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INTRODUCTION

Sponges are abundant and functionally important
components of coral reef ecosystems (e.g. Díaz & Rüt-
zler 2001) because they act in a number of processes
that support ecosystem functions (Díaz & Rützler
2001, Rützler 2004, Bell 2008). Bioerosion and com-
petition are perhaps the most widely studied ways in
which sponges contribute to the dynamics of coral
reefs (Rützler 1975, López-Victoria et al. 2006, Bell
2008). Bioeroding sponges, mainly represented by

clionaids and the genus Aka, are often the dominant
internal borer organisms on shallow coral reefs (Rüt-
zler 1975, Sammarco et al. 1987, Glynn 1997), and
can cause as much as 95% of the total internal bio-
erosion (Scoffin et al. 1980, Pari et al. 2002). Clionaid
species can develop into large colonies spreading
over several square metres (Rützler 2002, Lopez-
 Victoria & Zea 2005). They are strong competitors
for space, often overgrowing corals (Schönberg &
Wilkinson 2001, Rützler 2002, Chaves-Fonnegra &
Zea 2007).
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Given the interactions between excavating spon -
ges and corals, and their great resistance to environ-
mental stress (Rose & Risk 1985, Vicente 1990b,
Holmes 2000, Rützler 2002, Ward-Paige et al. 2005,
Carballo 2006, Schönberg 2006), the ecosystem-level
role of such sponges is expected to change as corals
sustain greater levels of perturbation (Nyström et al.
2000, Rützler 2002, Ward-Paige et al. 2005): sponge
abundance is expected to increase following coral
reef disturbance (Ward-Paige et al. 2005, Schönberg
& Ortiz 2008). However, few studies have examined
the response of Cliona to rapid coral mortality, which
is one of the most striking outcomes of disturbance on
reefs (Rützler 2002, Ward-Paige et al. 2005, Schön-
berg & Ortiz 2008). Surprisingly, while increases in
sponge density were found in the Florida reef tract,
little change was found in the total cover of C. delitrix
(Ward-Paige et al. 2005). This result implies that fac-
tors other than competition with living corals, such as
competition with other taxa (i.e. algae), predation or
sexual reproduction, may be constraining popula-
tions of Cliona on reefs.

To date, several studies have examined the role of
predation (e.g. Dunlap & Pawlik 1996, Wulff 1997,
Pawlik 1998, Pawlik et al. 2002, Wulff 2005) and com-
petition (Vicente 1990a, Aerts & van Soest 1997, Aerts
1998) on non-clionaid massive sponges. Predation
appears to be a major driver of the distribution of
non-excavating sponge species on reefs
(Wulff 2005, 2006). However, little is
known about the effect of predation on
Cliona. Moreover, even though many
excavating sponges are competitively
superior to corals (Schönberg & Wilkin-
son 2001, Rützler 2002, López-Victoria
& Zea 2004, López-Victoria et al. 2006),
their interactions with other benthic taxa
are little understood (López-Victoria et
al. 2006). Studies undertaken in the
temperate Mediterranean and on the
Australian Great Barrier Reef have
shown that macrophytes may reduce the
growth of Cliona spp., although the indi-
vidual competitor species were not iden-
tified (Cebrian & Uriz 2006, Ce brian
2010). Similarly, monitoring of symbiotic
clionaids in the Caribbean revealed that
their growth can be reduced through
competitive interactions with macro-
phytes, though, once again, the im -
portance of individual com petitors re-
mains unclear (López-Victoria et al. 2006,
Chaves-Fonnegra & Zea 2011).

The present study investigated the effect of macro -
algal competition and fish predation on the growth of
a common excavating sponge in the Caribbean,
Cliona tenuis Zea & Weil, 2003. The study was com-
prised of 3 parts: (1) a factorial experiment to dis -
tinguish the effects and interaction of (a) competition
by the common fleshy alga Lobophora variegata
Lamouroux, 1809, and (b) fish predation on the
growth of C. tenuis; (2) monitoring of in situ and non-
manipulated interactions between C. tenuis and
other benthic taxa to compare Study 1 to the outcome
of competition involving a wider range of (non-
manipulated) species; and (3) in situ estimates of
 predation intensity to better understand the com -
position of species involved and quantify the rate
of the process.

MATERIALS AND METHODS

This study was conducted at Glover’s Reef Atoll
Marine Reserve, Belize (Fig. 1), located approxi-
mately 30 km off the Central American mainland and
15 km east from the Mesoamerican Barrier Reef.
Studies were conducted between February and
November 2009 (~41 wk) on the windward side of
Glovers Atoll on a Montastraea-dominated fringing
reef (16.753° N, 87.779° W).
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Fig. 1. Location of study site at Glover’s Atoll in the Mesoamerican Barrier
Reef (Belize), and the relative location of the atoll in the wider Caribbean re-
gion. Asterisks indicate study sites (MCW: Middle Caye Wall; LCW: Long
Caye Wall. Source data: Global Self-consistent, Hierarchical, High-resolu-
tion Shoreline database (GSHHS) and Millennium Coral Reef Mapping 

project (MCRM)



González-Rivero et al.: Impacts on bioeroding sponge growth

Study 1: manipulation of predation and competition

A total of 72 Cliona tenuis individuals were hap-
hazardly chosen during SCUBA diving along a depth
contour of 8 m. The size of the sponges used in this
study was 53 ± 10 cm2 (mean ± SE), i.e. they had an
approximate diameter of 8 cm. All sponges were
tagged and mapped to allow repeated measure-
ments. Specimens were chosen in the field, based on
the morphological descriptions for C. tenuis (Zea &
Weil 2003), and species identification was corrobo-
rated a posteriori in the laboratory, using a subsam-
ple of 10 sponges randomly chosen from previously
tagged sponges. For these samples, tissue was di -
gested in 70% nitric acid to obtain clean spicules,
tylostyles and spirasters. Permanent spicule slides
were prepared for microscopic examination and
moun ted on Araldite (Huntsman).
Total length and axis width were
measured in 15 randomly chosen spi-
rasters per sample under a light
microscope (1250× in immersion oil)
using the Openlab software (Impro-
vision 2008). Spicule measurements
and the external morphology of indi-
viduals were compared to the pub-
lished descriptions of the 3 common
species of brown Caribbean Clion-
aidae (Zea & Weil 2003), and our
samples were identified as C. tenuis.

The effects of macroalgal competi-
tion and parrotfish predation on the
growth of Cliona tenuis were tested
using a fully orthogonal manipulative
experiment over 286 d. The macro -
algal effect was carried out for one
of the most abundant algal species,
Lobo phora variegata. Any pre-exist-
ing algal competition was eliminated
by clearing a 10 cm belt around the
periphery of all the sponges, using
wire brushes. Polyvinyl chloride
(PVC) exclusion cages of 40 × 40 ×
50 cm and a 5 cm mesh width were
used to control for the effects of pre-
dation and herbivory on algae. Cage
controls had 2 lateral panels removed
and were used to measure the poten-
tial cage effects of attenuated water
flow and suppressed light on the
sponge growth, while allowing fish
predation. Given that C. tenuis main-
tain a symbiotic relationship with

zoo xanthellae (Granados et al. 2008), photosyntheti-
cally active radiation (PAR, 400 to 700 nm) was mea-
sured to evaluate the extent of attenuation of a
potential resource for the individuals under study.
Measurements were carried out every 30 min during
the experimental period inside and outside the cages
using underwater PAR loggers (Dataflow Systems
2008). Individuals of C. tenuis were randomly allo-
cated to 6 treatments listed in the following (Fig. 2).

Treatment 1 (T1): macroalgal competition (n = 12).
Sponges were caged to control for the effect of pre-
dation on the sponge. Rubble pieces colonised by
Lobophora variegata were positioned next to sponges
such that algal fronds were in direct contact with
approximately 75% of the perimeter of the sponge.
Stainless steel and galvanised nails were driven into
the dead coral substrate 10 cm from the sponge
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Fig. 2. Cliona tenuis. Schematic diagram of the experimental design to evaluate
the effects of macroalgal competition and predation on growth of C. tenuis. Rows
show the treatments (T) under predation exposure: (A) predation excluded (T1
and T4; n = 12 and 11, respectively), (B) predation exposed (T2 and T3; n = 12
and 13, respectively) and (C) predation exposed but simulating caging effects
(T5 and T6; n = 12). Columns (D) and (E) show those treatments in which
C. tenuis was in contact with Lobophora variegata (D: T1, T3 and T5; n = 12, 13
and 12, respectively) or without algal competition (E: T2, T4, and T6; n = 12, 11 

and 12, respectively)
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perimeter and used to affix the rubble pieces using
cable ties.

Treatment 2 (T2): predation (n = 12). Sponges were
uncaged and exposed to predators. Potential algal
competitors were regularly cleared.

Treatment 3 (T3): combined effect of macroalgal
competition and predation (n = 13). To understand
interactive effects of both stressors, Cliona tenuis was
uncaged and maintained in contact with Lobophora
variegata (as in T1).

Treatment 4 (T4): sponge growth in absence of
predation and competition (n = 11). Predation and
competition effects were removed using cages and
clearing each sponge periphery.

Treatments 5 (T5, n = 12) and 6 (T6, n = 12): cage
effects. These treatments involved testing for experi-
mental artefacts on caged spon ges due to potentially
re duced light attenuation and water flow (Rosell &
Uriz 1992, Hill 1996, Schönberg 2006). Two treat-
ments with partial cages were used: predation-only,
no algal contact (T6) and the combined effect, preda-
tion and algal competition (T5). The caging effect
was evaluated by comparing these treatments to the
equivalent treatments that lacked cages, while both
treatments allowed predators to feed on the sponge.

Maintenance of treatment conditions was per-
formed every 3 wk; this included cleaning cages,
replacing algae (when needed to keep the amount of
competition constant) and clearing the sponge peri -
meter in the appropriate treatments. Sponges were
filmed every 3 mo to determine sponge area, using
the VidAna software (Hedley 2006). Photographic
parallax error was avoided by using a frame of previ-
ously known area, which was placed in the same
plane as the sponge. The depth of tissue penetration
into the substrate for species of the Cliona viridis
complex is limited to the first couple of centimetres,
possibly due to the autotrophic association with zoo -
xanthellae (Bergman 1983, Acker & Risk 1985, Lo -
pez-Victoria & Zea 2005). Therefore, for this experi-
ment, individuals of C. tenuis are considered to be
sheets of constant thickness, independently of the
experimental treatment, and growth is directly pro-
portional to their lateral expansion and reported as
the difference in size between the same individual at
the beginning (t = 0 d) and end of the experiment 
(t = 286 d).

To assess the significance of competition and pre-
dation effects on sponge growth, a generalized least
squares approach to a 2-factor analysis of covariance
(ANCOVA GLS) was developed (re stricted maxi-
mum likelihood method). The predicted variables
included were predation (T2 and T4) and compe -

tition (T1 and T4), as 2-level factors (presence/ab -
sence), which accounted for interactions (T3). Initial
size of each individual (continuous) was included in
the analysis as a covariate. The res ponse variable
used in the analysis was somatic growth (cm2) after
286 d, which was log transformed [ln(growth + 100)]
to satisfy assumptions. The  variance of residuals
was fitted to the model using a combination of the
 functions VarIdent, to account for hetero geneous
variance within explanatory variables, and VarFixed,
to account for the over-dispersion of residuals with
the covariate (Pinheiro & Bates 2000, Zuur et al.
2009).

Possible cage effects were also tested using 2 sepa-
rate ANCOVA GLS analyses on comparable treat-
ments under caged and partially caged conditions.
For both analyses, initial size was included as a
covariate. The response variable was the log-trans-
formed growth after 286 d. The first test compared
the cage effect between treatments exposed to pre-
dation (uncaged: T2, partially caged: T6). The second
test evaluated the effect between treatments ex -
posed to the interaction of predation and competition
(uncaged: T3 and partially caged: T5). For the second
test, the model was fitted to include a variance struc-
ture allowing a heterogeneous variance of residuals
within explanatory variables and correlated to the
covariate, which was not needed for the first test.
This variance structure was adjusted to the model
using the VarIdent function (Pinheiro & Bates 2000,
Zuur et al. 2009). Homoscedasticity and normality of
residuals in all analyses were tested graphically
(McGuinness 2002, Zuur et al. 2009), and the graphs
from the final models are shown in Supplement 1 at
www.int-res.com/articles/suppl/m444p133_supp.pdf.
Analyses were performed using R, and the ‘nlme’
package (Pinheiro et al. 2009, R Development Core
Team 2010).

Study 2: unmanipulated interactions of 
Cliona tenuis with other competitors

Interactions between Cliona tenuis and 5 common
competitor categories were evaluated by measuring
the linear advance of each competitor over time. A total
of 113 sponges were randomly selected and tagged in
January 2009. Competitor categories were: (1) coral
(n = 7), involving the species: Montastraea annularis,
M. faveolata, Siderastrea siderea, Porites porites and
Agaricia agaricites; (2) short algal turf (height <10 mm;
n = 44); (3) tall algal turf (height >10 mm; n = 33), which
can trap sediment and forms a dense mat; (4) Dictyota
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pulchella (n = 12); and (5) Lobophora variegata (n = 13).
The initial position of the sponge−competitor interface
was tagged using a stainless steel and galvanised nail,
and no collateral damage caused by tags was observed
(Supplement 2 at www.int-res.com/articles/suppl/ m444
p133_supp.pdf). Approximately every 90 d, measure-
ments of the distance from the nail to the edge of the
inter action were taken using callipers (±0.01 mm). As
the growth of the sponge is not entirely symmetrical,
the linear expansion was measured across an imaginary
line directed to the centre of the sponge, and in a win-
dow of 1 cm of the perimeter of the sponge to minimise
sampling errors. Positive values represent a linear ad-
vance of the sponge over the competitor, and negative
values indicate sponge retraction. We present the final
outcome of the interaction, as linear growth, after 286 d
of evaluation, which we term ‘linear advance’.

Competitive outcomes of sponge linear advance
were evaluated by fitting a linear model using a GLS
approach (estimation method: restricted maximum
likelihood). The res ponse variable was sponge linear
advance, log transformed [ln(‘linear advance’ + 100)],
and the pre dictor variable was the species identity
of each competitor (categorical, 5 levels). As within-
group heterogeneity of variance was observed, the
structure of the variance was defined using the 
VarIdent function to allow for different standard de -
viations of residuals among competitors (Pinheiro &
Bates 2000, Zuur et al. 2009). Size and linear advance
were not correlated (general linear model, t-statistic
= −0.569, df = 28, p = 0.574); therefore, size was not
included in the analysis. For these tests, we em -
ployed the nlme package (v3.1) using the R software
v2.13.0 (Pinheiro et al. 2009, R Development Core
Team 2010). The model was evaluated using graphi-
cal methods (see Fig. S4 in Supplement 1 at www.int-
res.com/articles/suppl/m444p133_supp.pdf). Post-hoc
comparisons among the effects of competitors on
the linear ad vance were then evaluated using an
Unequal N Tukey’s honestly significant difference
(HSD) test (STATISTICA software v6.0, StatSoft
2001).

Study 3: predation levels

Fish predation intensity was measured using static
underwater video cameras placed between 1 and 2 m
from the sponge, over periods of 1 h. A total of 12 h of
high definition footage was taken on 12 randomly
selected sponges in November 2009. The approxi-
mate size of each evaluated sponge was 50 cm2. Fish
species were identified from the footage, and the

number of bites was counted for each individual.
Data were pooled due to the low predation intensity,
only considering those species that left bite marks
on the sponge tissue, and therefore consumed the
sponge. The species names of the fishes observed
biting the sponge are given in the ‘Results’. Predation
intensity was estimated as the average number of
bites per hour on each 100 cm2 of the sponge (bites
100 cm−2 h−1).

RESULTS

Study 1: manipulation of predation and competition

In the absence of competition by Lobophora varie-
gata and predation by parrotfish, Cliona tenuis grew
an average of 24.8 ± 23.1 cm2 (mean ± 95% CI) after
286 d, which was significantly dependent on the
 initial size (ANCOVA GLS; df = 1, 38; F = 12.32; p <
0.005; Table 1, Fig. 3). L. variegata was found to over-
grow sponge tissue, which appeared transparent
before necrosis. Nearly 12 cm2 of sponge colony
(11.98 ± 11.2 cm2; Fig. 3) was overgrown by L. varie-
gata in 286 d (ANCOVA GLS; df = 1, 38; F = 5.34;
p < 0.05; Table 1). Sponges exposed to predation did
not change size when compared to control treat-
ments (ANCOVA GLS; df = 1, 38; F = 0.475; p = 0.495;
Table 1, Fig. 3). The combined effect of macro -
algal competition and exposure to fishes did not
interact significantly, and  prevented sponge growth,
causing a change in size of only 6.1 ± 19.2 cm2 (mean
± 95% CI; ANCOVA GLS; df = 1, 38; F = 0.602; p =

Parameters df SS F p

Competition (A) 1 0.5078 5.3369 <0.05 *
Predation (P) 1 0.0452 0.4749 0.495
A:P interaction (AP) 1 0.0573 0.6023 0.443
Size (covariate) 1 1.1730 12.323 <0.005 **
A: Size 1 0.0227 0.2385 0.628
P: Size 1 0.0278 0.2924 0.592
A: P: Size 1 0.0749 0.7873 0.381
Residuals 38 3.6615

Table 1. Effects of macroalgal competition and fish preda-
tion on growth (G ) of Cliona tenuis, showing the summary
outcome of a 2-factor ANCOVA generalised least squares
analysis (GLS) using initial size as a covariate. The degrees
of freedom (df), sum of squares (SS), F-statistic (F ) and the
significance (p) of each factor are shown. Asterisks and bold
mark those factors that showed a significant effect. Assump-
tions of the model were graphically evaluated and are 

shown in Fig. S1 in Supplement 1
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0.443; Table 1, Fig. 3). Most sponges exposed to pre-
dation received at least one bite mark in the period of
286 d, but the recovery of scars was fast, being indis-
tinguishable from the rest of the sponge after appro -
ximately 2 wk.

Cages significantly attenuated PAR by 18 ± 2%
(SE) of ambient levels (1-tailed paired t-test, p <
0.001). This light attenuation only weakly reduced
the growth of Cliona tenuis and was only associated
with non-significant differences be -
tween comparable partially caged and
uncaged treatments (Fig. 4): predation
(ANCOVA GLS; df = 1, 17; F = 0.661;
p = 0.427; Fig. 4A) and predation + com-
petition (ANCOVA GLS; df = 1, 18; F =
2.065; p = 0.168; Fig. 4B).

Study 2: unmanipulated interactions of 
Cliona tenuis with other competitors

On average, the growth of Cliona
tenuis varied significantly among the
competitor categories. The sponge was
able to grow linearly over all except
Lobophora variegata (GLS; df = 4, 104;
F = 24.41; p < 0.0001). In the un -
manipulated observations, Lobo phora
overgrew C. tenuis by 12.7 ± 6.2 mm
(mean ± 95% CI; Tukey’s HSD; p < 0.05;
Fig. 5). Short turf offered the least resis-
tance and was overgrown by C. tenuis
at a linear advance of 26.7 ± 5.2 mm

(mean ± 95% CI; Tukey’s HSD; p < 0.05; Fig. 5), fol-
lowed by corals, which did not significantly differ
from short turf (Table 2). The other 2 competitors sig-
nificantly reduced the linear advance of C. tenuis,
but their relative impacts did not differ significantly
from one another (see Table 2 for details).

Study 3: predation levels

Parrotfish were the most frequent predators ob -
served biting Cliona tenuis. Although the data were
pooled because of the low number of observations
per species of fish, the following species were
involved, from the most to the fewest bites: the par-
rotfish Scarus iserti, Scarus coelestinus and Spari-
soma viride, the damselfish Stegastes planifrons and
Stegastes partitus, and the surgeonfish Acanthurus
coeruleus. Sparisoma viride and Scarus coelestinus
bit more intensively and left obvious marks on
C. tenuis compared to the other fishes (Scarus iserti,
Stegastes planifrons, Stegastes partitus, and A. co -
eruleus), which left no visible impact of predation.
The latter species were therefore excluded from the
analysis, assuming that their activities did not signif-
icantly damage the sponge. Using the remaining 2
parrotfish species, the average predation intensity
per sponge recorded was: 1.0 ± 0.6 bites 100 cm−2 h−1

(mean ± SE).
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Fig. 4. Cliona tenuis. Caging effects on sponge growth subjected to similar
treatments, but exposed (partially caged) or not (uncaged) to cage effect over
a period of 286 d. (A) Only predation effects (Treatment [T] 2 vs. T6), and (B)
combined effect of algal competition and predation (T3 vs. T5). No significant
caging effect was observed in either of these comparisons (see ‘Results’). The
box plot compares the growth of sponges in treatments without caging influ-
ence (cage control) versus uncaged treatments. Data points outside the range
of the 5th and 95th confidence intervals (bars) are represented by dots, and
the boxes indicate the inter-quartile range. The solid line inside the box
 represents the median; the dotted line represents the mean. See Fig. 2 for a 

detailed description of the treatments and sample sizes
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DISCUSSION

Cliona tenuis and closely related species have
been found to be important competitors for space
(Schönberg & Wilkinson 2001, Rützler 2002, López-
Victoria et al. 2006), being some of the fastest grow-
ing species among congeners (López-Victoria et al.
2006). However, the factors controlling the growth of
C. tenuis populations after coral decline are unclear.
Our study reveals that macroalgal competition can

significantly compromise the growth of individual
sponges, while the effects of predation on growth
appear to be undetectable. This conclusion adds to
an emerging view that sponges and algae compete
(Cebrian & Uriz 2006, López-Victoria et al. 2006,
Chaves-Fonnegra & Zea 2011), but also highlights
the species-specific nature of such interactions. Here,
the encrusting macroalga Lobophora variegata is
shown to be the strongest competitor. Indeed, L.
 variegata appears to be an important competitor,
most notably with corals (i.e. de Ruyter van Steven -
inck et al. 1988, Nugues & Bak 2006, Box & Mumby
2007, Foster et al. 2008, Diaz-Pulido et al. 2010).

While Cliona tenuis was often observed to be com-
petitively superior to other taxa, such as corals and
macroalgae (except Lobophora variegata), competi-
tion still slowed down the lateral growth rate of the
sponge. Previous studies have examined the mecha-
nisms of sponge−coral interaction (López-Victoria et
al. 2006, Chaves-Fonnegra & Zea 2007,  Chaves-
Fonnegra et al. 2008) and found that clionaids can
avoid the mechanisms of coral defence by undermin-
ing their polyps (López-Victoria et al. 2006,  Chaves-
Fonnegra & Zea 2007). Although this is a physical
interaction, polyp mortality might be achieved by
chemical toxicity once the sponge is in contact with
corals (Chaves-Fonnegra et al. 2008). In the case of
confrontations between clionaids and macrophytes,
however, much remains to be investigated.

Previous studies of coral−algal interactions might
provide a framework for exploring algal−sponge
interactions. These studies show that algae can
affect their competitors through several mechanisms:
(1) shading and asphyxiation, (2) compromising, by
shading, the contribution of symbionts to the energy
budget, (3) reducing access to food resources by
compromising filtering/up-take efficiency, (4) allelo-
pathic interaction and (5) mechanical abrasion,
where allelopathy and shading effects can play a
large role (see McCook et al. 2001). Among the algal
species, Lobophora variegata and Dictyota bartayre-
siana were shown to be strongly allelopathic when
interacting with corals, causing bleaching and mor-
tality of the coral tissue when they are in contact with
the algae (Rasher & Hay 2010). Shading was also
implicated as a major cause of stunted coral growth
during interactions with macroalgae, in particular
with L. variegata, because of its morphological struc-
ture (Box & Mumby 2007).

The above-mentioned mechanisms of macroalgal
competition will be of particular concern for the
group of brown clionaids, as these are characterised
by their symbiotic association with zooxantellae
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Fig. 5. Cliona tenuis. Linear growth of C. tenuis neighbour-
ing common competitors over 286 d. Vertical bars show the
confidence intervals (α = 0.05). Significant differences were
observed in sponge growth according to the species in
 competition. Horizontal bars group the categories which did
not show significant differences. Asterisks indicate the cate-
gories where significant differences (p < 0.05) were found
using Unequal N Tukey’s honestly significant difference
(HSD) test for post-hoc comparisons. See Table 2 for details

Parameters Short Coral D. Tall L. varie-
turf pulchella turf gata

Short turf 0.159 <0.001 <0.001 <0.001
Coral 0.828 0.972 <0.050
Dictyota pulchella 0.978 <0.050
Tall turf <0.005
Lobophora variegata

Table 2. Effects of the interaction with other competitors on
the linear advance of the sponge after 286 d. The effect was
evaluated fitting a GLS model. The identity of competitors
was included as the predictive variable to explain changes
in the linear advance of the sponge (GLS; df = 4, 104; SS =
45.823; F = 24.41; p < 0.0001). The table shows the outcome
of the Unequal N Tukey’s HSD test (error: between MS =
0.41606, df = 104), which includes the p-values of the pair-
wise comparisons among competitors. Significant effects are
given in bold. Assumptions of the model were graphically 

evaluated and are shown in Fig. S3 in Supplement 1
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(Granados et al. 2008), and the lack of light has been
shown to reduce the growth rate of symbiotic clion-
aids when they are shaded to 3−5% of ambient levels
(Hill 1996, Schönberg 2001). This suggests that the
mechanisms by which Lobophora variegata is com-
petitively superior to Cliona tenuis may be due to al-
lelochemical interaction and/or its shading effects on
the sponge. Similar mechanisms might apply to the
interactions of the sponge with Dictyota spp. Other
competitors, such as long turf, may compete by offer-
ing physical resistance to sponge expansion by trap-
ping sediments and forming a thick mat acting as a
barrier (see Purcell 2000, Birrell et al. 2005). Al though
the competition of C. tenuis over corals may itself
rely on chemical components present in the sponge
(Chaves-Fonnegra et al. 2008), allelochemical assays
are needed to address the potential effects of algal
toxic compounds on the sponge tissue or vice versa.

We found no direct effect of predation on the growth
of Cliona tenuis, as observed in previous studies in
other congeneric excavating spon ges, C. varians and
C. delitrix (Hill 1998, Chaves-Fonnegra & Zea 2011).
In contrast, studies on free-living or semi-cryptic
sponges have clearly shown strong negative impacts
of predation upon their growth and survival (i.e. Wulff
1997, Pawlik 1998, Loh & Pawlik 2009), which sug-
gests that predation is an important driver of the
abundance and distribution of coral reef sponges, as is
the case for fleshy species (Wulff 2005). Whether our
observations arise as a result of relatively low pre -
dation rates or the conciliation of potential predation
effects by exceptionally rapid healing of lesions of
clionaids is not yet clear (see Guida 1976, Chaves-
Fonnegra & Zea 2011). On the other hand, parrotfish
have been identified as opportunistic predators of
sponges in the Caribbean (Dunlap & Pawlik 1996,
Wulff 1997, Dunlap & Pawlik 1998). Therefore, the
limited impact of parrotfish on C. tenuis might simply
reflect a relatively low preference for such sponges,
possibly because of low palatability, low abundance,
or a relative paucity of the convex surfaces that
 parrotfish prefer to feed on. It should be noted that a
low abundance of predators is unlikely to be a factor
in our study because parrotfish biomass at our study
site is among the highest levels in the Caribbean
(Mumby 2006). We also point out that while fish
 predation might not strongly influence the dynamics
of adult C. tenuis in our study, predation might be a
more important problem at other stages of ontogeny,
such as the recruit and juvenile stages.

Although predation did not interact with macro -
algal competition, a positive growth of sponges under
the interaction treatment (Treatment 3) was observed.

This can be explained by the effects of herbi vory on
the transplanted algae, which may compromise the
rate of advance of Lobophora variegata even when the
pro portion of competition was maintained constant
over the experimental time, as well as during the
obser vational study (Study 2). Therefore, the growth
rate of sponge may be expected to change along with
changes in grazing intensity, thus highlighting the
importance of herbivory in mediating interactions
among major benthic components of coral reefs
(Coyer et al. 1993, Cebrian & Uriz 2006, Calderon et
al. 2007, Mumby et al. 2007). Further, rapid increase
of the encrusting sponge Condrilla nucula after post-
bleaching coral mortality in Belize might be ex -
plained by the depletion of macroalgal competition
in an overgrazed system (Aronson et al. 2002).

A more complete understanding of the roles of her-
bivory, competition and predation on the dynamics
of clionaids requires expansion to include a wider
range of body sizes and other demographic processes,
such as fecundity and survival, as well as seasonal
changes in the intensity of these interactions, given
the phenology of clionaids. In addition, while compe-
tition can mediate vital rates of benthic invertebrates,
the role of other attributes, such as the physical envi-
ronmental or alternative interaction pathways among
benthic individuals, such as food resource leaking,
should also be considered (Preciado & Maldonado
2005, van Duyl et al. 2011). With such informa -
tion, individual-based observations of ecological pro-
cesses can be scaled up to estimate responses at the
population scale. Recent theoretical explorations of
the competitive traits among sponges, corals and
macroalgae have shown that competitive abilities,
and the reduced herbivory due to increased preda-
tion of excavating sponges are relevant for predicting
the trajectory of the ecosystem into alternative stable
states (González-Rivero et al. 2011). Further, with
concerns rising about the future of reef accretion
(Hoegh-Guldberg et al. 2007), achieving greater pre-
dictive power for the response of bioeroding sponges
to changes in community structure is becoming in -
creasingly urgent.
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