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ABSTRACT: The transport of larval coral reef fishes to juvenile habitat inherently requires that they
survive the planktonic journey; however, the processes governing survival—particularly those
related to feeding— are not well known. Monthly sampling across the Straits of Florida allowed for
analyses of the diets and diet variability of several co-occurring taxa of coral reef fish larvae from the
families Serranidae, Lutjanidae, Mullidae, Pomacentridae, Labridae, Scaridae and Acanthuridae.
The proportions of larvae with food present in the gut were high (0.94 to 1.0) for all taxa except
scarids (0.04), and diets were generally narrow and predator-specific. Serranus spp. (Serranidae)
diets changed little with growth and were composed almost entirely of calanoid copepods, while the
labrids Thalassoma bifasciatum and Xyrichtys spp. consumed harpacticoid and cyclopoid (Farranula
and Oncaea) copepods almost exclusively throughout ontogeny. Lutjanine and acanthurid larvae
relied increasingly upon appendicularians with growth, and mullids exhibited an ontogenetic shift
from nauplii to calanoid copepodites and appendicularians. Cluster analysis examining diet similar-
ity among taxa yielded clear groupings: small acanthurids, labrids, appendicularian-feeders, and a
fourth group consisting of subgroups of larvae with calanoid and mixed diets. Within larval taxa,
canonical correspondence analysis indicated how diet varied with several environmental and larva-
specific variables. The trophic niche breadth of 4 taxa decreased significantly with growth, while
other taxa exhibited no significant change. These results highlight distinct differences between high-
and low-latitude regions, most notably the taxon-specific trophic roles and the apparent niche parti-
tioning of larval fishes within the diverse planktonic food webs of lower latitudes.
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INTRODUCTION

The early life history of most marine fishes is charac-
terized by a planktonic larval stage that is highly vul-
nerable to both starvation and predation. Despite the
potential influence of these 2 processes on total sur-
vival to later stages (Houde 1987), our understanding
of them is limited; this is especially so for the larvae of
coral reef fishes. As predation mortality is inextricably
linked to growth (Cushing 1975) and, consequently, to
feeding (Buckley & Lough 1987), a necessary step to-
ward understanding survival in the early life stages of
fishes is identifying the specific trophic roles of fish lar-
vae in the complex planktonic food webs of the ocean.
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The tropical/subtropical ocean is generally viewed
as oligotrophic and unproductive, with fluctuations in
productivity that are low in magnitude and temporally
unpredictable (e.g. Longhurst & Pauly 1987). These
conditions, which could represent a nutritionally con-
straining environment for planktotrophic larvae, differ
from those of higher latitudes, where one of a few pos-
sible mechanisms influencing larval survival is the
matching of the spawning periods of many fish species
with distinct secondary productivity blooms (Cushing
1990). Additionally, the low-latitude open ocean, rela-
tive to higher latitudes, is habitat for a higher diversity
of both larval fishes (Richards 2005) and their potential
zooplankton prey (van der Spoel & Pierrot-Bults 1979,
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Hillebrand 2004). High larval fish diversity in an
unproductive yet diverse prey environment raises the
evolutionary possibility of species-specific feeding
niches, and while building evidence supports this
hypothesis (Sampey et al. 2007, Llopiz & Cowen 2008),
very little is known about the larval trophic ecologies
of most coral reef fish larvae, especially over broad
temporal, spatial and ontogenetic scales.

Though undocumented, it has been hypothesized
that fish larvae that develop offshore may experience
lower predation pressure relative to larvae in
nearshore waters (e.g. Johannes 1978, Bakun & Broad
2003). However, as a result, offshore larvae could suf-
fer from low food availability or unsuccessful transport
to suitable juvenile habitat (Hare & Cowen 1991).
While modeling studies in lower latitudes have pro-
vided insight into the transport success of larvae
between spawning and settlement locations (Cowen et
al. 2006), little is known regarding the possible nutri-
tional tradeoff for offshore or oceanic larval develop-
ment. Since the connectivity of marine populations is
inherently tied to larval survival en route (which has
been, in large part, a black box for modelers), the need
for empirical work investigating the biological pro-
cesses occurring during the planktonic larval phase is
becoming increasingly apparent (Sponaugle & Grorud-
Colvert 2006, Paris et al. 2007). Feeding studies are
particularly important, since relating general zoo-
plankton indices to larval fish survival is tenuous with-
out knowledge of the specific diets of the larvae that
are being modeled.

Empirical larval fish research in the tropics notably
lags behind the extensive body of work in higher lati-
tudes, presumably due to historical interest in under-
standing and maintaining the important fisheries in tem-
perate regions. However, as the coral reef ecosystems of
the world are increasingly threatened by anthropogenic
pressures such as overfishing, habitat degradation and
climatic effects (Hughes et al. 2003, Pandolfi et al. 2003),
the steady increase in our understanding of the ecolog-
ical processes governing coral reefs and their fish popu-
lations is critical to conservation efforts.

This study reports on the diets and diet variability of
several taxa of coral reef fish larvae that occur in the
tropical and subtropical oceanic waters of the western
North Atlantic Ocean. In addition to taking a compara-
tive approach, our goal was to maximize temporal, spa-
tial and ontogenetic resolution of feeding variability by
examining relatively large numbers of larvae collected
throughout the year in the Straits of Florida (SOF). In
this region, the oceanic waters of the Caribbean Sea
and Gulf of Mexico become constricted between
Florida and the Bahamas, allowing for the sampling of
disparate water masses along a narrow 80 km transect.
Due to the many physical and biological variables

inherent in our data, we also incorporated multivariate
analyses to better understand the trophic ecologies of
coral reef fish larvae and the factors that may influence
their feeding variability. Overall, we addressed the fol-
lowing questions: (1) Are larval coral reef fishes gener-
ally successful feeders? (2) Do they exhibit taxon-spe-
cific diets, and if so, to what degree do diets differ
among taxa? (3) Are there ontogenetic diet shifts in the
types or sizes of consumed prey? (4) What variables of
the environment and of the larvae themselves may
influence prey type? (5) Do the larval taxa examined
conform to the general assumptions regarding trophic
niche breadth?

MATERIALS AND METHODS

Study area and field sampling. The SOF encompass
the waters between Florida and both Cuba and the
Bahamas. The region is dominated by the rapid
northerly flow of the Florida Current (nearer the
Florida Shelf), which links the oceanic waters of the
Gulf of Mexico and Caribbean Sea to the Gulf Stream
of the western North Atlantic Ocean. In 2004, ichthy-
oplankton were sampled monthly along an east—west
transect of 17 stations across the SOF (Fig. 1) between
the Florida Shelf and Great Bahama Bank (Llopiz &
Cowen 2008). For subsurface sampling, we utilized a
multiple opening closing net and environmental sens-
ing system (MOCNESS; Wiebe et al. 1985) with a 4 m?
opening and 1 mm mesh nets. Discrete-depth
sampling occurred at nominal intervals of 25 m from
a depth of 100 m (~5 min interval™! and a speed of
~1.5m s7!) at all but the shallower westernmost station
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Fig. 1. Straits of Florida region and the transect of 17 stations
(a) sampled monthly in 2004 for ichthyoplankton



Llopiz & Cowen: Trophodynamics of larval coral reef fishes 261

where sampling was from 50 m. A fluorometer at-
tached to the MOCNESS continuously measured fluo-
rescence. A rectangular neuston net (2 X 1 m, 1 mm
mesh) sampled the surface waters to a depth of ca.
0.5 m. All sampling occurred during daylight hours.
Plankton were preserved in 95% ethanol and later
transferred to 70 % ethanol.

Laboratory procedures. Fish larvae were sorted from
plankton samples and initially identified to varying de-
grees of taxonomic resolution following Richards (2005).
Ten taxa of coral reef fish larvae (generally those that are
abundant as larvae or adults, or are of economic impor-
tance) were subsampled for gut content inspection (total
n = 1266). Taxa included the families Lutjanidae (snap-
pers), Pomacentridae (damselfishes), Acanthuridae (sur-
geonfishes) and Mullidae (goatfishes); the serranid sub-
families Serraninae (seabasses) and Epinephelinae
(groupers); the labrids (wrasses) Halichoeres spp.,
Xyrichtys spp. and Thalassoma bifasciatum; and the
scarids (parrotfishes) Sparisoma spp. For most taxa, sub-
samples were taken from even-numbered stations of
cruises taken in even-numbered months, and consisted
of nomore than 10 ind. from each of 3 regions of the SOF
(west: Stns 1 to 5; central: Stns 6 to 11; east: Stns 12 to 17;
for distributions of inspected larvae, see Fig. Al in
Appendix 1, www.int-res.com/articles/suppl/m381p259_
app.pdf). If >10 ind. were collected within each region,
larvae were selected proportionally to both horizontal
and vertical total abundances, and, within each sample,
to their size distributions. Exceptions were T. bifascia-
tum, which followed the same scheme described above
but with a maximum of 20 ind. in each region- cruise
combination, and epinepheline groupers, of which all in-
dividuals collected throughout the year and transect
were inspected (due to low abundances). All taxa co-oc-
curred in the SOF throughout the year, and most taxa co-
occurred throughout the upper 100 m with the exception
of the predominantly neustonic mullids (Fig. Al). Al-
though we do not report on larval abundances, the use of
1 mm mesh nets may have resulted in the exclusion of
the earliest stages (e.g. first-feeding) of some taxa.

Prior to inspection, most serranine and pomacentrid
larvae were further identified to the genus level, and
lutjanid larvae to subfamily. Larval body length (BL;
notochord/standard length before/after flexion of the
urostyle) and lower jaw length (LJL; mandible) were
measured with the ocular micrometer of a stereomicro-
scope (Leica MZ15). Larvae were dissected with a
microscalpel and minutien pins, and the contents of
the entire alimentary canal were teased out and iden-
tified. Due to the increase in gut capacity with larval
growth, gut fullness was estimated for each larva and
assigned a value of 0 (empty), 1 (<half-full), 2 (>half-
full) or 3 (full). Beginning at the anterior portion of the
alimentary canal (where prey are least digested), up to

a maximum of 5 prey per larva were measured for
length (prosome length for copepod copepodite stages
except those of harpacticoids; carapace length for
other relevant crustaceans; and the longest dimension
in all other prey, including harpacticoid copepods but
excluding the caudal rami). Appendicularians were
not measured due to their soft bodies. Appendicularian
enumeration became more difficult with the degree of
digestion (posteriorly in the intestine), but was esti-
mated by the distinctiveness of the trunk, tail and
house regions of the organism and the repeatedly
observed anterior to posterior gradient of digestion
state. Reference to copepod orders follows Boxshall &
Halsey (2004). If identified, only copepod genera are
referenced, and no distinction was made between
juvenile and adult copepodite stages.

Data analysis. The feeding incidence of a taxon of
fish larvae was calculated as the proportion of individ-
uals with food present in the gut. The overall diet of
each taxon of larval fish was described using an index
of relative importance (IRI) for each prey type
observed, calculated as the product of the numerical
percentage of a prey type and its frequency of occur-
rence (percentage of larvae) in feeding larvae (Govoni
et al. 1983, Young & Davis 1990). Values were con-
verted to a percentage of the sum of IRI values (%IRI).
Although IRI values may be biased by prey size vari-
ability and length-frequency distributions of inspected
larvae (Llopiz & Cowen 2008), their use here for sev-
eral taxa allows for easier interpretation and compari-
son among taxa and with other studies. Values of
numerical percentages and frequencies of occurrence
of prey types are reported in Table A1l in Appendix 1
(www.int-res.com/articles/suppl/m381p259_app.pdf).

Indirect gradient analysis was used to examine diet
similarity among larval fish taxa (Field et al. 1982). Both
hierarchical clustering and non-metric multidimen-
sional scaling (NMDS) were performed on a Bray-Cur-
tis dissimilarity matrix (SYSTAT Software) constructed
from the average arcsine-transformed numerical per-
centages of prey types for each taxon of larval fish.
Taxa that exhibited distinct ontogenetic diet shifts or
seasonal differences were further subdivided a posteri-
oriinto 2 size classes or 2 periods of the year. Prey cate-
gories used in the analyses were those constituting
25% of the prey items of at least one of the larval fish
classes, and excluded unidentifiable prey. This yielded
12 prey categories (variables) and 18 larval fish class-
es (samples). Hierarchical clustering used the un-
weighted arithmetic average method (Legendre & Le-
gendre 1998) and main groupings were chosen at the
55% similarity level with subgroups of the largest
group at the 65% level. NMDS ordination was in 2 di-
mensions and used the Kruskal method with a monoto-
nic regression. Cluster groupings were projected on the
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NMDS ordination for visualizing the consistency be-
tween the methods; both methods were employed as
generally recommended (e.g. Field et al. 1982) since
they are not equivalent but complement each other.

To investigate diet variability within taxa and how it
was related to variables of the environment and indi-
vidual larvae, the direct gradient analysis technique of
canonical correspondence analysis (CCA; ter Braak
1986) was employed. CCA is an ordination method that
directly relates species or community composition to
environmental or other explanatory variables. Here,
within a taxon of larval fish, the prey type composition
was related to the explanatory variables of larval BL,
gut fullness, longitude (°W), collection depth, photope-
riod (proxy for time of year) and fluorescence (proxy for
chlorophyll concentration; uncalibrated voltages).
Samples consisted of the prey consumed by larvae
within the same cruise—station—-depth-BL (1 mm inter-
val) combinations containing at least 4 prey items. Col-
lection depth and fluorescence were calculated as the
means of the respective net sampled by the MOCNESS,
and when multiple larvae were grouped, the mean gut
fullness was used. Prey values were the arcsine-
transformed numerical proportions within a sample. A
forward stepwise selection method (ter Braak & Ver-
donschot 1995) determined which explanatory vari-
ables significantly contributed to explaining the vari-
ability in prey types (Monte Carlo permutation tests,
999 permutations, o = 0.05). Ordination diagrams al-
lowed for interpretation of how the explanatory vari-
ables (arrows) were related to prey type consumption.
Along the gradient for each explanatory variable (in-
cluding in the opposite direction of the arrow), each
prey type location, which represents its weighted
mean, can be related to the distance along the gradient
(with the origin being the mean for the explanatory
variable). This allows the relative locations of all prey to
be compared with each other, but for each prey type, it
also illustrates how much above or below the average
explanatory variable the prey type tended to be con-
sumed. Additionally, arrow length relates to the impor-
tance of the variable, and the angle between any 2 ar-
rows represents their correlation. CCA was performed
with the computer program CANOCO (ter Braak &
Simlauer 2002) incorporating biplot scaling with a focus
on interspecies distances. The 5 larval taxa analyzed
were those with sufficiently large sample sizes or diet
variability, and prey classes included were those consti-
tuting 21 % of the total diet within each taxon.

Taxonomic differences in the allometry of jaw devel-
opment (linear in all taxa) were tested using ANCOVA
(generalized linear model, SYSTAT). Pairwise dif-
ferences in slope were tested using a Bonferroni
correction and, if nonsignificant, further tested for dif-
ferences in intercept. To better standardize morpholog-

ical differences between larval fish taxa in both jaw de-
velopment and body shape, LIL (instead of BL) was re-
lated to prey size to examine the change and variability
of prey size with larval growth. For each taxon, the
lengths of consumed prey were grouped in LJL inter-
vals of 0.1 mm (0.05 for acanthurids). Intervals con-
tained 210 prey, and no more than 2 LJL intervals were
combined to reach a minimum of 10 prey. Trophic niche
breadth for each interval was calculated as the SD of
the log-transformed prey lengths (Pearre 1986). It is
generally hypothesized that the range of prey sizes in-
creases with mean prey size (and larval growth), but
the trophic niche breadth, which standardizes for the
increase in mean prey size, should remain relatively
constant throughout growth (Pearre 1986). However,
evidence for an increase in trophic niche breadth has
been shown in some taxa (Pepin & Penney 1997).

RESULTS
Feeding incidence, diets and ontogenetic variability

For nearly all taxa of coral reef fish larvae examined,
the proportions of larvae with food present in the gut
were high, ranging from 0.94 to 1.0 (Table 1). The only
exception to this was Sparisoma spp., of which only 4 %
contained prey. The size ranges of larvae were broad
and included some of the earliest stages; however, they
may have excluded the first-feeding stage.

Diets of larvae were often narrow with clear distinc-
tions evident among taxa (Table 2). Serranus spp.
larvae consumed calanoid copepodite stages almost

Table 1. Larval coral reef fish taxa collected across the Straits

of Florida and inspected for diet analyses. All taxa co-

occurred throughout the year and across the sampled transect

(see Fig. Al). Feeding incidence: proportion of larvae with

prey present in the gut (all collected during daylight);
n: no. larvae examined (total = 1266); BL: body length

BL (mm) Feeding

Taxon n Range Mean incidence
Serranidae

Epinephelinae 61 2.8-12.8 5.7 0.98

Serraninae 140 29-104 5.1 0.97
Lutjanidae 107 29-94 438 0.98
Mullidae 153 2.7-228 7.6 1.00
Pomacentridae 95 24-88 3.9 1.00
Labridae

Halichoeres spp. 71 3.3-9.8 59 1.00

Thalassoma 201 2.6-11.1 53 0.99

bifasciatum

Xyrichtys spp. 139 3.4-135 6.8 0.94
Scaridae 156 2.8-10.9 7.0 0.04

Sparisoma spp.
Acanthuridae 143 2.1-89 3.8 0.99
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exclusively while the confamilial Centropristis spp.
consumed a mixture of ostracods and calanoid and
cyclopoid copepodites. Winter- and spring-spawned
epinepheline groupers consumed mostly calanoids, yet
those occurring in the summer and fall added Farran-
ula copepods to their diet. (Subsampling of these lar-
vae for genetic species identification indicated these
groups of epinephelines are largely composed of dif-
ferent species [D. Richardson et al. unpubl. data]). The
labrids Xyrichtys spp. and Thalassoma bifasciatum
relied heavily upon Farranula, Oncaea and harpacti-
coid (mostly Microsetella) copepods while consuming
almost no calanoids or nauplii. Appendicularians,
absent from many diets entirely, had high %IRI values
in lutjanine snappers (58.3) and acanthurids (18.1),
and they were consumed at lower levels by eteline
snappers, mullids and Halichoeres spp. labrids. Acan-
thurid diets were also composed largely of Limacina
pteropods and excluded copepodite stages of cope-
pods. Pomacentrids consumed a mixture of copepodite
copepods but few nauplii. Differences between poma-
centrid genera included the greater importance of
calanoids in the diet of Chromis spp. than of Stegastes
spp., while the opposite pattern held for the cyclopoid
genera Oncaea and Oithona.

Some larval fish taxa exhibited distinct ontogenetic
changes in diet, while others consistently consumed sim-
ilar prey types throughout development (Fig. 2). Appen-
dicularian-feeding lutjanines and acanthurids fed in-
creasingly on appendicularians with ontogeny to the
gradual exclusion of copepod nauplii and pteropods, re-
spectively. Stegastes spp. consumed fewer cyclopoids
and more calanoids with growth, as did Halichoeres spp.
The other labrids Xyrichtys spp. and Thalassoma bifas-
ciatum continued to consume similar proportions of the
same copepod taxa throughout most of the larval period,
and Serranus spp. exhibited consistent feeding upon
calanoid copepods with ontogeny. The smaller sample
sizes of other taxa (Epinephelinae, Etelinae, Centropris-
tis spp. and Chromis spp.) were deemed insufficient for
illustrating ontogenetic changes in diet.

Diet similarity among taxa

Cluster analysis identified distinct larval fish group-
ings based on the degree of diet similarity (Fig. 3a).
Small acanthurids (Group 1), consuming primarily
copepod nauplii and Limacina pteropods, were
grouped alone at the 55 % similarity level. Lutjanines
and larger acanthurids, which consumed high propor-
tions of appendicularians, were grouped together
(Group 2). The distinct diets of the labrids (except
larger Halichoeres spp.) vielded their own grouping
(Group 3), while the rest of the taxa (and their size and/

or seasonal subdivisions) made up Group 4. Within this
group, there were 4 subgroups, including Serranus
spp. (calanoid diet) and summer/fall-spawned epi-
nephelines (calanoid and Farranula diet) that grouped
separately. The 2 other subgroups exhibited diets that
were more mixed; however, Subgroup 4a comprised
mainly consumers of nauplii, calanoid copepodites and
moderate proportions of appendicularians. The 2-
dimensional NMDS plot (Fig. 3b) corroborated the
results of the cluster analysis and yielded a low stress
value of 0.12.

Prey consumption related to environmental and
predator variables

The CCA for each of the 5 taxa of larval fish exam-
ined revealed several significant environmental and
larval explanatory variables (Fig. 4). Larval BL was a
significant variable for all taxa since diets often
changed with growth. The number of significant
explanatory variables ranged from 5 (Thalassoma
bifasciatum) to 2 (Xyrichtys spp.) out of the 6 that were
tested. For mullid larvae, 20.6% of the variation in
prey types was explained by the CCA, with 90% of
this accounted for by the first 2 canonical axes (CCA-I
& -II). Acanthurid prey variability had 20.5% ex-
plained (95.6 % by CCA-I & -II), T. bifasciatum 17.6 %
(82.4% by CCA-I & -Il), Halichoeres spp. 17.3%
(87.8% by CCA-I & -II) and Xyrichtys spp. 12.4%
(100 % by CCA-I & -II).

Several patterns can be discerned from the ordina-
tion diagrams of each larval taxon (Fig. 4). The change
in diet with larval length was often the most prominent
pattern for each taxon. Even for Thalassoma bifascia-
tum and Halichoeres spp., which had generally consis-
tent diets with growth, some nuances emerged, includ-
ing consuming a few nauplii at smaller sizes and
ostracods, calanoids and Corycaeus copepods at larger
sizes. Most informative was the use of CCA to help dis-
criminate how diet differed with factors other than
growth. Some examples include: mullids consuming
calanoid and Farranula copepods when exhibiting
greater gut fullness and consuming Oithona more in
the winter and to the west, with Corycaeus consumed
more in the summer and toward the east; T. bifascia-
tum consuming Farranula more in the east and during
the summer, while Oncaea was consumed more in the
west and during the winter; Halichoeres spp. feeding
on Farranula when more full and calanoids when less
full; and acanthurids consuming more nauplii when
deeper and more Limacina pteropods closer to winter.
Caution must be applied to some additional interpreta-
tions, due to the correlations of the explanatory vari-
ables, though such correlations may also be informa-
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the Straits of Florida. Unidentifiable prey (see Table 1) were not included

tive. For example, fullness in mullids and T. bifascia-
tum increased with larval length and, for T. bifascia-
tum, closer to summer. For mullids, the lack of correla-
tion between length and longitude suggests that the
increase in gut fullness with longitude (i.e. toward the
west) is real; for T. bifasciatum, the apparent increase

in fullness toward the east is likely a result of inspected
larvae from the east being slightly larger on average.
Depth was a significant explanatory variable for
Xyrichtys spp., which consumed Farranula and cala-
noids at shallower and deeper depths, respectively;
and for acanthurids, which had less clear patterns. It is
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Fig. 3. (a) Cluster analysis and (b) non-metric multidimen-
sional scaling (NMDS) results assessing diet similarity among
larval fish taxa and subdivisions of some taxa based on ob-
served ontogenetic changes in diet (Fig. 2) or seasonal differ-
ences (Epinephelinae; Table 2). Main groups from the cluster
analysis (55 % similarity level and numbered) are circled with
a solid line on the NMDS plot, and subgroups of Group 4
(65 % level and lettered) are circled with a dotted line. Labels
in (b) are the first 3 letters of the taxon. Sm: smaller BL class;
Lg: larger BL class. For Epinephelinae, S: summer/fall class,
W: winter/spring class

worth noting that since diets were often consistent
(temporally, spatially and often with ontogeny), some
distinctions observed in the CCA were for the less
prevalent prey types, while the more abundant prey
often occurred closer to the means of the explanatory
variables (e.g. with T. bifasciatum).

Jaw morphology, prey size and trophic niche
breadth

Many of the LIL-BL relationships for larval fish taxa
(r2=0.78 to 0.96, mean = 0.90) were significantly differ-
ent (Fig. 5), but they also formed 2 general groupings

of taxa with similar slopes (i.e. relative growth rates of
the jaw). As expected, the more slender (shallow-bod-
ied) taxa had relatively small jaws, with the exception
of acanthurids. Despite the similarities within the 2
groups, there appeared to be no patterns in prey types
consumed or the degree of diet similarity between taxa
within each group.

Mean prey sizes increased significantly with LJL
interval for all larval taxa (p < 0.05) except Halichoeres
spp. (Fig. 6). Among taxa, prey sizes were similar
despite the distinct differences in types of prey con-
sumed. For 7 of the 11 taxa, trophic niche breadth
exhibited no significant change with growth (Fig.
6d-i,k). However, 4 taxa had significantly decreasing
trophic niche breadths with increasing LJL (p < 0.05)
(Fig. 6a—c,j).

DISCUSSION

The large-scale sampling of the present study
afforded a thorough investigation on the planktonic
feeding of several co-occurring larvae of coral reef
fishes. Noteworthy was the prevalence of diets that
were both narrow and taxon-specific despite the co-
occurrence of these taxa both temporally and spatially.
While copepods were the dominant prey overall, there
were distinct differences in the stages and taxa of
copepods consumed, not only among larval fish fami-
lies but also among genera of the same families. Within
the family Labridae, Halichoeres spp. larvae had a
more mixed diet, consuming some calanoids and
appendicularians, while Thalassoma bifasciatum and
Xyrichtys spp., exhibiting similar diets, excluded these
prey and instead consistently consumed 3 non-
calanoid copepod taxa. Among the serranids, there
were clear differences among and within subfamilies
(including the temporal-, and likely species differences
within Epinephelinae). Similarly, the pomacentrid
genera exhibited clear differences in their relative con-
sumption of calanoid and cyclopoid copepods. With
regard to the stages of copepods consumed, some lar-
val taxa, including T. bifasciatum, Xyrichtys spp., Ser-
ranus spp. and pomacentrids, had diets that largely
excluded nauplii. In other taxa (e.g. lutjanines and
mullids), nauplii constituted a substantial portion of the
diet throughout larval development.

Contrary to work in higher latitudes (e.g. Economou
1991, Pepin & Penney 1997), there was no overall dom-
inance of calanoids in the diets, as cyclopoids and even
harpacticoids were common copepod prey. In addition
to copepod-dominated diets, high reliance upon
appendicularians was exhibited by some families (e.g.
lutjanids, mullids and acanthurids). This particular
strategy has been observed in other regions for some
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Fig. 5. Relationships of lower jaw length and body length for
11 taxa of larval coral reef fishes. Letters denote taxon and
also correspond to each taxon's panel letter in Fig. 6. Relation-
ships sharing the same superscripted number do not have
significantly different slopes but have significantly different
intercepts (ANCOVA, o = 0.05, Bonferroni-corrected)

taxa (Purcell et al. 2005) and within the SOF by 3 gen-
era of scombrids that consumed appendicularians
almost exclusively (Llopiz 2008). The high diversity
and typical relative abundances of zooplankton prey in
the SOF (Llopiz & Cowen 2008, S. Smith unpubl. data),
in conjunction with the clear distinctions in diet among
larval taxa despite the temporal and spatial co-occur-
rence of the larvae, suggest feeding is highly selective
in many of the groups examined. However, since direct
comparisons to environmental abundances of zoo-
plankton prey were not performed, a formal analysis of
prey selectivity is warranted.

Aside from prey-type differences, the degree to
which ontogenetic diet shifts occurred also differed
among larval taxa. In mullids, lutjanines and acan-
thurids there were clear diet shifts with growth. Mul-
lids switched from nauplii to copepodites and ap-
pendicularians, lutjanines (bypassing a copepodite-
feeding period) shifted from nauplii to appendiculari-
ans, and acanthurids began feeding on pteropods and
nauplii before consuming appendicularians. Such
changes in diet over only a few mm in BL highlight the
importance of developmental state when describing,
classifying or comparing the trophic roles of these
organisms. Not all taxa, however, exhibited ontoge-
netic diet shifts; the diets of Serranus spp., Thalassoma
bifasciatum and Xyrichtys spp. were generally consis-
tent throughout development. This latter behavior has
also been shown in other studies in lower latitudes
(Schmitt 1986, Ustergaard et al. 2005), including those
on billfishes and tunas (Young & Davis 1990, Llopiz
2008, Llopiz & Cowen 2008) in which diets were con-

sistent with growth until a single shift to piscivory.
Even more precocious are the Scomberomorus spp.
mackerels that can be piscivorous from the first-
feeding stage (Jenkins et al. 1984, Shoji & Tanaka
2001). Such rigid and consistent diets throughout lar-
val development may be more common nearer the
tropics since there are few examples of this behavior in
high-latitude larvae (but see Last 1978, Runge & de
Lafontaine 1996). Consuming the same prey types
throughout larval ontogeny may be a strategy that
allows larvae to maintain a single trophic niche among
a high diversity of potential competitors and a limited
number of niches.

The analysis of several larval taxa, some of which did
exhibit changes in diet with growth or season, was
enhanced by the use of cluster analysis and NMDS to
obtain quantitative measurements of diet overlap.
These analyses confirmed some of the more qualitative
conclusions drawn by describing the diets individually,
and allowed for visualization of all patterns of diet sim-
ilarity. A similar use of cluster analysis and NMDS has
been employed for myctophid larvae (Conley & Hop-
kins 2004) and in a study on a high diversity assem-
blage of shore-fish larvae in Australia, which included
some coral reef fish families (Sampey et al. 2007).
Despite the low samples sizes and taxonomic resolu-
tion of the latter study, some consistencies with our
observed taxon-specific diets were evident, which
highlights the possible ubiquity of such feeding behav-
iors in low latitudes. The extensive spatial and tempo-
ral coverage of the present study in the SOF affords
greater confidence that the observed diets and among-
taxa differences in diet are likely representative of
those occurring throughout the region and throughout
the year.

The large-scale sampling of the present study also
inherently results in several potentially confounding
variables (both environmental and larva-specific) that
could mask the patterns occurring in the ecosystem.
The use of CCA helped account for these factors and
aided in the interpretation of how diets changed or did
not change along the gradients of each variable. The
result of seemingly low values for percent variance
explained is generally expected for ecological research
(ter Braak & Verdonschot 1995), but, although no larval
fish diet studies have employed CCA, the percentages
of variance explained by our analyses were relatively
high compared to work on adult fishes (Garrison &
Link 2000, Jaworski & Ragnarsson 2006). Aside from
the ontogenetic changes in diet that the CCAs corrob-
orated, the variability in diet with other factors (e.g.
space and time) is likely due to differences in the rela-
tive abundances of available prey, although this can-
not be confirmed without a thorough analysis of envi-
ronmental prey availability. However, the variability in
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Fig. 6. Relationships of mean prey length (+SD) within lower jaw length (LJL) intervals (@) and trophic niche breadth (measured

as the SD of the log-transformed prey lengths) within LIL intervals (A) for 11 taxa of coral reef fish larvae. Regression analysis of

trophic niche breadth values that yielded slopes significantly differing from zero (p < 0.05) have regression lines. For comparison,
all axis scales are the same except for acanthurids (LJL axis)

diet alone, along with the inherent variability in larval
distributions, illustrates that the structure and energy
pathways of the planktonic food web in the SOF are
not static.

Feeding incidence, though basic in its nature, is a
useful parameter in larval fish studies for describing, at
least qualitatively and for comparative purposes, the
degree of feeding success. High feeding incidences

(near 100 %) were observed for nearly all taxa exam-
ined with the exception of Sparisoma spp. While par-
rotfish larvae could be poor feeders, they often
occurred at high abundances during the late larval
stage, which suggests previously successful feeding.
Some possible explanations for the observed low feed-
ing incidence are prey regurgitation upon capture due
to a straight gut (Hay 1981), defecation upon capture
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(Canino & Bailey 1995) and feeding on items not
observable by gut inspection (Pepin & Dower 2007).

In the literature, feeding incidences are quite vari-
able among taxa at both high and low latitudes.
Inshore of the SOF in Biscayne Bay, the average feed-
ing incidence of several taxa was 46 %, and that of per-
ciform taxa was 51 % (Houde & Lovdal 1984). Such val-
ues are substantially lower than the feeding incidences
observed in the present study for larvae that are pre-
sumably in a much poorer feeding environment. Since
nighttime feeding does not occur and gut evacuation
rates in the SOF are rapid (Llopiz 2008, Llopiz &
Cowen 2008), larvae in this region likely have to with-
stand an empty gut during the majority of every night.
This ability, coupled with the observation of nearly no
empty guts during the daytime, suggests that starva-
tion mortality could be much lower than expected
when considering the presumed nutritional constraints
of the warm and oligotrophic open ocean. Our results
alone, however, do not confirm that starvation is not
occurring, and considering the high temperatures of
tropical and subtropical waters, some food in the gut
may not be enough to meet the greater demands of
growth and metabolism in lower latitudes (Houde
1989). As such, future work with techniques specifi-
cally addressing nutritional status or energy require-
ments would be necessary to support any general
inferences drawn here regarding levels of starvation
mortality.

If the SOF region is less nutritionally constraining for
larval fish than presumed, this result may be unique to
the region and not typical of the tropical ocean.
Although the open waters of the SOF are oceanic, the
region may exhibit higher productivity than other low-
latitude regions due to submesoscale eddies (Lee et al.
1991) and a shoaling thermocline in the west that is
driven by the physics of the system (Olson 2001). How-
ever, our knowledge of total secondary production in
the oligotrophic tropical ocean remains limited despite
the increased understanding of the role of microzoo-
plankton (Landry & Calbet 2004), the microbial food
web (Landry 2002) and primary production variability
and patchiness (Marahon et al. 2003) as energy
sources for the prey of larval fish. Regardless, prey
concentrations in the SOF are indeed much lower than
in higher latitudes (Llopiz & Cowen 2008). Addition-
ally, Thalassoma bifasciatum has been observed to
exhibit differing growth rates across the SOF that were
correlated to gut fullness (Sponaugle et al. in press),
suggesting the occurrence of growth-limiting prey
conditions.

Another key question our results raise concerns the
driving force behind the specific diets and likely selec-
tive feeding of larval fishes, both of which appear to be
more prevalent and pronounced than in higher lati-

tudes. If high larval diversity and low prey availability
are influential factors in these characteristics, this
would imply that competitive exclusion has occurred
and prey would be limiting if trophic niches did not
exist. Yet larvae can be rather dilute in relation to their
prey (Cushing 1983, Dagg & Govoni 1996), which
would make density-dependent feeding success un-
likely. Therefore, if a larva was experiencing prey at
less than optimal abundances, there should be no
advantage to feeding selectively and bypassing suit-
able prey. There is some supporting evidence for
scombrid larvae, however, for the possibility of den-
sity-dependent growth (Jenkins et al. 1991) and the
potential for prey depletion if spatial and trophic
niches do not exist (Llopiz 2008). It is also evident from
almost all studies that larvae are not always feeding
optimally, regardless of prey presence in the gut. This
raises questions regarding the likelihood of prey-type
switching occurring if a larva's preferred prey were
absent but other types were present, and whether
there are intrinsic capacities to detect, strike and cap-
ture only some of the many types of zooplankton prey
in low latitudes.

Among the high diversity of perciform fishes in low
latitudes, there exists a wide variety of larval mor-
phologies. For the taxa in the present study (all perci-
forms), the allometric relationships of LJL and BL pro-
duced 2 general groupings of taxa with differing rates
of jaw development. Using LJL for comparisons of prey
size as a function of growth (e.g. Pepin & Penney 1997),
mean prey sizes increased with LJL (except in Halicho-
eres spp.) as expected from most other larval feeding
studies. However, most relationships were not very
steep relative to the increase in LJL. This pattern, in
part, contributed to the result of trophic niche breadth
significantly decreasing with growth in 4 taxa (and
trending negative in 4 others). Such findings contradict
Pearre's (1986) general conclusion based on a meta-
analysis of 45 datasets that trophic niche breadth
remains constant with growth. Additionally, the
observed decreases in the present study are opposite
to the findings of Pepin & Penney (1997), which largely
rejected the generalization of Pearre (1986) by show-
ing an increase in trophic niche breadth with size for a
majority of species examined. If more prevalent in
lower latitudes, a declining trophic niche breadth with
growth (meaning a narrowing of the niche and a rela-
tive increase in prey size selectivity) is further support
for greater niche separation in these regions. However,
making generalizations of prey consumption based on
prey size, while convenient for modeling or synthesiz-
ing overarching patterns (Woodward et al. 2005),
would largely be inappropriate for larval fishes in the
SOF due to their distinct taxon-specific diets. Although
a narrow and likely preferred size range of prey (e.g.
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Munk 1992) exists for coral reef fish larvae, these taxa
clearly do not consume prey based solely on size.

The comparative approach utilized in the present
study has allowed for the observation of several dis-
tinctions among taxa, but the ability to make compar-
isons to other work is limited due to a lack of focus on
the ecology of coral reef fishes during their planktonic
larval phase. As a whole, the oceanic planktonic eco-
system remains relatively poorly understood, largely
due to its enormity and the many interactions of
diverse organisms that differ in size by several orders
of magnitude. Within these interactions, larval fishes
are often regarded as minor and ephemeral compo-
nents of the ecosystem; if they are not ignored com-
pletely, they are often grouped together as one link in
the food web. However, with year-round or protracted
spawning by a high diversity of fishes, tropical and
subtropical fish larvae are essentially permanent mem-
bers of the oceanic planktonic food web and, as shown
here, perform a variety of taxon- and size-specific
trophic roles within these webs.
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