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INTRODUCTION

Within the past 3 decades many Caribbean coral
reefs have experienced ‘phase shifts’ in which benthic
algae have replaced reef-building corals (Hughes 1994,
Shulman & Robertson 1996, McClanahan & Muthiga
1998, McClanahan et al. 1999, Ostrander et al. 2000,
Jackson et al. 2001, Edmunds 2002, Gardner et al.
2003). Such shifts are frequently attributed to 2 pro-

cesses: (1) competitive overgrowth of corals by algae, or
(2) coral mortality from external disturbances that pre-
cedes an increase in algal abundance (McCook et al.
2001). The former typically refers to the ‘bottom-up’
and ‘top-down’ views in which nutrient enrichment
and/or declining herbivory increases the growth, cover
and biomass of algae, leading to a shift in the competi-
tive environment that enables algae to overgrow and
kill corals (McCook 1999, Jompa & McCook 2002a).
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The latter argues that algae need the death of corals to
increase in abundance, with herbivory, nutrients
and/or reproductive characteristics acting as interact-
ing factors to drive the subsequent colonisation of algae
(McClanahan & Muthiga 1998, McClanahan et al.
1999, 2001, Williams et al. 2001a,b, Diaz-Pulido & Mc-
Cook 2002, 2003, 2004, 2005). Supporting this process
is the importance of substratum availability in mediat-
ing algal abundance on Caribbean reefs (Williams et al.
2001a,b) and evidence that coral bleaching and disease
have precipitated dramatic ecological shifts at several
reef locations worldwide (Ostrander et al. 2000, Aron-
son & Pretch 2001, McClanahan et al. 2001, Diaz-Pulido
& McCook 2002, Aronson et al. 2004).

While there is considerable debate over the relative
importance of increased nutrients and reduced herbi-
vory in controlling algal communities (Hughes et al.
1999, Lapointe 1999, 2004, Szmant 2002, McClanahan
et al. 2004), both factors have been reported to
enhance the growth and cover of algae, satisfying both
views (e.g. Lapointe 1997, Miller et al. 1999, Stimson et
al. 2001, Thacker et al. 2001, Jompa & McCook 2002a,
McClanahan et al. 2002, 2003, 2005). In contrast, we
have little information on the ability of algae to act as
the initial cause of coral tissue mortality, a prerequisite
for the former scenario. In particular, it is important to
recognize that corals may have species-specific sus-
ceptibilities to algal overgrowth and hence that the rel-
ative importance of both processes in changes to algal
dominated reefs may differ among species.

To date, there is little convincing evidence to suggest
that algae can act as a direct cause of coral mortality.
Most studies addressing the negative impact of algae on
corals are either observational, describing the death of
the coral tissue overgrown by algae, or correlative,
showing opposite trends in coral and algal abundance
over time (reviewed by McCook et al. 2001). Further-
more, although algae may affect coral growth, reproduc-
tion and recruitment (Sammarco 1982, Tanner 1995, Lir-
man 2001), they may have no or even positive effects on
coral survival and mortality (Tanner 1995, Jompa &
Mc-Cook 1998, McCook 2001, Jompa & Mc-Cook
2003a,b). Corals may actually inhibit algal growth and
overgrow some algae (Bak et al. 1977, Ruyter van
Steveninck et al. 1988, Meesters & Bak 1993).

Only recently have studies of coral-algal interactions
used experimental manipulations of coral and algal
competitors to investigate competition and associated
mortality. At present, these studies suggest that the
outcomes of coral-algal competition vary among func-
tional groups of algae. For example, the creeping form
of the brown alga Lobophora variegata has been
reported to overgrow and kill corals (Jompa & McCook
2002a,b), whereas large, canopy-forming leathery
macrophytes appear to have minor effects on coral sur-

vivorship (Jompa & McCook 1998, River & Edmunds
2001). McCook et al. (2001) proposed that much of the
variability in coral-algal interactions may be related to
the (physical, biological and chemical) properties of
the algae and that these properties may be effectively
summarised in terms of algal functional groups. How-
ever, even within a functional group, there may be dif-
ferences in competitive potential among algal species.
The filamentous red alga Anotrichium tenue has been
shown to kill coral tissue by active overgrowth, while
other mixed-species algal turfs did not cause any mor-
tality of coral tissue (Jompa & McCook 2003a).

Very few of these studies have examined the poten-
tial role of corals in enhancing the complexity of coral-
algal competition. Yet, there is evidence to suggest
that different corals may also have different competi-
tive abilities against algae. Scleractinian corals exhibit
a wide variety of competitive mechanisms for acquir-
ing or defending space (Lang & Chornesky 1990, Karl-
son 1999). These mechanisms result in complex domi-
nance patterns among coral species (Lang 1973, Bak et
al. 1982, Logan 1984, Chornesky 1989). Few of these
mechanisms are known to occur against algae. How-
ever, corals have recently been shown to extrude
mesenterial filaments over algae (Nugues et al. 2004).
Interestingly, the effect of these filaments on the green
alga Halimeda opuntia differed depending on coral
species and was closely related to the physical proper-
ties of the filaments (i.e. length). Moreover, other stud-
ies suggest variable abilities of corals to inhibit algal
growth (Ruyter van Steveninck et al. 1988), or have
their growth affected by algae (Tanner 1995, Lirman
2001).

The purpose of our study was to examine the com-
petitiveness of several Caribbean coral species against
the brown alga Lobophora variegata. Lobophora varie-
gata is a widespread and common alga on Caribbean
reefs (van der Hoek et al. 1978, Hughes 1994, Ruyter
van Steveninck & Breeman 1987, Diaz-Pulido & Diaz
1997) and worldwide (Jompa & McCook 2002a,b). It is
often found overgrowing live tissue of scleractinian
corals (Ruyter van Steveninck et al. 1988) and has been
shown to cause coral mortality in the Indo-Pacific
branching coral Porites cylindrica (Jompa & McCook
2002a,b). We first experimentally tested the ability of
L. variegata to cause tissue mortality in 6 common spe-
cies of Caribbean corals and the reciprocal effects of
these species on algal growth. We then related our
experimental results with (1) patterns of natural inter-
actions between the studied coral species and L. varie-
gata, and (2) temporal changes in their abundance
from 1973 to 2002. This former comparison aimed to
test the assumption that coral species with higher com-
petitive abilities in our experiment should be less over-
grown by the alga in the field. The latter represented
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an attempt to assess whether these competitive abili-
ties could influence coral community structure. 

The corals examined included: (1) the encrusting or
plate-like coral Agaricia agaricites, (2) the larger,
exclusively plate-like coral A. lamarcki, (3) the mound-
forming or plate-like coral Mycetophyllia aliciae, (4)
the massive, mound-forming coral Montastraea fran-
ski, (5) the encrusting or plate-like coral Meandrina
meandrites, and (6) the relatively small, encrusting
coral Porites astreoides. Each of these species was
commonly observed in close proximity to or in physical
contact with L. variegata.

MATERIALS AND METHODS

Study sites. The experimental study and survey of
natural interactions were conducted between 20 to
25 m depths on the reef slopes of the
fringing reef at Carmabi Buoy 0, Pis-
caderay Bay, on the leeward south-west
coast of Curaçao (Fig. 1). This site has
an abundant population of Lobophora
variegata at 20 m depth (~25% hard
substrate cover, M. Nugues unpubl.
data). This alga is present in high abun-
dance year-round in Curaçao and does
not experience seasonal dieback
(Ruyter van Steveninck & Breeman
1987, M. Nugues pers. obs.). Other
macroalgae were also present, includ-
ing Dictyota spp., Halimeda copiosa,
Galaxaura sp. and Amphiroa spp. How-
ever, L. variegata was the most common
alga to overgrow corals, causing discol-
oration and the apparent death of
underlying tissues (M. Nugues pers.
obs.).

Data on long-term changes in reef coral communities
were obtained from permanent quadrats placed at
Carmabi Buoys 1 and 2 (Fig. 1). Both sites are located
less than 500 m away from Carmabi Buoy 0. All 3 sites
are connected by a continuous fringing reef and have
similar topography and coral reef communities (for
detailed descriptions of all sites see Bak 1977 and Van
Duyl 1985).

Field experiment. We tested coral competitive abil-
ity against Lobophora variegata by implementing 3
competitor treatments: (1) recently dead coral in con-
tact with transplanted algae (Treatment 1, Figs. 2A
& 3A), (2) living coral in contact with transplanted
algae (Treatment 2, Figs. 2B & 3B), and (3) living coral
without algae (Treatment 3, Figs. 2C & 3C). This exper-
imental design follows the one of Jompa & McCook
(2002b) to test for competitive effects in coral-algal
interactions and provided simultaneous tests for 2
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Fig. 1. Geographical location of study sites. (A) Curaçao. (B) Experimental and
survey site (69° 58’26” N, 12° 07’ 27” W) and permanent quadrats. Hatched

lines indicate 10 m depth reef contour

Fig. 2. Experimental treatments. (A) Treatment 1. (B) Treatment 2. (C) Treatment 3. Algal growth estimated by change in algal
cover (‘a’ shown as a striped area) over initial (dead or living) coral surface area. Coral mortality defined as area of tissue mortal-
ity originating along colony perimeter overgrown by alga in initial photograph (Treatment 2) or along predetermined colony
perimeter in front of each label (Treatment 3). To allow fair comparisons among treatments, predetermined perimeter was de-
fined as perimeter delimited by straight line ‘Y’ in front of tag, where Y was average of all lengths of interaction (shown 

as ‘y’) estimated in Treatment 2
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effects: (1) the effect of coral competition on L. varie-
gata by comparing the growth of transplanted algae on
dead and living coral (Treatments 1 vs. 2), and (2) the

effect of L. variegata on corals by comparing coral tis-
sue mortality on living coral with and without trans-
planted algae (Treatments 2 vs. 3).

To obtain pieces of recently dead
coral (Treatment 1), living corals were
collected before the start of the experi-
ment. Colonies were placed in fresh-
water for 48 h, cleaned of all soft tissue
with a strong jet of freshwater and cut
into several pieces (each ~250 cm2 in
surface area). In this way, sufficient
replicates were obtained using 1 to 2
colonies per species. Each piece of
dead coral was then attached onto ran-
domly selected patches of dead coral
rock using cable ties and plastic nails
and tagged. Living coral colonies
(Treatments 2 and 3) were randomly
selected and tagged within the same
experimental area. Colonies were cho-
sen if they showed no sign of damage
or stress (e.g. disease, bleaching, pre-
dation, mucous secretion) and were not
overgrown by macroalgae or other
invertebrates. They were randomly
allocated to Treatments 2 or 3.

Dead coral rocks covered with Lo-
bophora variegata (e.g. dead plates of
Agaricia lamarckii) were then trans-
planted next to the dead coral pieces
(Treatment 1) and the living coral colo-
nies assigned to Treatment 2 using cable
ties and plastic nails (Fig. 2A,B). Trans-
plants were positioned so that 2 to 3 algal
blades overgrew a few cm2 of coral tis-
sue or skeleton, while not allowing any
physical contact between the dead coral
rock covered by the alga and the coral
tissue or skeleton. The living coral
colonies assigned to Treatment 3 had
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Fig. 3. Experimental treatments in initial (left)
and final (right) months. (A) Lobophora varie-
gata transplant next to piece of recently dead
colony of Agaricia agaricites attached to sub-
stratum (Treatment 1; Fig. 2A). After 1 yr, the
alga overgrew a large proportion of the dead
colony. (B) L. variegata transplant next to living
colony of A. agaricites (Treatment 2; Fig. 2B).
After 1 yr, the alga overgrew part of the colony.
(C) Living colony of A. agaricites and tag
(Treatment 3; Fig. 2C). After 1 yr, no tissue
mortality occurred along the colony margin.
(D) L. variegata transplant next to living colony
of Montastraea franskii (Treatment 2). After
1 yr, the alga completely retreated from the

coral surface area. Scale bars = 5 cm
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their plastic tag and nail inserted close to the coral mar-
gin to serve as manipulated control (Fig. 2C). All
macroalgae, including naturally occurring L. variegata,
were scraped off with a wire brush within a distance of
20 to 30 cm around each experimental interaction, taking
care to minimize damage to the coral tissue or trans-
planted alga. For each coral species, 4 replicates were
used for Treatment 1, and 9 to 11 replicates were used for
Treatments 2 and 3.

The experiment was run over a 1 yr period (June 2002
to June 2003) to account for any seasonality in the alga.
Replicates were photographed from a fixed distance and
cleared of all externally interfering macroalgae at 2 to
3 mo intervals. To minimize parallax errors, digital pho-
tographs were taken by pointing the camera perpendic-
ular to the tags, but repeated photographs were visually
checked with the initial photograph after each dive and
retaken within the next few days when necessary.

Measurements. Measurements were made on the
first and final photographs. The growth of Lobophora
variegata was calculated as the change in the surface
area of L. variegata covering dead coral pieces or living
colonies (i.e. change in ‘a’ in Fig. 2A,B). Negative val-
ues were assigned when the alga decreased in cover-
age over a colony. Coral mortality was measured as the
area of coral tissue mortality associated with the trans-
plant or tag. In Treatment 2, mortality was assessed
along the colony perimeter overgrown by the alga in
the initial photograph. Since L. variegata was absent in
Treatment 3, we calculated the straight-line lengths of
interactions between L. variegata and coral tissue in the
initial photographs from Treatment 2 (‘y’ in Fig. 2B). We
then used the mean length for each species (‘Y’ in
Fig. 2C) to delimit the colony perimeter against which
to assess mortality in Treatment 3. Mortality originating
in the middle of the colony or outside our perimeter of
measurement was not included. If coral tissue mortality
was present underneath the algae, a second photo-
graph was taken in which all L. variegata blades were
removed to accurately measure mortality.

For all measurements, photographs were scanned
and relevant boundaries traced using Adobe Photo-
shop 6.0 software. Initial and final tracings were over-
laid and merged, and surface areas were measured
using Scion image software.

Survey of natural interactions between Lobophora
variegata and corals. Interactions between Lobophora
variegata and the 6 coral species studied were surveyed
at 20 to 25 m depth in March 2005 using 2 or 4 m wide
belt transects varying in length from 10 to 25 m, depend-
ing on the colony densities. Transects were laid parallel
to shore and separated by at least 3m from each other.
Sufficient transects were laid to obtain minimum sam-
ples of 50 colonies per species. For each colony, 3 vari-
ables were measured: (1) total colony perimeter; (2)

length of colony perimeter overgrown by L. variegata;
and (3) maximum reach over living tissue by the algae.
The latter was defined as the maximum length of algal
growth over living tissue perpendicular to the colony
margin. Variables were measured to the nearest cm for
the perimeter values or mm for the maximum reach us-
ing a flexible measuring tape. A colony was defined as
an autonomous mass of skeleton with living tissue. As
such, perimeters of separate patches of living tissue lo-
cated on the same skeleton were summated. Similarly, if
a colony was overgrown by L. variegata in several areas,
all lengths of perimeter overgrown were combined.

Changes in coral communities between 1973 and
2002. Data on long-term changes in the cover of the 6
coral species studied were obtained from three 3 × 3m
permanent quadrats placed by R. Bak and colleagues
in 1973 at a depth of 20 m close to our experimental site
(Fig. 1). Detailed methodology can be found in Bak &
Nieuwland (1995). In brief, R. Bak and colleagues
established permanent quadrats along 3 transects run-
ning perpendicular to shore. Along each transect, one
3 × 3 m quadrat was laid at depths of 10, 20, 30 and
40 m. Whole quadrats were photographed every 2 to
6 yr from 1973 to 2002 using a Nikonos V underwater
camera fitted with a 15 mm lens. Close-ups were also
taken to facilitate species identification. The projected
surface area of coral species was determined from pho-
tographs taken in 1973, 1983, 1992, 1997 and 2002
using a CalComp Drawing Board II and a digitizer
program (EDC, Agricultural University Wageningen).
Since only a maximum of 4 Montastraea franski
colonies were present in the 3 quadrats at any one
time, we also reported the percent cover for the whole
genus (i.e. adding M. annularis and M. faveolata).

Statistical analyses. The initial length of interaction
(‘y’ in Fig. 2B) and the initial area covered by the alga
(‘a’; Fig. 2A) were analysed using a 2-way ANOVA
with species and competitor treatment (living vs. dead
coral) as fixed factors to check that there were no sig-
nificant differences among species or competitor treat-
ment in the way that colonies were exposed to the
algae at the beginning of the experiment. Differences
in Lobophora variegata growth were tested using the
same 2-way ANOVA. Since the interaction between
the 2 factors was significant for this variable, separate
1-way ANOVAs within levels of each factor were car-
ried out, followed by a post hoc Tukey’s HSD test.

Coral tissue mortality data were not normally distrib-
uted and did not show homogenous variance even after
transformation; thus, data were analysed using the
Scheirer-Ray-Hare test, a non-parametric equivalent of
a 2-way ANOVA (Dytham 1999), using species and com-
petitor treatment (Lobophora variegata absent vs. L. var-
iegata present) as independent variables. Analyses
within levels of each factor were carried out using
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Kruskal-Wallis or Mann-Whitney U-
tests, followed by post-hoc comparisons
using Mann-Whitney U-tests as appro-
priate. In order to compromise between
a large overall Type I error (which would
arise with an α of 0.05 for each separate
test) and a large overall Type II error
(which would arise with a strict applica-
tion of Bonferroni correction, i.e. with an
α of 0.05 × 15–1 = 0.00333), we used an α
of 0.01 in each separate post-hoc test.

Data from the field survey were
analysed for species effects on the per-
centage of overgrown colonies, the per-
centage of overgrown perimeter and
the maximum reach of the alga. Note
that the last 2 variables were averaged across over-
grown colonies. Differences in the percentage of over-
grown colonies were analysed using an heterogeneity
G test, followed by a simultaneous test procedure
(STP) to determine homogeneous groups (Sokal &
Rohlf 1995). Species differences in the percentage of
overgrown perimeter and maximum reach by the alga
were tested using 1-way ANOVAs after appropriate
transformations. Spearman rank-order correlation
analyses (SPSS) were conducted to examine relation-
ships between the experiment and field survey data.

Changes in the percentage cover from 1973 to 2002
were tested by repeated measure ANOVA with spe-
cies as the between-factor variable and year as the
within-factor variable following arcsine square root
transformation. Separate tests were also carried out for
each species and the genus Montastraea.

RESULTS

Preliminary tests

There were no significant differences among species
or competitor treatment in either the initial length of
coral-algal interaction or the initial surface area cov-
ered by alga (2-way ANOVA, p > 0.05 for main effects
and interaction), thus all coral species and dead coral
pieces were equally exposed to the algae at the start of
the experiment.

Effect of coral competition on Lobophora variegata
growth

Lobophora variegata growth was significantly re-
duced in the presence of living coral (Table 1,
Figs. 3A,B & 4A). However, there was a significant
interaction between coral species and competitor treat-
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Source df MS F p Conclusions

Species 5 475.0 1.86 0.113
Competitor 1 89192.0 348.51 0.000
Species × Competitor 5 613.9 2.40 0.046 Significanta

Error 71 255.9

Total 83

aANOVA tests within each level of treatment: no difference among species
within dead coral; significant difference (F5, 58 = 5.99, df = 5, p < 0.001)
among species within living coral: Agaricia agaricites > all other species,
with all other species not significantly different from each other; dead coral
> living coral within all species

Table 1. Lobophora variegata. Results of 2-way ANOVA with growth as
dependent variable, and coral species and competitor treatment (living vs.

dead coral) as independent variables
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Fig. 4. Results of experimental study. (A) Lobophora variegata
growth over dead and living coral tissue for each coral
species. Data are mean (cm2 ± SE) of 4 replicates for dead
coral treatment and 9 to 11 replicates for living coral treat-
ment. Growth can be negative as a result of a decrease in
algal cover over initial coral surface area (Fig. 3D). (B) Coral
tissue mortality in the absence and presence of L. variegata
for each coral species. Data are mean (cm2 ± SE) of 9 to
11 replicates for both treatments. Species abbreviations:
A. aga = Agaricia agaricites, A. lam = A. lamarcki, M. ali =
Mycetophyllia aliciae, M. fra = Montastraea franski, M. mea =

Meandrina meandrites, P. ast = Porites astreoides
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ment, indicating that the effect of coral competition on
L. variegata growth differed among coral species.
When the coral tissue was dead, there was no differ-
ence among coral species, but the growth of the alga
was higher in Agaricia agaricites when the coral tissue
was alive (Table 1). All species were able to signifi-
cantly reduce the growth of the alga, but A. agaricites
was the only species with which L. variegata growth
was positive when the coral tissue was alive. In all
other species, algal growth was negative. In some
cases, the algae even completely retreated from the
coral colony (Fig. 3D).

Effect of Lobophora variegata on coral tissue
mortality

The presence of Lobophora variegata had a signifi-
cant effect on coral mortality, but this effect varied
among coral species (Table 2 & Fig. 4B). Mann-Whit-
ney U-tests for each individual species indicated that
only 1 species of the 6 studied (Agaricia agaricites)
experienced more tissue mortality when exposed to
the alga. Mortality did not differ among species when
the algae were absent, but when the algae were pre-
sent there was a significant difference among species.
Mortality was higher in A. agaricites than all other
species except A. lamarcki (Table 3).

Natural interactions between Lobophora variegata
and corals

The percentage of overgrown colonies varied signif-
icantly among species (heterogeneity G-test, GH =
73.05, df = 5, p < 0.001). Values ranged between 14%
for Mycetophyllia aliciae and 73% for Agaricia
agaricites (Fig. 5A). STP tests showed that 3 species
groups {A. agaricites}, {A. lamarcki, Porites astreoides}

and {M. aliciae, Montastraea franski, Meandrina
meandrites} formed homogenous sets. The percentage
of overgrown perimeter per overgrown colony ranged
from 0.7% for M. franski to 5.7% for P. astreoides
(Fig. 5B). Differences among species were also signifi-
cant (1-way ANOVA on arcsine square root trans-
formed data: F5,121 = 8.2, p < 0.001). Post hoc Tukey’s
HSD test showed 3 homogenous groups: {A. agaricites,
M. meandrites, P. astreoides}, {A. lamarcki, M. aliciae,
M. meandrites} and {A. lamarcki, M. aliciae, M. fran-
ski}. The extent of overgrowth varied more than 4-fold
among species, and ranged from 0.14 cm for M. franski
to 0.66 cm for A. lamarcki (Fig. 5C). This significantly
differed among coral species (1-way ANOVA on log-
transformed data: F5,121 = 11.3, p < 0.001). Post hoc
Tukey’s HSD test revealed that {A. agaricites, A.
lamarcki, P. astreoides}, {M. aliciae, P. astreoides} and
{M. aliciae, M. franski, M. meandrites} were homo-
genous groups.

All the above parameters showed significant, or mar-
ginally significant, correlations with the growth of
Lobophora variegata onto living coral and coral tissue
mortality when the algae were present (Table 4).

Changes in coral communities
between 1973 and 2002

Coral cover within the permanent
quadrats declined or remained steady
depending on species (Fig. 6). This was
supported by a significant interaction
between year and species (Table 5).
Agaricia agaricites and Meandrina
meandrites were the most abundant
species in 1973 with 6.6 and 5.5%
cover, respectively. Both species signif-
icantly declined in cover from 1973 to
2002, experiencing 88 and 68% losses,
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Source SS SS/MStotal df p Conclusions

Species 10530.3 16.84 5 0.000
Treatment 1394.1 2.23 1 0.140
Species × Treatment 8510.4 13.61 5 0.020 Significanta

aKruskal-Wallis or Mann-Whitney tests within each level of treatment: no
difference among species within L. variegata absent; significant difference
(Kruskal-Wallis test: χ2 = 20.90, df = 5, p = 0.001) among species within L.
variegata present (see Table 3 for post-hoc comparisons); L. variegata pre-
sent > L. variegata absent for Agaricia agaricites only (Mann-Whitney test:
U = 13.0, df = 5, p = 0.001)

Table 2. Coral tissue mortality. Results of Scheirer-Ray-Hare test with tissue
mortality as dependent variable, and coral species and competitor treatment
(Lobophora variegata absent vs. L. variegata present) as independent variables

Mfra Mmea Past Mali Alam Aaga

Mfra 20.50
Mmea ns 24.25
Past ns ns 28.60
Mali ns ns ns 28.89
Alam ns ns ns ns 29.50
Aaga * * * * ns 46.45

Table 3. Coral tissue mortality. Results of post-hoc multiple
comparisons (pairwise comparisons and mean ranks; Mann-
Whitney U-test) of tissue mortality experienced by different
coral species when exposed to Lobophora variegata. Kruskal-
Wallis test showed significant differences among species
(χ2 = 20.90, df = 5, p = 0.001). Species abbreviations as in 

Fig. 4. * = p < 0.01, ns = not significant (p > 0.01)
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respectively. Agaricia agaricites showed a strong
decline between 1983 and 1991, followed by a smaller
but steady decrease in cover from 1991 to 2002. Mean-
drina meandrites experienced a major loss between
1973 and 1983. After 1991, its cover remained rela-
tively steady. In contrast, all other species, including
the genus Montastraea, showed no significant varia-
tion in coverage.

DISCUSSION

The results of this study are important for several rea-
sons. Firstly, they demonstrated that coral species have
different competitive abilities against the brown alga
Lobophora variegata. Coral species exhibited different
mortality rates when exposed to the alga and different
abilities to inhibit its growth. Agaricia agaricites was
the only species for which algal growth was positive
and that was overall competitively inferior to the alga.
As stated earlier, much emphasis has been placed on
the role that algae play in the variability of coral-algal
interactions (McCook 2001, McCook et al. 2001, River &
Edmunds 2001, Jompa & McCook 2002a,b, 2003a,b).
Our study is the first manipulative experiment to focus
on Caribbean coral species competitiveness. Our
results provided strong evidence that corals increase
the complexity of coral-algal interactions by exhibiting
species-specific competitive abilities against algae.

Secondly, contrary to the bottom-up and top-down
views of coral reef degradation in which algae act as
the initial cause of coral tissue mortality, algae
appeared to cause mortality in a very limited number
of coral species. Lobophora variegata is considered
as a relatively potent competitor against corals due to
its creeping growth form and opaque, thick foliose
thallus (Jompa & McCook 2002a,b). It can come into
contact with most coral species (M. Nugues pers. obs.).
Yet, our study showed that all corals were able to
significantly inhibit the growth of the alga, and only
1 species of the six studied (Agaricia agaricites) expe-
rienced greater tissue mortality when exposed to L.
variegata over a 1 yr period.

Finally, while algae may cause coral mortality in a
limited number of coral species, this study supported
that competition with algae could play a significant
role in structuring reef coral communities. Although
Agaricia agaricites was the only species affected by
Lobophora variegata in our experiment, this coral
exhibited the highest decline in cover (88%) from 1973
to 2002. This decline has been steady since the die-off
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Fig. 5. Natural interactions between Lobophora variegata and
6 coral species at experimental site. Values are mean (±1SE)
for each coral species. (A) Percentage of overgrown colonies;
n = total number of colonies; SE = √[p × (1 – p)n–1]; p = propor-
tion of algal retreat, n = number of colonies (Sokal & Rohlf
1995). (B) Percentage of colony perimeter overgrown by alga;
n = number of overgrown colonies. (C) Maximum reach over
living coral tissue by the alga; n values as in (B). Species

abbreviations as in Fig. 4

L. variegata Coral mortality
growth

Overgrown colonies 0.886* 0.771+

Overgrown perimeter 0.943** 0.829*
Extent of overgrowth 0.783+ 0.899*

Table 4. Correlation matrix (Spearman rank correlation) be-
tween Lobophora variegata growth next to living corals and
coral mortality when L. variegata was present  in the trans-
plantation experiment (Fig. 4A,B) and the parameters esti-
mated from the field survey (Fig. 5A–C). Correlations based
on mean values for each species (n = 6 species). Significance

levels: + = p < 0.l, * = p < 0.05, ** = p < 0.01
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of Diadema antillarum in 1983 that generally marks
the onset of increased algal abundance on Caribbean
reefs (Ruyter van Steveninck & Bak 1986, Ruyter van
Steveninck & Breeman 1987, Hughes 1994). Meand-
rina meandrites also experienced a significant
decrease in abundance, but part of this decrease
occurred prior to the die-off of D. antillarum, and this
decrease seems to have leveled off since 1991 despite
the continuous presence of algae (R. Bak pers. obs.).

The vulnerability of Agaricia agaricites during peri-
ods of increased algal abundance is further supported
by 2 earlier studies that looked at changes in reef coral
communities following the die-off of Diadema antil-

larum. In the same study area but using
a different census method, Ruyter van
Steveninck & Bak (1986) found that A.
agaricites declined more severely than
all other species combined between
October 1983 and May 1984. In
Jamaica, Hughes (1989) reported a
97% loss in cover for A. agaricites over
a 4 yr period following the die-off of
Diadema antillarum, while other taxa
declined but less sharply.

It is important to recognise that these
experimental results have several limi-
tations. Firstly, they are specific to the
particular grazing intensity and nutrient
regime experienced at our site, and thus
not all aspects can be generalised to
other locations. The role of herbivory
and nutrients in mediating coral-algal
interactions has been suggested by
several studies (Potts 1977, Sammarco
1980, 1982, Lewis 1986, Hughes 1994,
Miller & Hay 1996, 1998, Lapointe 1997,
Lirman 2001, McClanahan et al. 2002,
2003, 2005, Diaz-Pulido & McCook 2003,
2005). Jompa & McCook (2002a) experi-
mentally tested the effects of nutrients
and herbivory on the competition be-
tween Lobophora variegata and the
coral Porites cylindrica. They demon-
strated that a decrease in herbivory can
result in increased algal growth rates
and coral tissue mortality from algal
overgrowth; nutrients only increased al-
gal growth and coral mortality in con-
ditions of reduced herbivory. It is clear
that, in our study, a decline in herbivory
and/or increase in nutrients could lead to
an increase in the competitive advan-
tage of L. variegata over corals and,
consequently, increased coral mortality
from algal overgrowth.

Secondly, our experimental approach necessitated
the selection of healthy-looking colonies and regular
clearing of all externally interfering algae. Both actions
could have minimised the influence of other factors
that affect coral-algal competition. For instance, the
coral Porites astreoides has been suggested as being
highly susceptible to algal overgrowth (Sammarco
1980, 1982). At our survey site, this species had a rela-
tively high percentage of overgrown colonies. Its per-
centage of overgrown perimeter and maximum reach
by the alga were statistically no different to those of
Agaricia agaricites (Fig. 5). Yet, unlike A. agaricites,
this species did not experience a significant increase
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Fig. 6. Percent cover of 6 coral species and the genus Montastraea from 1973 to
2002 at 20 m depth, close to our experimental site. Data are mean (% total pro-
jected reef area ± SE) of 3 permanent quadrats. Coral species: Agaricia
agaricites, A. lamarcki, Mycetophyllia aliciae, Montastraea franski, Meandrina

meandrites, Porites astreoides

Source SS df MS F p Conclusions

Test of
between-subjects effects:
Species 27.80 5 5.57 4.92 0.011
Error 13.60 12 1.13

Test of
within-subjects effects:
Year 3.29 4 0.82 6.58 0.000
Year × Species 8.62 20 0.43 3.44 0.000 Significanta

Error 6.01 48 0.13

aRepeated measures ANOVA tests for each species indicate significant dif-
ference among years for Agaricia agaricites (F4, 8 = 12.26, p = 0.002) and
Meandrina meandrites (F4, 8 = 13.95, p = 0.001)

Table 5. Repeated measures ANOVA of percent coral cover with species as be-
tween factor variables and year (1973, 1983, 1991, 1997 vs. 2002) as within-
factor variables. Data were arcsine square root transformed prior to analysis
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in tissue mortality from the alga in our experiment
(Fig. 4). It is possible that additional factors affect
this species in natural conditions and indirectly facili-
tate algal overgrowth. Sammarco (1980) suggested
that lesions resulting from urchin predation could
increase invasion by algae and other competitors in
P. astreoides. However, P. astreoides is also more effec-
tive in regenerating lesions and overgrowing invasive
algae than A. agaricites at this depth on the reef (Bak
& Steward van Es 1980).

The reason why Agaricia agaricites is a poor competi-
tor against Lobophora variegata is unknown, but prob-
ably depends upon mechanisms of interaction. Previous
studies on interactions between L. variegata and corals
proposed 3 possible mechanisms: (1) mechanical
damage by mesenterial filaments or sweeper tentacles,
(2) allelopathy, and (3) the involvement of grazers de-
fending coral margins (Ruyter van Steveninck et al.
1988, Jompa & McCook 2002b). Nugues et al. (2004)
found that corals can use mesenterial filaments against
L. variegata when placed in direct contact with the
alga. L. variegata blades in contact with corals have
visibly damaged growth margins compared to blades
growing away from corals (Ruyter van Steveninck et al.
1988, M. Nugues pers. obs.). However, it is unknown
whether mesenterial filaments are effective in prevent-
ing L. variegata overgrowth and whether this could
explain differences in competitive abilities among coral
species. Lang (1973) established a hierarchy among
coral species based on their ability to digest their
competitors by extruding mesenterial filaments. Inter-
estingly, A. agaricites ranked low in this hierarchy, but
so did A. lamarcki and Porites astreoides. In short-term
experimental interactions between corals and the alga
Halimeda opuntia where mesenterial filaments were
also observed, Montastraea annularis caused extensive
discoloration in the alga, but A. agaricites, P. astreoides
and Meandrina meandrites all had little or no impact
(Nugues et al. 2004).

There was a good correlation between our experi-
mental results and the pattern of natural interactions
between Lobophora variegata and corals, which sup-
ported the findings of our experiment. Coral species
having a high competitive ability, i.e. low levels of
coral mortality in the presence of the alga (e.g. Mon-
tastraea franski and Mycetophyllia aliciae, Fig. 4B),
had generally low percentages of colony or perimeter
overgrown by the alga in the field (Fig. 5A,B). Vice
versa, Agaricia agaricites, which was competitively
inferior to the alga and experienced a high level of
mortality, was extensively overgrown by the alga — i.e.
more than 70% of the colonies were overgrown. Sur-
veys of coral-algal interactions are only a snapshot
view of these interactions and do not give information
on their long-term outcomes. This correlation could

merely reflect the fact that poor coral competitors gen-
erally have a growth form that renders them more sus-
ceptible to algal overgrowth (Hughes 1989). However,
our study suggested that naturally occurring interac-
tions may be a good indicator of species-specific differ-
ences in competitive ability.

In an attempt to improve conceptual understanding
of coral-algal competition, McCook et al. (2001) pro-
posed algal functional groups and coral life forms as
factors to predict the variability of these interactions.
Algal functional groups proved to work relatively well
(Jompa & McCook 2003b); however, an exception is
already evident within the filamentous algal group.
This group appears to be a poor competitor against
corals (McCook 2001), but recently the filamentous red
alga Anotrichium tenue has been shown to kill coral
tissue by active overgrowth (Jompa & McCook 2003a).
Coral life forms probably influence the initial chance of
encounter with specific algae. For example, the
branching structure of Madracis mirabilis provides a
suitable habitat for the green alga Halimeda opuntia;
therefore, both parties are frequently interacting (M.
Nugues pers. obs.). Encrusting low relief corals are
likely to be more exposed to filamentous or creeping
algae such as Lobophora variegata (Birkeland 1977,
Bak & Engel 1979, Hughes 1989). However, once algae
are interacting with corals, coral life forms could have
limited influence. In our experiment, Agaricia agari-
cites share similarities in growth form with A. lamarcki
and Meandrina meandrites, but it was the only species
to be overgrown and killed by L. variegata. As sug-
gested by McCook et al. (2001), a species-by-species
approach may be the way forward to predict coral-
algal competition on the less diverse Caribbean reefs.

Clearly, we are still far from understanding the com-
plexity of coral-algal interactions. Our study added to
this complexity by demonstrating that Caribbean
corals have different competitive abilities against
Lobophora variegata. Only 1 coral species was com-
petitively inferior to the alga, supporting a limited role
for algal overgrowth as an initial cause of coral mortal-
ity. However, this species was also the one that experi-
enced the strongest and most continuous decline since
the die-off of Diadema antillarum in 1983 on our study
reef. Our results suggest that a species-specific
approach is needed to understand the processes influ-
encing the widespread replacement of corals by algae
on Caribbean reefs.
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