and Lachnolaimus
maximus (hogfish, 170-238 mm SL). Only su-
permales, or terminal color phase males, were
used to avoid confounding of the data due to
possible ontogenetic dietary and morphological
changes. For L. maximus, both reproductively
active males and females were utilized, due to
its lack of obvious sexual dimorphism or dichro-
matism.

Fishes were collected by spear with the aid of
SCUBA at Tennessee Reef in the middle Florida
Keys and off Loggerhead Key in the Dry Tor-
tugas. Collections at Tennessee Reef (24°45'N,
80°47'W) were made in January, May, and July
1990 at depths of 10-12 m. Additional speci-
mens of H. bivittatus and T. bifasciatum were col-
lected in the Dry Tortugas in November 1990.
Collections were made at Loggerhead Key
(24°38'N, 82°54'W), at a depth of 3—4 m. Fish
guts were removed within 3 h after collection
and preserved in 10% buffered formalin with
rose bengal. The fishes were frozen for later
morphological measurements. Feeding behav-
iors were observed at Conch Reef (24°57'N
80°27'W) in the Florida Keys in November 1991,
at depths of 10-31 m.

Morphological analyses.—Based on studies by
Motta et al. (1995a), Kotrschal (1989), and Gatz
(1979), standard length and 12 morphological
measurements found to be associated with feed-
ing were made on each specimen. Variables
were defined after Hubbs and Lagler (1967),
Gatz (1979), and Motta et al. (1995a). Variables
not defined in above sources are defined as fol-
lows: standard length (SL), head length (HL),
head length protruded (HLP), mouth width
protruded (MWP), mouth height protruded
(MHP), total dentary length (TDL); length
from symphysis to posteriormost margin of den-
tary, dentigorous dentary length (DDL); length
from symphysis to posteriormost tooth on den-

COPEIA, 1998, NO. 4

tary, dentigorous dentary width (DW); width of
lower jaw between posteriormost teeth on right
and left dentaries, premaxilla ascending process
length (APL), dentigorous premaxilla length
(DPL); length from symphysis to posteriormost
tooth on premaxilla, dentigorous premaxilla
width (PW); width of upper jaw between posteri-
ormost teeth on right and left premaxilla, den-
tigorous surface area of upper pharyngeal jaw
(UPJ); area of ventral surface of upper pharyn-
geal jaw, dentigorous surface area of lower pha-
ryngeal jaw (LPJ); area of dorsal surface of
lower pharyngeal jaw. Standard length was mea-
sured with a ruler to the nearest 1 mm. All oth-
er linear measurements were made with vernier
calipers to the nearest 0.1 mm. Surface area of
the upper pharyngeal jaw was calculated using
the geometric formula for the area of a triangle
and for the lower jaw an isosceles triangle and
a rectangle. Surface areas were calculated to the
nearest 1 mm? Measurements were taken with
an ocular micrometer fitted for a dissecting mi-
croscope. A sample size of 20 individuals per
species was utilized as determined by the meth-
od of Bros and Cowell (1987). Principal com-
ponents analysis (PCA) was conducted on 12
variables to detect patterns of morphological
variation among species. Analysis was carried
out on a correlation matrix of log,y-transformed
variables (Ricklefs and Miles, 1994) performed
with Statistical Analysis Systems using Proc Prin-
comp (Cary, NC, 1985, unpubl.).

Relationships among morphological variables
indicated by PCA were examined. To remove
the effect of body size, each morphological vari-
able was pooled among species and regressed
against standard length (Humphries et al.,
1981). ANOVAs were performed on residuals to
detect significant differences among species.
Tukey’s studentized range test was used to iden-
tify significant differences among species. Tests
were performed with Statistical Analysis Systems
using Proc GLM (Cary, NC, 1985, unpubl.).

To assess the degree of oral jaw protrusibility
(OJP) in these fishes, the difference between
HL and HLP was expressed as a percent of HL.
ANOVA was used to test for differences in OJP
among species. Tukey’s studentized range test
was used to identify significant differences
among species. Analysis was performed with Sta-
tistical Analysis Systems using Proc GLM (Cary,
NG, 1985, unpubl).

Scanning electron micrographs were taken of
representative upper and lower oral and pha-
ryngeal jaws of each species. Jaws were cleaned
of all tissues using a weak bleach solution in a
sonicator, allowed to air dry, then coated with
gold-palladium in a Spelco model 3 sputter
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coater. Micrographs were taken with an Hitachi
HHS-2R scanning electron microscope at a
magnification of 20X or 35X and a voltage of
15 kV.

Dietary analyses—The sample size required for
dietary analyses was determined by plotting the
number of prey taxa against the number of fish
sampled for each species. The maximum num-
ber of fish at which the addition of gut samples
no longer added to the number of prey taxa (or
where the rate of change was sharply reduced)
was 15. A smaller sample size (n = 10) was used
for T. bifasciatum because of difficulty in obtain-
ing an adequate number of fish. To reduce bias
due to differential digestibility of soft-bodied
and hard-shelled prey, only prey items in the
anterior half of each gut were used. When pos-
sible, prey items were identified to class or sub-
class with the aid of a dissecting microscope.
Identical prey taxa were pooled within species,
and wet weight was obtained to the nearest
0.001 g using a Mettler balance. Prey were di-
vided into ‘“hard-shelled” and ‘“‘softer-bodied”
categories to determine the percent contribu-
tion of each type to the diet of each species.
Prey taxa possessing hard outer coverings or ex-
oskeletons (e.g., molluscs, echinoderms), which
required crushing by the pharyngeal jaws, were
classified as hard-shelled. Prey taxa without hard
shells or exoskeletons (e.g., polychaetes, sipun-
culins) were classified as softer-bodied. The ma-
jority of the arthropod taxa (e.g., copepods,
shrimps) that possess hard exoskeletons but did
not require crushing by the pharyngeal jaws
were also classified as softer-bodied prey. Total
percentages of hard and soft prey in the diet
(by wet weight) were calculated by species.

The Shannon-Wiener diversity index (H') was
used to assess dietary diversity for each species
(Cailliet et al., 1986; Kotrschal and Thomson,
1986; Ludwig and Reynolds, 1988). Wet weight
was used as a proxy for volume. To further de-
fine dietary diversity, Hill’s diversity numbers
were calculated as follows:

N, = €,
where H' = Shannon-Wiener diversity index,
and

N, = 1/\,

where A = Simpson’s index. N, is the number
of abundant prey taxa in the diet, and N, is the
number of very abundant prey taxa. Both indi-
ces are expressed as numbers of taxa and are
measures of the number of prey taxa in the sam-
ple where each taxon is weighted by its abun-
dance (Ludwig and Reynolds, 1988).
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Modified Hill’s ratio (E;) was used as an in-
dex of prey evenness:

_ (/N -1
e — 1"

where N\ = Simpson’s index and H' = Shannon-
Wiener index (Ludwig and Reynolds, 1988).
Values range from 1, when all taxa are equally
abundant, to 0 as one item dominates the diet.
This index is not sensitive to the occurrence of
rare items; therefore it is independent of sam-
ple size. In addition, it is effected very little by
richness. The H’, N;, N,, and E; indices were
computed using the SPDIVERS program of
Ludwig and Reynolds (1988).

Horn’s index was used to calculate dietary
overlap between all species pairs. This index is
affected very little by sample size and can be
used when data are expressed as proportions
(Horn, 1966; Krebs, 1989). Horn’s index was
calculated with the NICHE program of Krebs
(1989).

E;

Relationship of morphology to diet.—Canonical cor-
respondence analysis (CCA) was performed to
relate variation in morphological characters to
dietary composition. CCA is a multivariate, di-
rect-gradient analysis technique in which a set
of species may be related directly to a set of
environmental variables. This technique selects
the linear combination of environmental vari-
ables (here, diet) that maximizes the dispersion
of species (morphology) scores. It chooses the
best weights for the environmental variables to
construct the first axis. Subsequent axes also se-
lect linear combinations of environmental vari-
ables that maximize the dispersion of species
scores but are subject to the constraint of being
orthogonal to previous axes (Jongman et al,,
1987; ter Braak, 1986, 1987). Analysis was per-
formed on log,,transformed morphological
variables and dietary data (percent wet weight)
with the CANOCO program, version 3.12 (ter
Braak, 1988).

Feeding behavior—Individual fish (n = 10-13 per
species) were observed with focal animal sam-
pling by pairs of divers for 10-min periods. Feed-
ing events were recorded and classified as suc-
tioning, biting, or winnowing. Suction feeding
occurs when rapid expansion of the buccal cav-
ity draws water and prey items into the oral cav-
ity (Liem, 1980; Norton and Brainerd, 1993;
Norton, 1995). Biting occurs when the oral jaws
are used to tear the prey from the substrate or
to bite a piece from a larger prey item (Liem,
1980; Norton, 1995). In winnowing, the food
items are separated from nonfood items in the
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oropharyngeal cavity. Food items are ingested
while the debris is ejected from the mouth
(Laur and Ebeling, 1983; Drucker and Jensen,
1991) or from the opercular slits (Sibbing et al.,
1986). Substrate types upon which or over
which fishes fed were classified as sand, rubble,
hard coral, sponge, algae, or water column. The
distance fishes fed from the substrate was re-
corded as 0-0.1 m, 0.1 m-0.5 m, 0.5-1.0 m, or
> 1 m. Benthic feeding occurred in the 0-0.1
m category, whereas feeding in the water col-
umn occurred 0.1 m to > 1 m from the sub-
strate.

Estimation of pharyngeal crushing rorce—The
force generating capability of the pharyngeal
crushing musculature was estimated for 5-11 in-
dividuals of each species. The levator posterior
(LP) is the dominant crushing muscle in the
labroid pharyngeal jaw apparatus (Yamaoka,
1978; Liem and Greenwood, 1981; Wainwright,
1987). Because the fibers of the LP and the
fourth levator externus (LE,) are interconnect-
ed and difficult to separate from one another,
both muscles were used to estimate crushing
force. The LE, is considerably smaller than the
LP and therefore not expected to bias force cal-
culations significantly (Wainwright, 1988).

The method of Powell et al. (1984) was used
to estimate maximum tetanic tension (P,) gen-
erated by the pharyngeal crushing musculature.
The estimated maximum tetanic tension (Pg.,,)
of each muscle was calculated using the equa-
tion:

Po.. = (CSA) (specific tension).

A specific tension of 20 N/cm? for teleost white
muscle was taken from Altringham and John-
ston (1982). Cross-sectional area (CSA) was cal-
culated using the equation:

CSA = (muscle mass) (cos 0)/
(FL) (muscle density)

where wet weight of the muscle (g) was used for
muscle mass, 6 = average angle of insertion of
10 haphazardly chosen fibers on the central ten-
don, FL. = length of 10 haphazardly chosen fi-
bers (cm), and muscle density = 1.05 g/cm3
(Lowndes, 1955). The total force generated by
the pharyngeal crushing musculature of each
fish was estimated as 2P, To detect significant
differences in force-generating capability
among species, Mann-Whitney Utests were per-
formed on all possible pairwise species combi-
nations. To maintain an experimentwise error
rate of 0.05, the Bonferonni method was used
to calculate the level of significance used for 10
pairwise comparisons. Comparisons were con-
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TaBLE 1. PrINcIPAL COMPONENTS ANALYSIS OF 12
MORPHOLOGICAL VARIABLES RELATED TO FEEDING IN
FIVE LABRID SPECIES.

Principal component

1 2
Eigenvalue 11.061 0.451
% of total variance 92200  3.800
Cumulative % of variance 92.200  96.000
Eigenvectors
Head length 0.292 —0.081
Head length protruded 0.295  0.031
Mouth width protruded 0296  0.149
Mouth height protruded 0.283 0.017
Dentary width 0294 —0.180
Dentigorous dentary length 0.293 0.111
Total dentary length 0.297  0.148
Premaxillary width 0.291 —-0.202
Dentigorous premaxilla length ~ 0.279 —0.506
Ascending premacxilla length 0.259  0.746
LPJ surface area 0.297  0.039
UPJ surface area 0285 —0.219

sidered significant if P < 0.005 (Gatz, 1979; L.
Wilkinson, SYSTAT, vers. 5.1, Evanston, IL,
1991, unpubl.). Estimates of force generating
capability were correlated to percent hard prey
in the diet and to body size (SL) with Statistical
Analysis Systems using Proc Corr (Cary, NC,
1985, unpubl.).

RESULTS

Morphological analyses.—Principal components 1
and 2 explained 96% of the variation among 12
morphological variables (Table 1). The first
principal component (PCl) accounted for
92.2% of the total variance. All variables loaded
positively and were similar in magnitude. Com-
ponents for which all coefficients have the same
sign and magnitude may be interpreted as gen-
eral size components (Pimentel, 1979; Jolliffe,
1986). Thalassoma bifasciatum scored lowest on
PC1 (Fig. 1), followed by H. maculipinna. Hali-
choeres garnoti and H. bivittatus had similar size
ranges and similar scores, and L. maximus had
the highest score on PC1 (Figs. 1-2).

Principal component 2 accounted for 3.8% of
the variability among morphological variables.
Because coefficients had both positive and neg-
ative signs, PC2 could be interpreted as a
change in oral and pharyngeal jaw shape (Table
1; Pimentel, 1979; Strauss, 1985; Jolliffe, 1986).
Along PC2, the ascending process of the pre-
maxilla became longer, and the dentigorous
length on the premaxilla decreased as did the
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12 morphological variables associated with feeding in
five labrids. Species separate on PCl primarily by
body size and on PC2 by length of the ascending pro-
cess of the premaxilla and dentigorous area of the
oral and pharyngeal jaws.

UPJ surface area. The remaining principal com-
ponents accounted for 4% of the total variance.
Species did not separate in any meaningful pat-
tern on these axes; therefore they were not con-
sidered in this analysis.
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Fig. 2. Multiple comparisons of morphological
variables for five labrids. Pooled residuals were com-
pared by ANOVA. Means that were not significantly
different are underlined. Only standard length and
variables that loaded most heavily in the PCA are giv-
en. (A) SL = standard length; (B) DPL = dentigorous
premaxilla length; (C) APL = premaxilla ascending
process length; (D) UP] = surface area of upper pha-
ryngeal jaw.
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Fig. 3. Scanning electron micrographs of upper
and lower oral jaws of five labrids. Lachnolaimus max-
imus (20X) (A) upper (B) lower left; Halichoeres gar-
noti (20X) (C) upper (D) lower; H. bivittatus (35X)
(E) upper (F) lower; H. maculipinna (35X) (G) upper
(H) lower; Thalassoma bifasciatum (35X) (I) upper (J)
lower. Bar = 1 mm.

Significant differences between at least two
species were found for all morphological vari-
ables. Standard length and variables that loaded
heavily in the PCA are indicated in Figure 2.
Lachnolaimus maximus was significantly larger
than the other four species. When adjusted for
body size, H. garnoti had a premaxilla with a
significantly shorter ascending process but a
long descending process. The remaining spe-
cies had relatively long ascending processes with
the exception of H. bivittatus, which was inter-
mediate in length.

The oral jaw dentition patterns of L. maximus
are markedly different than those of the other
four species (Fig. 3A-B). The upper jaw has a
single tooth row comprised of a few conical
teeth, and two anterior, recurved, protruding,
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caninelike teeth. The lower jaw is characterized
by four anterior, canine teeth, smaller than
those on the upper jaw. The remaining teeth
are conical, small, and widely spaced on the dor-
sal margin of the jaw. There are a few small
teeth scattered on the medial surface of the
dentary near the dorsal margin.

Oral jaw dentition patterns of H. garnoti are
most similar to H. bivittatus (Fig. 3C-F). Both
species are characterized by two anterior, pro-
truding, recurved, caninelike teeth on the up-
per jaw and four on the lower jaw. The lateral
teeth are conical, closely spaced, and robust.
Medial to this are multiple rows of irregularly
spaced molariform teeth. Both species have a
single caninelike tooth at the posterior margin
of the descending process of the upper jaw.

Oral jaw dentition patterns of H. maculipinna
and T. bifasciatum are similar (Fig. 3G—J). Both
species possess two caninelike teeth on the up-
per and lower jaws and a single row of conical
teeth on the margin of both jaws. The teeth are
less closely spaced than those of H. garnoti and
H. bivittatus and are less robust. Halichoeres ma-
culipinna has a single caninelike tooth at the
posterior margin of the descending process of
the upper jaw, whereas T. bifasciatum has none.

Few interspecific differences in pharyngeal
jaw dentition, other than relative surface area
or size of the teeth, were documented among
these species (Fig. 4). Relative to body size, T.
bifasciatum, L. maximus, and H. bivittatus had the
greatest surface area occupied by the pharyn-
geal teeth on both the upper (Fig. 2) and lower
Jjaws. Halichoeres maculipinna and H. garnoti had
the smallest relative PJA surface area. The pha-
ryngeal jaws of L. maximus have abraded molar-
iform teeth (Fig. 4A-B). The remaining four
species are similar to one another in dentition
patterns. In all four species, the UP] has conical
teeth. The medial teeth are worn to the point
of being molariform in appearance. The LP]
possesses a narrow, anterior process bearing
conical teeth. The two posterior processes bear
large, molariform teeth medially, and smaller
molariform teeth laterally. Generally, H. garnoti
and H. bivittatus have more teeth on the ante-
rior process and fewer, more robust teeth on
the posterior processes than H. maculipinna and
T. bifasciatum (Fig. 4D,FH,]; KBC, unpubl.
data). Unlike the Halichoeres congenerics, T. bi-
fasciatum lacks the large, medial, molariform
tooth on the LPJ (Fig. 4]).

Oral jaw protrusibility (OJP) differed signifi-
cantly among species (ANOVA, P < 0.001). Hal-
ichoeres garnoti had the lowest oral jaw protrusi-
bility, 2.5% of the head length, and a corre-
sponding low score on PC2 (Fig. 1). The re-
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Fig. 4. Scanning electron micrographs of upper
and lower pharyngeal jaws of five labrids. Lachnolai-
mus maximus (A) upper (35X) (B) lower (20X); Hal-
ichoeres garnoti (C) upper (35X) (D) lower (20X); H.
bivittatus (E) upper (30X) (F) lower (20X); H. ma-
culipinna (35X) (G) upper (H) lower; Thalassoma bi-
Sasciatum (35X) (I) upper (J) lower. Bar = 1 mm.

maining four species had significantly higher
oral jaw protrusibilities, corresponding to high-
er scores on PC2. Halichoeres bivittatus, H. ma-
culipinna, and T. bifasciatum were not signifi-
cantly different from one another (OJP = 9.9%,
11.3%, and 10.5%, respectively). Lachnolaimus
maximus (OJP = 14.1%) was significantly higher
than both H. bivittatus and T. bifasciatum but not
H. maculipinna.

Dietary analyses and feeding behavior—A total of
26 prey categories were identified for all five
species (Table 2). Lachnolaimus maximus con-
sumed the largest proportion of hard prey
(95.51% of diet by wet weight), followed by H.
bivittatus (89.17%), H. garnoti (88.48%), H. ma-
culipinna (55.36%), and T. bifasciatum (41.02%).
A total of 17 prey taxa were consumed by L.
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TABLE 2. PERCENT WET WEIGHT FOR 26 PREY CATEGORIES FOR FIVE LABRID SPECIES. Number indicates the
percent contribution of each prey category of a sample size n = 15 (n = 10 for Thalassoma bifasciatum). -h
after category indicates hard-shelled prey type, -s indicates soft-bodied prey type. — indicates no items in this
category. * indicates items weighing <0.001 g and are not included in the richness, evenness, and diversity

indices.
Species
Prey category L. maximus H. garnoti H. maculipinna H. bivittatus T. bifasciatum
Foraminifera -s 0.70 * 0.12
Nematodes -s * 0.08 — * *
Polychaetes -s - 0.64 11.58 1.52 1.35
Total molluscs 51.55 23.45 34.24 41.51 1.48
Chitons -h 1.30 3.89 11.95 1.99 0.81
Gastropods -h 15.34 5.82 6.93 15.81 —
Limpets -h — — — 0.41 —
Caecums -h * — 2.85 — —
Scaphapods -h 1.74 * 0.50 * —
Bivalves -h 9.18 11.78 12.01 23.36 0.67
Scallops -h 21.36 1.96 — — —
Oysters -h 2.63 — — — —
Total arthropods 45.80 34.37 34.49 50.12 85.96
Pycnogonids - — — — - 9.72
Cladocerans -s — — 1.30 — —
Cypris larvae -s — — 0.74 — —
Ostracods -s 0.61 — 4.89 — —
Copepods - — — — — 16.46
Portunid crabs -h 34.19 — — — —
Unidentified crabs -h 6.83 29.00 13.38 44.20 28.74
Pagurid crabs -h 1.16 — — — —
Decapod shrimps -s 1.84 0.76 5.33 2.52 —
Stomatopods - 0.04 2.53 0.74 2.58 20.24
Tanaids -s 0.01 — * — —
Cumaceans -s 0.01 — — — —
Amphipods - — 0.04 0.06 0.70 —
Isopods -s 0.01 — 0.80 — —
Unidentified crustaceans -s 0.65 2.04 7.25 0.12 10.80
Sipunculins -s 0.45 5.51 11.83 0.06 0.41
Total echinoderms 1.78 35.95 7.74 3.40 10.80
Ophiuroids -h 0.46 26.28 7.74 3.40 10.80
Echinoids -h 1.32 9.67 — — —
Larval fish -s — — — 3.34 —
Seagrass -s 0.17 — — — —

maximus, of which four taxa were abundant (N,
= 4.2), and three of those four taxa were very
abundant (N, 3.2). Three very abundant
taxa—gastropods, bivalves, and crabs—account-
ed for 86.76% (wet weight) of the prey items
consumed. Uneven prey utilization by L. maxi-
mus resulted in the lowest dietary diversity (H'
= 1.44) and a dietary evenness of 0.71.
Winnowing was the most frequently observed
behavior (83.2% of 667 events) for L. maximus
(Table 3). Another 14.1% of events were re-
corded as bites, and the remaining 2.7% were
suction feeding. Lachnolaimus maximus fed al-

most exclusively on the bottom; 666 of 667
(99.9%) feeding events were observed in sand
or coral rubble substrate. A single event was ob-
served 0.1-0.5 m over the substrate.

Halichoeres bivittatus had a lower dietary rich-
ness than L. maximus, with 12 prey taxa. The
diet was dominated by three very abundant
hard-shelled prey items: crabs, gastropods, and
bivalves, which accounted for 83.37% of the diet
by wet weight. With three of 12 prey taxa dom-
inating the diet, this species had the lowest di-
etary evenness (E, = 0.67) and a low dietary
diversity (H' = 1.60).
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TABLE 3. FEEDING BEHAVIORS OF FIVE LABRID SPECIES. Feeding events observed in 10-min periods were scored

as suction (S), biting (B), or winnowing (W). Number of feeding events that occurred 0-0.1 m above six

different substrates is given. — indicates behavior not observed in substrate. () indicates number of feeding

events that occurred 0.1-0.5 m over substrate. Total indicates the total number of times feeding behavior
occurred over all substrate types for that species.

Substrate
Feeding
Species behav- Coral Hard Water
(sample size) ior Total Sand rubble coral Algae Sponge column
Lachnolaimus S 18 17 1 — — — —
maximus B 93 (1) 31 62 (1) — — — —
(n = 10) w 555 342 195 1 17 — —
Halichoeres S — — — — — — —
garnoti B 225 (4) 17 85 5 134 (4) 13 1
(n =12) w 2 — — — 2 — —
Halichoeres S — — — — — — —
maculipinna B 40 (5) 2 (1) 10 (3) — 27 (11) 1 —
(n =13) w 251 (3) 115 (3) 100 — 34 2 —
Halichoeres S — — — — — — —
bivittatus B 57 (5) 15 15 (5) — 23 4 —
(n = 11) w 211 151 55 — 5 — —
Thalassoma S — (29) — (7 — (22) — — — —
bifasciatum B 27 (53) — 16 1(2 8 — 2 (51)
(n = 12) w — — — — — — —

Winnowing was the most frequently observed
behavior (77.8%) for H. bivittatus. The remain-
ing 22.7% of events were bites. This species fed
almost exclusively on the bottom, as 94.2% of
the 273 feeding events scored were in sand or
rubble. The remaining 5.8% of feeding events
were bites that occurred in the water column.

Halichoeres garnoti, with prey representing 13
taxa, consumed slightly less hard-shelled prey
(88.48%) than H. bivittatus. Of the six taxa that
dominated the diet, five were hard-shelled
(crabs, gastropods, bivalves, ophiuroids, and
echinoids that comprised 82.55% of the diet);
one was soft-bodied (sipunculins, 5.51%). This
species was intermediate in both dietary even-
ness (E; = 0.78) and diversity (H' = 1.90).

A total of 261 feeding events were observed
for H. garnoti. It was found to bite its prey 99.2%
of the time, more than any other species. The
remaining 0.8% of feeding events were winnow-
ing. The majority of all feeding events (98.5%)
occurred on the bottom, and the remaining
0.5% of feeding events were bites that occurred
in the water column.

Halichoeres maculipinna consumed hard-
shelled prey items (55.36% of diet) and softer-
bodied items (44.64% of diet) in roughly equal
proportions. Of the 17 prey types taken by this
species, 11 were considered very abundant. Six
of the 11 items were hard-shelled (crabs, bi-
valves, gastropods, ophiuroids, and chitons ac-
counted for 52.01% of the diet), and five were

softer-bodied (sipunculins, polychaetes, deca-
pod shrimps, ostracods, and unidentified crus-
taceans accounted for 40.88% of the diet). Con-
sequently, this species had the highest dietary
diversity (H' = 2.41) and evenness (E; = 0.99).

For H. maculipinna, 82.2% of the 309 feeding
events were recorded as winnowing. The re-
maining 17.8% were bites. The majority of
events (94.2%) occurred in sand or rubble,
whereas 5.8% occurred in the water column.

Thalassoma bifasciatum had the lowest dietary
richness, comprised of 10 prey taxa, and con-
sumed the least hard-shelled prey (41.02%) of
all five species. Two of six very abundant taxa,
crabs and ophiuroids, accounted for 39.54% of
the diet. The four remaining very abundant
taxa were softer-bodied, including stomatopods,
unidentified crustaceans, copepods, and pyc-
nogonids, which accounted for 57.22% of the
diet. Although dietary richness was low, even-
ness was high, resulting in intermediate dietary
diversity (H' = 1.84).

Thalassoma bifasciatum bit its prey 73.4% of
the time. The remaining 26.6% of feeding
events were suction feeding. In contrast to the
other species, the majority of the 109 feeding
events (75.2%) occurred in the water column.
Of these, 35 events (32.1%) occurred 0.1-0.5 m
from the substrate, 29 (26.6%) occurred 0.5-1.0
m from the substrate, and 18 events (16.5%)
were observed > 1 m from the substrate. All 29
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suction feeding events occurred 0.1-0.5 m from
the substrate.

Horn’s index of overlap indicated that L.
maximus and H. bivittatus had the highest inter-
specific dietary overlap (0.919) based on wet
weight. Gastropods, bivalves, and crabs were
consumed in nearly identical proportions by
both species. When bivalves and crabs were
identified beyond class, the diet of L. maximus
was distinguished from that of H. bivittatus and
the other species by the occurrence of such taxa
as scallops, oysters, and portunid and pagurid
crabs.

The Halichoeres species had moderate levels of
overlap with one another (0.781-0.694), and H.
maculipinna and H. garnoti (0.694) were most
similar in diet. Crabs, bivalves, and gastropods
were very abundant and were consumed in sim-
ilar proportions by both species, although in
smaller quantities than by L. maximus and H.
bivittatus. In addition, ophiuroids and sipuncu-
lins were very abundant for both species, al-
though they were consumed in different pro-
portions. Both H. garnoti and H. maculipinna
overlapped moderately with L. maximus (0.743
and 0.661, respectively), but overlap was gen-
erally lower than among congenerics.

The diet of T. bifasciatum least resembled the
other species (0.417-0.603). Although eight of
its 10 prey taxa were also consumed by the Hal-
ichoeres species, they were taken by T. bifasciatum
in much lower proportions. This species con-
sumed the most soft-bodied prey, including co-
pepods and pycnogonids, which were not taken
by any other species.

Relationship of morphology to diet—Principal com-
ponents analysis indicated that L. maximus was
morphologically distinct from the other four
species, but it was similiar to the Halichoeres con-
generics in diet, particularly H. bivittatus. In
contrast, T. bifasciatum formed close morpholog-
ical relationships with the Halichoeres congener-
ics, particularly H. maculipinna but showed little
resemblence to them in diet (Fig. 1).

Canonical correspondence analysis (CCA) in-
dicated a low correlation between morphology
and diet. The sum of the eigenvalues for all axes
defined by CCA was 0.047. This is a measure of
how much variation in the environmental vari-
ables (here, percent dietary composition) was
explained by the species data (morphological
variables). Only 4.7% of the differences in di-
etary composition was explained by variation in
morphological variables.

Estimation of pharyngeal crushing force—The
numbers of fishes available were insufficient to
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Fig. 5. Log,,;Log;, plot of standard length versus
estimated force generated by the pharyngeal crushing
musculature for five labrids.

generate predictive regressions for estimates of
force generated by pharyngeal crushing mus-
culature, but it was possible to make generali-
zations about the relative force generating ca-
pabilities of each species based on the assump-
tion that values obtained here are representa-
tive of the species. Lachnolaimus maximus was
capable of generating significantly greater
crushing forces (¥ = 290.3 N, SD = 116.7, n =
9) than the other four species (Fig. 5). While
species pairs H. garnoti (x = 10.2 N, SD = 3.3,
n = 11)-H. bivittatus (x = 11.0 N, SD = 3.6, n
= 10) and H. maculipinna (x = 4.8 N, SD = 2.3,
n = 10)-T. bifasciatum (¥ = 45 N, SD = 1.4, n
= 5) were not significantly different from each
other, H. garnoti and H. bivittatus produced sig-
nificantly greater crushing forces than H. ma-
culipinna and T. bifasciatum.

Correlation of estimated crushing forces to
percent hard prey in the diet produced a Pear-
son correlation coefficient of r = 0.52 (P =
0.37). This value was not significant because of
the much higher estimated pharyngeal crush-
ing forces generated by L. maximus. Excluding
L. maximus, the correlation coefficient of r =
0.98 (P = 0.03) was significant. Correlation of
estimated crushing forces to body size (SL) pro-
duced a Pearson correlation coefficient of r =
0.96 (P = 0.01). The ability to crush hard prey
is directly related to body size.

Discussion

A few of the morphological characters related
to aspects of feeding were very good predictors
of diet in the labrids examined here, whereas
most were not. Variables that measured some
aspect of performance, pharyngeal crushing
force potential and feeding behavior, were good
predictors of ecology. There was a significant
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positive association between estimated pharyn-
geal crushing force potential and percentage of
hard prey in the diet. In contrast to Wainwright
(1988), we estimated pharyngeal crushing forc-
es up to 9.3 N in individuals of H. maculipinna.
On average, however, H. maculipinna and T. bi-
fasciatum produced significantly lower crushing
forces than H. garnoti and H. bivittatus, and this
was reflected in lower percentages of hard prey
in their diets. Robustness of the pharyngeal jaws
and teeth were also directly related to pharyn-
geal crushing force potential and percentage of
hard prey in the diet.

The inclusion of L. maximus in the correla-
tion analysis resulted in a misleading low cor-
relation coefficient because, although the per-
cent hard prey in its diet is somewhat greater
than two other species, the force-generating ca-
pability of its pharyngeal jaw musculature was
significantly higher than all other species. This
analysis did not take into account the size of the
prey and the forces required to crush them.
Many of the hard-shelled items taken by L. max-
imus were much larger than those taken by the
other species. Correlating the force required to
crush the prey to the force generating ability of
all five species would likely have resulted in a
significant positive association.

Similiar to Wainwright (1988), we found de-
creased prey diversity in species with greater
ability to process hard prey. Lachnolaimus maxi-
mus, with its large, robust pharyngeal jaws and
strong crushing musculature, had the most
hard prey in the diet and the lowest dietary di-
versity. In contrast, H. maculipinna and T. bifas-
ciatum had the least robust pharyngeal jaws, the
weakest pharyngeal jaw musculature, the least
hard prey in the diet, and the highest dietary
diversity. Performance tests by Wainwright
(1988) indicated that H. garnoti and H. bivittatus
produced greater pharyngeal crushing forces
than did H. maculipinna. Above a pharyngeal
crushing force of 3-5 N, dietary breadth of H.
garnoti and H. bivittatus decreased, whereas H.
maculipinna never reached a crushing force of
5 N, and dietary breadth increased with size.
Oral jaw crushing force in the sheepshead Ar-
chosargus probatocephalus was found to be an im-
portant determinant of diet, and increased
force production was correlated with increased
durophagy (Hernandez and Motta, 1997).

In contrast to Wainwright (1988), we found a
highly significant correlation between pharyn-
geal crushing force and body size. However, this
was because all but two species were significant-
ly different in body size (Fig. 2A), with the larg-
er species generating greater crushing forces.
Wainwright (1988) found that the Halichoeres
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congenerics attained similiar crushing strengths
at different body sizes, and at any given size, H.
maculipinna generated smaller crushing forces
than either H. garnoti or H. bivittatus. Our data
support this, because H. bivittatus and H. macu-
lipinna were similiar in size, but H. bivittatus gen-
erated significantly greater crushing forces.
Body size alone largely accounts for differences
in pharyngeal crushing ability and consequent-
ly, percent hard prey consumed.

Canonical correspondence analysis indicated
a low correlation between the suite of oral and
pharyngeal jaw characters and diet. Eigenvalues
of 0.30 and higher are common in ecological
studies, and ter Braak (1988) recommends that
axes with low eigenvalues (= 0.02) be discount-
ed. Although the eigenvalue of 0.047 obtained
here is above the suggested critical value, it is
substantially lower than values typically consid-
ered meaningful. Species associations indicated
by PCA did not correspond to species associa-
tions based on dietary overlap. Similiarly, Motta
et al. (1995a) found poor correspondence be-
tween 15 morphological variables and diet in a
group of seagrass fishes, with only 3% of dietary
variation accounted for by morphology.

Several factors may have contributed to the
low correlation between oral and pharyngeal
jaw characters and diet. Identifying appropriate
ecological and morphological variables remains
one of the major problems in ecological mor-
phology (Bock, 1980). Many investigators who
attempted to detect ecomorphological associa-
tions between an a priori selected group of mor-
phological variables and diet have found poor
correspondence (Motta and Kotrschal, 1992).
Westneat (1994), Wainwright (1988), and Her-
nandez and Motta (1997) emphasize that choos-
ing biomechanically relevant characters is criti-
cal for demonstrating a link between morphol-
ogy and diet. We selected variables because they
were found to be appropriate for determining
the influence of feeding morphology on diet by
other investigators (Gatz, 1979; Kotrschal, 1989;
Witte et al., 1990). For example, head length,
mouth size, and tooth size and shape have been
correlated to prey size. Variables quantifying
dentigorous portions of the oral and pharyn-
geal jaws were chosen based on previous cor-
relations between the presence and shape of jaw
teeth and feeding behaviors. Although some
variables in this study were correlated to feeding
behavior, there was little direct correlation of
oral and pharyngeal jaw variables to diet. Thus,
many of the jaw morphometrics appear inap-
propriate for this analysis. The low correspon-
dence may also be due to the level to which prey
items were identified. If items had been pooled
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into larger taxonomic groupings, overlap would
likely have been higher. Likewise, if prey items
had been identified to species, dietary overlap
may have been substantially lower. In addition,
it would have been more meaningful to organ-
ize prey in functional categories reflecting the
fishes’ ability to consume them. If prey had
been categorized by absolute size rather than by
taxonomy, mouth size variables would likely
have played a significant role in PCA. Choice of
fishes included in the analysis also influenced
the congruence of morphology and ecology. In-
clusion of more labrid species, or other la-
broids, might have lead to different species
groupings. Finally, inherent variability in mor-
phological variables and factors such as seasonal
fluctuations in diet, or the influence of behavior
or phylogeny, may further confound the results.

Feeding behaviors were consistent with oral
jaw morphology. Typical of many biters, H. gar-
noti had a short premaxilla ascending process,
low average oral jaw protrusibility, and robust
oral and pharyngeal jaws. The largest portion
of hard prey consumed by this species was
ophiuroids and echinoids, large prey that must
be captured by biting off pieces. This species
primarily used biting to procure benthic prey.
Thalassoma bifasciatum has protrusible oral jaws,
the smallest mouth, a reduced oral dentition,
and small pharyngeal jaws. It captured plankton
and suction fed off the benthos. Lachnolaimus
maximus, H. bivittatus, and H. maculipinna had
similar oral jaw protrusibilities, and all three
were most often observed winnowing in sand
and coral rubble on the bottom.

Numerous investigators have found a corre-
lation between length of the premaxillary as-
cending process, feeding behavior, and diet.
Length of the ascending arm of the premaxilla
was related to the manner of feeding (i.e., suc-
tion feeding or biting) in Haplochromis squami-
pinnis (Witte, 1984; Witte et al., 1990), butter-
flyfishes (Motta, 1988), and the labrid Epibulus
insidiator (Westneat and Wainwright, 1989).
Feeding morphology and feeding behavior were
related to diet in juvenile sciaenids (Chao and
Musick, 1977) and in Geophagus steindachneri
(Wimberger, 1991). Protrusion of the premax-
illa has been a key element in the evolution of
winnowing behavior in some surfperches
(Drucker and Jensen, 1991) and carp (Sibbing
et al., 1986).

Greater jaw protrusion enhances suction
feeding and reduces the ability to generate pow-
erful biting forces (Barel, 1983). Jaw protrusion
has been hypothesized to increase attack veloc-
ity, thereby improving capture success (Motta,
1984; Westneat and Wainwright, 1989; Norton,
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1991). Suction feeders often have a small mouth
and reduced dentition (Suyehiro, 1942; Davis
and Birdsong, 1973; Muller and Osse, 1984). In
general, powerful biters have restricted jaw mo-
bility (Norton, 1995), reducing their ability to
generate strong suction forces. If the ability to
protrude the jaws influences the types of prey
these fishes are able to capture, species with
similar jaw protruding abilities may be expected
to have similar diets or feeding behaviors. How-
ever, there was no correlation between degree
of oral jaw protrusibility and the amount of
hard prey in the diet for these five species. Oral
jaw protrusibility appears to be related more to
where or how they feed than to the robustness
of the prey. Motta et al. (1995a) also found that
separation of seagrass fishes along morphologi-
cal axes related more to microhabitat utilization
than to dietary composition. ’

It has been argued that the phylogenetic re-
lationships of species must be considered in
ecomorphological studies, because species relat-
edness may influence the congruence of mor-
phology and ecology among species (Felsen-
stein, 1985; Douglas and Matthews, 1992; West-
neat, 1995). Douglas and Matthews (1992) ar-
gue that the influence of phylogeny is so great
that ecological patterns should be tested against
phylogenetic relationships. Species from the
same phylogeny are inherently nonindepen-
dent, and this relationship will dictate a large
portion of ecological similarity among species.
When phylogeny is not accounted for in statis-
tical tests that assume independence, the rela-
tionship between morphology and ecology may
be overstated (Felsenstein, 1985). However, crit-
icism has been made of studies that include dis-
tantly related species (e.g., Wiens and Roten-
berry, 1980). As the species become less related,
the adaptations or selection forces become too
numerous and are therefore less meaningful.
Patterns in morphology may be most detectable
in congenerics or confamilials (Findley and
Black, 1983; Felley, 1984; Motta and Kotrschal,
1992).

In this study, morphology, but not diet, re-
flected phylogenetic relatedness among species.
The influence of nonindependence of species
was not accounted for in statistical procedures
due in part to the lack of a resolved phylogeny
for these species. However, results can still be
interpreted in terms of species relatedness. Hal-
ichoeres garnoti and H. bivittatus are closely relat-
ed phylogenetically, are most similar in oral and
pharyngeal jaw morphology, yet are divergent in
feeding behavior and diet. Thalassoma bifascia-
tum is proposed to belong to the tribe Julidini
along with Halichoeres (M. W. Westneat, pers.
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comm.). It is most similar morphologically to H.
maculipinna, yet it is most similiar in diet and
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phology of cichlid fishes (Teleostei, Perciformes).
Neth. J. Zool. 33:357-424.

feeding behavior to H. garnoti. Lachnolaimu.= Bock, W. J. 1980. The definition and recognition of

maximus is distantly related to the other four
species and is morphologically distinct, yet its
diet more closely resembles those of the Hali-
choeres congenerics than does T. bifasciatum.
Feeding behavior and diet were nearly identical
for L. maximus and H. bivittatus. These findings
indicate interesting possibilities both about eco-
logical divergence among closely related species
and ecological convergence among distantly re-
lated species. Although it is outside the scope
of this study to address these questions, the eco-
morphological relationships revealed here may
be attributed in part to phylogenetic related-
ness.

In summary, pharyngeal jaw crushing ability
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dictors of diet in this group of fishes. There was
poor correspondence between oral and pharyn-
geal jaw variables to diet, possibly because se-
lected variables may not be relevent to feeding
in these fishes. Finally, phylogenetic relatedness
among species may account, only in part, for
the ecomorphological relationships identified
here.

morphology predict ecology? Hypothesis testing
within a freshwater stream fish assemblage. Oikos
65:213-224.

DRUCKER, E. G., AND J. S. JENSEN. 1991. Functional
analysis of a specialized prey processing behavior:
winnowing by surfperches (Teleostei: Embiotoci-
dae). J. Morph. 210:267-287.

FELLEY, J. D. 1984. Multivariate identification of mor-
phological-environmental relationships within the
Cyprinidae (Pisces). Copeia 1984:422-455.

=+ FELSENSTEIN, J. 1985. Phylogenies and the compara-

ACKNOWLEDGMENTS

We thank S. Bell and B. Cowell for their com-
ments on the manuscript. Special thanks to vol-
unteers B. Eggold, M. Hornsby, P. Hood, and K.
Longenecker. Collecting could not have been
completed without the staff of the Keys Marine
Laboratory on Long Key, Florida. Collecting in
the Dry Tortugas was conducted under a permit
from the National Park Service. Thanks to B.
Loramm and R. Peachey for the SEM photog-
raphy. Financial support was provided by the
University of South Florida Graduate School
the National Oceanic and Atmospheric Admin-
istration (National Undersea Research Pro-
gram), the Florida Institute of Oceanography,
the Sigma Xi Scientific Research Society, and
the Tampa Federation of Garden Club Circles.

-

tive method. Am. Nat. 125:1-15.

FINDLEY, ]J. S., AND H. BrAck. 1983. Morphological
and dietary structuring of a Zambian insectivorous
bat community. Ecology 64:625-630.

Gartz, A. J. 1979. Ecological morphology of freshwa-
ter stream fishes. Tul. Stud. Zool. 21:91-124.

GrossMaN, G. D. 1986. Food resource partitioning in
a rocky intertidal fish assemblage. ]J. Zool. Lond. 1:
317-355.

HERNANDEZ, L. P, AND P. J. MoTTA. 1997. Trophic
consequences of differential performance: ontoge-
ny of oral jaw-crushing performance in the sheeps-
head, Archosargus probatocephalus (Teleostei, Spari-
dae). Ibid. 243:737-756.

Horn, H. S. 1966. Measurement of “overlap” in
comparative ecological studies. Am. Nat. 100:419-
424.

Husgss, C. L., AND K. F. LAGLER. 1967. Fishes of the
great lakes region. Univ. of Michigan Press, Ann
Arbor.

This project was completed in partial fulfillmen =+ HUMPHRIES, ]. M, F. L. BOOKSTEIN, B. CHERNOFF, G. R.

for the degree of Master of Science in Zoology
at the University of South Florida.

LITERATURE CITED

ALTRINGHAM, ]. D., AND I. A. JOHNSTON. 1982. The
pCa-tension and force-velocity characteristics of
skinned fibers isolated from fish fast and slow mus-
cle. J. Physiol. 333:421-449.

BAREL, C. D. N. 1983. Towards a constructional mor-

SMITH, R. L. ELDER, AND S. G. Poss. 1981. Multi-
variate discrimination by shape in relation to size.
Syst. Zool. 30:291-308.

JovruiFrE, 1. T. 1986. Principal component analysis.
Springer-Verlag, New York.

Joncman, R. H. G, C. J. F. TER Braak, anp O. F. R.
VAN TONGERAN (EDS.). 1987. Data analysis in com-
munity and landscape ecology. Pudoc, Wagenin-
gen, The Netherlands.

KARR, ]. R., AND F. C. JaMEs. 1975. Eco-morphological
configurations and convergent evolution in species



CLIFTON AND MOTTA—ECOMORPHOLOGY OF LABRIDS

and communities, p. 258-291. In: Ecology and evo-
lution of communities. Belknap Press, Cambridge.

KaurMan, L. S., aND K. F. LiEM. 1982. Fishes of the
suborder Labroidei (Pisces: Perciformes): phyloge-
ny, ecology, and evolutionary significance. Mus.
Comp. Zool. No. 472. Harvard Univ. Press, Cam-
bridge, MA.

KOTRSCHAL, K. 1989. Trophic ecomorphology in east-
ern Pacific blennioid fishes: character transforma-
tion of oral jaws and associated change of their bi-
ological roles. Environ. Biol. Fish. 24:199-218.

, AND D. A. THOMSON. 1986. Feeding patterns
in eastern tropical Pacific blennioid fishes (Teleos-
tei: Tripterygiidae, Labrisomidae, Chaenopsidae,
Blenniidae). Oecologia 70:367-378.

Kress, C. J. 1989. Ecological methodology. Harper
Collins Publishers, New York.

LAUR, D. R,, AND A. W. EBELING. 1983. Predator-prey
relationships in surfperches. Environ. Biol. Fish. 8:
217-229.

Liem, K. F. 1980. Acquisition of energy by teleosts:
adaptive mechanisms and evolutionary patterns, p.
299-334. In: Environmental physiology of fishes. M.
A. Ali (ed.). Plenum Publishing Corp., New York.

— =+- AND P. H. GREENWOOD. 1981. A functional
approach to the phylogeny of the pharyngognath
teleosts. Am. Zool. 21:83-101.

LownDEs, A. G. 1955. Density of fishes. Some notes
on the swimming of fish to be correlated with den-
sity, sinking factor and the load carried. Ann. Mag.
Nat. Hist. 8:241-256.

Lubwig, J. A., AND J. F. REYNOLDs. 1988. Statistical
ecology. John Wiley and Sons, Inc., New York.

MoOTTA, P. J. 1984. Mechanics and functions of jaw
protrusion in teleost fishes: a review. Copeia 1984:
1-18.

. 1988. Functional morphology of the feeding

apparatus of ten species of Pacific butterflyfishes

(Perciformes, Chaetodontidae): an ecomorpholog-

ical approach. Environ. Biol. Fish. 22:39-67.

, AND K. M. KOTRSCHAL. 1992. Correlative, ex-

perimental, and comparative evolutionary ap-

proaches in ecomorphology. Neth. J. Zool. 42:400-

415.

, K. B. CLIFTON, P. HERNANDEZ, AND B. T. EG-

GoLD. 1995a. Ecomorphological correlates in ten

species of subtropical seagrass fishes: diet and mi-

crohabitat utilization. Environ. Biol. Fish. 44:37-60 _,

, S. F. NORTON, AND J. L. LuczkovicH. 1995b.
Perspectives on the ecomorphology of bony fishes.
Ibid. 44:11-20.

Mo, P. B, AND F. R. SENANAYAKE. 1984. Resource
partitioning among the fishes of rainforest streams
in Sri Lanka. J. Zool. Lond. 202:195-223.

MULLER, M., AND J. W. M. Osse. 1984. Hydrodynam-
ics of suction feeding in fish. Trans. Zool. Soc.
Lond. 37:51-135.

NORBERG, U. 1994. Wing design, flight performance,
and habitat use in bats, p. 205-239. In: Ecological
morphology: integrative organismal biology. P. C.
Wainwright and S. M. Reilly (eds.). Univ. of Chica-
go Press, Chicago.

NORTON, S. F. 1991. Capture success and diet of cot-

-

965

tid fishes: the role of predator morphology and at-
tack kinematics. Ecology 72:1807-1819.

— =4~ 1995. A functional approach to ecomor-
phological patterns of feeding in cottid fishes. En-
viron. Biol. Fish. 44:61-78.

, AND E. L. BRAINERD. 1993. Convergence in
the feeding mechanics of ecomorphologically sim-
iliar species in the Centrarchidae and Cichlidae. J.
Exp. Biol. 176:11-29.

PIMENTEL, R. A. 1979. Morphometrics. Kendall/Hunt
Publishing Co., Dubuque, IA.

PowrLL, P. L., R. R. Roy, P. KANIM, M. A. BELLO, AND
V. R. EDGERTON. 1984. Predictability of skeletal
muscle tension from architectural determinations
in guinea pig hindlimbs. J. Appl. Physiol. 57:1715-
1721.

REILLY, S. M., AND P. C. WAINWRIGHT. 1994. Conclu-
sion: ecological morphology and the power of in-
tegration, p. 339-354. In: Ecological morphology:
integrative organismal biology. P. C. Wainwright
and S. M. Reilly (eds.). Univ. of Chicago Press, Chi-
cago.

RickLEFs, R. E., aND D. B. MiLEs. 1994. Ecological
and evolutionary inferences from morphology: an
ecological perspective, p. 13-41. In: Ecological mor-
phology: integrative organismal biology. P. C. Wain-
wright and S. M. Reilly (eds.). Univ. of Chicago
Press, Chicago.

SIBBING, F. A., J. W. M. OssE, AND A. TERLOUW. 1986.
Food handling in the carp (Cyprinus carpio): its
movement patterns, mechanisms and limitations. J.
Zool. Lond. 210:161-203.

STiassNNY, M. L. J., AND J. S. JENSEN. 1987. Labroid
intrarelationships revisited: morphological com-
plexity, key innovations, and the study of compar-
ative diversity. Bull. Mus. Comp. Zool. 151:269-319.

=+ STRAUSS, R. E. 1985. Evolutionary allometry and vari-

ation in body form in the South American catfish
genus Corydora (Callichthyidae). Syst. Zool. 34:381-
396.

STREELMAN, ]J. T., AND S. A. KarL. 1997. Reconstruct-
ing labroid evolution with single-copy nuclear DNA.
Proc. R. Soc. Lond. B Biol. Sci. 264:1011-1020.

SUYEHIRO, Y. 1942. A study on the digestive system
and feeding habits of fish. Jpn. J. Zool. 10:1-301.

TER BRAAK, C. . F. 1986. Canonical Correspondence
analysis: a new eigenvector technique for multivar-
iate direct gradient analysis. Ecology 67:1167-1179.

. 1987. The analysis of vegetation-environment

relationships by canonical correspondence analysis.

Vegetatio 69:69-97.

. 1988. CANOCO—a FORTRAN program for
canonical community ordination by correspon-
dence analysis, principal components analysis and
redundancy analysis. Vers. 3.12. Agricultural Math-
ematics Group, Wageningen, The Netherlands.

TURINGAN, R. G. 1994. Ecomorphological relation-
ships among Caribbean tetraodontiform fishes. J.
Zool. Lond. 233:493-521.

WAINWRIGHT, P. C. 1987. Biomechanical limits to eco-
logical performance: mollusc-crushing by the Ca-
ribbean hogfish Lachnolaimus maximus. Ibid. 213:
283-297.

. 1988. Morphology and ecology: functional




966 COPEIA, 1998, NO. 4

basis of feeding constraints in Caribbean labrid fish-

es. Ecology 69:635-645.

, AND S. M. REILLY. 1994. Introduction, p. 1-
9. In: Ecological morphology: integrative organis-
mal biology. P. C. Wainwright and S. M. Reilly
(eds.). Univ. of Chicago Press, Chicago.

WESTNEAT, M. W. 1994. Transmission of force and
velocity in the feeding mechanisms of labrid fishes
(Teleostei, Perciformes). Zoomorphology 114:103—
118.

. 1995. Phylogenetic systematics and biome-
chanics in ecomorphology. Environ. Biol. Fish. 44:
263-283.

, AND P. C. WAINWRIGHT. 1989. Feeding mech-
anism of Epibulus insidiator (Labridae; Teleostei):
evolution of a novel functional system. J. Morph.
202:129-150.

=+ WIENS, J. A, AND J. T. ROTENBERRY. 1980. Patterns of
morphology and ecology in grassland and shrub-
steppe bird populations. Ecol. Monogr. 50:287-308.

WIMBERGER, P.H. 1991. Plasticity of jaw and skull mor-
phology in the neotropical cichlids Geophagus bras-
iliensis and G. steindachnert. Evolution 45:1545-1563.

WITTE, F. 1984. Consistency and functional signifi-
cance of morphological differences between wild-
caught and domestic Haplochromis squamipinnis (Pi-
sces, Cichlidae). Neth. J. Zool. 34:596-612.

, C. D. N. BAREL, AND R. J. C. HOOGERHOUD.
1990. Phenotypic plasticity of anatomical structures
and its ecomorphological significance. Ibid. 40:278—
298.

YAMAOKA, K. 1978. Pharyngeal jaw structure in labrid
fish. Pub. Seto Mar. Biol. Sta. 24:409-426.

BIOLOGY DEPARTMENT, UNIVERSITY OF SOUTH
FLORIDA, TAMPA, FLORIDA 33620. PRESENT AD-
DRESS: (KBC) DEPARTMENT OF PHYSIOLOGICAL
SCIENCES, COLLEGE OF VETERINARY MEDICINE,
Box 100144 HSC, UNIVERSITY OF FLORIDA,
GAINESVILLE, FLORIDA 32610-0144. E-mail:
(KBC) cliftonk@mail.vetmed.ufl.edu. Send
reprint requests to KBC. Submitted: 17 Sept.
1997. Accepted: 6 March 1998. Section editor:
J- D. McEachran.



	Article Contents
	p. [953]
	p. 954
	p. 955
	p. 956
	p. 957
	p. 958
	p. 959
	p. 960
	p. 961
	p. 962
	p. 963
	p. 964
	p. 965
	p. 966

	Issue Table of Contents
	Copeia, Vol. 1998, No. 4 (Dec. 30, 1998), pp. 827-1170
	Volume Information [pp.  1129 - 1170]
	Front Matter
	Morphometrics of Trophic Osteology in the Threespine Stickleback, Gasterosteus aculeatus [pp.  827 - 838]
	Geographic Variation, Species Recognition, and Molecular Evolution of Cytochrome Oxidase I in the Tropidurus spinulosus Complex (Iguania: Tropiduridae) [pp.  839 - 851]
	Evolutionary Relationships of Pupfishes in the Cyprinodon eximius Complex (Atherinomorpha: Cyprinodontiformes) [pp.  852 - 865]
	Reproductive Cycles of the Grass Lizard, Takydromus hsuehshanensis, with Comments on Reproductive Patterns of Lizards from the Central High Elevation Area of Taiwan [pp.  866 - 873]
	Ouachita Madtom (Noturus lachneri) Metapopulation Dynamics in Intermittent Ouachita Mountain Streams [pp.  874 - 882]
	Molecular Approaches to Phylogeny of Abronia (Anguidae: Gerrhonotinae), with Emphasis on Relationships in Subgenus Auriculabronia [pp.  883 - 892]
	Daily Migrations of a Coral Reef Fish in the Red Sea (Gulf of Aqaba, Israel): Initiation and Orientation [pp.  893 - 905]
	Evidence of Retinal Light Damage in Rana cascadae: A Declining Amphibian Species [pp.  906 - 914]
	Population and Survival Estimates of Catostomus latipinnis in Northern Grand Canyon, with Distribution and Abundance of Hybrids with Xyrauchen texanus [pp.  915 - 925]
	Density Dependence in a Larval Salamander: The Effects of Interference and Food Limitation [pp.  926 - 935]
	Developmental Changes in Visual Sensitivity of Red Drum, Sciaenops ocellatus [pp.  936 - 943]
	Ecology of the Chinese Stripe-Necked Turtle, Ocadia sinensis (Testudines: Emydidae), in the Keelung River, Northern Taiwan [pp.  944 - 952]
	Feeding Morphology, Diet, and Ecomorphological Relationships among Five Caribbean Labrids (Teleostei, Labridae) [pp.  953 - 966]
	New Salamander of the Genus Plethodon from Mississippi [pp.  967 - 970]
	Vertebral Column Morphology, C-Start Curvature, and the Evolution of Mechanical Defenses in Tetraodontiform Fishes [pp.  971 - 984]
	Second Species of Psyllophryne (Anura: Brachycephalidae) [pp.  985 - 987]
	Habitat Preferences of the Rainbow Darter, Etheostoma caeruleum, with Regard to Microhabitat Velocity Shelters [pp.  988 - 997]
	Rhamdia macuspanensis: A New Species of Troglobitic Pimelodid Catfish (Siluriformes; Pimelodidae) from a Cave in Tabasco, Mexico [pp.  998 - 1004]
	New Species of Pogonophryne (Pisces, Artedidraconidae) from the Ross Sea, Antarctica [pp.  1005 - 1009]
	Shorter Contributions
	Reproductive Ecology and Growth of a Captive Population of Little Colorado Spinedace (Lepidomeda vittata: Cyprinidae) [pp.  1010 - 1015]
	Metabolic Cost of Development in One of the World's Smallest Lizard Eggs: Implications for Physiological Advantages of the Amniote Egg [pp.  1016 - 1020]
	Morphology of the Hatching Glands in Betta splendens (Teleostei: Perciformes) [pp.  1021 - 1026]
	Acquired Recognition of Chemical Stimuli from an Unfamiliar Predator: Associative Learning by Adult Newts, Notophthalmus viridescens [pp.  1027 - 1031]
	Laterophysic Connection: A Unique Link between the Swimbladder and the Lateral Line System in Chaetodon (Perciformes: Chaetodontidae) [pp.  1032 - 1036]
	Mitochondrial DNA Divergence Suggests That Podarcis hispanica atrata (Squamata: Lacertidae) from the Columbretes Islands Merits Specific Distinction [pp.  1037 - 1040]
	Homology of the Anterior Vertebrae, Ribs, and Dorsal Fin Pterygiophores and Rays in Congrogadine Fishes (Perciformes: Pseudochromidae) [pp.  1041 - 1045]
	Systematic Status of the San Marcos Salamander, Eurycea nana (Caudata: Plethodontidae) [pp.  1046 - 1049]
	Pharyngeal Tooth Remains of the Genus Cyprinus, Including an Extinct Species, from the Akanoi Bay Ruins [pp.  1050 - 1053]
	Standard Evaporative Water Loss and Metabolism of Juvenile Varanus mertensi (Squamata: Varanidae) [pp.  1054 - 1059]
	Pressure as a Limit to Bloater (Coregonus hoyi) Vertical Migration [pp.  1060 - 1063]
	Origin of Green Turtles, Chelonia mydas, at "Sleeping Rocks" off the Northeast Coast of Nicaragua [pp.  1064 - 1069]
	Potential Fecundity of Landlocked Sea Lamprey Larvae, Petromyzon marinus, with Typical and Atypical Gonads [pp.  1070 - 1075]
	Female Reciprocal Calling in a Costa Rican Leaf-Litter Frog, Eleutherodactylus podiciferus [pp.  1076 - 1080]
	Lack of Evidence for the Validity of Rhinichthys bowersi (Cyprinidae) [pp.  1081 - 1085]
	High Pivotal Temperature in the Sex Determination of the Olive Ridley Sea Turtle, Lepidochelys olivacea, from Playa Nancite, Costa Rica [pp.  1086 - 1088]
	Head and Body Size Relationships in Polymorphic Tiger Salamander Larvae from Colorado [pp.  1089 - 1093]
	Efficacy of Using Scute Annuli to Determine Growth Histories and Age of Gopherus polyphemus in Southern Alabama [pp.  1094 - 1100]
	Spermatozoon Ultrastructure in the Internally Self-Fertilizing Hermaphroditic Teleost, Rivulus marmoratus (Cyprinodontiformes, Rivulidae) [pp.  1101 - 1106]

	Comments
	Comments on Basal Teleosts and Teleostean Phylogeny, by Gloria Arratia [pp.  1107 - 1109]
	Basal Teleosts and Teleostean Phylogeny: Response to C. Patterson [pp.  1109 - 1113]

	Book Reviews
	untitled [pp.  1114 - 1116]
	untitled [pp.  1116 - 1117]
	untitled [pp.  1117 - 1118]
	untitled [pp.  1118 - 1119]
	untitled [pp.  1120 - 1121]

	Obituaries
	Pere Alberch, 1954-1998 [pp.  1122 - 1124]

	Editorial Notes and News [p.  1125]
	Back Matter [pp.  1126 - 1128]



