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Abstract Animals in social aggregations often spend
more time foraging than solitary conspecifics. This may be
a product of the relative safety afforded by aggregations:
group members can devote more time to foraging and less
time to antipredator behaviors than solitary animals (the
“risk reduction” effect). All else being equal, risk reduction
should result in higher food intake for grouped animals.
However, intragroup competition may force group mem-
bers to spend more time foraging in order to obtain the
same food ration as solitary individuals (the “resource com-
petition” effect). We compared these opposing explanations
of foraging time allocation in a coral reef fish, bluehead
wrasse (Thalassoma bifasciatum). Aggregations of juvenile
bluehead wrasse experience safety-in-numbers, and prelim-
inary observations suggested that juveniles in aggregations
spent more time foraging for copepods in the water column
than solitary juveniles. However, the risk reduction and
resource competition hypotheses are indistinguishable on
the basis of behavioral observations alone. Therefore, we
collected behavioral, dietary, and growth data (using otolith
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growth rings) for bluehead wrasse at multiple reefs around
a Caribbean island. Despite spending more time foraging in
the water column, grouped fish did not capture more prey
items and had slower growth rates than solitary fish. Thus,
the increased foraging time of grouped fish appears to refl-
ect resource competition, not risk reduction. This competi-
tion may limit the size and frequency of aggregations
among juvenile bluehead wrasse, which have been shown
to experience reduced mortality rates in larger groups.
Bluehead wrasse recruits also spent less time foraging but
grew faster at sites where planktonic copepod prey were
more abundant. This suggests the possibility that large-
scale spatiotemporal variability in the abundance of plank-
tonic copepods over coral reefs may produce corresponding
variability in the dynamics of reef fish populations.

Keywords Foraging behavior - Group-size effect -
Growth rate - Resource competition - Risk reduction

Introduction

In many animal species, individuals that aggregate into
groups can experience a range of advantages over solitary
conspecifics, including reduced mortality risk, improved
reproductive success and more efficient foraging (Magurran
1990; Courchamp et al. 1999; Gascoigne and Lipcius 2004).
In birds and fish, the foraging benefits of group membership
have generally been documented with behavioral observa-
tions showing increases in foraging activity and decreases in
per capita vigilance or other antipredator behaviors with
increased group size (reviewed by Bednekoff and Lima
1998). This phenomenon is sometimes referred to as the
group-size effect, and is thought to reflect the greater safety
of larger groups due to some combination of simple risk
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dilution and collective threat detection (Beauchamp 2003).
For clarity we refer to this as the “risk reduction” effect.
However, the increased foraging time resulting from risk
reduction can be indistinguishable from increases in forag-
ing activity by individuals scrambling to obtain a minimum
food ration in the face of competition from fellow group
members (Bednekoff 2003), as has been observed in some
fishes (Grand and Dill 1999; Johnsson 2003). We refer to
this alternative phenomenon as “resource competition.” For
animals enjoying risk reduction, net per capita energy intake
could increase with group size as a result of increased time
spent foraging, foraging effort (number of feeding attempts
per unit time), or foraging efficiency (number of successful
prey captures per attempt). Animals experiencing resource
competition in large groups, however, may not increase their
energetic intake despite foraging at a higher rate (Clark and
Mangel 1986). Consequently, distinguishing between these
opposing effects is important in understanding the conse-
quences of group membership and predicting their impact
on population dynamics (Lima 1998; Parrish and Edelstein-
Keshet 1999). This problem could be resolved by simulta-
neously measuring the effects of group membership on for-
aging activity, food consumption, and growth rate. This
approach has not been taken previously, but we used it to
examine the energetic effects of group membership in a gre-
garious coral reef fish.

Aggregation is a common strategy among coral reef
fishes (Connell and Gillanders 1997), but reef fish ecologists
have historically focused on the numeric consequences of
group membership (i.e., mortality; reviewed by Hixon and
Webster 2002) despite the striking changes in foraging
behavior that often accompany increases in group size
(Booth 2004; Morgan and Kramer 2004). For example,
aggregating surgeonfish (Acanthuridae) and parrotfish
(Scaridae) forage more efficiently in larger groups (Wolf
1987, Clifton 1991), as do many schooling freshwater fishes
(Cyprinidae and Poeciliidae; Pitcher et al. 1982). By con-
trast, in several damselfish (Pomacentridae) species, growth
rates decrease with group size (Jones 1987; Forrester 1990;
Booth 1995; but see Booth 2004). For site-attached plankti-
vores like these damselfish, near-bottom depletion of zoo-
plankton prey (Motro et al. 2005) may force fish in groups to
forage higher in the water column, where they may be more
exposed to predation (Eckert 1987; Sackley and Kaufman
1996) and are further from their benthic refuges (Holbrook
and Schmitt 2002). As a result, fish in high-density aggrega-
tions may forage less effectively or simply choose to spend
less time foraging, and they may also experience interfer-
ence competition while foraging (Buckel and Stoner 2004),
especially if there is a dominance hierarchy in the aggrega-
tion (Clark and Mangel 1986). Whether positive or negative,
the effects of group membership on growth rates are not
strictly nonlethal: fast-growing fish may become invulnerable
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to gape-limited predators more quickly and have higher sur-
vivorship (Sogard 1997). Because fecundity increases non-
linearly with body size in fish (Weatherley 1972), changes
in growth associated with group membership could also
have important consequences for both individual fitness and
population dynamics.

Coral reef fishes are well suited for examining the
behavioral and energetic effects of group membership
because their otoliths—accretionary calcium carbonate
structures in the inner ear—provide a daily record of indi-
vidual growth rate. Otolith growth rate analysis should
reveal whether increases in foraging effort with group size
lead to increased energetic intake (indicative of a risk
reduction effect) or to constant or declining energetic intake
(indicative of resource competition among groupmates).

We examined the effects of group size on foraging activ-
ity, diet, and growth rate in juvenile bluehead wrasse (Thal-
assoma bifasciatum). Unlike the damselfish mentioned
above, bluehead wrasses are habitat generalists. Juveniles
occur both singly and in groups, but they are found in
groups more frequently than expected by chance, possibly
because larger groups experience reduced mortality (White
and Warner 2007). Like the damselfish, though, bluehead
wrasses are microcarnivores. Preliminary observations indi-
cated that newly settled juveniles feed primarily on plank-
tonic copepods and occasionally on benthic copepods, and
members of groups spend a greater fraction of their time
feeding in the water column and less time sheltering from
predators in crevices than solitary fish. Planktonic copepods
can be more energy-rich than those in the benthos (Hartney
1989; Clarke 1999), so juvenile bluehead wrasse may face a
choice between a risky, high-profit food source and a safer,
less profitable one. The safety of group membership could
reduce the risk associated with foraging in the water col-
umn, allowing grouped fish to spend more time feeding
there. Therefore, we hypothesized that, like minnows and
guppies (Magurran and Pitcher 1983), grouped bluehead
wrasse enjoy risk reduction. We tested this hypothesis by
quantifying the time budget, diet, and otolith-derived growth
rate of solitary and grouped fish. We also explored whether
among-reef variability in food availability or predator abun-
dance altered the effect of group size on behavior, diet, and
growth rate by conducting observations during three settle-
ment pulses at five sites where abundance of predatory fish
and copepod prey were quantified.

Materials and methods

Study species and sites

The bluehead wrasse, Thalassoma bifasciatum, is a small
planktivore common on reefs throughout the Caribbean.
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Like most reef fishes, the species has pelagic larvae that set-
tle to the reef in monthly pulses centered on the new moon
(Caselle and Warner 1996). After settlement, bluechead
wrasses spend several days buried in the substrate while
completing metamorphosis (Victor 1986). After emerging
from the substrate, juveniles remain highly site-attached for
approximately 7 days, sheltering in crevices in the reef
pavement and coral rubble. After 1 week, fish become more
mobile, often joining large, loose schools of adults; all
observations and collections were made on fish <7 days old
(“settlers™).

Settlers are small (<15 mm total length) and occur singly
and in groups of from two to 20 individuals. We defined a
group as fish that shared shelter spaces in the reef substrate,
occupied the same cylinder of water above the reef, and
exhibited concerted behavior (i.e., group members either all
fed or all sheltered in the reef at the same time). A prelimi-
nary tagging study indicated that bluehead wrasse settlers
rarely leave or move between groups (J. W. White, unpub-
lished data). Both grouped and solitary fish are highly site-
attached and occupy an area of the reef roughly 15 cm in
diameter.

We conducted this study at three sites (Butler Bay,
Northstar, and Cane Bay) on the leeward northwestern
shore and two sites (Wood Cottage and Jacks Bay) on the
windward southeastern shore of St Croix, US Virgin
Islands [17.75°N, 64.75°W; see White and Warner (2007)
for map of site locations]. At each site, the study area was
located at 5-10 m depth in areas primarily composed of flat
coral pavement with sparse patches of living and dead coral
heads; see Caselle and Warner (1996) for details.

Estimation of foraging time budgets of solitary and grouped
individuals

We observed the behavior of haphazardly selected blue-
head wrasse settlers for 10-min intervals at each site during
three settlement pulses in July—September 2005. Fish were
observed by a diver resting on the reef pavement approxi-
mately 1 m distant; this was the smallest distance at which
observations could be made without visibly altering settler
behavior. After the diver was positioned on the bottom, fish
were allowed approximately 1 min to acclimate and resume
normal activity; fish were then observed for 10 min. For
fish in groups, the diver noted the group size and observed
the behavior of one haphazardly selected focal individual.
In most cases, two solitary fish and two grouped fish were
observed per day at a site.

We recorded the amount of time fish spent in the water
column versus near the reef substrate or in crevices. We
considered fish to be in the water column if they were more
than four body lengths (~6 cm) above the reef substrate (the
same distance criterion is often used to define the proximity

of a fish to a shoal; Magurran and Pitcher 1987); individuals
commonly ranged up to 30 cm above the reef. While in the
water column, fish should have greater access to planktonic
prey but are also further from shelter. When not in the water
column, fish had access to benthic prey (and could be seen
foraging by the diver) and were closer to shelter. Aggressive
interactions between the focal fish and conspecifics were
also noted. We recorded time budget data in 5-s increments,
then analyzed time budgets in terms of the proportion of
time spent in the water column; proportions were arcsine-
square root transformed to improve normality.

Estimation of diets of solitary and grouped individuals

After each behavioral observation, the focal fish was col-
lected with an aquarium dipnet, held in an individual plastic
bag and returned to the surface (<45 min) where fish were
euthanized with an overdose of clove oil and fixed in 10%
formalin (Clarke 1999). To augment sample size, we col-
lected additional solitary and grouped settlers at each site
during each settlement pulse. Individual fish and entire
groups were haphazardly selected, then collected and pre-
served in the manner described above. All collections were
made between 0900 and 1600 hours, avoiding the near-
dawn and near-dusk periods of reduced prey capture
observed in other zooplanktivores (Clarke 1999).

For dietary analysis, we dissected the entire gut of each
individual and classified food items to the lowest taxo-
nomic level possible (usually order). Most items were cope-
pod exoskeletons, which were commonly disarticulated
into cephalothorax and multiple abdomen fragments. We
counted only cephalothoraces as individual prey items and
estimated their length as <200 um, 200-500 pm, or
>500 pm; more precise length estimates were not possible
given the degraded state of many items. Count data were
square-root transformed to improve normality and homo-
scedasticity.

Copepod taxa differ somewhat in body shape, so length
may not be the most informative measure of dietary value. It
was not possible to obtain precise estimates of copepod
mass from these samples, but we calculated approximate
masses for copepods of each size class using published
length-weight (L-W) relationships for tropical copepods
(cyclopoids, In W=1.98 x In L—11.38; harpacticoids, In
W=1.03 x In L—6.38; Chisholm and Roff 1990; Satapoo-
min 1999). For the purposes of these calculations, we esti-
mated the arithmetic mean length of copepods in each of the
size class to be 100, 350, and 600 um. This method is some-
what crude but should produce conservative estimates of
prey mass, since copepods at the upper extreme of each size
class will have masses much greater than predicted by the
mean length in that size class. Mass data were square-root
transformed to improve normality and homoscedasticity.
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Estimation of growth of solitary and grouped individuals

We estimated growth using otolith analysis. We removed
both sagittal otoliths from fish captured for dietary analysis,
allowed them to clear in type B immersion oil for 30 days,
then examined one sagitta from each fish using transmission
light microscopy at 200x. We captured digital images of
each sagitta with Image Pro Plus 4.5 (MediaCybernetics,
Bethesda, Md.). Using these images, we counted the number
of daily post-settlement growth rings manually and estimated
the distance along the postrostral radius between the final vis-
ible ring and the mark corresponding to settlement; we
divided this distance by postsettlement age to obtain a growth
rate. We examined multiple focal planes for each otolith to
ensure all rings were counted. Fish <1 day post-settlement or
for which both otoliths were difficult to read accurately were
excluded from analysis. Bluehead wrasse produce daily oto-
lith rings as well as a settlement mark indicating the transi-
tion from planktonic larva to demersal settler, and
supplemental feeding increases the width of daily rings in
wild fish (Victor 1982). To confirm that otolith growth is
positively correlated with somatic growth, we performed the
residual analysis suggested by Thorrold and Hare (2002).

Estimation of distribution and abundance of predators

During June—September 2004 and 2005, we censused pred-
ator population densities at each site bimonthly. We per-
formed visual censuses of all predatory fish within 30 x 6-
m belt transects centered on three permanent 30-m transects
at each site. The most common piscivores on St Croix and
those we have observed feeding on small bluehead wrasse
are small serranids (Cephalopholis fulva, Cephalopholis
cruentata, Epinephelus guttatus, and Serranus tigrinus),
snappers (Lutjanus sp. and Ocyurus chrysurus) and the jack
Caranx ruber (White and Warner 2007), so our censuses
and analyses focused on these species. To lessen the influ-
ence of occasional observations of large schools of jacks
and snappers, we treated the total predators observed in
each census as an independent observation and used
median abundances in our analyses.

Estimation of spatial and temporal patterns
of food availability

We obtained time-integrated samples of near-reef plank-
tonic prey items during each settlement pulse using fixed
tube trap collectors containing a bottom layer of 100 ml
formalin (Yund et al. 1991). At each site, three tube traps
on rigid frames were placed approximately 20 m apart on
small sand patches within the study area. The tube mouth
was 1 m above the reef surface. We deployed tubes for
5 days during the settlement pulse; at the end of this period,
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tubes were capped in situ and brought to the surface. We
allowed the contents to settle into the formalin layer for
fixation for 24 h, after which all contents that did not pass
through a 150-pm mesh were preserved in 75% ethanol.

To confirm that the tube trap samples of near-reef plank-
ton were comparable to samples obtained using more tradi-
tional methods, we performed two tows with a 150-um-
mesh plankton net (0.5 m diameter x 1.5 m long) at each
site during the August and September pulses. Each tow was
a timed, 3-min round-trip swim 0.5 m over a 50-m transect
tape placed along the line formed by the tube traps. After
each tow, the contents of the cod-end were filtered through
150-pm mesh; all material that did not pass through the
mesh was preserved in 10% formalin.

We sampled the benthic meiofauna at each site by col-
lecting three small (5 x 5-cm) fragments of coral pavement
and coral rubble at each site prior to both the August and
September lunar settlement pulses. Rocks were sealed in
plastic bags on the bottom; at the surface, 100 ml of 10%
formalin was added to each bag. After 48 h all organisms
and sediment were removed from the rocks with a wire
brush. The resulting slurry of sediment and liquid was gen-
tly agitated to allow the heaviest particles to settle out, then
the supernatant was filtered through 150-pm mesh and items
remaining on the filter were preserved in 75% ethanol. Sub-
sequent examination of the settled material confirmed that
<5% of organisms were discarded with this material.

For analysis of planktonic and benthic samples, we agi-
tated a 25-ml vial containing the sample, removed a 1-ml
subsample by pipette and counted the subsample in a Sedg-
wick-Rafter counting cell under 50x magnification. For
extremely high-density plankton samples, we diluted the 1-
ml subsample to 10% with tapwater before counting. We
identified all organisms to the lowest taxonomic level pos-
sible and placed copepods in the same size categories used
for gut content analysis. We used the mean of two subsam-
ples as the count for each sample; the mean of these sample
counts for each site—month combination was used in all sub-
sequent analyses. We reported plankton samples as number
of items per sample (tow or tube); benthic samples were
standardized by the surface area of each rock and reported
as number of items per square meter. All rocks were
approximately spherical, conical, or rectangular prismatic
in shape, and all had similar surface rugosity, so we esti-
mated surface area using the geometrical formula for the
three-dimensional solid each rock most closely resembled.

Data analysis

We hypothesized a positive effect of group size on time
spent in the water column (i.e., foraging), food intake, and
growth rate, and tested for these effects using linear regres-
sions. We also anticipated that these three response variables
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would not vary independently: food intake is likely to
depend strongly on the amount of time spent foraging,
which may in turn be affected by the abundance of food and
predators. Growth rate is not likely to be affected by the
amount of time a fish spent foraging immediately prior to
capture, but may be related to time-integrated measures of
food and predator abundance. To test for the additional
effects of planktonic and benthic food abundance and pred-
ator density, we added terms for these covariates and their
interaction with group size to the regression models for
food intake and growth rate (for food intake we also
included a term for time spent foraging; the specific data
used for each covariate term are explained in “Results”).
Unfortunately, median predator density, planktonic cope-
pod abundance and benthic copepod abundance were all
collinear in pairwise comparisons (sites with high predator
densities tended to have high densities of planktonic cope-
pods and low densities of benthic copepods; Fig. 1). Multi-
ple regressions with collinear regressors can give spurious
results, so we only compared the independent effects of
each of those covariates. We performed multiple regres-
sions with group size and each of the collinear covariates
separately and selected the regression with the highest 7> as
the best explanatory model. Because we only compared
models with equal numbers of parameters, this is a valid
method for model comparison (Montgomery et al. 2001).
All analyses were performed in JMP 5.1.1 (SAS Institute,
Cary, N.C.). We inspected normal quartile plots of residu-
als and residual versus predicted plots to confirm that data
(or transformed data, in some cases) met the distributional
assumptions of regression (Montgomery et al. 2001).

Our sampling scheme for predators, plankton, and benthos
produced estimates of abundance for each site—month combi-
nation, and all multiple regressions involving these factors
were performed at this spatiotemporal scale. That is, for
behavioral, dietary, and growth data, we treated the mean
value for each group size for each site—-month combination as
a single observation. Some group sizes were not sampled at
all sites in all months, and in some cases only a single indi-
vidual from a particular group size was sampled, but a range
of group sizes were sampled for each site—-month combina-
tion. For analyses involving behavioral observations in which
environmental factors were not used as covariates, individual
fish were considered to be independent observations.

Results

Spatial and temporal patterns of food availability
and predator abundance

Plankton tow and tube-trap samples were composed pri-
marily of cyclopoid copepods, while benthic samples were
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mostly harpacticoid copepods, although both types of cope-
pods appeared in both types of sample (Fig. 2a, b). Since
these two taxa comprised almost the entire diet of bluehead
wrasse, the densities of planktonic cyclopoids and benthic
harpacticoids were used as proxies for planktonic and
benthic food abundance, respectively, in all subsequent
analyses.

The mean abundance of cyclopoid copepods in plankton
tows was highly correlated with the mean abundance of
cyclopoid copepods in the tube-traps in each site and month
(r=0.92, n=9, P =0.0005; Fig. S1). Plankton tows were
only made in a subset of months, so we used the tube-trap
data in all analyses.

There was considerable spatial and temporal variation in
the abundance of predators, planktonic cyclopoid cope-
pods, and benthic harpacticoid copepods (Fig. 1). Predator
and planktonic cyclopoid abundances were positively cor-
related (r=0.58, n =13, P =0.037), but neither of these
variables was significantly correlated with the abundance of
benthic harpacticoid copepods (n =9, r=—-0.35, —0.15,
respectively; P > 0.14 for both comparisons) although sta-
tistical power was low for the Ilatter comparisons
(power = 0.34, 0.12, respectively). Despite this spatiotem-
poral variability, the differences between the planktonic and
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benthic prey communities remained relatively consistent.
Cyclopoid copepods made up <42% of benthic copepods in
all sites and months (median = 20%, n = 10), while they
made up >47% of planktonic copepods in all sites and
months (median = 95%, n = 13).

It should be noted that the estimation procedure for
benthic copepods was obtained at the scale of small rocks
that were similar in rugosity across sites. However, when
measured at a larger spatial scale (1 m), rugosity was
higher at Jacks Bay and Wood Cottage than at the other
sites (White 2007). Consequently, those sites might have
greater total reef surface areas, slightly amplifying the
trend for higher benthic copepod abundances there
(Fig. 1c).
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Diets of solitary and grouped individuals

A total of 391 fish were used for dietary and growth (oto-
lith) analysis: 156 solitary and 235 in groups ranging in size
from three to ten individuals. Fish diets were composed
almost exclusively of cyclopoid and harpacticoid copepods
(Fig. 2¢), and only 17 fish had empty guts (seven solitary,
ten grouped). There was no significant effect of group size
on the relative proportions of gut items, (P>0.9,
power = 0.05), so we pooled data from all group sizes for
ease of presentation. There was also no significant effect of
group size on the mean number of gut items in fish diets
(n=67, P=0.29, power = 0.18; Fig. 3a), nor on the esti-
mated total mass of copepods in fish diets (n = 67; P = 0.41,
power = 0.13, Fig. 3c). The power of these tests was low,
but in all three cases the (nonsignificant) least-squares esti-
mate of the regression slope was either negative (for the
effect of group size on number of items and total mass) or
very near zero (slope = 0.0001 for the effect of group size
on proportion of cyclopoid copepods). As such it is
unlikely that we failed to detect a positive effect of group
size on diet composition.

We observed a similar range of lengths of cyclopoid and
harpacticoid copepods in fish diets, but these taxa differ in
body form: harpacticoids are roughly cylindrical, while
cyclopoids are more spheroid, with greater mass per unit
length. Consequently, cyclopoid copepods represented
approximately 5 times more mass than harpacticoid cope-
pods in bluehead wrasse diets (4.15 and 0.85 pg, respec-
tively; Fig. 2d).

Foraging time budgets of solitary and grouped individuals

We observed 152 fish: 78 solitary (group size = 1) and 74 in
groups ranging in size from three to ten individuals. On
average, fish spent 47.2 4+ 2.7% (mean + SE) of the obser-
vation period swimming and foraging in the water column
and 26.4 £ 3.2% of the observation period foraging on the
benthos; fish spent the remainder of their time sheltering in
crevices or engaging in brief chases with conspecifics.

Eighteen grouped fish were involved in at least one
aggressive chase with another group member (either as the
aggressor or the victim). By contrast, only seven solitary
fish participated in chases, usually with neighboring blue-
head wrasse settlers (both solitary and grouped). This repre-
sents a significantly lower incidence of aggressive behavior
(?=6.51,df=1,P=0.01).

Although fish regularly appeared to strike at prey while in
the water column and “foraging” over the benthos, we were
unable to count or evaluate the success of individual bites,
and we cannot report foraging rates or foraging success for
either habitat. Instead, we examined the effect of time spent
in the water column and time spent feeding on the benthos
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on the number of prey items in an individual’s gut. For the
entire dataset of 152 fish, there was no effect of the fraction
of time spent in either activity on the total number of items
consumed. The absence of a relationship between foraging
time and gut fullness could reflect competition within
groups: fish in larger groups might spend more time forag-
ing in order to obtain a constant food ration. For solitary
fish, however, there should be a positive relationship
between time spent foraging and the number of prey items
captured. When we excluded grouped fish from the analysis,
we found a significant, positive effect of proportion of time
in the water column on the total number of items (linear
regression on square-root-transformed data: = 0.07,
F 76=5.28, P =0.024; Fig. 3b) and estimated total copepod
mass (linear regression on square-root-transformed data:
=011, Fi76=9.24, P=0.003; Fig.3d). This effect
appeared to represent the combination of significant positive
effects of the proportion of time in the water column on the
number of cyclopoid copepods in the 200- to 500-pm size
class (* = 0.13, F76=11.57, P =0.001) and the number of
harpacticoid copepods in the <200 (r* = 0.05, F 176 =442,
P=0.039) and 200- to 500-um (+*=0.11, Fi 76 =9.08,
P =0.004) size classes; there were no significant relation-
ships with other diet items. We tested for the additional
effects of cyclopoid, harpacticoid, or predator abundance on
total number of gut items in multiple regressions but found
none. There was no relationship between the proportion of

time spent feeding on the benthos on the number of gut
items, even when excluding grouped fish from the analysis.
As such, time spent in the water column appears to be the
best proxy available for time spent foraging.

Given this result, we then examined factors explaining
variance in the proportion of time fish spent in the water
column. For this analysis, data were grouped by site,
month, and group size as described in the methods, giving a
sample size of 53. The best-fit regression model had terms
for group size and planktonic cyclopoid density (Table 1,
Fig. 4a, b); the interaction term was not significant. In this
model, the proportion of time spent in the water column
increased with group size and decreased with increasing
planktonic cyclopoid density.

Growth of solitary and grouped individuals

Of the 391 fish captured, otoliths from 120 solitary fish and
160 grouped fish were suitable for analysis. Fish ranged in
age from 1 to 6 days post-settlement; there was no effect of
group size on post-settlement age. A positive relationship
between residual somatic lengths and residual otolith lengths
indicated that otolith growth rate is a reliable predictor of
somatic growth (Fig. S2). There was no significant relation-
ship between group size and either otolith size-at-settlement
or metamorphic band width, two common indicators of pre-
settlement condition (Searcy and Sponaugle 2001).

The mean otolith growth rate for all fish was
6.44 4 0.21 pm days~'. To examine factors affecting varia-
tion around this value using multiple regression, the data
were grouped by site, month, and group size to yield a sam-
ple size of 56. No combination of group size and planktonic
cyclopoid, benthic harpacticoid, or predator abundance
yielded a significant relationship with growth rate, although
there were positive, nonsignificant effects of both benthic
harpacticoid and planktonic cyclopoid abundance on
growth. These two variables were negatively correlated
with each other, but bluehead wrasse growth rates might be
positively related to the combined abundance of planktonic
and benthic prey. Unfortunately, a simple linear combination

Table 1 Results of multiple regression on proportion of time blue-
head wrasse recruits spent in water column (arcsine-square root trans-
formed) as a function of group size and cyclopoid copepod density
(from tube traps)?

Term Coefficient SE t P

Intercept 0.699 0.067 10.43 <0.001
Group size 0.059 0.012 5.01 <0.001
Cyclopoids —0.003 0.001 2.67 0.010

? Nonsignificant interaction terms (P > 0.1) were removed from the
model. This was the best-fit model, with r*=0.40, F,50=16.81,
P <0.001
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Fig. 4 Effect of group size and prey availability on bluehead wrasse a,
b foraging behavior and ¢, d growth. a, b Partial regression plots for
mean proportion of time in the water column (a proxy for time spent
foraging; grand mean = 0.60) as a function of a group size and b plank-
tonic cyclopoid abundance. Regression analysis was performed on arc-
sine-square-root-transformed proportions; untransformed residual
values are shown here. ¢, d Partial regression plots for mean post-set-
tlement otolith growth rates of bluehead wrasse (grand
mean = 6.44 pm days™") as a function of ¢ group size and d combined
prey abundance. Combined prey abundance is the linear combination
of standardized (by Z-transformation) planktonic cyclopoid and ben-
thic harpacticoid densities (see text for details). Each panel shows the
effect of one regressor on the response variable independent of the
effect of the second regressor; this is achieved by obtaining the residu-
als of the relationship between the second regressor and the response
variable. Each data point is the mean for each group size in each site—
month. Error bars are & 1 SE; points without error bars were samples
with a single observation

of two-dimensional (per square meter, benthic) and three-
dimensional (per cubic meter, planktonic) prey density was
not possible. Instead, to approximate the effect of combined
prey abundance, we Z-transformed both benthic harpacti-
coid and planktonic cyclopoid abundances and then took
the mean of each pair of standardized values. This value,
combined prey abundance, had a significant positive effect
on mean growth rate in the best fit model, while group size
had a significant negative effect (Table 2, Fig. 4c, d). The
latter relationship was driven primarily by low growth rates
at the highest group sizes (Fig. 4c).

Discussion

Foraging is an inherently risky endeavor, and animals use a
variety of behavioral tactics to adjust the balance of risks to

@ Springer

Table 2 Results of multiple regression on otolith growth rates of blue-
head wrasse recruits as a function of group size and combined prey
abundance®

Term Coefficient SE t P

Intercept 7.069 0.368 19.20 <0.001
Group size —0.165 0.078 2.11 0.045
Combined prey 0.339 0.165 2.05 0.040

* Combined prey abundance is the linear combination of standardized
(by Z-transformation) planktonic cyclopoid and benthic harpacticoid
densities (see text for details). Nonsignificant interaction terms
(P > 0.1) were removed from the model. This is the best model, with
r?=0.13, F, 53 =3.84, P=0.0278

rewards in order to maximize fitness (Stephens and Krebs
1986). Aggregation with other foragers is a common risk-
reduction strategy, allowing more time to be spent foraging
without incurring a higher probability of being eaten. How-
ever, it is difficult to assess the prevalence of this tactic,
since animals also commonly aggregate in response to non-
random distributions of resources, in which case resource
competition may force animals to spend more time foraging
(Bednekoff 2003). Foraging time increases in both scenar-
ios, but only risk reduction yields an increase in energetic
intake. In practice, both processes may operate simulta-
neously (Clark and Mangel 1986), but the costs and benefits
of group membership will depend on whether risk reduc-
tion or resource competition predominates. One approach
to distinguishing between these alternatives is indirect:
examine the relationship between group size and foraging
activity under different levels of predation risk. Many ani-
mals minimize risky foraging behavior when predators are
more abundant (Lima and Dill 1990; Brown et al. 1999). If
group membership reduces predation risk, grouped individ-
uals should reduce foraging activity less than solitary indi-
viduals in the face of increased predator densities, but if
resource competition is occurring, group size will have no
effect on the response to predators. Several authors have
applied this indirect test (Grand and Dill 1999; Johnsson
2003), but they have been criticized on statistical grounds
(Bednekoff 2003) and for inferring energetic effects from
behavioral observations alone (Barbosa 2003). We avoided
these difficulties by taking a more direct approach: in addi-
tion to observing foraging behavior, we quantified the effect
of group size on diets and growth rates. This revealed that
bluehead wrasse recruits do not enjoy an energetic benefit
from group membership: grouped individuals spent a
greater fraction of their time foraging in the water column
but captured no more prey, and fish in large groups grew
more slowly than those in smaller groups. These results
suggest that grouped bluehead wrasse increase risky forag-
ing behavior in response to resource competition from their
groupmates.
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Bluehead wrasse diets included both benthic and plank-
tonic prey items, so the fraction of time spent in the water
column may not have been strictly equivalent to total forag-
ing effort. However, foragers appeared to strike at zoo-
plankters continuously while in the water column (J. W.
White, personal observation), and the majority of their diet
was cyclopoid copepods, which were found at a much
greater frequency in the plankton than in the benthos, so we
believe that time in the water column was a reasonable
proxy for foraging effort. Moreover, among solitary fish
that were not competing for prey, individuals that were
observed spending more time in the water column had ful-
ler guts and had consumed significantly more of some sizes
of cyclopoid and harpacticoid copepods. Though statisti-
cally significant, these relationships were weak, likely
because we observed fish for only 10 min, during which
time they would have caught only a fraction of the items we
found in their guts.

Leaving shelter to swim in the water column tends to be
a risky endeavor on coral reefs (Sackley and Kaufman
1996; Connell and Gillanders 1997; Holbrook and Schmitt
2002), and foraging bluehead wrasse quickly retreat to cre-
vices in the benthos when startled by predators (J. W.
White, personal observation). Bluehead wrasse may be
willing to brave the water column to obtain cyclopoid cope-
pods for their nutritional advantages: cyclopoids have thin-
ner exoskeletons and greater interior volume than
harpacticoids of the same length (Chisholm and Roff 1990;
Satapoomin 1999), so they may be more digestible and
contain more energy per individual (Clarke 1999; see
Fig. 2d). We are not aware of any direct evaluations of the
energetic content of nearshore copepods, but planktivores
with high energetic demands tend to prefer planktonic
copepods to benthic harpacticoids (Hartney 1989; Clarke
1999).

Despite spending more time foraging in the water col-
umn, the guts of grouped fish did not contain more items
than those of solitary fish. This pattern could represent
exploitative competition among groupmates: on coral reefs,
near-bottom copepod densities can be severely depressed
by fish predation (Motro et al. 2005). The higher incidence
of aggressive chases in groups than among solitary blue-
head wrasse suggests that grouped fish might also experi-
ence interference competition, as do some other shoaling
fishes (Buckel and Stoner 2004).

Competition for food is a potential explanation for the
slower growth rate documented for fish in larger groups.
While they captured the same number of prey as solitary
fish, grouped fish spent more time swimming in the water
column, so they may have had a higher rate of energy con-
sumption than solitary fish, leaving them a lower net
amount of energy available for growth. The observed
reduction in growth rate was small but striking given that

the difference arose after only a few days on the reef. After
bluehead wrasse abandon the site-attached settler lifestyle
for more mobile adult foraging behavior, fish that had been
in groups as settlers may experience higher mortality rates
than those that were solitary as settlers and grew faster.
Size-selective mortality is pervasive among fish (Sogard
1997) and under-fed coral reef fish can exhibit impaired
antipredator behavior and higher mortality rates (Mesa
et al. 1994; Booth and Beretta 2004). However, bluehead
wrasse settlers may opt for group membership initially in
order to avoid mortality in their first days on the reef (White
and Warner 2007). Group membership may be an effective
strategy for avoiding heavy post-settlement mortality, but
the associated energetic costs may ultimately limit the num-
ber of fish in groups.

Several other studies have documented food competition
among social groups of coral reef fish, all of them damsel-
fish (Jones 1987; Forrester 1990; Booth 1995). These
results and those of the present study stand in contrast to the
conventional wisdom that shoaling fish enjoy foraging ben-
efits that solitary fish do not (Pitcher and Parrish 1993). The
difference may lie in the mobility of the group: surgeonfish,
parrotfish, and minnows are mobile foragers, and additional
group members can improve their ability to locate patches
of food or overcome competitors to a degree that compen-
sates for the increased competition for resources in a given
patch; these species aggregate largely for foraging purposes
alone. Damselfish and bluehead wrasse recruits, however,
are highly site attached and must compete for passing zoo-
plankton that are easy to locate but limited in number; these
species aggregate not for foraging reasons but to avoid pre-
dation (White and Warner 2007) or to compete for specific
microhabitats (Booth 1992).

Data from this study matched one major prediction of
foraging theory (Stephens and Krebs 1986; Werner and
Anholt 1993): fish spent less time foraging when plank-
tonic cyclopoid prey were more abundant. In contrast, we
did not find an effect of predator abundance on foraging
behavior, despite widespread evidence from other systems
that increases in predation risk also reduce foraging activ-
ity (Lima and Dill 1990; Brown et al. 1999). Detecting this
effect is not always straightforward because behavioral
decisions can reflect the combined effects of predation risk
and prey availability (Holbrook and Schmitt 1988). Unfor-
tunately we were unable to examine the simultaneous
effects of predator and copepod abundance in our multiple
regression framework because these factors were strongly
collinear. Although no best-fit model contained a term for
predator abundance, this does not rule out the possibility
of a predator effect. Predation risk may influence bluehead
wrasse behavior, but prey abundance simply explained a
greater fraction of the variance in all cases considered
here.
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For the subset of fish with both behavioral and dietary
data, there was no effect of cyclopoid abundance on diet
once the effect of time spent in the water column had been
accounted for. Ultimately, our ability to elucidate patterns
in the behavioral and dietary data (which might reflect
hourly or daily variation in copepod densities) was limited
by the resolution of our sampling scheme, which integrated
estimates of cyclopoid abundance over multiple days. How-
ever, our estimates of post-settlement growth were also
integrated over several days, and the positive effect of
planktonic cyclopoid abundance on growth rate is much
easier to interpret. When prey were at higher densities,
bluehead wrasse grew faster, presumably because they
were able to forage with greater efficiency. There were
striking spatial differences in copepod abundance around St
Croix (Fig. 1), so the growth of bluehead wrasse and other
planktivores may be consistently higher at the reefs with
higher prey density (see also Caselle et al. 2003).

These results suggest that increased foraging time in
groups of bluehead wrasse is a response to intragroup
resource competition and does not result in higher food
intake. In fact, there appears to be an energetic cost associ-
ated with group membership in bluehead wrasse and per-
haps other site-attached foragers. Our results also indicate
that large-scale spatial and temporal variation in zooplank-
ton prey availability can shape the behavior and growth
rates of reef fish. Given the strong influence body size has
on both survival and fecundity in reef fishes, spatial varia-
tion in growth and behavior may prove to play a strong role
in the dynamics of reef fish metapopulations.
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