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INTRODUCTION

Coral reefs are the most taxonomically diverse and
structurally complex marine ecosystems, providing
habitat for numerous organisms. Over the last 2
decades, reef ecosystems have shifted from being
coral-dominated to macroalgae-dominated (Carpenter
1990, Gardner et al. 2003). The compounding events
that led to this change in the Caribbean Sea included
the die-off of the long-spined sea urchin Diadema
antillarum (Hughes 1994), mechanical damage from
hurricanes (Lugo et al. 2000), eutrophication (Lapointe
1997) and overfishing (Jackson et al. 2001). The mass
mortality of D. antillarum in the Caribbean reef ecosys-
tem is the most spatially extensive die-off of a marine
organism ever reported (Knowlton 2004). The mortal-
ity, first documented in Panama in 1983, was caused by
an unknown pathogen transported by surface currents

(Lessios et al. 1983). Owing to the die-off of D. antil-
larum, herbivorous grazing pressure on fleshy, non-
calcerous macroalgae was lifted and these organisms
subsequently out-competed coral colonies for space,
initiating the shift in the Caribbean reef ecosystem
(Carpenter 1990, Gardner et al. 2003).

During the past few years, recovering populations of
Diadema antillarum have been reported at several
sites across the Caribbean (Edmunds & Carpenter
2001, Miller et al. 2003, Carpenter & Edmunds 2006).
However, sites such as Panama and Florida have
reported no measurable increases in populations of
D. antillarum (Chiappone et al. 2002, Lessios 2005).
Recent increases in D. antillarum density have been
associated with significant reductions in non-calcare-
ous macroalgal cover (Edmunds & Carpenter 2001,
Miller et al. 2003). One study also documented an 11-
fold increase in juvenile coral density in zones grazed
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by D. antillarum, providing the first indication that
Caribbean reefs were returning from being dominated
by macroalgae to again being coral-dominated ecosys-
tems (Edmunds & Carpenter 2001). Hence, observed
coral reef recovery in the Caribbean, in particular the
increase in coral recruitment and cover, may be medi-
ated by the increased density of D. antillarum (Car-
penter & Edmunds 2006). If this is the case, rebounding
D. antillarum populations in other Caribbean locations
may also favor coral recovery.

In the present study, we surveyed the benthic com-
munity of Gandoca-Manzanillo Wildlife Refuge to
determine if such recovery was occurring along the
Caribbean coast of Costa Rica. We chose this location
because previous estimates of the density of Diadema
antillarum and cover of live coral in the area were
available (Cortés 1992, Fonseca 2003), and because it
has one of the largest fringing reefs of the Caribbean
coast of Costa Rica. Our hypotheses were that D. an-
tillarum density would be correlated to macroalgae
abundance, and that coral cover would be correlated to
D. antillarum density and macroalgae abundance.

MATERIALS AND METHODS

The Gandoca-Manzanillo Wildlife Refuge (9° 39’ N,
82° 42’ W) is located along an indentation of the southern
Caribbean coast of Costa Rica. In 1992, an earthquake
raised the coastline and adjacent reefs, uplifted fringing
reefs, and created near-shore coral reefs that are acces-
sible by foot (Cortés & León 2002). We conducted the
present study between September and October 2004
along a 1.2 km strip of beach that extends southward
from the town of Manzanillo and that was also used in
2 previous studies (Cortés 1992, Fonseca 2003).

Transects were laid parallel to the shore in order to
survey the study site. They were set at a maximum dis-
tance of 50 m from the shore in depths ranging from 1
to 7 m. We randomly set 28 transects, each of which
was 40 m long and 2 m wide. A 1 × 1 m quadrat was
randomly positioned along each transect in 10 loca-
tions to measure the percentage of the area covered by
macroalgae, live coral, all other invertebrates and inor-
ganic material (including dead coral). We were able to
visually identify organisms in situ to species or genus.
To quantify percent benthic cover within each quadrat,
we counted the total number of 10 × 10 cm squares that
each organism covered. Once we finished estimating
percent area covered by organisms in the quadrats, we
counted the number of Diadema antillarum along the
whole 40 × 2 m transect and measured the test size of
each individual.

Given that non-calcareous macroalgae compete with
coral for space (Hughes 1989), we classified the total

algal community at the study site into 2 groups: non-
calcareous (or fleshy) macroalgae and calcareous
macroalgae. For each transect, we calculated median
% cover in order to estimate % area covered by (1) cal-
careous macroalgae, (2) non-calcareous macroalgae
and (3) live scleractinian coral. We also estimated the
number of Diadema antillarum (ind. m–2) within each
transect. We examined the hypothesis that D. antil-
larum density was associated with macroalgae abun-
dance by relating D. antillarum density to area covered
by calcareous and non-calcareous macroalgae, respec-
tively, using correlation analyses. Because we con-
ducted 2 simple regressions with the same indepen-
dent variable, we set our significance level to 0.025.
We also examined the interaction among D. antil-
larum, macroalgae and coral by relating area covered
by live scleractinian coral with that covered by cal-
careous and non-calcareous macroalgae and with D.
antillarum density using multiple regression analysis.
There was very little multi-colinearity in the multiple
regression analysis because the independent variables
were correlated. Although the multi-colinearity was
not large enough to affect our results, we also per-
formed an analysis to discard unnecessary indepen-
dent variables, reduce the standard errors of b (where
b is the regression coefficient) and obtain the best
regression model based on high correlation coeffi-
cients and low square errors, specifically the square
root of MSE and Mallow’s Cp (Hintze 2001).

We transformed the variables to normalize data and
achieve homoscedasticity before conducting the analy-
ses. The dependent variable (Diadema antillarum den-
sity) was ln-transformed and the independent vari-
ables (area covered by calcareous and non-calcareous
macroalgae) were arcsine transformed (Zar 1999).

RESULTS

The composition of the benthic community of Gan-
doca-Manzanillo Wildlife Refuge was (mean ± SD) 14 ±
8% live scleractinian coral, 29 ± 11% non-calcareous
macroalgae, 32 ± 9% calcareous macroalgae, 3 ± 3%
other sessile invertebrates (such as sponges and
anemones) and >1 ± 2% seagrass (n = 28 transects); the
remaining substrate was composed of settled-out sedi-
ment particles, sand and dead coral. The 5 most com-
mon coral families comprised 14% of the total sub-
strate (Table 1) and included the following species:
Diploria strigosa, D. clivosa, D. labyrinthiformis, Favia
fragum (Faviidae); Agaricia fragilis, A. agaricites, A.
humilis, A. tenufolia, Helioceris cucullata (Agarici-
idae); Siderastrea siderea, S. radians (Siderastreidae);
Millepora complanata (Milliporidae); Acropora pal-
mata (Acroporidae). Of the total substrate covered by
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macroalgae, non-calcareous species occupied slightly
more than half, whereas calcareous species occupied
slightly less (Table 1).

We observed 756 individual Diadema antillarum
within the study site, most of which had a test size
ranging from 41 to 70 mm (Fig. 1). Coral and macro-
algae cover were related to the population density of
D. antillarum, which averaged 0.2 ind. m–2 (±0.2 SD).
The area covered by non-calcareous macroalgae was
negatively correlated to D. antillarum density (Fig. 2).
In contrast, the area covered by calcareous macroalgae
was not correlated to D. antillarum density (Pearson’s
correlation: R = 0.042, p = 0.83). According to multiple
regression analysis, the area covered by live coral

increased as D. antillarum density
increased and diminished as non-
calcareous macroalgae cover increased
(Fig. 3, Table 2).

DISCUSSION

We observed an apparent recovery of
Diadema antillarum and an increased
abundance of several families of live
coral in Gandoca-Manzanillo Wildlife
Refuge. We observed a density of
D. antillarum twice as high as that
reported 4 yr earlier (Fonseca 2003);
however, this sea urchin was still
heterogeneously distributed within the
study site, as indicated by the large SD
obtained in both studies. We expect
that D. antillarum abundance will con-
tinue to increase in the study area in

near future given the large numbers of juveniles in the
smallest 3 size classes (Fig. 1); a similar pattern of juve-
nile abundance was recorded at Jamaica and is indi-
cative of larval recruitment processes (Edmunds &
Carpenter 2001). Our results support previous obser-
vations that D. antillarum appears to be recovering at
both local and regional scales across the Caribbean
Sea (Carpenter & Edmunds 2006), and are significant
because they were obtained from the southern
Caribbean coast of Central America, a region not sur-
veyed by Carpenter & Edmunds (2006).

The recovery of Diadema antillarum appeared to be
associated with an increased abundance of live coral
within the refuge. In zones with high densities of D.
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1988 October 2000 October 2004
(mean) (mean ± SD) (mean ± SD)

D. antillarum density Not measured 0.10 ± 0.22 0.2 ± 0.2
(ind. m–2)

Coral cover (%) 1.93 1.5 ± 0.5 14 ± 8.0
Selected coral families
Agariciidae 0.16 Not reported 5 ± 7.8
Faviidae 1.09 Not reported 4 ± 5.4
Siderastreidae 0.30 Not reported 2 ± 3.2
Milliporidae 0.01 Not reported 1 ± 1.5
Acroporiidae 0.004 Not reported >1 ± 1
Poritidae 0.24 Not reported >1 ± >1
Mussidae 0.08 Not reported >1 ± >1

Macroalgal cover (%)
Calcareous macroalgae Not measured ~21 52
Non-calcareous macroalgae Not measured ~79 48

Source Cortés (1992) Fonseca (2003) This study

Table 1. Comparison of nearshore-reef community structure (density of Dia-
dema antillarum, area cover of coral and macroalgae) within the Gandoca-

Manzanillo Wildlife Refuge, Costa Rica, in 1988, 2000 and 2004
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Fig. 1. Diadema antillarum. Size class frequency in nearshore
coral reefs within the Gandoca-Manzanillo Wildlife Refuge,

Costa Rica, September–October, 2004
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Fig. 2. Percent area cover of non-calcareous macroalgae
relative to Diadema antillarum density in the Gandoca-

Manzanillo Wildlife Refuge, Costa Rica
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antillarum, the cover of non-calcareous macroalgae
was low, presumably as a result of herbivory (as sug-
gested by sporadic observations of D. antillarum feed-
ing on non-calcareous macroalgae). However, in zones
with low densities of D. antillarum, we observed either
low or high coverage of non-calcareous algae, suggest-
ing that other factors may have been important in
reducing algae coverage (Fig. 2). Results also sug-
gested that the cover of non-calcareous macroalgae
had an effect on the cover of live coral. In zones with
high cover of non-calcareous macroalgae, the cover of
coral was low, presumably as a result of competition for
space (Fig. 3). Standardized regression coefficients
indicated that coral cover was related to both non-cal-
careous macroalgae and D. antillarum density; how-
ever, the low R2 value suggested that other factors also
affected coral cover (Table 2).

A relationship between Diadema antillarum density
and composition of the benthic community can also be
observed when comparing our results with those of 2
previous studies conducted in the refuge (Table 1).
Concomitant with increases in D. antillarum density,
live coral cover within the study site remained stable
between 1988 and 2000; however, by 2004 it had
increased from ca. 2 to 14% (Cortés 1992, Fonseca
2003; Table 1). Further, the relative area covered by
calcareous macroalgae increased from over one-fifth of
total algal cover in 2000 (Fonseca 2003) to one-half in
2004 (Table 1). Even when accounting for the slightly
different methodologies used in the 3 studies, large
differences in D. antillarum density, relative algal
cover and live coral cover indicate that composition of
the benthic community of the refuge has changed
markedly since the initial study by Cortés (1992), sup-
porting the hypothesis that live coral is recovering
within the study site. One factor affecting this coral
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Multiple regression: R2 = 0.41, F2,25 = 10.47, p < 0.001

ln D. antillarum density (ind. m–2)

0 10 20 30 40 50 60

0.20.0

35

30

25

20

15

10

5

0

35

30

25

20

15

10

5

0

0.4 0.6 0.8 1.0

A
rc

si
ne

 o
f 

ar
ea

 c
o

ve
r 

o
f 

co
ra

l (
%

)

Arcsine of area of non-calcareous algae (%)

Variable b SE of b t p b’ Overall regression

Multiple linear regression
Constant 16.977 6.785 2.502 0.020 0
Ln D. antillarum density 13.207 6.112 2.161 0.041 0.365
Arcsine of area of non-calcareous –0.298 0.126 –2.371 0.026 –0.408
macroalgal cover

Arcsine of area of calcareous 0.008 0.140 0.594 0.558 0.091
macroalgal cover

Best regression model (see Fig. 3)
Constant 20.051 4.326 4.635 <0.001 0
Ln D. antillarum density 13.007 6.023 2.159 0.041 0.360
Arcsine of area of non-calcareous –0.313 0.122 –2.572 0.016 –0.428

Table 2. Area covered by scleractinian coral in relation to density of Diadema antillarum and coverage of 2 macroalgal func-
tional groups (calcareous and non-calcareous). See definitions of macroalgae functional groups in ‘Materials and methods’;

b: regression coefficient; b’: standardized regression coefficient; SR: square root; MSE: mean standard error

Adjusted R2 = 0.40
F3,24 = 6.91
p = 0.001
SR of MSE = 6.203

Adjusted R2 = 0.41
F2,25 = 10.46
p < 0.001
SR of MSE = 6.122

Fig. 3. Percent area cover of live coral relative to Diadema an-
tillarum density and area cover of non-calcareous macroalgae

in the Gandoca-Manzanillo Wildlife Refuge, Costa Rica
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recovery appears to be the reduction of benthic com-
petition with non-calcareous macroalgae owing to
increased densities of D. antillarum. Although our
interpretation is based on correlative evidence, studies
from other regions lend support to our conclusion
(Hughes 1989, Edmunds & Carpenter 2001, Miller et
al. 2003, Carpenter & Edmunds 2006).

The majority of coral families observed in the refuge
appear to be increasing in cover (Table 1). With the
exception of Poritidae, a weedy family that was per-
haps replaced by other long-lasting species, represen-
tatives of most families recorded in 1988 (Cortés 1992)
had increased in cover by 2004. We believe this finding
to be relevant because ecologically significant coral
such as Montrastaea and Acropora still appear to be
rare in other areas of the Caribbean with high
Diadema antillarum density (Carpenter & Edmunds
2006). Historically,  the genus Acropora has been the
primary builder of reef framework in shallow fore-reef
zones across the Caribbean (Goreau & Wells 1967,
Goreau & Goreau 1973). However, white-banded dis-
ease has been a significant source of mortality for the
genus in Caribbean reefs (Aronson & Precht 2001, Pat-
terson et al. 2002). Hence, it is important that the spe-
cies Acropora palmata has increased its coverage
within our study site (Table 1). Nevertheless, the genus
is still uncommon: colonies were often small, isolated
and surrounded by macroalgae.

Because we conducted surveys in daylight, our
methodology relied on the assumption that the diurnal
location of Diadema antillarum is a good indicator of
the area they graze. This assumption is supported by
studies that revealed the foraging range of D. antil-
larum to be 0.5 to 1 m2; therefore, the area directly sur-
rounding the daytime location of an urchin is likely to
represent that individual’s foraging area (Carpenter
1986).

It is not known if other factors also played a role in
the recent recovery of coral reefs in the Gandoca-
Manzanillo Wildlife Refuge. In 1988, siltation owing to
deforestation and agricultural practices and coral
extraction were viewed as the 2 major threats to coral
in the refuge (Cortés 1992). However, since that time,
no further studies on the rate of sediment input into the
system or harvest of corals have been conducted. It is
possible that the increase in coral cover is actually a
recovery from disturbance and uplift caused by an
earthquake in 1992 (Cortés & León 1992); however, if
that were the case, one would expect to notice coral
recovery relatively soon after the earthquake. Our
results suggest that recovery of coral began no earlier
than 2000. It is also possible that changes in the cover
of coral and macroalgae are related to variable water
clarity and inorganic nutrient concentrations at the
refuge, which are known to affect their growth

(Muller-Parker & Cortés 2001). Although little is
known about abiotic factors at our study site, any such
changes in water clarity and concentrations of
available nutrients would have had to favor coral and
calcareous macroalgae and not non-calcareous
macroalgae.

Coral reef recovery is difficult to quantify because of
the feasible temporal and spatial scales of ecological
observation (Pandolfi 2002). Indeed, the possibility and
nature of such recovery is currently debated (Rogers &
Miller 2006). However, our results indicate that in-
creased densities of Diadema antillarum may favor the
recovery of live coral and alter the composition of the
benthic community of coral reefs within a relatively
short time. Long-term monitoring of the abundance of
D. antillarum, coral and macroalgae within Gandoca-
Manzanillo Wildlife Refuge, in addition to experimen-
tal manipulative field studies that evaluate cause and
effect and the potential role of other factors in the
recovery of live coral, are required to further elucidate
this.
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