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used, where four candidate mechanisms—algal competition, 
stock-recruitment limitation, whole and partial mortality—
were incorporated sequentially into the model and the results 
were tested against independent field observations taken over 
a decade in Belize, Central America. We found that releasing 
space after coral mortality can promote C. tenuis outbreaks, 
but such outbreaks can be curtailed by macroalgal competi-
tion. The asymmetrical competitive superiority of macroal-
gae, given by their capacity to pre-empt space and outcom-
pete with the sponge in a size-dependant fashion, supports 
their capacity to steal the opportunity from other opportun-
ists. While multiple system stages can be expected in coral 
reefs following intense perturbation macroalgae may pre-
vent the growth of other space-occupiers, such as bioeroding 
sponges, under low grazing pressure.

Keywords Disturbance · Population regulation · 
Transient ecosystems · Marine ecosystems · Porifera

Introduction

Interspecific competition is a common structuring pro-
cess in many ecosystems (Connell 1983; Schoener 1983). 
Competitive attributes such as size and growth can confer a 
large advantage to one competitor when resources are lim-
ited, leading to asymmetric competition (Weiner 1990). For 
example, large plants can pre-empt resources (e.g. light) in 
proportion to their size, thus compromising the survivor-
ship and growth of smaller plants (Berger et al. 2008). Such 
competitive asymmetry can also be observed on the coral 
reef benthos (Sandin and McNamara 2012), where space 
is an essential and finite resource (Connell 1983), and 
therefore ‘pre-emptable’. Organisms capable of dispropor-
tionately high growth rates and rapid colonisation, such as 

Abstract Disturbance releases space and allows the 
growth of opportunistic species, excluded by the old stands, 
with a potential to alter community dynamics. In coral 
reefs, abundances of fast-growing, and disturbance-tolerant 
sponges are expected to increase and dominate as space 
becomes available following acute coral mortality events. 
Yet, an increase in abundance of these opportunistic species 
has been reported in only a few studies, suggesting certain 
mechanisms may be acting to regulate sponge populations. 
To gain insights into mechanisms of population control, 
we simulated the dynamics of the common reef-excavating 
sponge Cliona tenuis in the Caribbean using an individual-
based model. An orthogonal hypothesis testing approach was 
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macroalgae (Connell et al. 2004), have the capacity to limit 
the growth of other benthic organisms in a size-dependent 
fashion (Ferrari et al. 2012a). Also, space pre-emption by 
macroalgae limits the population replenishment of other 
benthic groups by occupation of space available for larval 
recruitment (Arnold et al. 2010; Doropoulos et al. 2015). 
Such competitive superiority of macroalgae is comple-
mented by allelopathic properties that can compromise the 
growth, recruitment and mortality of other benthic organ-
isms (Paul et al. 2011; Rasher and Hay 2010).

Although there is no doubt that competition is an impor-
tant process in structuring benthic communities, uncer-
tainty arises when trying to predict how complex com-
petitive networks determine the trajectory of perturbed 
ecosystems (Karlson and Jackson 1981). In particular, the 
consideration of multispecies asymmetrical interactions 
and the dynamic nature of such hierarchical interactions are 
especially complex and difficult to predict (Connell 1983). 
Yet it is important to understand the outcome of multispe-
cies interactions to predict the response of ecosystems to 
disturbance (Hastings 1980).

Complex community responses to disturbance have 
previously been explored in terrestrial systems, where the 
outbreak of disturbance-resistant species is dampened by 
the competitive strength of other players (Lenssen et al. 
2004). In space-limited systems, such as benthic marine 
environments (Muko et al. 2001; Roughgarden et al. 1985), 
disturbance often favours the rapid colonization of ‘fugi-
tive’ or opportunistic species (Hutchinson 1951). This can 
occur through release from competition (Horn and MacAr-
thur 1972) or by altering the competitive hierarchy among 
species (Suding and Goldberg 2001). Opportunistic spe-
cies generally colonize vacated space quicker than others, 
because of their fast growth rates and high recruitment 
rates (Armstrong 1989). Many ecosystems possess multi-
ple opportunistic species and although many are relatively 
weak competitors (Paine 1988), asymmetric competition 
among opportunistic species could have a strong bearing 
on community dynamics (Platt and Weis 1985). In highly 
disturbed systems, released space brings the opportunity 
for a number of species to rapidly grow and dominate (Platt 
and Weis 1985; Suding and Goldberg 2001), potentially 
leading to alternative stable states reinforced by feedback 
mechanisms (Mumby et al. 2007). Given the complexity of 
competitive interactions in natural systems, predicting the 
trajectory of these systems following perturbation remains 
an exciting challenge in ecology (Petraitis and Hoffman 
2010).

Coral reefs are disturbance-driven ecosystems (Rogers 
1993) and early colonizers include fleshy macrophytes, 
such as Lobophora variegata and Dictyota spp. (Mumby 
2006), and sponges (Rützler 2002). Indeed, phase shifts 
of community structure following acute disturbance have 

been described from coral dominance to either macroal-
gae (Mumby et al. 2007) or other space occupiers, includ-
ing sponges (González-Rivero et al. 2011; Norström et al. 
2009). This raises the question, what is the role of asym-
metric competition, primarily between macroalgae and 
sponges, in determining community dynamics after acute 
events of coral mortality? Given the rapid colonization 
potential of macroalgae following perturbation (Mumby 
et al. 2005), and their capacity to overgrow excavating 
sponges (González-Rivero et al. 2012; López-Victoria et al. 
2006), we hypothesize that macroalgae should largely pre-
vent the outbreak of opportunistic sponge species, in par-
ticular the excavating sponge Cliona tenuis (Zea and Weil 
2003). Among other benthic components (e.g. soft corals, 
corallimorpharians, ascidians), bioeroding sponges were 
chosen as a model group, primarily because of: (1) their 
predicted increase after coral decline (Schönberg and Ortiz 
2009), (2) their opportunistic nature (Rützler 2002) and 
competitive strength (López-Victoria et al. 2006), (3) their 
capacity to promote alternative stable states (González-Riv-
ero et al. 2011), and (4) their significant negative impact on 
reef erosion (Scoffin et al. 1980).

The specific context of our study is that acute coral mor-
tality, driven by disturbances such as hurricanes (Rogers 
1993), coral bleaching (Mumby 1999) and sedimentation 
(Rogers 1990) provides available substrate for excavating 
sponges, primarily of the family Clionaidae. Few studies 
have documented an increase in the abundance of clion-
aids over large temporal scales (Rützler 2002; Schönberg 
and Ortiz 2009; Ward-Paige et al. 2005), and the biological 
controls of these populations, including the role of competi-
tion, remain enigmatic. A key limitation is that few data (if 
any) are available on demographic rates of clionaids, so the 
relative importance of competition, mortality (Hixon et al. 
2002), recruitment limitation (Roughgarden et al. 1985) and 
partial tissue mortality (Bak et al. 2005) are unknown, even 
though they are often key drivers structuring marine sessile 
organisms. In contrast, demographic processes of macroal-
gae have been relatively well studied (Mumby 2006; van 
Steveninck et al. 1988; Williams et al. 2001).

Here, we combine field observations with an ecologi-
cal model to explain a decade-long pattern of C. tenuis 
population dynamics, following a major disturbance to a 
Caribbean coral reef. In doing so, we take an inferential 
approach to understanding why the populations of bioerod-
ing sponges, which are expected to outbreak following 
coral mortality, have remained at steady low levels despite 
a substantial decline in coral cover at Glover’s Atoll, 
Belize. The study provides a mechanistic understanding 
of system behaviour following perturbation, in particular 
consideration of structuring processes such as asymmet-
ric competition in a complex multi-species and spatially 
explicit context.
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Materials and methods

Study species

Cliona tenuis is a common photosymbiotic bioeroding 
sponge on Caribbean reefs that belongs to the highly com-
petitive Cliona viridis species complex (Zea and Weil 2003). 
Photosymbiotic clionaids are fast-growing species whose 
capacity to outcompete corals may be due to their ability 
to undermine polyps (López-Victoria et al. 2006). While C. 
tenuis is one of the fastest growing clionaid in the Caribbean 
(López-Victoria et al. 2006), competition can reduce its lat-
eral expansion rate in a species-specific fashion, and mac-
roalgal species such as Lobophora variegata often overgrow 
the sponge (González-Rivero et al. 2012). Reproduction 
occurs once a year and clionaid larvae show weak swim-
ming abilities, tending to crawl over the substrate, which 
supports the closed stock-recruitment relationship observed 
in temperate photosymbiotic species of the same complex 
(González-Rivero et al. 2013; Mariani et al. 2006).

The depth of tissue penetration into the reef substrate 
for species of the C. viridis complex is mostly limited to 
1–2 cm (Rützler 1974). For modelling purposes, however, 
we considered individuals as bi-dimensional structures, 
whose growth is chiefly defined by their lateral expansion. 
Predation does not appear to impact the somatic growth of 
adult sponges, though incidental predation may influence 
the number of juveniles in the population (González-Riv-
ero et al. 2012). This group of clionaid species has a high 
tolerance against typical disturbances on coral reefs such 
as thermally induced bleaching (Schönberg et al. 2008; 
Vicente 1990), sedimentation (Carballo 2006; Schönberg 
2015) and hurricanes (López-Victoria and Zea 2004). 
Their superior competitiveness for space coupled with their 
strong resistance to environmental stress has been used to 
explain observed increases in the abundance (cover and 
density) on reef systems that experience modern regimes of 
disturbance (López-Victoria and Zea 2004; Rützler 2002; 
Schönberg and Ortiz 2009; Ward-Paige et al. 2005).

Study area

Field data were collected at Glover’s Reef Atoll, Belize. 
Surveys were conducted within the boundary of the 
Glover’s Atoll Marine Reserve, on shallow (8 to 10-m) 
fore-reefs dominated by Orbicella spp. corals. Orbicella-
dominated habitat (formerly Montastraea reef) is one of 
the most important habitats of Caribbean reefs. Previous 
studies across the region have found that these habitats 
consistently exhibit the highest abundance and richness of 
sessile invertebrates and fish (Mumby et al. 2008). Cor-
als are the foundation species in tropical reefs (Wild et al. 
2011) but the gradual loss of corals on many Caribbean 

reefs (Gardner et al. 2003), and the study site in particular 
(Mumby et al. 2005), means that macroalgae have become 
dominant competitors for space. Sponges are another key 
component of Caribbean reefs; their abundance and biotic 
interactions with their surrounding environment highlight 
their relevance among benthic groups (Díaz and Rützler 
2001).

In recent decades, coral reefs at Glover’s Atoll have been 
impacted by a number of hurricanes and bleaching events 
(Mumby et al. 2005). Consequently, structural changes to 
the benthic community have been observed on the fore-
reefs (Mumby et al. 2005; Roff et al. 2015). Model param-
eterisation and validation were performed with in situ data 
collected by independent field surveys both in time and 
space. Data for model parameterisation were collected from 
repetitive surveys on tagged individuals from the windward 
side at Glover’s Atoll during 2009, while model validation 
was conducted using data from 1998 to 2007 from three 
locations (Table 1; Online Resource 3).

The ecosystem model was parameterised with four func-
tional groups of corals representative of the dominant com-
position of Caribbean coral assemblages. These functional 
groups disaggregate corals based on their reproductive 
mode, growth rate and susceptibility to disturbance (Dar-
ling et al. 2012). The model also includes three groups of 
algae: (a) cropped turf algae, a functional group of algae 
that undertake weak competitive interactions and facilitate 
the growth and recruitment of other benthic species (Box 
and Mumby 2007; González-Rivero et al. 2012; Mumby 
1999); (b) seasonally constrained macroalgae, a group of 
upright fleshy algae represented by the genus Dictyota that 
exhibit seasonal mortality in winter (Ferrari et al. 2012b; 
Renken et al. 2010) and dominate the macroalgal composi-
tion at Glover’s Atoll (Online Resource 1); and (c) Lobo‑
phora variegata, a common competitor with corals and 
sponges (Box and Mumby 2007; González-Rivero et al. 
2012), and the second most dominant species at Glover’s 
Atoll (Online Resource 1). Both groups of macroalgae 
have been reported to be major competitors of corals and 
sponges (Chadwick and Morrow 2011; González-Rivero 
et al. 2012). Lastly, the model incorporates the dominant 
bioeroding sponge C. tenuis. An earlier version of this 
model (without sponges) has been shown to emulate coral 
reef dynamics faithfully when compared to long-term and 
independent field data (Mumby et al. 2007).

Population modelling of C. tenuis

Overview

The spatial simulation model by Mumby et al. (2007) was 
extended to include bioeroding sponges and to simulate 
their population dynamics. Parameterization for sponge 
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demographic rates and initial population structure was 
undertaken using field data gathered on the windward side 
of Glover’s Atoll in 2009 (Table 1). Model outputs (popula-
tion size-structure of C. tenuis) were validated against inde-
pendent field observations covering the simulated period 
(1998–2007). The relative importance of processes driving 
sponge population structure was explored using a perturba-
tion analysis (inclusion/exclusion), whereby the simulated 
sponge size structure was compared to field observations. 
Below, we: (1) give an overview of the simulation model, 
(2) explain the candidate drivers of C. tenuis populations 
included in the model, and (3) describe the procedures 
used to test the model performance and compare the rel-
ative roles of the putative drivers of C. tenuis population 
dynamics.

Ecosystem model

We modelled the dynamics of the main benthic components 
occurring over 6-month time steps as a result of recruit-
ment, growth, mortality and competitive rates in each com-
ponent. The model is structured in a square lattice of 400 
cells, each of which represents 0.25 m2 of reef and can be 
occupied by a combination of living organisms and dead 
substrata. Individual cells in the model comprise multiple 
coral colonies, algal patches and C. tenuis individuals, so 

that ecological interactions occur at individual scales as 
they do in situ. Grazing affects all algal classes and grazed 
patches become algal turf. Corals and sponges are subject 
to size-dependent fecundity and mortality. Competition 
between corals, sponges and macroalgae assumes physi-
cal contact among species within a cell, and results in the 
loss of colonised area to the benefit of the winner(s). The 
size-asymmetric nature of competitive interactions among 
macroalgae, corals, and/or sponges arises as an emergent 
property of the model, and it essentially depends on the 
parameterisation of individual species traits and behaviours 
(Online Resource 5, Table 5). Competition coefficients 
quantify the area that each inferior competitor loses due 
to overgrowth from a superior competitor every 6 months. 
Such coefficients were determined from experimental and 
field observations on tagged sponge individuals over time 
(see Online Information 3 for detailed calculations). Acute 
disturbance occurs from hurricanes, and coral bleaching 
is considered in the background whole-colony mortality. 
Percent cover and size structure of corals and sponges, and 
percent cover of macroalgae gave the initial conditions of 
each simulation in 1998. Each parameter varies stochasti-
cally at each time step, given a probability function. Each 
model simulation was run for 11 years, and 50 iterations 
were used to determine the average outputs for every popu-
lation (Online Resource 5).

Table 1  Full detail of the parameterisation of the demographic rates of Cliona tenuis used to model the dynamics of a degrading coral reef eco-
system

Parameter Details

Competition Sponge growth (G) is subject to the amount and intensity of competition (Eq. 6). 
Sponge size is quantified as the cross-sectional, basal area of a hemispherical 
individual (cm2). The final area after each time step is calculated using the linear 
extension (l.e.) of the sponge in front each competitor (i; cropped algae, Dictyota, 
Lobophora or coral), and weighted by the proportion of tissue in contact with each 
competitor (p), whereby: r is the radius of the sponge and p is calculated as the 
average local cover of the competitor (in the von Neumann five-cell neighbour-
hood)

The l.e. for each competitor was: cropped algae, 0.35 cm 6 months−1 [tall turf 
(González-Rivero et al. 2012)]; Dictyota, 0.14 cm 6 months−1 (González-Rivero 
et al. 2012); Lobophora, −0.56 cm 6 months−1 (González-Rivero et al. 2012); 
coral, 1.02 cm 6 months−1 (González-Rivero et al. 2012)

Recruitment Sponge recruitment on cropped algae at a rate of 0.315 individuals 0.25 m−2 of 
cropped algae per time interval (~2.5 individuals m−2 year−1). Recruit size is 1 cm2 
(González-Rivero et al. 2012)

Whole-individual mortality of juvenile and adult sponges Fecundity is assumed to be a linear function of size, as bigger sponges contain a pro-
portionally higher number of reproductive propagules, assuming that the number of 
propagules per unit area of tissue remains is independent of size. Therefore, sponge 
reproduction is a function of the existing population structure in the previous time 
step. Refer to ‘Stock recruitment’ in Online Resource 3 for more details

Whole-individual mortality of juvenile and adult sponges Fecundity is assumed to be a linear function of size, as bigger sponges contain a pro-
portionally higher number of reproductive propagules, assuming that the number of 
propagules per unit area of tissue remains is independent of size. Therefore, sponge 
reproduction is a function of the existing population structure in the previous time 
step. Refer to ‘Stock recruitment’ in Online Resource 3 for more details
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Field observations

The population structure of C. tenuis and the abundance 
of other benthic components were evaluated over 11 years 
at Glover’s Atoll (during 1998, 2003, 2007 and 2009). 
Data were gathered using videos analysis of belt-tran-
sects (10 m2) and random quadrats (1 m2) at two sites on 
the windward side of the atoll, and one site on the leeward 
side of the atoll (Online Resource 3). Footage were ana-
lysed using the software VidAna (http://www.marinespa-
tialecologylab.org) to calculate the size and number of C. 
tenuis individuals within each sampling unit.

Population metrics of C. tenuis, such as size frequency 
distribution, kurtosis, skewness, geometric mean size, 
percent cover and population size, were evaluated at the 
four time periods. We divided the sponge population into 
seven size classes: I = 0–100 cm2, II = 100–300 cm2, 
III = 300–500 cm2, IV = 500–700 cm2, V = 700–900 cm2, 
VI = 900–1100 cm2, VII > 1100 cm2. Changes over time 
in the mean size of individuals (geometric mean) for each 
site were evaluated using a mixed effects regression model, 
including site as a random effect to account for repeated 
measurements, and temporal autocorrelation was modelled 
using the corARMA function (Pinheiro and Bates 2000).

Testing the model performance

The overall performance of the model was visually 
inspected against the in situ patterns of coral, sponge and 
macroalgal cover from 1998 to 2009 (section above). 
To test how well the model captured sponge population 
dynamics, we compared the simulated and observed size-
frequency classes for the end year (2009). Here we used 
two metrics of goodness-of-fit to evaluate the performance 
of the model in describing the population structure of C. 
tenuis: residual sum of squares (RSS) and model likeli-
hood (LL) estimated between the modelled and observed 
size structure. RSS measures the discrepancy between the 
observed and predicted data, so that the smaller the RSS the 
better the fit, based on a least squares approach. Equation 1 
gives RSS where yi is the observed abundance for the ith 
size class out of a total of k (8), and ŷi is the predicted val-
ues for the same category

On the other hand, the LL can be defined as the prob-
ability of the observed data given a model where a maxi-
mum LL estimate indicates a better fit of the model to the 
data. For discrete model outcomes (number of individuals) 
for multiple size categories, the probability of a given cat-
egory (size class) from the model can be used to denote the 

(1)RSS =

k
∑

i=1

(

yi − ŷi
)2
.

LL (Haddon 2001). Therefore, we can define the sum of the 
LLs by using a multinomial probability function, where p 
is the probability for each ith possible model outcome, xi is 
the number of times an event of type i occurred (field data) 
in n number of observations (size categories).

Evaluating the role of regulatory mechanisms

We hypothesized that four mechanisms could drive the pop-
ulation structure of C. tenuis: (a) stock-recruitment dynam-
ics of a closed population, (b) whole-individual mortality, 
(c) partial tissue mortality, and (d) interspecific macroalgal 
competition, as summarized in Table 1. The first two mech-
anisms can be considered as intrinsic processes related to 
the life history of the sponge, while competition acts as an 
extrinsic factor. For partial mortality, extrinsic factors such 
as disease and predation cause mortality of sections of the 
tissue while the individual remains alive (González-Rivero 
et al. 2012, 2013). However, partial tissue mortality also 
involves intrinsic processes, associated with the life history 
of the species, such as senescence. Therefore, for compara-
tive analysis, partial tissue mortality can be considered as 
both an intrinsic and extrinsic parameter. Model implemen-
tation of the candidate mechanisms of sponge population 
regulation is briefly described below (and Table 1), and 
detailed in Online Resource 4.

Competition

The effect of different competitors (e.g. corals and algae 
species) on the somatic growth of C. tenuis was mod-
elled by dividing the perimeter of the sponge into sections 
for each competitor, and calculating the resulting linear 
growth rate of the sponge for each section (Table 1). The 
proportion of the perimeter in contact with a competitor is 
given by the local abundance of each competitor (five-cell 
mean cover). Assuming a radial expansion of C. tenuis, the 
final size of the sponge after every time step (6 months) 
thus results from the sum of the linear somatic growth of 
the individual sections in contact with each competitor 
(Table 1).

The linear extension of C. tenuis sections in contact with 
cropped algae (i.e. turf) varies as a function of the develop-
ing state of this algal community, indicating that the com-
petitive strength of turf increases as it gets thicker and taller 
(González-Rivero et al. 2012). Here we estimate growth 
of the sponge in competition with the average cropped 
algal state at Glover’s Atoll (tall turf algae, based on field 
observations). Competition among sponges is also consid-
ered, where the larger individual overtops the smaller one, 

(2)LL{xi|n, p1, p2, . . . , pn} =

n
∑

i=1

[

xiLn
(

p̂i
)]

.

http://www.marinespatialecologylab.org
http://www.marinespatialecologylab.org
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thereby reducing the underlying sponge size by the over-
topping area of the winner (Online Resource 5).

Stock‑recruitment dynamics

Modelled populations of C. tenuis are assumed to be sus-
tained by stock-recruitment dynamics determined by the 
number and fecundity of adult sponges. A positive and 
linear fecundity-size relationship is assumed, whereby the 
number of propagules and larvae produced will proportion-
ately increase with the individual size of the sponge.

Whole‑individual mortality

The mortality of C. tenuis was modelled as a negative 
power function of sponge size (Peterson and Wroblewski 
1984):

where the parameters were estimated by the non-linear 
least square regression fit to data from tagged sponges 
monitored during 2009 (Online Resource 4).

Partial mortality

To calculate the per capita probability of occurrence and 
intensity of partial mortality we repeatedly surveyed C. 
tenuis individuals that were not subjected to macroalgal 
or coral competition throughout the year in 2009. These 
sponges had 95.6 ± 0.2 % [mean ± confidence interval 
(CI)0.95, n = 27] of the perimeter in contact with short turf, 
therefore minimizing any possible confounding effect of 
competition in the estimates of partial mortality. The prob-
ability of partial mortality was then calculated as a propor-
tion of shrinking sponges versus those that did not change 
in size.

To explore the relative importance of these four mecha-
nisms in regulating the population dynamics of C. tenuis, 
we compared the simulated and observed population size 
structure that was observed at the end of the simulation 
period (2009) when each candidate mechanism was incor-
porated into the model. A null model was used as a base-
line (i.e. null hypothesis) that included only sponge growth 
rates (1.65 cm year−1; linear extension over short turf) and 
a constant recruitment rate (2.5 individuals year−1 m−2). 
This approach resembles a hypothesis testing design, 
whereby a ‘null model’ is used to simulate the scenario 
where none of the regulatory mechanisms were incorpo-
rated. We then used an orthogonal design that iteratively 
included each mechanism independently as well as their 
interactions. For simplicity of representation, we show here 
only four simulation scenarios: (a) null model, (b) intrin-
sic mechanisms of regulation, (c) macroalgal competition 

(3)M = 0.16. size−1.42

as an extrinsic mechanism, and (d) the interaction between 
both mechanisms. Note that intrinsic mechanisms refer 
here to whole-individual mortality, stock recruitment, and 
partial mortality, even when, as explained before, partial 
mortality can also be driven by external factors. The design 
of simulations is fully detailed in Online Resource 6.

Models for each scenario were compared using two-
model selection criteria, based on model LLs: (1) Bayes-
ian information criterion (BIC), and (2) adjusted amount 
of deviance (D) accounted for by a model (D̄2). BIC tends 
to favour more parsimonious models, and is therefore ideal 
for descriptive models, based on an assessment of relative 
importance. Given the LL estimate of a model, the num-
ber of parameters added to the model (x) and the number of 
observations (n), BIC can then be calculated as (Wit et al. 
2012):

Deviance (D) is a quality-of-fit statistic often used for 
statistical hypothesis testing, when compared against a sat-
urated model. Here, the model with the lowest RSS is used 
as the saturated model, which includes all four explanatory 
variables. The D is then used to compare each model sce-
nario against the fully saturated model. Therefore, given 
the LL estimates for a model m (LLm) and for the saturated 
model (LLs), D of a model m is defined as (Nelder and 
Wedderburn 1972):

Like the coefficient of determination, the amount of D 
accounted by a model can be calculated as a direct com-
parison among different models, as a metric of variance 
explained, or D reduction (D̄2). Given the null D, defined as 
the D without the proposed regulation mechanisms (Dnull), 
and the residual D, as the D that remains unexplained after 
the variables have been included (Dm), D̄2 can be defined 
as:

Results

Throughout the observations at Glover’s Atoll over 
11 years, live coral cover exhibited a reduction of 
52 ± 33 % of the original cover in 1998 (mean ± 95 % 
CI). Macroalgae steadily dominated the benthic com-
munity over time, averaging 36 ± 7 % (mean ± 95 % CI 
across sites and time) and mainly comprised two species: 
Dictyota spp and Lobophora variegata (Fig. 1a, c). In con-
trast, sponges only represented an average of 1.7 ± 0.6 % 
(mean ± 95 %-CI across sites and time), where C. tenuis 
dominated the composition of sponges and other clionaids 
(averaging 1.1 ± 0.6 %; Online Resource 1). Macroalgae 

(4)BIC = −2 Ln(LL)+ x log(n)

(5)Dm = −2
(

logLLm−logLLs

)

(6)D̄2 = 1−

[

x − 1

x − n

]

·

(

1−
(Dnull − Dm)

Dnull

)
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comprised the main competitors, averaging a percentage 
contact with the sponge of 37 ± 8.4 %. Although some 
variability in algal composition was observed between 
the two observation periods, Dictyota pulchella and L. 
variegata represented 78 % of the total macroalgal abun-
dance (Fig. 1c) and interacted, on average, with 27 % of 
the perimeter of each individual sponge at Glover’s Atoll 
(Fig. 1d).

The population of C. tenuis maintained its size struc-
ture and density over time. Observed size distribution of 
sponges followed a lognormal distribution, being strongly 
skewed to the right and typically leptokurtic—described 
by a low variation around the mean and a high ‘peaked-
ness’ (Online Resource 2). On average, the population was 
represented by individuals smaller than 100 cm2, with a 

geometric mean of 14.3 ± 2.6 cm2 (mean ± SE), which did 
not show statistical differences among observation periods 
(mixed-effect regression model, t-value = 0.968, df = 8, 
p = 0.3614).

The model successfully simulated the dynamics of the 
dominant benthic taxa (corals, algae and sponges) over 
the 11-year period (Fig. 2). Despite a decrease in coral 
cover (Fig. 2a) and a consistent dominance of macroalgae 
(Fig. 2b), the abundance of C. tenuis did not vary either in 
cover (Fig. 2c) or density (Fig. 2d). The model successfully 
captured this static behaviour and reproduced the size-fre-
quency distribution observed on C. tenuis populations in 
2009 (Fig. 2f).

To compare the relative importance of each of the 
four candidate mechanisms in controlling the observed 
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population structure of C. tenuis, we iteratively included 
each mechanism in the model and compared the results 
against those of a null model (Fig. 3; see Online Resource 
6 for full model comparisons). When all the hypoth-
esized regulating processes were negligible (null hypoth-
esis model), the population size structure rapidly shifted 
to a left-skewed distribution, where large individuals 
represented the bulk of the population and pre-empted 
space (Fig. 3a). Including mortality, partial mortality 
and stock-recruitment dynamics in the model increased 
the model goodness-of-fit, represented by an increase in 
the BIC and reduction of the RSS, so that 43.9 % of the 
D was explained (D̄2 = 0.439; Fig. 3b). However, if only 
algal competition was considered, the LL increased (and 
RSS decreased), while accounting for 98.5 % of the D 
(Fig. 3c). After including competition, model simulations 
offered a better fit to the observed size structure, with a 
strong positive increase in the BIC by about six units. 
When including all four putative mechanisms of popula-
tion control in the model, the simulated population struc-
ture was constrained to small sizes, providing the best fit 
(Fig. 3d). However, while the inclusion of all mechanisms 

into the model largely increased the fit (RSS = 0.013, and 
LL = −129.45), the BIC only increased by three units, 
compared to the last model (competition model). Overall, 
constraints on the somatic growth of the sponge, imposed 
by macroalgal competition, were the most relevant mech-
anisms determining the observed size structure and abun-
dance of C. tenuis at Glover’s Atoll, Belize.

Discussion

This study captured the benthic community dynamics 
of a common reef habitat found in the Caribbean region, 
dominated by corals of the genus Orbicella (Mumby et al. 
2008), where macroalgae and bioeroding sponges are also 
common and functionally relevant species (González-Riv-
ero et al. 2011; Perry et al. 2014). Our results emphasize 
the complexity of competitive outcomes that emerge when 
a third competitor, other than corals and algae, is included 
in the system. This highlights the importance of asymmet-
rical competition—represented here by disparities in size, 
competitive strength and colonization rate—as a regulatory 
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process of excavating sponge populations after coral mor-
tality; competition with macroalgae prevented sponges 
from taking advantage of greater colonisable space.

Between 1998 and 2001, coral populations in Belize 
were heavily impacted by hurricanes, and then by coral 
bleaching in 2005 (Mumby et al. 2005), freeing up con-
siderable space for alternative taxa. Despite the increase 
of substrate suitable for clionaid sponge colonisation in 
the form of dead coral skeleton, C. tenuis experienced no 
net increase in abundance and its size structure remained 
unchanged over an 11-year period. Models that only inte-
grated recruitment, growth and mortality rates of C. tenuis 

could not explain this observation. The lack of expansion 
by C. tenuis was accurately reproduced once competition 
with macroalgae was added to the model, which strongly 
suggests that asymmetric competition with macroalgae 
(particularly L. variegata) is responsible for the control 
of sponge populations after coral mortality events. These 
results confirm the superior ability of macroalgae to out-
compete sessile reef organisms under reduced herbivory, 
as already shown with corals (Hughes 1994; Knowlton and 
Jackson 2008; Mumby et al. 2007).

C. tenuis exhibited a lognormal size distribution, which 
is common in many taxa (Kirchner et al. 1980). For sessile 
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sic mechanisms of population regulation—stock recruitment, mortal-
ity and partial mortality; c adding macroalgal competition only; and d 
including the interaction between intrinsic mechanisms and competi-
tion
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organisms, a lognormal size-frequency distribution can be 
explained by extrinsic processes (e.g. competition) that 
constrain the transition of juvenile individuals to larger size 
classes (Muko et al. 2001). Alternatively, such size distribu-
tion can be attributed to partial tissue mortality, increasing 
with body size, thus limiting the abundance of large indi-
viduals (Bak et al. 2005; Hughes and Jackson 1985). In the 
case of C. tenuis, we have shown that both extrinsic and 
intrinsic mechanisms limit the growth of the sponge and 
can explain the stable but skewed size-frequency distribu-
tion of sponges over time. Although extrinsic processes 
such as predation and disease-induced mortality (integrated 
here within partial mortality) have the potential to influence 
the population dynamics of sponges (Hughes and Connell 
1987; Muko et al. 2001), macroalgal competition largely 
explained the observed patterns in the sponge populations.

The combination of rapid growth, perhaps high recruit-
ment rates, and tolerance to disturbance is thought to sup-
port opportunistic population growth of Cliona spp. (Rüt-
zler 2002; Schönberg and Ortiz 2009; Ward-Paige et al. 
2005). Our simulations can confirm this; the stabilizing 
effect of macroalgal competition on sponge populations 
found in our study is proportional to algal cover. High 
percentage cover of macroalgae at Glover’s Atoll, perhaps 
attributable to low herbivore pressure (Mumby et al. 2011), 
can explain the observed trends and population size struc-
ture. Low levels of macroalgal cover, on the other hand, 
allowed a rapid positive response of sponges to large size 
classes in the model, which is consistent with several field 
observations after coral reef disturbance in the Caribbean 
(Lopez-Victoria and Zea 2005; Rützler 2002; Williams 
et al. 1999). Similar patterns have been reported in the 
Mediterranean and the Great Barrier Reef where grazers 
limited the growth of algae thus facilitating the expansion 
of other Cliona viridis species (Cebrian 2010; Cebrian and 
Uriz 2006; Sammarco et al. 1987). Such transitions have 
also occurred elsewhere in Belize following bleaching-
induced coral mortality where herbivory from sea urchins 
prevented a strong macroalgal response but failed to pre-
vent a shift in dominance from corals to the encrusting 
sponge Chondrilla nucula (Aronson et al. 2002). This sug-
gests that altering the competitive network of interactions 
may strongly affect community dynamics.

By hindering the rapid positive response of bioeroding 
sponges, the stabilizing effect of macroalgae, under cur-
rent low grazing pressure (Mumby et al. 2011), can influ-
ence the contribution of these opportunistic sponges to 
the overall system dynamics. Although macroalgal domi-
nance has proven to have a profound and deleterious effect 
on coral reef systems (Mumby et al. 2013; Steneck et al. 
2014), macroalgae-sponge interactions may down-regulate 
the capacity of bioeroding sponges to rapidly displace 
corals by competition (Lopez-Legentil and Pawlik 2009; 

López-Victoria et al. 2006) and consequently increase 
the net erosion of the reef carbonate matrix (Perry et al. 
2014). Failing to regulate bioeroding sponge populations, 
on the other hand, may promote a rapid positive increase 
in sponge population size (null model), enhancing reef ero-
sion (Kennedy et al. 2013) and contributing to alternative 
stable states (González-Rivero et al. 2011).

While this study focuses on the dynamics of C. tenuis, 
other sponges may respond differently to coral reef decline 
(Pawlik et al. 2013), including sponges dominating cryptic 
habitats (de Goeij et al. 2013; Pawlik et al. 2013), which 
are underrepresented in this study. Looking forward, fur-
ther studies will be needed to evaluate the role of structur-
ing drivers on the overall dynamics of other abundant reef-
dwelling groups, within a multi-species context.

The degree to which competitive outcomes between 
macroalgae and C. tenuis will vary geographically and tem-
porally will depend, at least in part, on regional variations 
in interaction strength and the abundance of each taxon. 
While some competitive interactions appear to be consist-
ent across the Caribbean, such as the superior competitive 
ability of Lobophora over some weedy corals (Mumby and 
Harborne 2010; Nugues and Bak 2006), our knowledge 
of algal-sponge interactions remains limited. Moreover, a 
recent study reveals that the outcome of inter-taxon com-
petition can be strikingly different among major coral reef 
biogeographic provinces (Mumby et al. 2015). Whether 
this extends to sponge-algal interactions remains to be 
seen. It is worth noting that both the habitat type and ben-
thic species included in this study have a pan-regional dis-
tribution. Thus, we would expect our results to have a bear-
ing on community dynamics throughout the Caribbean. It 
would be useful to study how interaction strength varies in 
a context-dependent fashion, where the sign or magnitude 
of the effect on fitness changes as a function of the biotic 
or abiotic context in which the interaction occurs (Cham-
berlain et al. 2014). This includes biotic and abiotic drivers 
such as herbivory (Burkepile and Hay 2006), wave energy 
(Chollett and Mumby 2012), temperature and nutrients 
(Rützler 2002; Ward-Paige et al. 2005).

Considering a third species can influence the context 
dependency of competitive outcomes in marine systems 
(Chadwick and Morrow 2011), where intransitive interac-
tions, for example, alter the competitive hierarchy in a sys-
tem (Edwards and Schreiber 2010). An intriguing implica-
tion of a third competitor might arise if it becomes involved 
in reinforcing feedback mechanisms. For example, studies 
of alternative attractors of Caribbean reefs have focused 
on the reinforcing competitive feedbacks between corals 
and macroalgae (Mumby et al. 2007, 2013). One reinforc-
ing mechanism that drives increased coral is the intensi-
fication of fish herbivory on non-coral substrates as coral 
cover increases (Williams et al. 2001), thereby accelerating 
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the loss of macroalgae and reinforcing coral recovery. If 
the ‘third taxon’ were also avoided by herbivorous fish, 
and therefore served to intensify herbivory, then the coral 
attractor might strengthen. Alternatively, if the third taxon 
was consumed it would play a destabilising role in the 
resilience of coral and algae, and potentially lead to the 
emergence of unexpected system states (González-Rivero 
et al. 2011).
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