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Grazing by Diadema antillarum (Philippi) and its effects
on the benthic algal community
by Robert C. Carpenter'• 2

ABSTRACT
Field observations in St. Croix, U.S. Virgin Islands and Discovery Bay, Jamaica reveal that
Diadema antillarum Philippi has a strong feeding preference for algal turf. Seasonally reduced
abundance of this preferred food item was accompanied by the utilization of an alternate food
resource (live coral) in concurrence with optimal foraging theory predictions.
Enclosure experiments demonstrate a maximization of algal species richness at an inter•
mediate Diadema density. Algal community primary production when expressed on an areal
basis, is also maximized at an intermediate grazing intensity.
Size and abundance data from all localities studied show a highly significant inverse relationship between urchin density and mean individual urchin size. There is also a significant inverse
relationship between urchin density and algal abundance in both natural areas and in field

experiments.

1. Introduction

The effects of foragers on their prey and the subsequent effects on the surrounding community have been demonstrated for various animals and habitat types
(Paine, 1966; Harper, 1969; Paine and Vadas, 1969; Connell, 1969; Hall et al.,
1970; Porter, 1974; Menge, 1976; Lubchenco, 1978; McNaughton, 1979; Sammarco, 1980). Although prey biomass is always reduced, diversity of the surrounding community bas been shown to increase (Paine, 1966; Harper, 1969; Paine and
Vadas, 1969; Porter, 1974; Porter, 1977; Lubchenco, 1978; McCauley and Briand,
1979) or decrease (Harper, 1969; Paine and Vadas, 1969; Lubchenco, 1978; Sammarco, 1978, 1980). The effect of grazing on plant productivity is also varied
(Mattson and Addy, 1975; Dyer and Bokbari, 1976; Porter, 1976; McNaughton,
1979).
Grazing by the tropical sea urchin, Diadema antillarum Philippi (Echinodermata:
Echinoidea), has been shown to be a structuring force in some Caribbean coral reef
1. Institute of Ecology, University of Georgia, Athens, Georgia, 30602, U.S .A.
2. Present address: West Indies Laboratory, Fairleigh Dickinson University, P.O. Box 4010, Chris~
tiansted, St. Croix, U.S.V.I., 00820.
749

750

Journal of Marine Research

(39, 4

environments (Ogden et al., 1973; Sammarco et al., 1974; Sammarco, 1980). Data
from the present study demonstrates the specific effects of variable grazing intensity
by this urchin on benthic algal biomass, species composition and primary productivity.
How animals obtain the necessary energy and nutrients for maintenance, growth
and reproduction has recently become of interest to ecologists and the concept of
the optimal diet is well represented in the ecologlcal literature (Emlen, 1966, 1968;
MacArthur and Pianka, 1966; Schoener, 1971 ; for other references see Pyke et al.,
1977). The following hypothesis has emerged out of optimal foraging theory; the
inclusion of a food type in the diet is independent of its own abundance and dependent only on the abundances of food items of higher rank. Following from this,
as preferred items increase in abundance, the number of less preferred items included in the optimal diet will decrease (Pyke et al. , 1977).
This hypothesis has been tested by Krebs et al. (1977), examining prey choice by
carnivorous tits , Parus major. Prey choice was found to depend only on the availability of the highest ranked item. Also when the abundance of the preferred food
item was increased, the number of less preferred items included in the diet was
reduced, in concurrence with the predictions. Other studies supporting various predictions of optimal foraging theory are reviewed in Pyke et al. (1977). Data from
this benthic, subtidal study also provide a test of the above hypothesis for a marine
invertebrate herbivore.
2. Locality and methods
This study was conducted between December, 1977 and September, 1978 at ten
sites, eight within the Buck Island Reef National Monument, and two on the Tague
Bay reef, St. Croix, U.S. Virgin Islands. Comparative sites were studied at three
locations on the south shore of St. Croix at Robin Bay and two areas at Discovery
Bay, Jamaica. Locations of study sites are shown in Figure 1. Sites were chosen
where some evidence of coral predation by Diadema existed. Scars left on coral
recently preyed on by Diadema are as described by Bak and Van Eys (1975). All
sites were either small lagoonal patch reefs or small sections in the backreef of a
bank barrier reef (Adey, 1978). Areas of sites ranged from 150-300 m' and depths
were between one and three meters. Two areas at Robin Bay (RB) were forereef
sites with a depth of 7 .5 meters and one area was in the backreef with a depth of
one meter. Both Discovery Bay (DB) sites were forereef areas, one was shallow
(3 m) and the other was at 10.5 meters.
At each of the Buck Island <Bn and Tague Bay (TB) sites, three arbitrary terr
meter transects were established. Substratum cover was determined for all areas by
estimating the percent-cover of various components in ten contiguous square meters
along the established transects. A meter square divided into quarters was placed
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Figure I. Locations of main study sites at Buck Island and Tague Bay, St. Croix, U.S. Virgin
Islands.

over each meter of transect and the percent-cover of each component was estimated
in each quarter, yielding four replicates per meter. Components that occurred in
crevices too small for Diadema to enter were not included in the substratum cover
estimates. The following components were recorded; live coral, algal turf, coralline
algae, macroalgae and sand. The term algal turf has been used to describe a variety
of algal assemblages (Marsh, 1976; Adey et al., 1979). Here it specifically refers to
an algal community which was 1-10 mm thick, often interspersed with sediment
and was comprised of various species of diatoms, blue-green algae and simple
filamentous representatives of the Phaeophycophyta and Rhodophycophyta (Bold
and Wynne, 1978). Macroalgae were those macrophytes large enough to be identified in the field (> 1 cm). Coralline algae included both crustose and noncrustose
forms. Benthic cover was estimated in July only.
The densities, sizes and prey items of Diadema were determined in each of the
study areas. All urchins occurring within 0.5 meters on either side of the transect
were measured to the nearest millimeter with long-jawed calipers to obtain the
maximum test diameter. If the urchin was feeding, the prey item was recorded. The
number of urchins in each square meter was determined in all meters of all transects. These measurements and observations were made between 1800-2300 hours,
since Diadema is primarily a nocturnal feeder (Lewis, 1964; Ogden et al., 1973).
Buck Island and Tague Bay sites were sampled both in January and July. Robin
Bay areas were sampled in July, and Discovery Bay locations in August.
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Algal turf biomass was determined for each of the main study sites from five
25 cm' quadrats placed at random intervals along a chain using the number of links
for placement (Porter, 1972). If the designated quadrat location did not fall on
substratum covered by algal turf, ten links were added to the random number. The
five samples from each transect were pooled to reduce within-transect variance
resulting in three composite samples per area. The samples were obtained by scraping the substratum to a depth of at least three millimeters and collecting it in an
airlift with a Nytex collecting bag. The airlift consisted of a section of PVC pipe
connected to a SCUBA regulator. Algae were drawn up through the pipe and
trapped in the collecting bag affixed to the top. Samples were decalcified in 10%
phosphoric acid, filtered and then dried for 24 hours at 65 °C and weighed on an
analytical balance. Estimates of algal turf biomass were determined in January and
July for all Buck Island and Tague Bay sites.
To confirm that Diadema were ingesting live coral, guts from 50 urchins observed
to be feeding on live coral were examined for presence of zooxanthellae and
nematocysts. The urchins ranged in size from 28-83 mm maximum test diameter
with a mean of 44 mm. All dissections were done within one hour of collection.
Enclosures were used to examine the effects of varying urchin grazing intensity
on the benthic algal community. Six one meter square by 0.5 meter high cages were
constructed of 8 cm' chicken wire mesh and were anchored to the substratum with
wood blocks and masonry nails. Paired cages contained 0, 8 and 16 urchins of
similar size. All adult fish grazers were excluded. Juvenile acanthurids and scarids
were occasionally seen inside the cages, but their distributions did not appear to
reflect preferences for certain treatments. It was assumed that any effects of their
presence were equally distributed over all treatments.
After 302 days , samples were taken for algal biomass and species composition.
The samples for biomass were taken from two random 25 cm' quadrats from each
cage, collected as above. Enumeration of algal species was obtained from two one
cm' samples from each cage.
Algal primary productivity was estimated in the cages after 35, 113, 170 and 302
days using light and dark plexiglass domes sealed to the substratum with a neoprene
rubber gasket and weighted wooden collar. Domes were approximately 2.2 liters in
volume and 545 cm' in basal area. Replicate incubations were run for one hour
during which time dome contents were agitated to simulate natural water movement
using propel.lor type stirrers that passed through a water tight gasket in the top of
the domes. Primary production was estimated from oxygen uptake and release in
the domes as measured by standard Winkler determinations (Strickland and Parsons, 1968). Production estimates were always run between 1100-1300 hours on
sunny days .
Location of the random quadrats for biomass, species composition and position
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Figure 2. Cumulative mean percent cover for benthic components for main study sites (Bl
and TB based on quadrats) and comparative sites (DB and RB based on chain transect data).
N = 30 for all Bl and TB sites. N = 33 for DB-I, N = 10 for DB-2, N = 2 for RB-I ,
RB-2 and RB-3.

of production experiments were determined by using the intersections of the wire
mesh along the borders of the cage as coordinate axes. Coordinates were taken from
a random number table and sample quadrats or production domes were placed at
their intersection.
3. Results

Substratum coverage for the transects is shown in Figure 2. Live coral cover
ranged from 0-35 % . The highest live coral coverage occurred on forereef sites.
Algal turf coverage ranged from 24-100 % . The two areas at Robin Bay with no
live coral cover had 100% algal turf cover. Those forereef sites with very high live
coral cover had the lowest algal turf coverage. Macroalgae were not abundant at any
site. Coralline algal cover varied from 0-32 % with the highest cover occurring
where urchin densities were highest.
There is a highly significant inverse correlation between mean urchin density and
mean individual urchin size (Fig. 3, R'
0.89, P < 0.001). Urchin density and
summer algal turf biomass for both natural and experimental conditions were
negatively correlated (Fig. 4). There is no significant difference between the slopes
of the lines resulting from the experimental manipulations and from natural areas.
The cage algal biomass reflects mostly the effects of urchin grazing since most fish
grazers were excluded. This demonstrates that algal abundance in these areas
is correlated with, and probably regulated, by Diadema grazing intensity, as has
been found in other studies (Sammarco et al., 1974; Sammarco, 1978).
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Figure 3. Mean urchin size (log scale) plotted against the number of urchins per meter square.
Closed circles represent winter data. open circles are summer data, squares are Discovery
Bay points and triangles are Robin Bay data. R' = 0.89, P < .001.

Mean algal turf biomass varied greatly between winter and summer in all main
study sites (Fig. 5). There were significant differences in algal biomass between
seasons and areas (P < 0.05, 2-way ANOVA).
The percent of the urchin population that was preying on live coral at each of the
main study sites was always higher in winter than in summer (Fig. 6, P < 0.05,
2-way ANOVA). Differences between areas were not significant (P > 0.05) but the
interaction between season and site was significant (P < 0.05), suggesting that the
seasonal variation had more of an effect on the incidence of coral predation at
some areas than at others.
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Figure 4. Algal biomass (log scale) plotted against urchin density for natural areas (closed
circles) and experimental treatments (open circles). Natura l areas are represented by the
regression, log y = 1.838 -0.042 x, P < 0.001 , df = 1,8, F = 21.15 . Experimental relationship is described by the regression, logy = 2.23 1 -0.030 x, P < 0.001, df = 1,4, F = 62.27.
Slopes of the two lines were found to be not significantly different (P > 0.05, df = 9,14,
P = 2.23).

755

Carpenter: Grazing by Diadema

1981]

80

60

40

20
ALGAL

TURF
BIOMASS
(gms/m 2 )

80

110

SU MMER

40

20

"' .... "'
I

I

iii iii

,-M

I

I

I

iii

iii

iii

N"C\ICO

I

.!_

I

QJ

iii

I

..!,_
al

SITE

Figure 5. Mean algal turf biomass ± 95% confidence limits for all areas in winter and
1U111D1er.

The availability of a food item was considered in relation to how often that food
item was eaten (Fig. 7). If an urchin is feeding on an item based on its availability
alone, a point will fall on the line with a slope of + 1.0. Preference will be shown
by those points falling above the line; avoidance by those below it. Algal turf was
fed on preferentially at all study sites. Coral was avoided at all sites except BI-7
where it was fed on according to its availability. Macroalgae were strongly avoided
at all sites except BI-5. At this site three urchins were observed to be feeding on
macroalgae, one on Halimeda sp. and two on Dictyota sp. Coralline algae were
avoided at all sites except BI-4 where three urchins were observed feeding on
crustose forms .
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Figure 6. Mean percent of the feeding population of Diadema preying on live coral ± 95%
confidence limits for all areas in both winter and summer.

Plots of the same parameters from the comparative sites at Discovery Bay show
the same preference for algal turf. At the shallow forereef area (DB-1) where coralline algae were abundant (31.6% ), and algal turf less abundant (24.4% ), coralline
algae were fed on in relation to their availability. On the deep forereef (DB-2),
coralline algae were avoided. Live coral was avoided at both sites. At all sites at
least 90% of the urchin population was found to be feeding during the observation periods.
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Figure 7. Graphs plotting the mean percent availability of a food item against the mean percent eaten (percent of the feeding urchin population feeding on that item). Closed circles are
data from the Bl and TB areas, squares represent DB-2 data, triangles are DB-I data.
N's for all areas: Bl-1-8 8; Bl-2-412 ; Bl-3-72; Bl-4---95; Bl-5-49; Bl-6-4!; Bl-7-200;
Bl-8-375; TB-1-125; TB-2-1 18; DB-1-254; DB-2-149.

Gut contents from 50 urchins observed feeding on coral were all found to contain
both zooxanthellae and nematocysts. This concurs with similar observations made
in Curacao (Bak and Van Eys, 1975).
The total numbers of algal species surviving in each of the inclusion-exclusion
cage types (Fig. 8) were analyzed by orthogonal polynomial ANOVA which showed
a highly significant quadratic trend (P < 0 .001). The linear trend was not significant
(P > 0.10). Algal species composition differed in the grazed and ungrazed cages
(Table 1). Of the twelve species in the ungrazed cages, three were macroalgal forms
not characteristic of normal turf areas susceptible to urchin grazing. There were no
clear differences between the grazing treatments (index of similarity 0.67).
Algal community primary productivity in the cages over the course of the experiment is shown in Figure 9. There were highly significant differences between times
(P < 0.005, 2-way ANOVA) and treatments (P < 0.01, 2-way ANOVA). After
302 days, algal productivity/area was greatest in the cages containing intermediate
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Table I. Combined list of algal taxa for each treatment type. Thoso preceded by an asterisk
. Index o f Sumlanty
. . .
a.re macroalga I species.

A = No. of species in treatment A ; B
common to A and B.
0 U rchins

Nostacaceae sp.
Oscillatoriaceae sp.
Cladophora sp.
•Halimeda incrassata
• Padina santae-crucis
Sphacelaria sp.
Champia parvula
Gelidiella trinititensiJ
Gelidium pusilum
Gelidium sp.
• Laurene/a obtusa
Po/ysiphonia sp.

= A 2C
+8
= No. of species in treatment B; C = No. of species

8 Urchins

16 Urchins

Cyanophyta sp. A
Cyanophyta sp. B
Nostacaceae sp.
Oscillatoriaceae sp.
Rivulariaceae sp.
Ulvella sp.
Ceramium sp.
Gi[Jordia sp.
Champia parvula
Gri[fithsia sp.
Polysiphonia sp.
Taenioma sp. A
Taenloma sp. B

Oscillatoriaceae sp.
Rivulariaceae sp.
U/othrix sp.
Gi[Jordia sp.
Ceramium sp.
Gri[Jithsia sp.
Polysip/1onia sp.
Taenioma sp. A
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Figure 9. Estimates of algal primary production based on oxygen uptake and production in
light and dark plexiglass domes in cages with different densities of urchins over the course
of the experiment. Each point represents a mean value for each cage type (N = 2). Lines
are 95% confidence limits.

urchin densities, however, when expressed as production/weight, there were no

significant differences between the grazing treatments (fable 2, P > 0.10, StudentNeuman-Keuls). Absolute productivity rates are low when compared to other available data on algal turf productivities (Doty, 1971 ; Adey, pers. comm.), which may
be a result of reduced water movement in the chambers. Comparisons of the relative
rates, however, are believed to be justified.
4. Discussion

Seasonal variation occurs in the abundance of algal turf in the areas studied.
Such variation in algal biomass has also been reported by Adey et al. (1979) for
another St. Croix reef. When algal turf is abundant, it is fed on almost exclusively;
when less abundant, alternate food resources are eaten. This provides support for
the hypothesis that the inclusion of a food item in the diet is dependent on the
abundance of food items of higher rank. Specifically, the inclusion of live coral (a

Table 2. Mean algal community primary production in inclusion-exclusion cages alter 302
days (N = 2). Line between treatments indicates a non-significant difference (P > .10, SNK).

Treatment

Primary
production
(mg0 /m'/hr.)

Primary
production
(mg0 / gm./hr. X 10')

0 Urchins
8 Urchins
16 Urchins

7.1
21.7
12.9

23 .21
23 .7

3.6
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low-ranked item) in the diet is dependent on the abundance of algal turf (the topranked item). The increase in algal turf abundance in summer is accompanied by a
decrease in coral predation.
Optimal foraging models are most often concerned with choices between distinct
food resources, usually different species. Here functional groupings of food resources (algal turf, macroalgae, etc.), provide the basis for choice. Such groupings
have recently been suggested as being useful for marine benthic algal assemblages
(Littler and Littler, 1980) where groups of species vary in productivity/ biomass
(P / B) ratios, palatability, longevity and reproductive strategies. The foraging strategy of a grazer may be based on such characteristics, as has been demonstrated for
grazers such as intertidal littorinid snails (Lubchenco, 1978), amphipods and isopods (Nicotri, 1980).
The lack of correspondence between the decreases in coral predation and the
increases in algal biomass at the respective areas would be expected if the choice
of a food resource is dependent on a threshold availability of the preferred food
type (Emlen, 1973) and threshold values varied between areas. When availability
dropped below this threshold value, alternate food resources would be exploited.
Such a threshold availability would be a function of the density of Diadema at each
area, the abundance of other grazers exploiting the same resource and other factors
such as light and nutrient availability. Abundances of Diadema and other grazers
would be expected to differ between areas resulting in a variation in the algal
thresholds. Existence of such thresholds is speculative and awaits experimental
verification.
Food resource preference is defined here as selective feeding on a resource at a
higher rate than would be expected from its availability. Previous studies have
stated that Diadema prefer the algal turf species, Herposiphonia secunda, based on
analysis of gut contents (Atkinson et al., 1973 ; Ogden, 1976). However, the relative
abundance of this species was greater than 90%, yet it accounted for only 24 % of
the gut contents (Atkinson et al., 1973). According to its availability, this species
was actually avoided.
Assessment of food resource preference from the analysis of gut contents may
be misleading for two reasons. Leighton (1966) has pointed out that gut contents
reveal what an urchin has been eating, not what it prefers to eat. Also, it has been
recently demonstrated for temperate, west coast urchins that the assimilated energy
is positively correlated with food preferences and components of fitness such as
growth and reproductive capacity (Vadas, 1977). Those items remaining in the gut
may represent those food types less easily digested and absorbed. Feeding observations provide a more reliable estimate of feeding preferences if the availability of
all food types is known. Such data are presented in Figure 7 for each functional
prey group and indicate that Diadema prefer algal turf. Whether these urchins
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prefer one or more of the morphologically similar algal species comprising algal
turfs, has yet to be demonstrated.
Although the foraging strategy of Diadema is primarily determined by the abundance of its preferred prey, other factors are probably important in affecting the
choice of a food resource. Mann (1979) has found that subarctic urchins may be
nitrogen-limited, and food choice could be mediated by both nutrient and energetic
requirements. Such a nitrogen limitation may not be as important in reef locations
where blue-greens in the algal mat are responsible for a substantial amount of
nitrogen fixation and export (Wiebe et al., 1975; Adey et al., 1979). The abundances of other grazers could be an important determinant of the threshold algal
biomass, both as competitors for the algal resource and as mediators of competitive
interactions between other species which may affect the abundance of the resource
(Williams, 1980). Other factors affecting algal production and biomass and therefore its availability as a food resource, would be expected to modify urchin
foraging behavior.
The inverse relationship between urchin density and the mean individual urchin
size concurs with similar size-density relationships shown for other echinoderms
(Ebert, 1968; Menge and Menge, 1974; Vadas, 1977).
Data from both the natural areas and the inclusion-exclusion cages demonstrate
that Diadema grazing has a significant effect on algal biomass. This decrease in
algal abundance with increasing Diadema density has been shown previously by
Sammarco et al. (1974) and Sammarco (1978), and for a variety of other echinoids
(Kitching and Ebling, 1961; Paine and Vadas, 1969; Leighton, 1971 ; Dart, 1972;
Vadas, 1977) and other grazers (Stephenson and Searles, 1960; Southward, 1964;
Randall, 1965; Earle, 1972; Wanders, 1977; Lubchenco, 1978). Removal of grazing by Diadema led to a shift in the community structure with changes in algal
species numbers and composition. The number of algal species surviving in the
cages was greatest at intermediate grazing intensities. Although knowledge of the
competitive interactions of algal species is limited, this could be the result of
the competitive dominants being disturbed often enough to allow less efficient competitors to survive, as has been hypothesized by Paine and Vadas (1969). In the
absence of grazing, competitive exclusion would occur and at high grazing intensities, survival of most species would be limited.
This same phenomenon has been documented in carnivore-herbivore (Paine,
1966; Dayton, 1971) and herbivore-algal (Lubchenco, 1978) interactions, in coral
communities exposed to normal wave intensities (Grigg and Maragos, 1974) and
suggested for coral communities affected by storms and tropical rain forests subjected to human interference (Connell, 1978). It may also be a factor in zooplankton-phytoplankton interactions in freshwater ecosystems (Porter, 1977; McCauley
and Briand, 1979).
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· These findings contrast with those of Samm~rco (1978) in Jamaica where he
found a negative log-linear relationship existed between Diadema grazing intensity
and the total number of algal species surviving in inclusion-exclusion cages. These
differing results may depend on the fact that his experiments were initiated on a
heavily grazed reef (Diadema density reported as 77 /m'). The algal community may
have been so sparse that space never became limiting during the experimental time
period and competition had little or no effect on algal diversity. This is supported
by the fact that the algal biomass both inside and outside his inclusion-exclusion
cages was between one and two orders of magnitude lower than that reported here.
The presence of macroalgal species in the ungrazed cages of the present study
suggest that Diadema may prevent successional dominance by macroalgae. Although feeding observations and gut contents analysis indicate that urchins avoid
mature macrophytes, they may ingest germlings and sporelings, eat the less calcified
and structurally armored juvenile plants or otherwise disturb or prevent settlement
of these species and thereby control macroalgal abundance in those areas susceptible to such grazing. Sammarco et al. (1974) also found that macroalgal abundance
increased when all Diadema were removed from an entire patch reef.
Data from the inclusion-exclusion cage experiments demonstrate that urchin
grazing has a significant effect on algal community primary productivity. Algal
primary production/weight did not differ between the grazing treatments. However,
as the grazing intensity increased, the productivity/area decreased due to a reduction in algal biomass. This resulted in maximal production/ area at an intermediate
grazing intensity. The increase in algal production/weight may be the result of
several factors. Grazers exclude species that have low P /B ratios such as many
macroalgae. Under grazing conditions, algal species with little structural armor and
support will be able to recolonize grazed patches most effectively. These species
also have the highest P /B ratios (Steneck, pers. comm.). Grazing may also remove
senescent, non-productive parts of the plants, thereby increasing the productivity/
weight. In addition, nutrient regeneration by grazers may also play a part in increasing primary production especially in tropical areas where ambient nutrient
levels are low.
Other studies have shown that herbivores are capable of increasing plant productivity in both terrestrial and aquatic environments (Mattson and Addy, 1975;
Dyer and Bokhari, 1976; Porter, 1976). Recently a similar maximization of productivity at intermediate grazing intensities has been shown by McNaughton (1979)
for wildebeest grazing on the grasslands of the Serengeti.
The benthic algal community is at least partially controlled by Diadema grazing
intensity at these localities. The effects measured in the experimental manipulations
may be of a short-term nature. The long-term effects of such variable grazing
intensity on algal primary productivity and species composition are not known.
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These data, in conjunction with the recent demonstration that urchins are capable
of liiniting reef growth in the Galapagos as a result of their abundance and feeding
strategy (Glynn et al., 1979), and are capable of structuring the coral community
by mediating competition between algae and settling coral (Sammarco, 1980),
emphasize the need for more experimental studies on the factors regulating their
distribution and abundance and the long-term effects of urchin grazing in coral
reef communities.
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