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Abstract. In 1983/1984, Diadema antillarum suffered
mass mortalities throughout its West Atlantic range. Its
populations were reduced by 95% and subsequently have
failed to recover. These die-offs led to sustained increases
in the abundance of soft algae, including types eaten by
herbivorous reef fishes. I monitored adult populations of
three herbivorous surgeonfishes (Acanthurus coeruleus,
A. chirurugus and A. bahianus) between 1978 and 1990,
and the recruitment of their pelagic juveniles between
1979 and 1989, on six patch reefs in Panama. Adult pop-
ulations of A. coeruleus and A. chirurgus, which largely
restrict their feeding to reef substrata; increased by aver-
ages of 250 and 160%, respectively, after the die-off of
D. antillarum in 1983. No increases occurred in the adult
populations of 4. bahianus, which often feeds in off-reef
habitats unaffected by D. antillarum. Average annual lev-
els of juvenile recruitment of all three surgeonfishes did
not differ before and after the die-off. These results sup-
port the hypothesis that adult populations of two herbiv-
orous fishes that are strongly reliant on reef algae for
food previously were limited by competition with D. an-
tillarum.

Introduction

When intensive studies of the ecology of reef fishes began
some 20 yr ago, populations of reef fishes were thought to
be stable and controlled by intra- and interspecific com-
petition (reviewed by Sale 1980). Data on the dynamics of
reef-fish populations and the results of manipulative field
studies led to this view being largely replaced by one
which holds that populations tend not to be saturated,
and that abundances tend to fluctuate and be controlled
largely by variation in the recruitment of planktonic juve-
niles. More recently, attention has been directed to as-
sessing how interactions, particularly intraspecific inter-
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actions between benthic juveniles and adults, can dampen
or compensate for effects of recruitment variation and
influence or control population size (for reviews see Sale
1980, 1984, and Doherty and Williams 1988, 1989). Very
few studies have experimentally examined whether the
sizes of reef-fish populations may be limited by food sup-
plies (e.g. Forrester 1990).

Prior to 1983, the echinoid Diadema antillarum was
an abundant (densities up to 70 m~?) and conspicuous
member of the macro-invertebrate fauna in shallow habi-
tats on coral reefs throughout the Caribbean (Lessios
1988 a). Begmmng early in 1983 on the coast of Panama,
mass mortalities of this sea urchin occurred at points
throughout its geographic range (Lessios et al. 1984 a, b).
Populations of D. antillarum in the present study area
suffered a mass die-off in April-May of 1983, and, with-
in several weeks, declined by about 95% from an initial
average density of 3.5 m™?2 (Lessios et al. 1984a). Those
populations remained at <10% of the premortality level
at the end of 1990 (Lessios 1988 b and personal communi-
cation).

Small-scale experiments performed prior to the die-off
of Diadema antillarum indicated that this sea urchin
might have substantial effects on the abundance and
community structure of benthic algae on coral reefs, and
that it was involved in food competition with herbivorous
reef fishes (Ogden 1976, Wanders 1977, Williams 1981,
Hay and Taylor 1985). The die-off of D. antillarum en-
abled researchers to examine in detail its previous impact
on communities of benthic algae (Liddell and Ohlhorst
1986, Hughes et al. 1987, Carpenter 1988, Levitan 1988)
and the feeding activity of herbivorous fishes (Carpenter
1988, 1990, Morrison 1988), and to assess whether popu-
lations of herbivorous fishes were numerically limited by
food competition with this sea urchin (Carpenter 1990).
A program of regular monitoring of adult populations
and recruitment of three herbivorous surgeonfishes that
I had begun on coral reefs in Panama several years prior
to the die-off enabled me to test the food-limitation hy-
pothesis by determining whether their populations in-
creased after the die-off.
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Materials and methods
Study area

The study area, off Punta de San Blas (9°34'N; 78°58'W) on the
Caribbean coast of Panama, has been described earlier (Robertson
1988), and is figured in Robertson (1987). Six discrete, isolated
patch reefs (see Robertson 1988) were used in this study. They
ranged from 0.15 to 0.67 ha in area.

Study organisms and their feeding ecology

The three species of Caribbean surgeonfishes, Acanthurus coeruleus,
A. chirurgus, and A. bahianus, feed on benthic algae. Large individ-
uals eat primarily small fleshy turf algae and filamentous algae,
consuming at least 30 different genera, as well as spermatophytes.
A. chirurgus and A. bahianus also ingest substantial quantities of
sediment and detritus. Newly recruited juveniles feed mainly on
small filamentous algae and detritus (Randall 1967, Clavijo 1974).

Juvenile Acanthurus coeruleus recruit onto hard reef substrata
while those of the other two species are found primarily in habitats
that contain only scattered coral and rock cover around the fringes
of reefs, particularly in shallow back-reef areas and seagrass beds
immediately adjacent to reefs. Newly recruited A. coeruleus are
more solitary and sedentary than are recruits of the other two
species, which often move around in small schools of up to a dozen
or so individuals. Adults and large juveniles of all three species are
mobile and frequently form schools when feeding on a reef. Such
feeding schools may include all three species and contain up to
~100 individuals.

Casual observations indicated that, while Acanthurus coeruleus
and A. chirurgus largely restrict their feeding to reef substrata, 4.
bahianus uses a broader range of feeding habitats and often feeds 10
to 15 m away from a reef in surrounding sand areas and seagrass
beds. To confirm these observations, I made counts between 13.00
and 16.30 hrs, when these fishes feed actively, of the total number
of adults of each species on 12 patch-reefs and the number of adults
feeding on sand and seagrass areas surrounding each reef. The
counts were made several years after the sea urchin die-off. I used
these data to compare the proportions of the adult populations of
each species that used off-reef feeding habitats.

Monitoring of adult populations and recruitment

While some studies of the population dynamics of reef fishes consid-
er only total population size, others focus on the abundance of
adults (see Forrester 1990 for review). From the standpoint of the
ecology of a community, it may not matter at what stage each
individual is in its life history, and total abundance may be the
appropriate population parameter to consider. However, maturity
marks the point at which an individual potentially becomes success-
ful in an evolutionary sense. Since change in adult numbers provides
an indication of change in the individual’s chance of success, it is
important to consider the dynamics of adult populations. Settle-
ment of a juvenile fish from the oceanic environment onto a reef is
another important transitional event in the individual’s life history,
since it marks the point at which benthic processes begin to act on
the individual and the individual begins to contribute to the benthic
population. In this study I restricted my attention to adults and
juvenile recruits, i.¢., fish that settied during the month preceding
the census in which they were recorded.

The methods used to census adults and recruits are described in
detail in an earlier study (Robertson 1988). Entire adult populations
on each of the six study reefs were censused once a year, in Septem-
ber or October of 1978 and of 19811990, inclusive. Settlement of
planktonic juveniles of all three species occurs year-round and re-
cruits were censused monthly, just before full moon when there is
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little settlement activity (own unpublished data). Censusing of re-
cruits extended from November 1978 until November 1989, except
during one S mo period in 1980, for which recruitment was estimat-
ed (see Robertson 1988).

Data analyses

Because some adults of all three surgeonfishes probably live for
more than one year (Munro 1983), consecutive censuses of adults do
not provide fully independent data points. To minimize this prob-
lem I used a Wilcoxon paired-sample test (T) that compared the
mean number of adults present on each reef (derived from the
annual censuses) before the die-off with the mean number present
on the same reef after the die-off, with the six reefs providing six
replicates. Since there was an expectation of a population increase
following a release from competition I used a one-tailed test. I also
compared the mean annual levels of recruitment on the study reefs
before and after the die-off using the same test, in this case a
two-tailed test since there was no expectation of any particular
difference.

I compared the relative abundances of adults of the three species
in seagrass and sand habitats using a Kruskal-Wallis ANOVA by
ranks (in abundance), followed by nonparametric multiple com-
parisons of differences between each pair of species.

These analyses followed Sokal and Rohlf (1981) and Zar (1974).

Results

Usage of off-reef feeding habitats by the three
surgeonfishes

On average, about half the population of adult Acanthu-
rus bahianus on each patch-reef was found feeding in sand
and seagrass areas around reefs during the part of the day
when feeding activity is high. In contrast, feeding adults
of A. coeruleus rarely ranged into off-reef habitats, while
only ~15% (on average) of a local population of A.
chirurgus did so (Table 1).

Changes in adult populations after the die-off
of Diadema antillarum

The abundances of adults of all species combined were
not consistently greater after the die-off (1983-1990)
than before (1978—1982) [Fig. 1; Wilcoxon T (n=6),
P=0.1]. However, while population sizes of Acanthurus
bahianus showed no consistent pattern of change after the
die-off [Fig. 2, Wilcoxon T (n=6), P>0.25], there were
consistent increases in the mean population sizes of both
A. coeruleus and A. chirurgus after that event [Fig. 2; two
Wilcoxon T (n=6) tests, both P<0.01].

The mean numbers of Acanthurus coeruleus and A.
chirurgus on all reefs combined increased by 2.5- and
1.6-fold, respectively, after the die-off (Fig. 1 B). Levels
of increase by both species varied considerably among
the six reefs. While the numbers of both had increased
markedly on some reefs within 6 mo of the die-off, on
other reefs the populations did not increase noticeably
until 3.5 yr after that event (Fig. 2). While the peak of
total population size (on all reefs combined) of 4. chirur-
gus had been reached within 6 mo of the die-off, the total
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Fig. 1. Acanthurus coeruleus, A. chirurgus and A. bahianus. Change
in adult populations and recruitment of three surgeonfishes. (A)
Combined adult populations of all three species on each of the six
patch reefs, and on all reefs combined; (B) total adult population of
each species on all reefs combined; (C) total annual recruitment by
each species on all reefs combined. Reefs are those described in an

earlier study (Robertson 1988). Values inside histograms are mean
adult population per annual census (adults were not censused in
1979 and 1980) and mean annual recruitment level. Dashed line
indicates timing of die-off of Diadema antillarum relative to census
dates in 1983

A. coeruleus

A. chirurgus

Table 1. Acanthurus coeruleus, A. chirur-

A. bahianus gus and A. bahianus. Abundances of

Percent of adult population feeding
in sand/seagrass

per reef: median (range)? 0(0-4)

total for all reefs <1 1
Number of fish

per reef: median (range) 20 (2-39)
total for all reefs 252 176

8 (0-50)
4

11 (2-31)

adult surgeonfishes feeding in seagrass
and sand surrounding 12 patch reefs

49 (12-92)
47

# Kruskal-Wallis ANOVA by ranks:
28 (10-84) x*>=18.8, P<0.001; nonparametric mul-
387 tiple comparisons: all three combinations
differ at P<0.01

population of A. coeruleus did not reach near its maxi-
mum level until several years later (Fig. 1B).

Levels of recruitment before and after
the Diadema antillarum die-off

There were no consistent differences in mean numbers of
juveniles recruiting each year before (1979-1982) and
after (1983-1989) the die off in any species (Fig. 2,
Wilcoxon T (n=6), P>0.05 in all three cases). Mean
annual levels of recruitment by each species on all recfs
combined did not differ before and after the die-off
(Fig. 1, three T tests, using square-root-transformed
data, each P>0.05).

Discussion
Effects of Diadema antillarum on algal abundances

Small-scale experiments conducted prior to the die-off of
Diadema antillarum at several Caribbean localities, in-

cluding the present study area, showed that grazing by
that sea urchin reduced the abundance of small, fleshy
turf algae that are eaten by herbivorous fishes, including
surgeonfishes (Wanders 1977, Sammarco 1982, Foster
1985, 1987). At various Caribbean sites, the biomass of
algae increased rapidly and markedly following the die-
off, particularly in shallow habitats. The levels of those
increases varied among localities. Filamentous algae,
fleshy turf algae and macroalgae, including genera eaten
by surgeonfishes, increased in abundance at the expense
of crustose coralline algae (Liddell and Ohlhorst 1986,
Hughes et al. 1987, Carpenter 1985, 1988, 1990, Levitan
1988). Increases in the biomass of soft algae were main-
tained, although not necessarily at maximum levels, for
at least several years after the die-off (Carpenter 1988,
Lessios 1988 a). Increases in the abundances of fleshy turf
algae and macroalgae, including genera consumed by
surgeonfishes, occurred on several reefs (one of which
was used in the present study) at Punta de San Blas be-
tween 1983 and 1987 (Lessios 1988a, M. J. Shulman and
D. R. Robertson unpublished data). These increases,
which ranged up to 30-fold, were unevenly distributed
between reefs.
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Fig. 2. Acanthurus coeruleus, A. chirurgus and A. bahianus. Abun-
dances of adults and recruits of each species on each of six patch
recfs before and after die-off of Diadema antillarum. For adults,
data are numbers present during each annual census; for recruits,
data are combined numbers from all monthly censuses in each year.
Further details as in legend to Fig. 1
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Surgeonfish population responses

Following the die-off of Diadema antillarum in Panama,
adult populations of Acanthurus coeruleus and A. chirur-
gus increased, and did so without any concomittant in-
crease in recruitment. These results support the hypothe-
sis that those two species competed for food with D.
antillarum (Hay and Taylor 1985) and that such competi-
tion limited their population sizes (Carpenter 1990).
However, such population increases following the loss of
a competitor do not preclude concomittant limitation of
population size by both low recruitment and food
availability either before or after that loss. The failure of
adult populations of A. bahianus to increase in the ab-
sence of changes in levels of recruitment also is consistent
with the competition hypothesis, since A. bahianus is
much less reliant than its congeners on feeding habitats
that previously were most affected by D. antillarum.
While it is possible that these differences in habitat usage
by the three surgeonfishes only developed after the die-
off, analogous differences were documented at another
site prior to the die-off: Lewis and Wainwright (1985)
found that, in Belize, A. bahianus was concentrated in a
reef habitat that contained low densities of D. antillarum,
while the greatest densities of 4. coeruleus and A. chirur-
gus occurred in reef habitats where D. antillarum was
most abundant. Carpenter’s (1990) data also indicate
that (after the mortality of D. antillarum) the habitat
distribution of A. bahianus differed from that of the other
two species at St. Croix.

Increases in the adult populations of Acanthurus
coeruleus and A. chirurgus in Panama could have been
due to a variety of factors, including increased survival
and/or growth of juveniles, increased survivorship of
adults, and changes in patterns of long-term relocations
of fish between reefs. There was considerable variation
among the six study reefs in the extent, timing and persis-
tence of increases in the adult populations of A. coeruleus
and A. chirurgus, and in patterns of change in abundance
from year to year well after the die-off. Such variation
may reflect variation in the quality of different reefs as
habitats for the different species, variation in changes in
algal communities (Lessios 1988 a), and relocation of fish
between reefs (see Robertson 1988). Differences in the
rates of increase of adult populations of 4. coeruleus and
A. chirurgus after the die-off may be due, in part, to
differences in their relative rates of recruitment (i.e., the
ratio of the annual level of recruitment to the size of the
adult population), since relative recruitment rates were
lower in the species that increased more slowly, A.
coeruleus (Figs. 1 and 2). Whatever its precise cause, the
delay in the general increase in populations of A.
coeruleus indicates that the detection of population re-
sponses of long-lived organisms to “positive” changes in
their environment may require long-term studies, partic-
ularly if the responses are not large.

Although levels of recruitment did not differ before
and after the die-off in any species, I cannot exclude the
possibility that Diadema antillarum affected the survivor-
ship of newly settled surgeonfishes prior to the die-off.
Since I censused recruits 1 to 2 wk after they had settled,
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the lack of a change in recruitment after the die-off could,
in part, reflect higher early survivorship of settlers. Mor-
tality tends to be high in juvenile fishes during the first
few days after settlement (Doherty and Sale 1986, Victor
1986, Sale and Ferrell 1988, Booth 1991), and newly re-
cruited herbivorous reef fishes appear to starve in some
situations (Tsuda and Bryan 1973).

The results of the present study complement and ex-
tend those obtained by Carpenter (1990) at St. Croix, in
the northeastern Caribbean. Premortality densities and
levels of mortality of Diadema antillarum were similar at
St. Croix and Panama (Lessios 1988a). Increases in the
abundances of herbivorous fishes and their food algae
occurred after the die-off at both sites, and the increases
in the average abundances of surgeonfishes were similar
at the two sites. However, unlike the situation in Panama,
it is unclear how increases in abundances of fishes at St.
Croix were related to recruitment dynamics, since Car-
penter did not monitor recruitment. Further, since Car-
penter censused fish on transects in several different habi-
tats within the same reef, we cannot distinguish between
increases in abundance in a particular habitat due to
redistributions of fish within that teef versus those due to
increases in total population size on the entire reef. Be-
cause densities of D. antillarum used to vary considerably
among different reef habitats (e.g. Lewis and Wainwright
1985, Morrison 1988), some spatial redistributions of fish
in response to such a die-off might be expected (e.g. see
Morrison 1988). The increases in abundances of adults of
two species observed in Panama, however, do reflect in-
creases in the total sizes of their populations on entire
reefs. While adult populations of the three species
changed to differing degrees at Panama, we do not know
whether similar changes occurred at St. Croix, since Car-
penter did not distinguish between juveniles and adults,
and did not distinguish between the species in the pre-
mortality censuses.

We have no clear picture of how the increases in abun-
dances of surgeonfishes in Panama and St. Croix relate to
responses of other members of the herbivorous fish com-
munity at either site. Carpenter (1990) recorded increases
in the abundances of (unidentified) juvenile parrotfishes,
and increases in the abundances of larger individuals of
two out of five identified parrotfishes. However, data on
the dynamics of the recruitment of those scarids are lack-
ing. There are no data available on responses of the other
major group of herbivorous reef fishes, the territorial
damselfishes, to the die-off of Diadema antillarum. These
fishes are abundant, are known to interact with that sea
urchin (e.g. Williams 1981), and to aggressively exclude
surgeonfishes and parrotfishes from their territories (e.g.
Thresher 1976, Robertson 1984, Foster 1985).

Evidence for food limitation of reef fish populations

Existing data that bear on the question of whether the
sizes of populations of reef fishes are food-limited con-
cern population responses to both natural and manipu-
lated changes in food supplies (Table 2). Two manipula-
tive studies indicate that segments of populations of two
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West Pacific plantivores are food-limited at one site
(Table 2). Although food availability limits the growth of
Juveniles of a third species at that same site (Jones 1986),
its effect on population size has not been investigated.

Three major natural events in recent years have pro-
duced substantial changes on large spatial scales in the
abundances of two major classes of benthic foods (corals
and algae) used by a variety of reef fishes. The results of
studies of these events have been mixed and, in many
cases, their relevance to the question of food limitation is
difficult to interpret with confidence:

(1) Mass mortality of corals in the Eastern tropical
Pacific during the 1982-83 El Niifio event appeared to
have no effect on populations of one corallivorous
pufferfish (Guzman and Robertson 1989). One territori-
al, herbivorous damselfish showed no apparent response
to a large increase in the availability of apparently suit-
able habitat and substrata for algal growth following that
mortality (Wellington and Victor 1985). However, while
these results are consistent with a lack of food limitation,
there is no information on the dynamics of those popula-
tions either before or after the event and on how those
dynamics related to recruitment dynamics.

(2) Mass coral mortality due to predation by a starfish
produced substantial declines in populations of obligate
corallivores at three Central and West Pacific sites. How-
ever, there were few increases in populations of herbi-
vores and, in fact, one study found that populations of
many herbivores declined (Williams 1986). Conclusions
about the causes of a general lack of increase in herbivore
abundances are limited by the absence of data on changes
in the abundance of food algae, by various aspects of the
designs of those studies and, in one case, by confounding
effects of structural degradation of habitats. Only one
study related population responses to patterns of recruit-
ment. Bouchon-Navaro et al. (1985) noted low recruit-
ment of juvenile corallivores as well as declines in their
overall population densities after the coral die-off. How-
ever, it is unclear whether such low recruitment reflected
a decline in actual settlement or the effects of resource
changes on the juveniles.

(3) One small-scale study did not detect an effect of
mass mortality of Diadema antillarum on a population of
one of its specialized predators, which switched to other
prey after the urchin die-off (Table 2). The die-off of D.
antillarum produced increases in the abundances of food
algae for herbivorous reef fishes, and increases in the
populations of some fishes that were likely to have com-
peted with this sea urchin. Since those increases were not
related to temporal fluctuations in recruitment at at least
one site, population sizes do seem to have been food-lim-
ited. Interpretation of the results of both herbivore stud-
ies is hindered by the lack of proper controls.

These studies provide varying amounts of information
about the extent and mechanisms of food limitation of
populations of reef fishes. While the response of a popu-
lation to a severe reduction in a food source can show
whether the species concerned was an obligate specialist-
consumer of that food, we need to know the size of the
population change in relation to the size of the food de-
crease in order to assess whether population size was



Table 2. Effects of change in food abundance of reef fishes, as reported in the literature. +:
increase, —: decrease; (+), (—): increase, decrease in habitat availability also. “Effect”
column shows, in parentheses, no. of species affected/total number of species. In “Source”
column, conclusions about effects of food change on population may be limited, due to (a)
lack of concurrent controls; (b) lack of “before/after”” comparison; (c) no data on “before”

and “after” population flunctuations; (d) no data on relation of population change to
recruitment flunctuations; (¢) short-term and/or small-scale study; (f) result could reflect
redistributions of fish and/or population change; (g) change in food abundance not mea-
sured; (h) method of measurement insensitive to non-extreme population change; (i) effect
probably also due to change in habitat structure

Locality Event Food Type of consumer Effect Source
and resource change
Caribbean Sea
Algae Diadema sp. removed + surgeon- and parrotfishes increased Jocal density (?) Hay and Taylor (1985) (e, f)
Algae + surgeon- and parrotfishes incr. local density (3/3 and 2/5) Carpenter (1990) (a, ¢, d, €, f)
Algae Diadema sp. die-off + surgeonfishes -incr. adult populations (2/3) Present study (a)
Diadema sp. — toadfish no apparent change (1/1) Robertson (1987) (a, c, d, €)
East Pacific
Coral El Nifio coral kill - pufferfish no apparent effect (1/1) Guzman and Robertson (1989) (a, c, d)
Algae + (+) damselfish no change in total density (1/1) Wellington and Victor (1985) (a, ¢, d, g)
Tahiti \
Coral - (=) butterflyfishes decreased total abundance (10/10) Bouchon-Navaro et al. (1985) (a, ¢)
Australia
Coral Acanthaster sp. — (=) butterflyfishes decreased total abundance (4/6) Williams (1986) (c, d, h)
Algae > coral predation + (+) herbivores few increases in total abundance Williams (1986) (g, h)
(2/38)
Okinawa
Coral — (=) corallivores decreased local abundance (6/6) .
Algae } + (+) herbivores few increases in local abundance (2/8) Sano etal. (1984) (b, ¢, d, e, f, g, i)
Australia
Plankton Competitors removed +? damselfish increased juvenile abundance (1/1) Thresher (1983) (e, g)
Plankton Food added + damselfish incr. adult density (1/1) Forrester (1990)
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food-limited. If recruitment remains unchanged, an in-
crease in population size following an increase in the food
supply does show that the pre-existing population was
food-limited. A population increase in response to the
loss of a species that shared the same food supply (e.g.
Diadema antillarum) indicates the mechanism of that
food limitation (i.e., competition). Only one experimental
study has measured the effects of food limitation on juve-
nile growth and survivorship and, hence, on adult popu-
lation size (Forrester 1990).

So few comprehensive data are available at present
that we can say little more than that food limitation does
appear to occur in a few species, and that the evidence
that it does not affect the populations of others is equiv-
ocal in almost all cases. There is an obvious need for
detailed, multiyear, experimental studies on a range of
fishes that consume different types of food and may expe-
rience food limitation by a variety of different mecha-
nisms. However, natural “experiments” such as that dis-
cussed here can complement small-scale manipulative
studies. The significance of natural events may be diffi-
cult to interpret with rigor, since realistic, precise controls
may be impracticable, and a substantial set of “before”
data on population dynamics often will be unobtainable.
However, such events have the advantage of involving
much larger changes in resource availability on much
larger spatial scales than can be achieved with manipula-
tive experiments, and of potentially having community-
wide impacts. Thus, they have a much broader scope than
manipulative experiments can achieve,
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