
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/226366118

Competition Among Sessile Organisms on Coral Reefs

Chapter · November 2011

DOI: 10.1007/978-94-007-0114-4_20

CITATIONS

216
READS

3,170

2 authors:

Some of the authors of this publication are also working on these related projects:

Management of recreational diving in Brazilian MPAs View project

Life history patterns, social group structure, and mating system of Pederson cleaner shrimps Ancyclomenes pedersoni View project

Nanette Chadwick

Auburn University

80 PUBLICATIONS   3,490 CITATIONS   

SEE PROFILE

Kathleen M Morrow

University of New Hampshire

59 PUBLICATIONS   1,845 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Kathleen M Morrow on 31 May 2014.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/226366118_Competition_Among_Sessile_Organisms_on_Coral_Reefs?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/226366118_Competition_Among_Sessile_Organisms_on_Coral_Reefs?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Management-of-recreational-diving-in-Brazilian-MPAs?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Life-history-patterns-social-group-structure-and-mating-system-of-Pederson-cleaner-shrimps-Ancyclomenes-pedersoni?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nanette-Chadwick?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nanette-Chadwick?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Auburn-University?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nanette-Chadwick?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kathleen-Morrow?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kathleen-Morrow?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-New-Hampshire?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kathleen-Morrow?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kathleen-Morrow?enrichId=rgreq-5517578f821271aad07a456a2883caf3-XXX&enrichSource=Y292ZXJQYWdlOzIyNjM2NjExODtBUzoxMDI3NTQ4MDY2NjUyMTdAMTQwMTUxMDA2MzI1NQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


347

Abstract Competition among sessile organisms is a major 
process on coral reefs, and is becoming more important as 
anthropogenic disturbances cause shifts in dominance to 
non-reef builders such as macroalgae, soft corals, ascidians, 
and corallimorpharians. Long-term monitoring and field 
experiments have demonstrated that competition for limited 
space can exert major impacts on reef biodiversity and com-
munity composition across habitats and regions. Recent 
experiments also reveal increasingly important roles of allel-
opathic chemicals and the alteration of associated microbes 
in shaping competitive outcomes among benthic space 
 occupiers. Competition impacts the recruitment, growth, and 
mortality of sessile reef organisms and alters their population 
dynamics. Co-settlement and aggregation of conspecific coral 
colonies may lead to intense intraspecific competition, 
including chimera formation and potential somatic and germ 
cell parasitism. The complexity of competitive outcomes and 
their alteration by a wide variety of factors, including irradi-
ance, water motion, and nutrient levels, results in mostly cir-
cular networks of interaction, often enhancing species 
diversity on coral reefs. Competition is a model process for 
revealing impacts of human activities on coral reefs, and will 
become increasingly important as alternate dominants gain 
space at the expense of reef-building corals.

Keywords Interference competition • exploitation competi-
tion • competition • cnidarian • macroalgae • cyanobacteria  
• scleractinian • corallimorpharian • actinarian • sea anemone 
• ascidian • zoanthid • fungiid • hydrocoral • octocoral • soft 
coral • stony coral • coral • sponge • climate change  
• chimera • growth • mortality • reproduction • competitive 
network • coral–algal interaction • phase shift • feedback 
loop • model • allelopathy • herbivory • recruitment  
• antibiotic • microorganism • bacteria • abrasion • palytoxin 
• bleaching • disease • natural products • nematocyst  

• mucus • diversity • community structure • aggression  
• population • alternate dominant

1  Introduction

Scleractinian reef-building corals require space on hard sub-
stratum for the settlement and metamorphosis of their larvae 
into primary coral polyps. Due to their dependence on endo-
symbiotic algae (zooxanthellae) for energy (Stambler in this 
book) and on the consumption of zooplankton for essential 
nutrients (Ferrier-Pages et al. 2010), the space they occupy 
must be exposed to adequate irradiance and to water currents 
carrying food. Thus, suitable space on shallow marine sub-
stratum often is a limiting resource for the settlement, growth, 
and reproduction of tropical reef corals (Connell et al. 2004, 
Birrell et al. 2008a, Foster et al. 2008). Competition among 
corals for substratum space is a major process on tropical 
reefs, and in some locations and time periods can control their 
patterns of diversity and abundance (Connell et al. 2004). 
Lang and Chornesky (1990) published the only major review 
of coral competition 2 decades ago. Since then, many advances 
have been made in our understanding of important aspects of 
competition among reef corals, especially in terms of associ-
ated fitness costs, long-term impacts on community structure, 
and effects of within-species interactions among coral colo-
nies. Here we review the recent literature on coral competi-
tion, following a similar organizational format to that of Lang 
and Chornesky (1990).

Global climate change and increasing human impacts on 
coral reefs during the past 20 years have caused substantial 
decreases in the abundance of reef-building corals worldwide 
(Pandolfi et al. 2003, Bruno and Selig 2007). Widespread 
declines in coral cover, due in part to mass bleaching (Hoegh-
Guldberg 2004), disease (Harvell et al. 1999), hurricanes 
(Holland and Webster 2007), and loss of grazers (Carpenter 
1990), have exposed large areas of reef substratum and contrib-
uted to colonization by other benthic organisms (e.g., macroal-
gae, sponges, ascidians, and corallimorpharians). These trends 
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have precipitated an increase in competitive interactions 
between corals and other sessile reef organisms (Done 1992, 
Bak et al. 1996, Griffith 1997, Hughes et al. 2007). As such, 
we broaden our review here to include competition among all 
major sessile organisms that occupy exposed space on coral 
reefs: cnidarians (stony corals, soft corals, hydrocorals, zoan-
thids, actiniarian sea anemones, corallimorpharian sea anemo-
nes), other sessile invertebrates (sponges, ascidians, see Glynn 
and Enochs 2010), and algae (red, green, and brown macroal-
gae, cyanobacterial algal mats, see Fong and Paul 2010). We 
do not discuss competition among organisms in cryptic habi-
tats on reefs, such as in caves or crevices (reviewed in Knowlton 
and Jackson 2001).

This review includes five major topics on competition 
among sessile organisms on coral reefs, focusing on recent 
advances within each area: (1) methods of study; (2) mecha-
nisms; (3) altering factors; (4) impacts on individuals, popu-
lations, and communities; and (5) conclusions and directions 
for future research.

2  Methods of Studying Competition Among 
Sessile Organisms on Reefs

2.1  Field Surveys at a Single Point in Time

Several field surveys of competitive interactions among reef 
cnidarians have been conducted over the past 20 years. They 
have revealed complex, circular networks of competitive 
dominance among species, and have supported ideas 
advanced in the 1980s (Paine 1984, Buss 1986) that the lack 
of a linear, transitive competitive hierarchy allows the coex-
istence of diverse cnidarians on coral reefs (Lang and 
Chornesky1990, Knowlton and Jackson 2001). The space 
occupied by each sessile organism is likely to change at least 
slightly over ecological timescales (years to decades), as 
individuals and colonies are competitively damaged by some 
neighbors, while overgrowing others. This complexity of 
outcomes creates an ever-changing mosaic of space occupa-
tion on coral reefs, which is altered sporadically by distur-
bances such as storms, diseases, or predator outbreaks that 
remove individuals and open space for colonization (Connell 
et al. 2004).

A few field surveys have reported outcomes of within-
genus or within-species competition in corals. Examination 
of competition among five species of Porites in Japan revealed 
a linear hierarchy of dominance (Rinkevich and Sakai 2001), 
but inclusion of more species may reveal circular networks 
within this genus. Chornesky (1991) surveyed contacts 
among colonies of Agaricia tenuifolia on Belize reefs, and 
concluded that they may benefit from intraspecific contact, 
due to interdigitation and mutual strengthening of their skel-

etons on turbulent reefs. Thus, some contact interactions 
among sessile organisms on reefs are standoffs with no clear 
effects, and some may be mutually beneficial interactions 
rather than competition.

A handful of studies during the 1990s described competi-
tive networks for all coral species within a reef area. An 
intransitive, circular network occurs among major stony cor-
als on reefs in Taiwan, with stony corals in general dominat-
ing soft corals (Dai 1990). A stony coral competitive network 
in the Red Sea is similar to that in Taiwan, in that it contains 
circular intransitive outcomes with no clear correlation 
between aggressive ranking and the relative abundance of 
species (Abelson and Loya 1999). The aggressive rank of 
some corals is similar between the Pacific Ocean and Red 
Sea, but varies widely for some species among regions, indi-
cating that more information is needed on the consistency of 
competitive network outcomes among coral reef regions. In 
contrast, on temperate rocky reefs that contain a much sim-
pler assemblage of only three species of stony corals and one 
corallimorpharian, the competitive hierarchy is linear in both 
field surveys and laboratory observations (Chadwick 1991).

Other studies have surveyed competitive outcomes among 
a subset of the cnidarians that occupy a given reef system. 
Three morphotypes of the Caribbean boulder coral 
Montastraea annularis were observed to compete with a 
wide variety of sessile organisms on reefs in Curacao (Van 
Veghel et al. 1996). A survey of brain corals Platygyra dae-
dalea in the Red Sea revealed that they damage other corals 
and defend their space on reefs in about half of all observed 
interactions (Lapid et al. 2004). Also in the Red Sea, the 
clonal corallimorpharian Rhodactis rhodostoma is dominant 
over most contacted stony and soft corals, but some massive 
faviid corals cause unilateral damage to the corallimorphar-
ian polyps (Langmead and Chadwick-Furman 1999a). In the 
Caribbean Sea, the congener R. (Discosoma) sanctithomae 
also damages most contacted corals (Miles 1991), and so do 
other corallimorpharian and actiniarian sea anemones 
(Sebens 1976). In a field survey in Jamaica, competitive con-
tacts with an encrusting octocoral damage stony corals but 
not sea anemones and algae (Sebens and Miles 1988).

The recent proliferation of macroalgae on some coral 
reefs has prompted field surveys of the frequency of coral–
algal contacts. However, in contrast to many reef cnidari-
ans, algae may be seasonally ephemeral and often do not 
cause clear zones of tissue mortality on competitors. The 
more subtle impacts of competition with macroalgae have 
been revealed mostly through time-series surveys (see 
Sect. 2.2) and manipulative experiments (see Sect. 2.3). 
A photographic survey of coral reefs in Florida during the 
seasonal peak of macroalgal abundance (>50% cover) doc-
umented high frequencies of coral–algal interactions, in 
which the basal perimeter of coral colonies contacted mixed 
algal turfs and the macroalgae Halimeda and Dictyota 
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(Lirman 2001). A onetime survey in Hawaii used photo 
quadrats to demonstrate that the abundance of recent 
recruits of the coral Montipora capitata decreases signifi-
cantly with the cover of fleshy algae (Vermeij et al. 2009).

Field surveys of competitive contacts among sessile reef 
organisms other than stony corals and algae are rare. In a 
cross-taxonomic study on competition among a Red Sea soft 
coral, scleractinian coral, hydrocoral, and sponge, Rinkevich 
et al. (1992) described a nontransitive circular network 
among the four examined species. Also in the Red Sea, a 
survey of contacts between scleractinian corals and the 
mucus nets of sessile vermetid gastropods revealed that cor-
als are deformed under the mucus nets (Zvuloni et al. 2008). 
On southern Caribbean reefs in Colombia, field observations 
indicated that sponges overgrow corals in only 2.5% of inter-
actions, and most contacts are standoffs with possibly mutual 
inhibition of growth (Aerts and van Soest 1997). A field sur-
vey in the northeastern Pacific documented that cold-water 
solitary corals frequently compete for space with colonial 
ascidians (Bruno and Witman 1996).

Interpretation of the results of onetime surveys is prob-
lematic, because the outcomes of some competitive interac-
tions reverse after several weeks to months, and thus depend 
on the duration of previous contact (reviewed in Lang and 
Chornesky 1990, Chadwick-Furman and Rinkevich 1994, 
Langmead and Chadwick-Furman 1999b). Networks of 
dominance soon after ecological disturbances, when organ-
isms have grown into contact only recently, may differ from 
those that develop after several months to years of  competition. 
However, the onetime surveys that recently have been con-
ducted in several geographical regions have confirmed the 
initial conclusions of Lang and Chornesky (1990) that circu-
lar, nontransitive competitive networks among reef organ-
isms often prevent domination of the reef benthos by a few 
species, and thus enhance species diversity on coral reefs.

2.2  Long-Term Field Monitoring

Norström et al. (2009) recently reviewed case studies of long-
term field observations (20–50 years) on the outcomes of 
competition among sessile reef organisms, and documented 
phase shifts in all major reef regions between stony corals and 
non-algal alternate dominants (corallimorpharians, actiniar-
ian sea anemones, soft corals, ascidians, sponges, and sea 
urchins). Some long-term shifts appear to be caused directly 
by human interference. Positive feedback may occur between 
the high abundance of alternate dominants and the continued 
mortality of reef-building corals, thus reinforcing the alter-
nate state (Fig. 1a). In one of the longest field observational 
studies to date, Connell et al. (2004) reported on 38 years of 
monitoring on the Great Barrier Reef in Australia. They 

observed intense competition among corals in some reef crest 
and exposed pool habitats, and frequent disturbances that 
interrupted competitive processes on the reef flat. They also 
found that the percent cover of macroalgae fluctuated widely 
from 15% to 85% in their monitoring plots. Coyer et al. 
(1993) recorded variation in coral–algal relative abundances 
over 10 years on temperate reefs in California, and concluded 
that the two varied inversely, implying space competition. 
Field monitoring in Taiwan revealed that actiniarian sea 
anemones replaced stony corals on anthropogenically impacted 
reefs over 20 years (Chen and Dai 2004).

Few other monitoring studies of competition on reefs have 
lasted longer than 1–3 years, constrained by the timescales of 
research grants and graduate student theses. An 18-month 
study on Australian reefs showed that macroalgae fluctuated 
from 41% to 56% cover, and contacted a majority of corals 
(Tanner 1995). The role of epiphytic cyanobacteria (putative 
genus Lyngbya) in maintaining the dominance of macroalgae 
on Pacific coral reefs in Panama was examined during 2 years 
of field surveys (Fong et al. 2006). Cyanobacterial epiphytes 
appeared to protect some red macroalgae from herbivory, 
allowing macroalgal-dominated communities to persist on 
reefs for several years following the pulse disturbance of 
ENSO in 1997–1998 that killed the previously dominant cor-
als. This phase shift developed due to the stochastic availabil-
ity of a large supply of algal and cyanobacterial recruits, 
followed by their mutually positive association and rapid 
growth that prevented coral  reestablishment. Littler and Littler 
(2006) surveyed coral–algal interactions over 2 years in 
Belize and developed a Relative Dominance Model (RDM) 
of space occupation on coral reefs, in which the dominance of 
four main functional groups varies with levels of eutrophica-
tion and herbivory, often anthropogenically driven (Fig. 1b). 
Each factor can mediate the others; for example, high rates of 
herbivory can delay the impact of elevated nutrients, and low 
levels of nutrients can offset the impact of reduced herbivory. 
The RDM provides a simple and easily understood illustra-
tive aid to the development of monitoring methods for coral 
reefs. In a recent review based on the RDM, Littler et al. 
(2009) suggest that coral recovery from phase shifts can be 
inhibited further by large-scale stochastic disturbances such 
as tropical storms, cold fronts, warming events, diseases, and 
predator outbreaks (Littler et al. 2009). Other models have 
emerged recently from survey data collected on coral reefs. A 
complex framework of feedback loops has been developed to 
describe the long-term outcomes of competition among algae 
and corals (Mumby and Steneck 2008). Mumby (2009) devel-
oped a simulation model in which he proposed that three pos-
sible equilibria exist on coral reefs; a stable coral-depauperate 
state, an unstable equilibrium at intermediate coral cover, and 
a stable coral-rich state. This model emphasizes the high tem-
poral variability of macroalgal cover in comparison to the 
relatively slow changes that occur in coral cover over time, 
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and the author suggests avoiding confusion by adopting the 
term “coral-depauperate state” rather than “macroalgal-dom-
inated state.”

The only long-term field monitoring study on coral–
sponge interactions was conducted by López-Victoria et al. 
(2006) over 13 months on Colombian reefs in the Caribbean 
Sea, and showed that competitive outcomes varied among 
species pairs and with the angle of contact between oppo-
nents. Coral–ascidian interactions were examined during a 
1.5-year study in the northern Red Sea, revealing that colo-
nial ascidians seasonally overgrew some stony corals 
(Shenkar et al. 2008). A 5-year dataset (1996–2000) encom-
passing 20 reef sites in Florida documented a reduction in 
the percent cover of stony corals (from 8.1% to 4.6%), fol-
lowed by an equivalent increase in the percent cover of mac-

roalgae (from 5.7% to 9.6%, Maliao et al. 2008). Although 
these changes appear slight, according to Mumby’s (2009) 
simulation model, reefs under chronic disturbance are 
expected to experience only very small random changes over 
this timescale.

A recent study disputes the claim that coral–algal phase 
shifts are increasing on present-day reefs, and contends that 
the replacement of corals by macroalgal canopies is less 
common than generally assumed (Bruno et al. 2009). The 
authors compiled data from multiyear reef surveys between 
1996 and 2006, and concluded that most reefs worldwide 
lie between the extremes of coral- versus algal-dominated, 
not concordant with phase shifts between two stable states 
as defined in the literature (Done 1992, Knowlton 1992, 
Bellwood et al. 2004). Rather, most of the cover on tropical 
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Fig. 1 Models of phase shifts on coral reefs developed from long-
term surveys of competitive interactions. (a) Potential feedback 
mechanisms supporting competitive phase shifts on coral reefs to 
dominance by non-reef builders: (1) opening of space due to coral 
mortality leads to an increase in the abundance of alternative benthic 
organisms, then (2) various mechanisms of positive feedback (3) 
directly or indirectly reinforce the alternative states (reproduced with 

permission from Norström et al. 2009). (b) Relative Dominance 
Model, in which the abundance of four major functional groups of 
space occupiers varies with levels of human impact. This impact 
destabilizes the competitive equilibrium between corals and algae, 
with a high probability of shifting from dominance by corals to alter-
native dominance by algae (reproduced with permission from Littler 
and Littler 2006)
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reefs in both the Caribbean and Indo-Pacific consists of 
organisms other than hard corals and macroalgae, such as 
sponges, soft corals, and corallimorpharians (Bruno et al. 
2009), and the abundance of these replacement organisms 
appears to be increasing (Norström et al. 2009).

A limitation of long-term observational studies is that 
often they cannot elucidate the underlying mechanisms that 
drive observed changes. They have revealed that the intensity 
and outcome of some competitive interactions on reefs cor-
relate with observed levels of natural and anthropogenic dis-
turbances. However, to establish that competition is a primary 
driver of change in the relative abundances of reef organ-
isms, and to reveal the mechanisms involved, manipulative 
experiments are needed to separate the impacts of various 
factors.

2.3  Field Experiments

During the past 20 years, field manipulations on coral reefs 
have served as a powerful tool to elucidate both the mecha-
nisms and effects of competition among sessile organisms. 
As with observational studies, most have focused on com-
petition among cnidarians, or between cnidarians and algae. 
All field experiments that extended >1 month have demon-
strated impacts on at least one of the competitors. These 
recent field manipulations, plus some conducted prior to the 
first major review on coral competition (Lang and Chornesky 
1990), have established that interference competition influ-
ences all examined types of benthic space occupiers on 
coral reefs.

Field experiments on within-species competition in ses-
sile reef organisms have been conducted only for corals, 
mostly at Eilat in the Red Sea by Baruch Rinkevich and col-
leagues. Field experiments lasting up to 2 years have docu-
mented linear competitive hierarchies with clear dominants 
and subordinates, but some circular outcomes among inter-
mediate genotypes within two species of common scleractin-
ian corals, Acropora hemprichi (Rinkevich et al. 1994) and 
Stylophora pistillata (Chadwick-Furman and Rinkevich 
1994). Similar experimental field contacts among ten geno-
types of the hydrocoral Millepora dichotoma resulted in a 
more complex network of nontransitive outcomes (Frank 
and Rinkevich 1994). Within-species competition among 
colonies of the encrusting soft coral Parerythropodium ful-
vum also was investigated experimentally by Frank et al. 
(1996) on Eilat reefs for 2.5 months. A field experiment in 
Panama on competition within aggregations of the branching 
Caribbean soft coral Plexaura homomalla revealed a reduc-
tion in the growth of inner-aggregation colonies after 1 year 
(Kim and Lasker 1997). A 1-year field experiment in the 
Philippines showed that colonies of Porites attenuata spaced 

5–10 cm apart inhibit branch production in neighbors but 
enhance initial upward extension, possibly via release of dis-
solved chemical signals (Raymundo 2001). Overall, these 
field manipulations of within-species competition reveal 
impacts in terms of overgrowth, intercolony damage, inhibi-
tion of lateral branching, and possibly interference with food 
intake among colonies of the same coral species. They have 
established that both stony and soft corals exhibit complex 
mechanisms of intraspecific competition, and interact in both 
linear hierarchies and circular networks of dominance among 
genotypes.

Several recent field experiments have examined interspe-
cific competition among corals. Romano (1990) set up com-
petitive contacts between two species of common reef corals 
in Hawaii, and observed a reversal in outcome after a few 
weeks, with significant negative effects on the long-term 
subordinate after 11 months. A freshwater flood ended her 
experiment on the reef flat following heavy rains on the adja-
cent island of Oahu, illustrating the unpredictable duration of 
field experiments on highly dynamic coral reefs. Elahi (2008) 
placed free-living fungiid corals in aggregations on reefs in 
Japan and observed negative impacts on their growth after 
only 1.5 months of both intra- and interspecific contact with 
other fungiids. A 1-year field experiment in a Polynesian 
lagoon showed that both intra- and interspecific competition 
strongly impact the growth of inferior Porites corals, but that 
intraspecific aggregation reduces this effect (Idjadi and 
Karlson 2007). Spatial aggregation by colonies of inferior 
coral competitors may be common on reefs, and may play an 
important role in allowing them to persist, thereby enhancing 
coral diversity. 

Many of the early studies on coral competition did not 
reveal whether the effects led to fitness reductions (reviewed 
in Lang and Chornesky 1990). More recent experiments have 
remedied this deficit. Experiments over 1–2 years in Australia 
on competition among species of branching corals docu-
mented negative impacts on both growth and sexual repro-
duction (Tanner 1997). Van Veghel et al. (1996) transplanted 
several species of stony corals into contact with colonies of 
Montastrea annularis on Caribbean reefs, and observed that 
competitive outcomes changed over 60 days, in part due to 
the development of sweeper tentacles by some of the oppo-
nents. Field experiments conducted over 1–3 years in the 
Philippines showed that corals placed in monospecific stands 
(10 cm from other colonies) grow more slowly than those in 
multispecies stands, possibly in response to chemical cues 
released by neighbors (Dizon and Yap 2005). Peach and 
Hoegh-Guldberg (1999) transplanted colonies of the massive 
coral Goniopora into contact with branching corals 
Pocillopora, but detected no effects of competition, likely 
because their experiment extended only 17 days, shorter than 
the time required to fully develop aggressive organs in many 
corals (Lang and Chornesky 1990).
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Field experiments also have revealed that soft-bodied 
 cnidarians competitively damage many stony corals on tropi-
cal reefs. Several types of soft corals were transplanted adja-
cent to stony corals on the Great Barrier Reef, and observed 
to cause unilateral damage over 8 months (Sammarco et al. 
1983, 1985). Soft corals on the Great Barrier Reef also 
have been shown to exude waterborne allelopathic chemicals 
that cause reduced recruitment of stony corals to adjacent 
settlement tiles (Maida et al. 1995a, b). Langmead and 
Chadwick-Furman (1999b) transplanted individuals of the 
corallimorpharian Rhodactis rhodostoma adjacent to stony 
corals at Eilat, northern Red Sea, and observed over 1.5 years 
that the corallimorpharians rapidly damaged and overgrew 
branching Acropora corals, but were killed by massive 
Platygyra brain corals. Kuguru et al. (2004) conducted the 
reverse experiment of transplanting Acropora coral frag-
ments into contact with R. rhodostoma in Tanzania. Within 3 
months, the corallimorpharians killed most of the corals they 
contacted, while the isolated control corals all survived. In a 
yearlong field experiment, Miles (1991) transplanted stony 
corals adjacent to the corallimorpharian R. (Discosoma) 
sanctithomae, and observed short-term damage to the coral-
limorpharians, but eventual long-term damage to the corals. 
Sebens and Miles (1988) conducted a field experiment on 
competition between the Caribbean encrusting octocoral 
Erythropodium caribaeorum and stony corals, which 
revealed that the octocorals damaged and overgrew the stony 
corals over 1 year. Competition between two Caribbean 
zoanthids (Palythoa caribaeorum and Zoanthus sociatus) 
was examined in 8–10 month experiments in Venezuela, 
resulting in standoffs due to possible growth inhibition, and 
faster growth by isolated Palythoa as a form of exploitation 
competition (Bastidas and Bone 1996).

A few field experiments on coral competition have been 
conducted on cold-water reefs. A 2.5-year field experiment 
in Central California showed that corallimorpharians unilat-
erally damaged and excluded corals from the tops of sub-
tidal rocky reefs, but not from their lower edges (Chadwick 
1991). A 3-year field experiment in Southern California 
demonstrated that both natural and artificial algae damaged 
the solitary coral Balanophyllia elegans by abrading the 
coral tissues and causing polyp retraction (Coyer et al. 
1993). In contrast, individuals of B. elegans effectively 
defended themselves from encroachment by colonial ascid-
ians, potentially via nematocyst release, during a 16-month 
experiment in Puget Sound, Washington (Bruno and Witman 
1996). Morrow and Carpenter (2008) conducted a 1-year 
field experiment at Santa Catalina Island in Southern 
California, and demonstrated that foliose algae interfered 
with particle capture by corallimorpharians in Eisenia kelp 
forests.

In the only field experiment on competition between 
coral reef sea anemones and algae, glass slides were placed 

near the giant Caribbean anemone Condylactis gigantea. 
The growth of filamentous algae on the slides was inhibited, 
presumably due to allelopathic chemicals exuded by the 
anemone (Bak and Borsboom 1984). Two field experiments 
have been published on competition between corals and 
other sessile invertebrates, both on sponges. Live grafts of 
the bioeroding sponge Cliona orientalis that were affixed to 
stony corals invaded the coral tissues within 2–3 months on 
the Great Barrier Reef (Schönberg and Wilkinson 2001). 
Few species of bioeroding sponges have been described in 
detail, but their ability to resist coral defenses and persist in 
environments that are unfavorable to corals may give them a 
distinct competitive advantage under certain conditions. 
Crude extracts from the sponge Agelas clathrodes were 
incorporated into gels at natural volumetric concentrations 
and applied to Caribbean stony corals overnight (Pawlik 
et al. 2007). PAM fluorimetry revealed that both the base-
line fluorescence (F

o
) and potential quantum yield (Y) of  

zooxanthellae were reduced in coral tissues exposed to the 
sponge compounds for 18 h. Many benthic invertebrates are 
chemically defended (see Sect. 3.2, Glynn and Enochs 
2010), and these experiments reveal that at least some 
sponges likely use allelopathy to gain a competitive advan-
tage over corals.

Many field experiments have been conducted on competi-
tion between corals and macroalgae on tropical reefs, and 
often are necessary to reveal the sometimes subtle effects of 
interactions between these two competitors (see Sect. 2.1). 
These experiments often have lasted for only a few months, 
likely because many reef algae are short-lived and impact 
corals seasonally (Fong and Paul 2010). Tanner (1995) 
removed macroalgae on Australian reefs, and showed that 
over 2 years the percent cover of stony corals increased. A 
major cyclone obliterated the effects of competition in some 
of his experimental corals. A 9-month experiment in Mexico 
showed that contact with mixed turf algae can cause physio-
logical stress to stony corals (Quan-Young and Espinoza-
Avalos 2006). In Japan, placement of cyanobacteria and a 
brown alga in direct contact with live coral tissue for 2 
months negatively impacted coral photosynthetic efficiency, 
chlorophyll concentration, and zooxanthellae density 
(Titlyanov et al. 2007). A second experiment revealed that 
red algae gain a competitive advantage over some corals 
under low light conditions due to their superior ability to 
photoacclimate to low irradiance (Titlyanov et al. 2009). 
A caging study on Florida reefs for 3 months demonstrated 
that reduced grazing pressure on macroalgae led to higher 
algal abundance, with varied impacts on adjacent stony cor-
als (Lirman 2001). Littler and Littler (2006) manipulated 
nutrient levels and herbivory over 2 years on reefs in Belize, 
and combined their experimental results with those from 
field surveys to develop a model of the factors impacting 
coral–macroalgal competition (Fig. 1b).



353Competition Among Sessile Organisms on Coral Reefs

On the Great Barrier Reef of Australia, Jamaluddin Jompa 
and Laurence McCook conducted a series of short-term 
experiments that revealed several aspects of coral–algal com-
petition. They initially manipulated brown algae and corals 
to demonstrate mutual impacts of competition over 6 months 
(Jompa and McCook 2002a). They then enhanced algal 
growth via nutrient enhancement for 3 months, and caused 
more intense competition between algae and corals, but only 
when herbivory was insufficient to consume the excess algal 
biomass (Jompa and McCook 2002b). Further experiments 
lasting 6–18 months showed that, in sharp contrast to the 
relatively minor effects of mixed turf algae, filamentous red 
algae caused extensive damage to coral tissues, perhaps due 
to allelochemical production by the algae (Jompa and 
McCook 2003a,b). Finally, Diaz-Pulido and McCook (2004) 
conducted a 1-month study of algal recruitment onto several 
types of reef substratum, and documented that live coral tis-
sue prevents algal settlement. Thus, algal colonization of 
reef surfaces appears to rely mainly on the previous death of 
coral tissues to open space for settlement.

Maggie Nugues and colleagues recently conducted sev-
eral types of field experiments on coral–algal competition on 
Caribbean reefs. Effects of sedimentation on rates of mac-
roalgal overgrowth of corals were examined near the mouths 
of river systems on St. Lucia for 15 months (Nugues and 
Roberts 2003). In a rare demonstration of competitive dam-
age by corals to macroalgae, they also showed during a 
3-week experiment in Curaçao that contact with some stony 
corals detrimentally impacts the common calcareous green 
alga Halimeda opuntia (Nugues et al. 2004a). Negative 
impacts were mutual: a subsequent 2-month experiment 
revealed that some individuals of H. opuntia may transfer a 
bacterial pathogen that potentially causes White Plague Type 
II, a disease that can lead to widespread coral mortality 
(Nugues et al. 2004b). However, there was no procedural 
control in this study, so it is unclear if the placement of an 
inert object on healthy coral tissue, or the role of the algae as 
a vector, caused the disease symptoms in the corals. A later 
experiment encapsulated coral larvae together with H. opun-
tia algae for 4 days and found that the coral planulae settled 
frequently on the algal blades (Nugues and Szmant 2006). 
Corals thus may suffer enhanced mortality on reefs where 
macroalgae are abundant, in part because the algae create an 
unstable, ephemeral substrate for coral attachment. Finally, 
Nugues and Bak (2006) employed a transplant design similar 
to that of Jompa and McCook (2002b) to determine mecha-
nisms of competition between six Caribbean corals and the 
brown alga Lobophora variegata over 1 year.

Taken as a body, recent field experiments on coral–algal 
competition have employed a variety of transplant and cag-
ing methods, and revealed mainly negative impacts unilater-
ally on corals in terms of their recruitment, growth, 
survivorship, and physiological state. Some studies, however, 

found that the negative effects of macroalgae on coral 
recruitment and growth varied depending on the macroalgal 
species (Maypa and Raymundo 2004, Birrell et al. 2008a). 
Field experiments also have demonstrated that the ability of 
macroalgae to competitively damage stony corals appears to 
depend on levels of irradiance, sedimentation, dissolved 
nutrients, and herbivory on coral reefs.

2.4  Laboratory Experiments

Few laboratory manipulations have been conducted recently 
on competition among sessile reef organisms, due in part to 
the difficulties of maintaining many of these organisms 
over long periods under laboratory conditions. It remains a 
challenge to duplicate in the laboratory the often extreme 
conditions on tropical reefs of high irradiance and water 
flow, coupled with low dissolved and particulate nutrients. 
Thus, laboratory experiments have been limited mainly to 
outdoor aquaria supplied with natural irradiance and flow-
through seawater, and underline the importance of well-
equipped marine stations located near coral reefs. 
Advantages of laboratory manipulations are that they allow 
for greater control over environmental conditions, more 
frequent data collection, and more precise descriptions of 
competitive behavior than possible during limited dive 
times on coral reefs. Most laboratory experiments on com-
petition have been conducted on stony corals, with a few on 
other cnidarians and algae.

Lapid et al. (2004) and Lapid and Chadwick (2006) used 
flow-through indoor tanks at a public seaside aquarium to 
determine the outcomes of contacts over 1 year between the 
brain coral Platygyra daedalea and the massive coral Favites 
complanata from the Red Sea. They found that laboratory 
experimental outcomes mimic the effects of both field experi-
ments and field surveys. They also used laboratory experiments 
to quantify energetic costs of competition. Chadwick (1991) 
conducted a 1-year laboratory experiment on competition 
between temperate corals and corallimorpharians, and also 
found similar results among all three types of methods used to 
examine competition. Short-term laboratory experiments of 1 
week on contacts between Caribbean sea anemones (coralli-
morpharians and actiniarians) and stony corals revealed similar 
outcomes to the early stages of an accompanying field experi-
ment in Jamaica (Miles 1991) and a field survey in Panama 
(Sebens 1976). Chadwick and Adams (1991) used a 9-month 
laboratory experiment to show that rates of clonal replication 
and aggression correlate positively in corallimorpharians. 
Clones that replicate polyps rapidly also cause the most dam-
age per individual polyp to stony corals, indicating a lack of 
trade-off between these two processes. Laboratory experiments 
also have quantified levels of heat-shock protein HSP70 
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expressed during competitive contacts between temperate 
 corallimorpharians and actiniarian sea anemones (Rossi and 
Snyder 2001). Some sea anemones elevate their HSP70 expres-
sion within 3 days of competition, apparently as a mechanism 
to enhance repair of the cellular damage inflicted by opponents. 
Settlement tiles impregnated with extracts of the soft coral 
Sinularia flexibilis were used in larval choice experiments for 
stony corals in flow-through aquaria, and revealed that this soft 
coral uses allelopathy to inhibit adjacent stony coral settlement, 
corroborating field experiments on the nearby Great Barrier 
Reef (Maida et al. 1995a). Some soft corals have been shown 
to produce secondary metabolites (e.g., diterpines) that inhibit 
growth and cause tissue necrosis to stony coral colonies in lab-
oratory dose experiments (Coll et al. 1982, Coll and Sammarco 
1983). A 10-day laboratory experiment on competitive con-
tacts between temperate corals and ascidians showed that out-
comes were consistent with both field experiments and field 
surveys (Bruno and Witman 1996).

Outcomes of intraspecific competition in the branching 
stony coral Stylophora pistillata have been examined recently 
in laboratory experiments. Rinkevich and coworkers cultured 
newly settled individuals of S. pistillata to determine interac-
tions among contacting colonies over 4 months (Frank et al. 
1997) and 1 year (Amar et al. 2008). They found that fusion 
among nonidentical genotypes results in fitness costs in 
terms of the growth rates of individual genotypes, but not in 
terms of the overall size of fused chimeric colonies.

Most laboratory experiments on coral–algal competition 
have been brief, and have focused on impacts on the 
 recruitment and survival of coral larvae. At Keys Marine 
Laboratory in Florida, 4-day experiments placed larvae of 
the stony coral Porites astreoides and the gorgonian Briareum 
asbestinum together in containers with macroalgae and 
cyanobacteria, and revealed deterrence of larval settlement 
(Kuffner et al. 2006). At Lizard Island Research Station on 
the Great Barrier Reef of Australia, Birrell et al. (2008b) 
examined the effects of water-soluble compounds from crus-
tose coralline algae on coral settlement over 2 days. In a 
similar manner, Vermeij et al. (2009) conducted laboratory 
experiments over 1–14 days in Hawaii on planular survival 
rates of the stony coral Montipora capitata when exposed to 
macroalgae, and used the broad-spectrum antibiotic 
Ampicillin to reveal mediation of this effect by associated 
microbes. These recent laboratory studies at widely different 
sites have demonstrated how exposure to macroalgae and 
macroalgal compounds can reduce coral recruitment even 
before larvae contact the reef substratum.

Laboratory experiments also have been used to elucidate 
mechanisms of competition between macroalgae and stony 
coral colonies. Titlyanov et al. (2007) designed an outdoor 
water-table experiment at the Sesoko Marine Biological 
Station in Japan to examine how abrasion, shading, and 
allelopathy by cyanobacteria and brown algae impact the 

growth and physiology of the massive coral Porites lutea. 
In a laboratory experiment in the Philippines, Maypa and 
Raymundo (2004) measured coral settlement in the presence 
of macroalgae for 2 days, followed by 3 weeks of monitor-
ing of the coral spat for survival and growth, and determined 
that both the physical and chemical impacts of macroalgae 
on young corals varied widely among algal species. A novel 
4-day experiment aboard the OR/V White Holly during a 
Scripps Expedition to the Line Islands documented physio-
logical damage to stony corals placed in close proximity to 
macroalgae, and the role of associated microbes through 
application of antibiotics (Smith et al. 2006).

In conclusion, researchers have utilized laboratory experi-
ments to successfully determine some costs and mechanisms 
of competition among reef organisms, and to confirm field 
results on the directionality and outcomes of competition. 
Several studies have now combined field and laboratory 
methods and obtained similar results, providing powerful evi-
dence that some competitive outcomes are consistent among 
environments (Chadwick 1991, Miles 1991, Bruno and 
Witman 1996, Langmead and Chadwick-Furman 1999a,b, 
Lapid et al. 2004).

2.5   Mathematical Modeling

Few researchers have applied mathematical models to 
describe or predict the outcomes of competition among 
 sessile reef organisms, hindered in part by the spatial and 
temporal complexity of coral reefs (Lang and Chornesky 
1990). Recently, Muko et al. (2001) developed a mathemati-
cal model to predict space use among competing corals based 
on variation in their life history traits. The authors explained 
the dominance of branching corals at protected sites by their 
rapid growth rates and thus exploitation and monopolization 
of space. At exposed sites, the dominance of tabular corals 
was explained by their relatively rapid recruitment and low 
mortality from physical disturbances. Connolly and Muko 
(2003) further explored modeling of size-dependent compe-
tition among corals, and concluded that patterns of distur-
bance, recruitment, and ontogenetic shifts in competitive 
ability all may strongly affect both transitive and hierarchical 
interactions. Competition among sessile reef organisms is 
difficult to model using traditional mathematical equations 
and isocline analysis (Lotka 1925, Volterra 1926, Tilman 
1982, Connolly and Muko 2003), because outcomes vary 
spatially and often involve border effects along the edges of 
neighboring colonies. A fruitful area for future modeling 
might involve the application of spatial models of neighbor-
hood competition to sessile reef organisms, as has been done 
for terrestrial plants (Pacala and Silander 1990, reviewed in 
Morin 1999).
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3  Mechanisms of Competition

Recent studies have revealed few new mechanisms of com-
petition among sessile reef organisms since extensive dis-
coveries in the 1970s and 1980s of a wide array of competitive 
mechanisms, especially in cnidarians (reviewed by Lang 
and Chornesky 1990, Williams 1991). Recent work has 
added detail on how frequently each mechanism is used by 
each type of reef organism, and has greatly expanded the 
types of sessile organisms known to employ toxic chemicals 
to damage competitors. In addition, advances in molecular 
methods for microbial identification have revealed that 
alteration of microbial assemblages on corals is a potentially 
important pathway of competitive damage to the coral holo-
biont. Finally, our understanding of intraspecific mecha-
nisms of competition among coral colonies has increased, 
and now rivals that of interspecific mechanisms. We review 
here recent advances in our understanding of the physical, 
chemical, and biological mechanisms of competition 
employed by each major taxonomic group of sessile reef 
organisms.

3.1  Cnidarians

In cnidarians, recent studies on mechanisms of exploita-
tion competition have focused on the corallimorpharians, 
 soft-bodied anthozoans often termed “corals without a 
skeleton.” Some corallimorpharians preempt the settlement 
of stony corals and other organisms on reefs through both 
rapid asexual production of large clonal aggregations and 
sexual production of dispersive propagules (Chen et al. 
1995a, b, Chadwick-Furman and Spiegel 2000, Chadwick-
Furman et al. 2000). In the tropical corallimorpharian 
Rhodactis rhodostoma, up to 30% of body mass is devoted 
to gonads during the reproductive season, a large invest-
ment in the production of dispersive larvae (Chadwick-
Furman et al. 2000). In a temperate corallimorpharian, 
rapid cloning correlates with aggressive ability, causing 
some clones to both aggressively attack corals and then 
quickly overgrow their skeletons (Chadwick and Adams 
1991). Zoanthids also may replicate clonally at rapid rates 
and monopolize reef substratum in continuous mats. 
Members of the genera Palythoa and Zoanthus are particu-
larly ubiquitous in coastal areas where nutrient concentra-
tions are high, and thus may gain a competitive advantage 
over corals on nearshore reefs in Brazil (Costa et al. 2002, 
2008) and Venezuela (Bastidas and Bone 1996).

Several recent studies have documented physical mecha-
nisms of interference competition among cnidarians, and also 
during interactions with neighboring algae and sponges. 
Skeletal overgrowth, redirection of growth, locomotion away 

from competitors, and physical interception of food particles 
appear to be the main physical mechanisms used during inter-
ference competition among reef cnidarians. In terms of inter-
specific mechanisms, skeletal overgrowth is the main 
mechanism of competition among five species of Porites cor-
als in Japan (Rinkevich and Sakai 2001), two species of 
Porites in Polynesia (Idjadi and Karlson 2007), and three 
types of corals and a sponge in the Red Sea (Rinkevich et al. 
1992). Alino et al. (1992) observed soft corals to overgrow 
and smother stony corals, and Chadwick (1991) documented 
that the corallimorpharian Corynactis californica overgrows 
contacted stony corals. Interference competition also causes 
evasion responses by some corals. Small, mobile fungiid cor-
als actively locomote away from overgrowing coral colonies 
(Chadwick 1987, Chadwick-Furman and Loya 1992). Rates 
of mobility decrease exponentially with fungiid coral size, 
and large individuals employ biological interference mecha-
nisms to defend living space rather than the physical mecha-
nism of avoidance. Some colonial corals in Hawaii also 
redirect their growth away from areas of contact with compet-
ing corals (Romano 1990). Stony corals evade contact with 
encroaching sponges through alteration of their angle of 
growth, leading to the formation of coral “domes” in response 
to contact with sponges (López-Victoria et al. 2006).

Corals employ a complex array of intraspecific competi-
tive mechanisms that include several types of physical 
responses. Both skeletal overgrowth and retreat growth 
(avoidance) occur during intraspecific competition among 
colonies of octocorals (Frank et al. 1996), scleractinian corals 
(Chadwick-Furman and Rinkevich 1994), and hydrocorals 
(Frank and Rinkevich 1994, 2001). The formation of 
skeletal barriers and sutures can lead to competitive stand-
offs along the contact zones among genotypes of the com-
mon stony coral Stylophora pistillata (Chadwick-Furman 
and Rinkevich 1994, Rinkevich et al. 1994, Amar et al. 
2008). Although described quantitatively in only a few spe-
cies, many types of stony corals form skeletal barriers along 
intraspecific contact zones (Fig. 2). Some hydrocorals over-
grow other colonies with their soft tissues only, in advancing 
zones that lack calcification (Frank et al. 1995). In a unique 
study, Kim and Lasker (1997) documented that gorgonian 
corals along the edges of conspecific aggregations appear to 
intercept enough food particles to significantly reduce the 
growth rates of colonies in the interior of aggregations. 
However, depletion rates of planktonic food were not quanti-
fied, and the observed changes in gorgonian growth could 
have been due in part to chemical mechanisms such as allel-
opathy among the colonies.

A wide diversity of cnidarians also employs chemical 
mechanisms of interference competition on coral reefs. 
Several types of bioactive compounds have been detected in 
scleractinians (Fusetani et al. 1986, Rashid et al. 1995, Koh 
1997), some of which likely function as allelochemicals. 
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Aqueous-soluble toxic compounds occur in most of the 58 
species of corals examined by Gunthorpe and Cameron 
(1990a, b). Waterborne extracts from the stony coral 
Goniopora tenuidens kill colonies of the competing coral 
Galaxea astreata (Gunthorpe and Cameron 1990c), inhibit 
larval metamorphosis and growth of the coral Pocillopora 
damicornis, and kill the swimming larvae of four other scler-
actinian corals. Koh and Sweatman (2000) examined the 
effects of natural products from the azooxanthellate coral 
Tubastraea faulkneri on its own larvae and the larvae of 11 
other sympatric corals from seven genera and four families. 
They demonstrated that methanol extracts are toxic to all 11 
species of heterospecific larvae tested, but not to conspecif-
ics. The presence of such broad-spectrum activity suggests 
significant ecological function in mediating competitive 
interactions, in that the larvae of other species may be unable 
to settle in the vicinity of this coral. Three of the identified 
compounds (aplysinopsin, 6-bromoaplysinopsin, and 
6-bromo-29-de-N-methylaplysinopsin) were isolated previ-
ously from other sponges and dendrophylliid corals, while 
the fourth, a dimer of 6-bromo-29-de-N-methylaplysinopsin, 
was a newly discovered toxin. Allelopathy against settling 
larvae appears to be widespread, as all 7 stony coral species 
examined thus far possess toxic compounds active against up 
to 13 species of scleractinian larvae (Fearon and Cameron 
1996, Koh and Sweatman 2000). Colonies of the stony coral 
Porites cylindrica vary their growth rates depending on the 
identity of neighboring corals 5–10 cm away, indicating that 

waterborne chemicals may mediate this effect (Dizon and 
Yap 2005). The stony coral Styophora pistillata also appears 
to utilize allelopathy to damage colonies of the competing 
soft coral Parerythropodium fulvum in the Red Sea (Rinkevich 
et al. 1992). Thus, although allelopathy was believed to be 
employed largely by soft corals following initial discoveries 
in the 1980s (reviewed in Lang and Chornesky 1990), work 
since then has revealed that many stony corals also may pro-
duce halos of toxins in the water space around them, and thus 
reduce encroachment by coral competitors during larval set-
tlement and afterwards.

Recent work on allelopathy by soft corals has expanded 
the number of species known to exude waterborne toxins. 
Sinularia flexibilis and Lobophytum hedleyi both exude ter-
penes, toxic allelomones that inhibit growth and produce tis-
sue necrosis in neighboring scleractinian corals (Aceret et al. 
1995). Diterpene concentrations of >5 ppm induce cytologi-
cal damage in branchlets of the stony corals Acropora for-
mosa and Porites cylindrica, manifested by expulsion of 
zooxanthellae, release of nematocysts, inhibition of polyp 
activity, necrosis, and ultimate death of the corals. Allelopathic 
compounds emitted by S. flexibilis also inhibit the recruit-
ment of juvenile scleractinian corals located downstream 
from exuding colonies (Maida et al. 1995a, b). Other cnidar-
ians may secrete allelopathic chemicals: the rosetip anemone 
Condylactis gigantea inhibits overgrowth by all major 
groups of macroalgae on Caribbean reefs, apparently via 
release of toxic compounds into the water column (Bak and 

Fig. 2 Competitive interactions among massive scleractinian corals 
in the Caribbean Sea. (a) Diploria clivosa, (b) Montastraea cavern-
osa, (c) D. clivosa (top) and D. strigosa (bottom), (d) mixed species 
assemblage of Diploria, Montastraea, Madracis, and Siderastrea. 

Note the lack of clear damage along intraspecific contact zones, in 
contrast to gaps and areas of unilateral tissue damage along some 
interspecific contact zones. Photographs by E. Mueller
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Borsboom 1984). Numerous zoanthids in the genus Palythoa 
are moderately toxic, and palytoxin, a neuromuscular poison 
isolated from the Hawaiian zoanthid P. toxica, was the most 
poisonous nonproteinaceous substance known in the early 
1970s (Moore and Scheuer 1971). Zoanthids potentially use 
these chemical toxins during spatial competition. Field 
experiments on colonies of the zoanthids Palythoa and 
Zoanthus in Venezuela indicate that they inhibit the growth 
of contacted corals and create competitive standoffs, possi-
bly via allelopathy (Bastidas and Bone 1996). At least some 
members of all major groups of cnidarians on reefs, includ-
ing the hydrocorals and corallimorpharians which have not 
been tested, likely release toxins into the water to defend 
themselves from encroachment by competitors.

In contrast to chemical mechanisms of competition, the 
biological mechanisms employed during interspecific com-
petition by cnidarians involve mostly behavioral and mor-
phological modifications. Trade-offs may occur between 
investment in physical, chemical, and biological mechanisms 
of competition, but the energetic costs and major patterns of 
these trade-offs are not yet understood. The major biological 
mechanisms of competition employed by cnidarians mostly 
were described during the 1970s and 1980s (reviewed by 
Lang and Chornesky 1990, Williams 1991). Recent work has 
focused mainly on the ecological importance of elongated 
polyps or tentacles (sweeper polyps, sweeper tentacles, and 

bulbous marginal tentacles) developed by some species of 
reef cnidarians, and how they are used to defend space. 
Sweeper polyps in Goniopora corals appear to develop direc-
tionally toward colonies of soft corals (Dai 1990), and to 
possess a specialized cnidom and tentacle morphology com-
pared to those of ordinary polyps (Peach and Hoegh-Guldberg 
1999). Their scattered distribution on colonies of Goniopora 
led the latter authors to speculate that these elongated polyps 
serve functions in addition to competitive defense, such as 
deterrence of predators. Sweeper tentacles appear to develop 
and regress at random on some brain corals, serving as probes 
that detect and kill competitors that settle within the wide 
aggressive reach of these massive corals. They thus serve in 
part as a preemptive mechanism to detect and damage 
encroaching competitors at a distance (Lapid et al. 2004, 
Fig. 3). If nearby coral recruits are detected, then sweeper 
tentacles are deployed massively toward them, and also 
toward established coral colonies that grow within the reach 
of some brain corals (Lapid and Chadwick 2006). Sweeper 
tentacles are employed by brain corals to kill other types of 
encroaching cnidarians, such as corallimorpharians, and are 
one of the few coral competitive mechanisms that can dam-
age polyps of the latter (Langmead and Chadwick-Furman 
1999b).

The wide, competitor-free zones visible around colonies 
of Platygyra daedalea and many other brain corals likely are 

Fig. 3 Competitive interactions between brain corals Platygyra dae-
dalea and other stony corals at Eilat, northern Red Sea. (a) Colonies of 
P. daedalea (center) contacting those of Favites spp. Note the wide 
zones of unilateral damage to Favites along borders with the brain cor-
als. Also note lack of damage along borders where several brain corals 
interact a center, and possible fusion among some colonies. (b) 
Unilateral damage to Favites sp. (left) by P. daedalea (right). (c) 

Exposed white skeleton on the branching coral Acropora sp. along the 
region of interaction with P. daedalea. Note the wide space between 
the two colonies, and distortion of the regular growth pattern of the 
branching coral on the side facing the brain coral. (d) Close-up of 
expanded tentacles on a brain coral at night. Note the elongated 
sweeper tentacles at center. Photographs by N. E. Chadwick (a, b, c) 
and R. Ates (d)

chadwna
Text Box
Erratum: Corrected photographic credits are: N. E. Chadwick (a, c), R. Ates (b, d). 
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created by this inducible aggressive mechanism, which 
allows these corals to effectively defend space and to persist 
as large, long-lived colonies on shallow reefs (Fig. 3). 
Sweeper tentacles also occur on some encrusting soft corals 
and cause aggressive damage to contacted stony corals on 
Caribbean reefs (Sebens and Miles 1988). During the 1990s, 
corallimorpharians were discovered to develop bulbous 
marginal tentacles packed with large holotrich nematocysts 
that kill most contacted corals on reefs in the Caribbean 
(Miles 1991) and Red Sea (Langmead and Chadwick-
Furman 1999a, b, Fig. 4). Similar to stony corals, coralli-
morpharians also directionally extrude their mesenterial 
filaments to digest the tissues of neighboring cnidarians 
(Chadwick 1987, 1991). These aggressive mechanisms, 
together with rapid rates of clonal replication, have allowed 
corallimorpharians to replace corals as dominants on coral 
reef flats in some parts of the Indian Ocean (Kuguru et al. 
2004) and Red Sea (Chadwick-Furman and Spiegel 2000, 
Norström et al. 2009, Fig. 4).

A unique mechanism of mucus deployment to damage 
competitors was discovered in mobile mushroom corals dur-
ing the 1980s (Chadwick 1988, Chadwick-Furman and Loya 
1992), but the mucus components that caused damage to 
opponents were not determined. Recently, we observed that 
the mushroom coral Fungia scutaria is unable to damage 
competitors when separated by filters with 1–3 mm pores 

(N. E. Chadwick and A. Moss, 2006, unpublished data). 
Electron microscopy reveals large holotrich nematocysts 
in the mucus of F. scutaria in contact with the stony coral 
Montipora verrucosa, suggesting that these organelles are 
the agents of competitive damage (Fig. 5). Fungiids are the 
only corals, out of six Hawaiian species examined, that 
release large quantities of nematocysts into their mucus 
(Coles and Strathmann 1973). An early study with filters 
also indicated that “large, nondialyzable agents” in the mucus 
appear to cause competitive damage by these corals 
(Hildemann et al. 1977). Thus, fungiid mushroom corals 
actively release nematocysts into their surface mucus, and 
these nematocysts may be their major mechanism of com-
petitive damage to neighboring stony corals on reefs.

In terms of biological mechanisms of competition within 
cnidarian species, recent studies have revealed nematocyst 
discharge along the borders between conspecific colonies, 
resulting in tissue damage to the scleractinian corals 
Stylophora pistillata (Chadwick-Furman and Rinkevich 
1994) and Acropora hemprichi (Rinkevich et al. 1994). 
Intense competition also appears to occur between tissues 
of different genotypes within fused chimeric colonies of 
stony corals, leading to stunted growth (Amar et al. 2008). 
Because the larvae of many corals settle in aggregations, 
newly metamorphosed polyps often contact conspecifics, 
and if they are closely related, may fuse their tissues to form 

Fig. 4 Competitive interactions between corallimorpharians (Rhodactis 
spp.) and stony corals. (a) Aggregation of corallimorpharians on a par-
tially dead branching coral Acropora sp. in Yemen. (b) Close-up of a 
single corallimorpharian polyp and dead zone on adjacent stony coral in 
Yemen. (c) Large aggregation of R. rhodostoma on a reef flat at Eilat, 
northern Red Sea. Note that only macroalgae and the tip of a giant clam 

are not covered by corallimorpharians. (d) Aggregation (right) of  
R. rhodostoma interacting with a massive stony coral at Kenting Reefs, 
South Taiwan. Note the white bulbous marginal tentacles on the coral-
limorpharians facing contact with the stony coral. Photographs by  
F. Benzoni (a, b), N. E. Chadwick (c), and A. Chen (d)
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chimeric colonies of more than one genotype coexisting 
within a single soma (reviewed in Amar et al. 2008, Fig. 3). 
The formation of chimeric coral colonies leads to within-
soma competitive interactions at cellular and tissue levels, in 
which the somatic and/or germ cells of the dominant geno-
type may reduce the fitness of subordinates within a single 
morphological coral colony. Laboratory experiments have 
documented chimera formation and possible somatic and 
germ cell competition in the scleractinian coral Stylophora 
pistillata (Frank et al. 1997, Amar et al. 2008) and the hydro-
coral Millepora dichotoma (Frank and Rinkevich 1994). 
These within-colony competitive mechanisms may be impor-
tant drivers of population structure and evolution in stony 
corals, but their costs and benefits are not well understood.

3.2  Other Sessile Invertebrates

Recent work has elucidated a variety of competitive mecha-
nisms in other sessile invertebrates, especially among major 
space occupiers on coral reefs such as sponges, colonial 
ascidians, and zoanthids (Glynn and Enochs 2010). Sponges 
that excavate and encrust carbonate substratum are par-
ticularly destructive competitors of stony corals (Glynn 
1997, Rutzler 2002). Sponges in the family Clionaidae 
(Porifera, Hadromerida) can spread laterally at rates of  

19 cm year−1 (Rutzler 2002, López-Victoria et al. 2006). 
Some sponges send out pioneering filaments that perforate 
coral skeletons and excavate below the live tissue layers, thus 
avoiding tissue-based defense mechanisms. Eventually, they 
can undermine coral skeletal support and induce polyp 
retraction and death (López-Victoria and Zea 2004, 
Schönberg and Wilkinson 2001). The bioeroding sponge 
Cliona orientalis may rapidly colonize recently grazed or 
broken coral skeletons (within 1–2 weeks), but contact with 
live coral tissue significantly reduces sponge survival and 
health (Schönberg and Wilkinson 2001). In contrast, the 
encrusting sponge Diplastrella gardineri rapidly overgrows 
the live tissues of some branching corals in the northern Red 
Sea (Rinkevich et al. 1992). Invasion by sponges may be 
enhanced under environmental conditions that are stressful 
to corals but tolerable for sponges, such as low irradiance or 
high levels of sedimentation, and following episodes of coral 
bleaching, disease, or attacks by predatory crown-of-thorns 
sea stars. Thus, mechanisms of coral competition with 
sponges and other sessile organisms may result in very dif-
ferent outcomes than for coral–coral competition. The com-
petitive advantage gained by non-reef builders under the 
above conditions can lead to reduced coral cover and even-
tual replacement by these alternate dominants (Fig. 1a).

As with cnidarians, some sponges also produce potent 
allelochemicals that mediate competitive interactions through 
direct tissue contact, or via release in sponge mucus or 

Fig. 5 (previous page). Electron micrographs of the surface of the 
colonial coral Montipora verrucosa in contact with the mushroom coral 
Fungia scutaria. (a) Intact coral polyps of M. verrucosa (lower left), 
advancing mucus sheet excreted by F. scutaria (center), and necrotic 
tissue and exposed skeleton of M. verrucosa behind the mucus front 

(upper right). (b) Mucus sheet secreted by F. scutaria and containing 
nematocyst capsules and threads. (c) Close-up of nematocyst threads in 
the mucus of F. scutaria. (d) Light micrograph of abundant nematocysts 
in the mucus of F. scutaria. Micrographs by A. Moss (a–c) and N. E. 
Chadwick (d)
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directly into the water column (Becerra et al. 1997). Early 
studies with Aplysinia fistularis demonstrated that some 
sponges perform de novo biosynthesis of natural products 
(Thompson et al. 1983). Species of the bioeroding sponge 
Siphonodictyon (= Aka) bore deeply into living coral heads, 
leaving only the oscular chimneys exposed and surrounded 
by live coral tissue. This was the first sponge proposed to use 
allelochemicals to prevent growth and reduce respiration 
rates of adjacent coral polyps. Siphonodictyon sp. secretes 
toxic mucus that acts as a carrier for the secondary metabo-
lite siphonodictidine, which inhibits coral growth around the 
base of the oscular chimneys (Sullivan and Webb 1983). 
The encrusting and excavating sponge Cliona tenuis produces 
the toxin clionapyrrolidine A, and can undermine and displace 
live coral tissue at a rate of 20 cm year−1. However, live frag-
ments of C. tenuis placed in direct contact with corals are 
killed by coral defenses, and the sponges do not appear to 
release allelochemicals (Chaves-Fonnegra et al. 2008). 
Corals can kill C. tenuis tissue within 24 h, thus allelopathy 
likely does not occur during external, but rather subdermal 
C-tenuis-coral contact (López-Victoria and Zea 2004). 
Chemical extracts of several Caribbean sponges damage the 
photosynthetic machinery of microalgal symbionts within 
the massive coral Diploria labyrinthiformis. PAM fluorime-
try revealed that both baseline fluorescence (correlated with 
the production of chlorophyll a), and potential quantum yield 
(a measure of photosynthetic efficiency) were reduced in 
coral tissues exposed to extract from the sponge Agelas 
clathrodes. Thus, chemically active invertebrates such as 
sponges may compete with corals by undermining the 
 skeletal integrity of corals and reducing their photosynthetic 
efficiency and respiration, leading to reduced coral growth 
(Sullivan and Webb 1983, Pawlik et al. 2007). Sponge chem-
icals can inhibit the settlement of fouling organisms and have 
been a consistent source of antifouling compounds; however, 
their effects from an ecological perspective have been exam-
ined only recently (Paul et al. 2007).

Ascidians generally constitute a minor component of the 
benthic community on coral reefs, and often occur in cryptic 
microhabitats such as caves, crevices, and the undersides of 
rubble and corals (Monniot et al. 1991). However, they 
potentially can compete with corals in exposed reef habitats 
due to their rapid growth rates (Bak et al. 1981), early sexual 
maturity, high fecundity (Millar 1971), and lack of success-
ful predators (Lambert 2002). Some ascidians, such as 
Trididemnum cyclops and T. miniatum, also contain photo-
symbionts and UV-absorbing substances that protect them 
from harmful UV radiation (reviewed in Hirose 2009), thus 
enhancing their ability to compete with zooxanthellate cor-
als. On deteriorating reefs, the biomass of hermatypic corals 
and filter-feeding organisms (e.g., sponges and ascidians) is 
negatively correlated (Bak et al. 1996, Aerts 1998). Recent evi-
dence suggests that several species of ascidians are spreading 

rapidly in tropical regions of the world (Bak et al. 1996, 
Lambert 2002). A ninefold increase of the colonial ascidian 
T. solidum was reported along a fringing reef in Curaçao over 
a 15-year period (Bak et al. 1996). The newly described 
colonial ascidian Botryllus eilatensis rapidly overgrows reef-
building corals in the Red Sea during periods of nutrient 
enrichment, and has become a potentially important com-
petitor for space with corals (Shenkar et al. 2008). Zoanthids 
such as Palythoa and Zoanthus are ubiquitous in coastal 
areas near Brazil (Costa et al. 2002, 2008), Venezuela 
(Bastidas and Bone 1996), and the Florida Keys K. M. 
Morrow, pers. obs. (2009), where nutrient concentrations 
often are high. Thus, both ascidians and zoanthids can take 
advantage of nutrient loading on reefs and gain a competi-
tive advantage over corals (Costa et al. 2002, Shenkar et al. 
2008). Vermetids are sessile tube-dwelling gastropods that 
secrete a mucus net to entrap food and also possibly to com-
petitively damage surrounding corals. The wide flat mucus 
nets of vermetids completely cover nearby corals on reef 
flats in the northern Red Sea. They appear to prevent coral 
feeding and also may allow the vermetids to consume photo-
synthetically derived coral metabolites (Zvuloni et al. 2008). 
In the Mediterranean Sea, bryozoans (Watersipora sp.) suc-
cessfully compete for space with the introduced coral 
Oculina patagonica by overgrowing colonies during sea-
sonal bleaching when the corals are physiologically weak-
ened (Fine and Loya 2003). In non-bleached O. patagonica 
colonies, competition induces translocation of 14C products 
to the interaction zone leading to rapid coral growth, but when 
corals become bleached (40–85%), they lack these translo-
cated carbon resources (Fine et al. 2002) and are unable to pre-
vent overgrowth by neighboring bryozoans. Thus, bryozoans 
may use overgrowth to effectively compete with some cor-
als, especially when the latter become weakened by environ-
mental stressors.

We conclude that sessile invertebrates such as sponges, 
ascidians, zoanthids, and bryozoans may compete success-
fully with stony corals using both physical and chemical 
mechanisms. The effectiveness of competitive mechanisms 
in many of these sessile invertebrates depends on environ-
mental factors (e.g., levels of nutrients, temperature, and 
irradiance) that alter their growth rates relative to corals.

3.3  Macroalgae

Macroalgae are one of the major competitors with corals on 
tropical reefs, especially where rates of herbivory are low 
and/or dissolved nutrients are high, as on many anthropo-
genically impacted reefs (Fong and Paul 2010, Figs. 6 and 
7). Algae can inflict competitive damage to stony corals 
using seven major types of mechanisms (reviewed by 
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McCook et al. 2001): preemption by interfering with the 
settlement and survival of larval and juvenile corals (Maypa 
and Raymundo 2004, Birrell et al. 2005, Mumby 2006, Box 
and Mumby 2007), shading, allelopathy, attraction of set-
tling larvae to emphemeral algal surfaces (Miller and Hay 

1996, Littler and Littler 1997, Nugues and Szmant 2006, 
Vermeij et al. 2009), abrasion, basal encroachment (Coyer 
et al. 1993, Lirman 2001, Box and Mumby 2007, Titlyanov 
et al. 2009), and sedimentation due to reduced water flow 
(Nugues and Roberts 2003).

Fig. 6 Competitive interactions between massive Caribbean corals Montastraea spp. and (a) filamentous red algae, (b) foliose brown algae 
Dictyota and cyanobacteria Lyngbya, (c) calcareous green algae Halimeda, and (d) unidentified sponge. Photographs by K. M. Morrow

Fig. 7 Competitive interactions between massive scleractinian corals and 
cyanobacterial mats: (a) Montastraea coral surrounded by cyanobacteria 
and Dictyota brown algae, (b) red cyanobacteria surrounding a small 
colony of Diploria labyrinthiformis, (c) colonies of Montastraea (left) and 

Siderastrea (right, bleached) separated by a brown cyanobacterial mat, 
(d) cyanobacteria in consortia with other marine bacteria forming black 
band disease on a stony coral colony. Newly dead coral skeleton (left) and 
non-diseased coral tissue (right). Photographs by R. Ritson-Williams
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Mechanisms of competitive damage vary widely among 
algal species. The brown algae Dictyota pulchella and 
Lobophora variegata use shading and abrasion to damage 
juvenile corals (Agaricia sp.), and inert algal mimics of D. 
pulchella create a similar abrasive effect (Box and Mumby 
2007). Individuals of D. dichotoma reduce the photosyn-
thetic efficiency and growth rates of contacted stony cor-
als Porites lutea through abrasion of coral tissues, but 
mats of the cyanobacteria Lyngbya bouillonii use both 
abrasion and unknown mechanisms such as allelopathy 
(Titlyanov et al. 2007). Individuals of L. variegata may 
exude a chemical deterrent that prevents swimming and 
metamorphosis of coral larvae in the vicinity of the alga 
(Morse et al. 1996, Baird and Morse 2004). In contrast, 
another study found that seawater collected from aquaria 
holding L. variegata thalli enhanced the settlement of 
larval corals by 40%, whereas the brown alga Padina sp. 
and the filamentous green alga Chlorodesmis fastigata 
both reduced coral settlement (Birrell et al. 2008a). Maypa 
and Raymundo (2004) showed that exudates from four 
species of macroalgae had either neutral or positive effects 
on coral settlement, illustrating the complex and highly 
species-specific mechanisms of interaction between algae 
and corals.

Some macroalgae release dissolved compounds that 
potentially mediate the diversity and abundance of micro-
bial assemblages associated with stony corals (Nugues et al. 
2004b, Smith et al. 2006), but these effects have not yet 
been quantified. Similar to the chemical defenses of sponges, 
macroalgae actively synthesize compounds that prevent 
microbial disease, biofouling, and herbivory (Boyd et al. 
1999, Engel et al. 2006, Puglisi et al. 2007). Macroalgae 
respond to microbial challenges by releasing reactive oxy-
gen species (ROS) and producing defensive secondary 
metabolites (Engel et al. 2006, Lane and Kubanek 2008). A 
survey of 42 seaweed species determined that mechanical 
damage to most algae induced activation of chemical 
defenses (Cetrulo and Hay 2000), thus abrasion from con-
tact with adjacent corals may cause concentrated chemical 
release by macroalgae, similar to algal responses to her-
bivory. On reefs where rates of herbivory are high, the con-
sequently enhanced release of harmful compounds from 
algae potentially results in chemical damage to corals and 
their associated microbes. The majority of crude extracts 
from 54 species of marine algae and 2 species of seagrasses 
examined from Indo-Pacific coral reefs are active against 
one or more types of ecologically relevant microorganisms, 
including saprophytic fungi, saprophytic stramenopiles, and 
a pathogenic bacterium (Puglisi et al. 2007). Broad-spectrum 
activity was demonstrated in 21–50% of the algae tested; 
extracts from the green alga Bryopsis pennata and the red 
alga Portieria hornemannii inhibited all assay microorgan-
isms. Thus, many marine algae possess antimicrobial 

chemical defenses, and may use them to alter the diversity 
and abundance of coral-associated microbes along contact 
zones with competing corals.

Macroalgae also can stimulate the growth of microbes in 
coral mucus by releasing high levels of dissolved organics. 
Dissolved organic carbon (DOC) is a critical substrate for 
microbial growth, and is not readily available in coral mucus 
(Wild et al. 2004). Smith et al. (2006) showed that diffusible 
compounds released by macroalgae indirectly cause coral 
mortality by enhancing microbial activity on adjacent coral 
surfaces in low-flow environments. Elevated microbial 
growth can cause coral degradation through oxygen deple-
tion, accumulation of poisons (e.g., hydrogen sulfide or sec-
ondary metabolites), and/or microbial predation on weakened 
coral polyps (Segel and Ducklow 1982). Thus, macroalgae 
might inhibit coral larval settlement via enhanced concentra-
tions of noxious microbes or possibly by weakening larval 
resistance to microbial infection (Vermeij et al. 2009). In one 
case, a macroalga potentially served as a vector of a virulent 
disease (white plague type II) to adjacent corals, indicating 
that some algae might be reservoirs for coral pathogens 
(Nugues et al. 2004b). As such, the increased algal biomass 
on present-day reefs could account in part for elevated inci-
dences of coral disease over the past few decades. 
Anthropogenic nutrient enrichment and encroaching mac-
roalgae both also can increase the amount of labile DOC 
near corals, enabling mucus-associated microbes to break 
down complex and previously unavailable carbon sources 
via co-metabolism, and leading to uncontrolled and detri-
mental microbial growth on coral surfaces (Dinsdale and 
Rohwer 2010).

We conclude that mechanisms employed by macroalgae 
to compete with corals include diverse physical and  chemical 
processes that impact all stages of the coral life cycle 
(Titlyanov et al. 2007) and may involve alteration of micro-
bial assemblages on corals. As with sessile invertebrates, the 
competitive mechanisms used by macroalgae may be altered 
greatly by environmental conditions, especially seawater 
temperature and levels of water flow and dissolved nutrients, 
which affect their growth rates and the diffusion of com-
pounds they release when interacting with corals.

4  Factors That Alter Competition Among 
Sessile Reef Organisms

Most recent studies on factors that alter outcomes of com-
petition on reefs have focused on interactions between 
stony corals and other sessile organisms. These may be 
grouped into small-scale versus large-scale processes. In 
terms of small-scale local processes, recent evidence has 
confirmed earlier studies showing that both the relative age 
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and time since contact between interacting organisms 
strongly influence competitive outcomes (reviewed in Lang 
and Chornesky 1990). Reversals in outcome may occur at 
days to months after initial contact (Romano 1990, Miles 
1991, Van Veghel et al. 1996, Langmead and Chadwick-
Furman 1999b). Outcomes can vary from colony fusion 
and subsequent chimera formation to tissue rejection and 
overgrowth, depending on the age and time since contact 
between conspecific stony corals (Frank and Rinkevich 
1994, Frank et al. 1997). At least 5 months are needed to 
detect the long-term outcomes of some intraspecific coral 
contacts (Chadwick-Furman and Rinkevich 1994).

Water motion may alter competitive outcomes by deflecting 
aggressive organs and thus reducing the aggressive reach of 
corals, allowing them to grow closer together (Genin and 
Karp 1994), and also by reducing concentrations of dissolved 
chemicals released by competitors (Gunthorpe and Cameron 
1990c, Smith et al. 2006, Chaves-Fonnegra et al. 2008). 
Levels of dissolved nutrients also can reverse the relative 
growth rates of corals in close proximity, and thus their patterns 
of competitive dominance (Dizon and Yap 2005). Reduced 
water flow may intensify the competitive ability of macroalgae 
(River and Edmunds 2001, Smith et al. 2006, Morrow and 
Carpenter 2008). Overgrowth and smothering of adjacent 
corals can be exacerbated by particle entrapment and sedi-
ment deposition within the low-flow environment under algal 
canopies (Richmond 1993). The morphology of macroalgae 
and other flexible benthic organisms can differentially modify 
water currents and alter the direction and deposition of 
suspended particles. Morrow and Carpenter (2008) demon-
strated that the foliose macroalga Dictyopteris undulata 
inhibits particle capture by neighboring corallimorpharians 
to a greater extent than does the branching alga Gelidium 
robustum, through redirection of particles around polyps and 
induced contraction of the feeding tentacles of the coralli-
morpharian. Thus, the morphologies of flexible neighbors 
may in part determine competitive outcomes, by altering pat-
terns of sedimentation and/or food particle capture in sessile 
reef organisms.

Frequencies of competition vary with depth on coral reef 
slopes; green macroalgae are more important competitors 
with corals in shallow well-lit areas, whereas ascidians com-
pete more frequently with corals on the deeper reef slope 
(Van Veghel et al. 1996). Some red algae acclimate to 
extremely low levels of irradiance and can overgrow corals 
under these conditions, whereas the corals win at high irradi-
ance (Titlyanov et al. 2009). The angle of encounter between 
individuals is important in sponge–coral competition (López-
Victoria et al. 2006). Advancement of three species of Cliona 
sponges is more effective when sponge–coral tissues con-
front each other at 180° angles than when the sponges attack 
corals from below. Additionally, turfing and macroalgae that 
settle in the available space created by lateral sponge 

advancement, as well as increased sedimentation, may 
 further weaken coral boundary polyps. A coral’s ability to 
evade sponge advancement also appears to rely on coral 
defensive mechanisms such as upward growth away from 
the sponge–coral interface, overtopping of sponges in the 
case of foliose and plating corals, and allelochemical defense 
(López-Victoria et al. 2006).

Conspecific corals often aggregate due to co-settlement 
of their larvae (Amar et al. 2008), creating a spatial pattern 
that leads not only to chimera formation, but also to refuges 
from interspecific competition. Aggregations of inferior cor-
als reduce the negative impacts of competition with superior 
corals, and can enhance the coexistence of diverse species 
on reefs (Idjadi and Karlson 2007). Coral percent cover also 
influences coral–sponge interactions. On reefs in Curaçao 
and Colombia, the proportion of aggressive sponge species 
increases with increasing coral cover, up to 25% coral cover 
(Aerts 1998). In addition, when algal biomass increases on 
reefs so does the intensity of overgrowth, shading, and 
chemical inhibition of corals by large macrophytes (e.g., 
Turbinaria, Sargassum, and Dictyota). Usually, corals can 
prevent algal settlement on their live tissues (Diaz-Pulido 
and McCook 2004), but newly settled recruits and juveniles 
are more vulnerable to algal overgrowth than are adult corals, 
due to their small size and greater sensitivity to physio-
logical challenges (McCook et al. 2001, Fig. 19.7). The 
strength of algal competitive mechanisms varies with algal 
functional form (see Steneck and Dethier 1994), such that 
articulated calcareous and leathery macrophytes (e.g., 
Halimeda and Turbinaria, respectively) abrade coral tissues 
more than do foliose and crustose algae (e.g., Dictyota and 
Peyssonnelia, respectively). Filamentous turf and crust algae 
may impact only small coral recruits, but large algal mats 
can overgrow most recruits and some adult corals (Birrell 
et al. 2008b).

In terms of larger-scale processes at the level of entire 
coral reefs, disturbances that selectively remove certain types 
of organisms can shift the relative dominance of competing 
organisms. On some reefs, rates of colonization and spread 
by macroalgae depend primarily on the extent of prior dam-
age to coral colonies from large-scale disturbances. For 
example, after a catastrophic bleaching event in the Maldives, 
a complete phase shift occurred within 1 year, in which algae 
spread to cover 60–90% of the reef benthos (Bianchi et al. 
2006, Titlyanov and Titlyanov 2008). Bleaching and mortal-
ity of corals due to elevated sea temperatures and high UV 
radiation (global climate change) have allowed corallimor-
pharians to preempt space on polluted reefs in Tanzania 
(Muhando et al. 2002). Soft-bodied cnidarians may become 
dominant on coral reefs due to alteration of environmental 
conditions. Anthropogenic eutrophication on inshore areas 
of the Great Barrier Reef enhanced the growth rates of soft 
corals and allowed them to overgrow reef-building stony 
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corals, resulting in their dominance on inshore but not 
 offshore reefs (Alino et al. 1992). Eutrophication of coral 
reefs at Eilat in the northern Red Sea correlates with 
increased abundances of filter-feeding invertebrates that 
compete with corals, such as vermetid mollusks (Zvuloni 
et al. 2008), corallimorpharians (Chadwick-Furman and 
Spiegel 2000, Fig. 19.4), and ascidians (Shenkar et al. 2008). 
The presence of shipwrecks and other metal debris is associ-
ated with extensive overgrowth of corals by corallimorphar-
ians at Palmira Atoll in the central Pacific, possibly due to 
stimulation of corallimorpharian growth by iron leaked from 
the rusting steel (Work et al. 2008).

Thus, human disturbances to corals reefs that alter condi-
tions, including levels of dissolved nutrients, seawater tem-
perature, sedimentation, and mechanical disturbance (e.g., 
ship grounding), may strongly alter competitive outcomes 
and contribute to large-scale phase shifts from coral-domi-
nated reefs to alternate dominants that can rapidly take 
advantage of shifting conditions. These shifts are similar to 
those that occur in naturally marginal environments for coral 
reefs, such as near river mouths (Fabricius 2010), or near the 
limits of their latitudinal range where macroalgae outcom-
pete corals due to lower temperatures and/or higher nutrient 
levels than near the equator (Bellwood et al. 2004, Bruno 
et al. 2007, Norström et al. 2009). We expect competitive 
exclusion of reef-building corals by non-reef builders to 
become increasingly frequent on the world’s coral reefs, as 
anthropogenic impacts continue to impair the ability of cor-
als to fend off competitors that once were kept in check 
through a combination of herbivory and slow growth con-
strained by the limited particulate and dissolved nutrients on 
pristine tropical reefs (Fig. 1). More than half the benthic 
cover currently on coral reefs worldwide consists of 
 organisms other than hard corals and macroalgae (Bruno 
et al. 2009, Norström et al. 2009). Until some of the negative 
human impacts on coral reefs are reversed, the resulting 
alteration of competitive outcomes among sessile reef organ-
isms is expected to continue as a major cause of the decline 
of coral reefs.

5  Effects of Competition Among Sessile 
Organisms

5.1  Effects on Individuals

In contrast to the lack of evidence 20 years ago, several 
recent studies have revealed impacts of intraspecific compe-
tition on sessile reef organisms at the level of the individual. 
All have been conducted on stony and soft corals, and most 
have shown reduced growth and/or survival of colonies due 

to competition with conspecifics, in terms of impacts of 
fusion among genetically different conspecific colonies. 
Chimera formation and intraspecific competition signifi-
cantly reduce the growth rates of colonies of the stony coral 
Stylophora pistillata, but fusion also may enhance the sur-
vival of some chimeric colonies through larger body size 
(Amar et al. 2008). Thus, fusion of co-settled or contacting 
coral colonies may increase their survival through larger 
colony size and physical stability (Chornesky 1991, reviewed 
in Frank and Rinkevich 1994), but the fusion of genetically 
different colonies also may result in somatic or germ cell 
parasitism that ultimately decreases the growth and fitness of 
at least one of the partners (Amar et al. 2008). Intraspecific 
competition among solitary fungiid corals in aggregations 
also appears to decrease their growth rates (Elahi 2008). 
Colonies of the stony coral Porites cylindrica show complex 
responses to intraspecific competition: they grow more 
slowly but survive longer than when competing with other 
coral species, and these growth rates reverse under condi-
tions of nutrient enrichment (Dizon and Yap 2005). Allogenic 
contacts between some corals can lead to net enhancement of 
colony survival due to physical support and stabilization in 
reef areas exposed to high water motion. Chornesky (1991) 
found that contacts among colonies of Agaricia tenuifolia in 
Belize anchored their skeletons and potentially allowed them 
to resist breakage and detachment better than did isolated 
colonies. However, this study consisted of comparative field 
surveys and did not quantify impacts of intraspecific contact 
on coral growth or survival.

Experimental work on soft corals indicates that gorgonian 
coral growth decreases with the presence of nearby conspe-
cifics (Kim and Lasker 1997). The larvae of four species of 
soft corals in the Red Sea settle gregariously on reefs,  leading 
to high rates of contact and fusion with allogeneic conspecif-
ics, and the formation of chimeric colonies that have slower 
growth and more deformities relative to single-genotype 
colonies (Barki et al. 2002). Allogeneic fusion occurs only in 
young colonies <3 weeks old, and represents a window dur-
ing development in which the alloimmune system is not fully 
matured. Thus, fusion among genetically different coral col-
onies may occur mainly during early post-metamorphosis, 
and lead to a combination of stunting effects due to mixing 
of genotypes within one colony, but also enhancement of 
colony size and stability via larger skeletons. Overall, recent 
evidence indicates mainly negative impacts on corals of 
within-species competition, with some possible “coopera-
tion” among colonies leading to physical benefits. Because 
the larvae of many corals settle gregariously, effects of 
intraspecific competition may be widespread on reefs, but 
often are unseen because chimeric colonies are difficult to 
distinguish from single-genotype colonies.

To our knowledge, no published information exists on effects 
of intraspecific competition in other coral reef cnidarians  
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such as actinarian sea anemones, corallimorpharians, or 
zoanthids, or among other sessile organisms including ascidi-
ans, sponges, or macroalgae. As these organisms also may settle 
gregariously, competition for space within species may be com-
mon (Figs. 2–4), and the impacts of this process need to be 
examined in future studies.

Effects of interspecific competition among sessile organ-
isms on reefs are well studied, in part because the high biodi-
versity on coral reefs leads to high frequencies of interactions 
among species (Van Veghel et al. 1996, reviewed in Knowlton 
and Jackson 2001). Also, contact margins between species 
often are more obvious than those within species, and may 
involve unilateral overgrowth and wide damaged or cleared 
zones around individuals (Fig. 3). Several recent studies have 
documented negative impacts of interspecific competition on 
individual reef organisms, mostly among coral colonies, but 
in some cases between corals and other sessile organisms. 
Coral growth, fecundity, and survival all are reduced during 
competition with other corals (Romano 1990, Tanner 1997, 
Idjadi and Karlson 2007) and with macroalgae (Tanner 
1995). Short-term growth rates of solitary fungiid corals are 
impaired, and their rates of mucus production and mobility 
enhanced, when they are surrounded experimentally by other 
species of fungiids (Elahi 2008). Polyps of corallimorphari-
ans are significantly larger and contain more ovaries at the 
centers of aggregations than along the edges where they con-
tact corals, on reefs in both the western Pacific (Chen et al. 
1995a) and Red Sea (Chadwick-Furman et al. 2000). Thus, 
interspecific competition with corals appears to reduce both 
body size and sexual reproductive rates in these corallimor-
pharians. Conversely, competition with corallimorpharians 
inhibits the fecundity, recruitment, and survival of solitary 
temperate corals (Chadwick 1991). During competition 
between temperate corallimorpharians and actinian sea 
anemones, individuals express higher levels of the heat-
shock protein HSP70 than when not in competition, indicat-
ing activation of mechanisms for the repair of cellular damage 
(Rossi and Snyder 2001). As such, interspecific competition 
appears to be costly for some cnidarians in terms of the pro-
duction of energetically expensive compounds for the repair 
of cellular components.

Recent reviews also have concluded that when corals 
compete with macroalgae, the growth of both types of 
organisms can be inhibited along the contact zone (Jompa 
and McCook 2002a). Macroalgae may reduce coral repro-
ductive success by inducing reallocation of energy from 
reproduction to repair of tissues damaged during competi-
tion, resulting in smaller egg sizes along coral–algal bor-
ders and in the center of coral patches (Foster et al. 2008). 
Competitive stress induced by contact with macroalgae 
likely diminishes the energy reserves that are critical to nor-
mal immune function and resilience of healthy corals, 
potentially contributing to chronic bleaching events and 

disease infection (Ritson-Williams et al. 2009). Macroalgae 
can impact coral replenishment through reduction of coral 
fecundity and larval survival, preemption of space for larval 
settlement, abrasion and overgrowth of new recruits, dis-
lodgment of recruits settled on crustose algae, and changes 
to habitat conditions (reviewed in Birrell et al. 2008b). 
Some brown macroalgae cause recruitment inhibition or 
avoidance behavior of coral larvae, while others reduce the 
survival of new recruits of stony corals and octocorals 
(Kuffner et al. 2006).

As with the mechanisms employed by macroalgae to com-
pete with stony corals, their competitive impacts are highly 
species-specific. Macroalgae cause significantly decreased 
growth of colonies of the stony corals Porites astreoides and 
Montastraea faveolata, but no clear effects on the coral 
Siderastrea siderea in caged treatments (Lirman 2001). 
Similarly, the red turf algae Corallophila huysmansi and 
Anotrichium tenue damage and overgrow live tissues of the 
branching coral Porites cylindrica and the massive coral 
Porites sp., but the corticated red alga Hypnea pannosa and 
the filamentous green alga Chlorodesmis cause no visible 
effects on coral tissues (Jompa and McCook 2003a,b). Four 
species of macroalgae tested by Maypa and Raymundo (2004) 
varied widely in their morphological and chemical impacts 
on the stony coral Pocillopora damicornis: some enhanced 
and others reduced coral settlement and survival, while some 
reduced juvenile coral growth rates more than others, illus-
trating the complex and species-specific effects of macroal-
gae on the early life-stages of corals. In field experiments, the 
brown alga Lobophora variegata did not cause tissue mortal-
ity to five species of Caribbean corals, but negatively impacted 
the leafy, fast-growing coral Agaricia agaricites (Nugues and 
Bak 2006). Subtle initial impacts in terms of physiological 
stress were detected in M. faveolata, in which contact with 
mixed turf algae caused reductions in coral zooxanthella den-
sities, Chlorophyll a concentration, and tissue thickness, fol-
lowed by complete coral overgrowth by the algae (Quan-Young 
and Espinoza-Avalos 2006). Physiological damage can be 
mutual, in that some corals extrude their mesenterial fila-
ments onto macroalgae, causing algal discoloration, migra-
tion of cholorplasts away from the algal surface, and entry of 
coral nematocysts into the algal epidermis (Nugues et al. 
2004a). These studies illustrate the complexity of competitive 
impacts on interacting corals and algae, and highlight the 
importance of variation among species and environments. 
Healthy corals that normally prevent the attachment and sur-
vival of algal recruits may become competitively inferior 
when stressed by environmental factors such as nutrient-en-
richment, sedimentation, and disease (Diaz-Pulido and 
McCook 2004, Dinsdale and Rohwer 2010).

In some cases, interspecific competition appears to have 
no impact on coral growth rates. Connell et al. (2004) 
observed in a long-term study that competition does not 
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appear to affect the long-term growth of corals on the Great 
Barrier Reef in Australia. They concluded that many mecha-
nisms of coral competition require low energy investment, 
and thus may not alter rates of growth in dominant corals. 
A similar conclusion was reached by Lapid and Chadwick 
(2006), who detected no significant impacts on the growth of 
dominant brain corals when they developed sweeper tenta-
cles to compete with other massive corals. However, subor-
dinate massive corals that were damaged by the brain corals 
had severely impaired growth and survival over 1 year under 
laboratory conditions. Romano (1990) likewise demonstrated 
that competition reduces the growth rates of subordinate but 
not dominant coral species during field experiments in 
Hawaii. Thus, interspecific competition appears to severely 
reduce the growth, reproduction, and survival of some subor-
dinate corals, but not necessarily that of competitive domi-
nants. More studies need to be conducted on a wider range of 
species to determine the robustness of these patterns in fit-
ness costs.

Few studies have examined the individual-level effects of 
competition on other types of space occupiers on reefs, such 
as sponges and ascidians. Future research should examine 
how competition, especially with corals, impacts the repro-
duction, growth, and survival of non-cnidarian sessile inver-
tebrates on coral reefs.

5.2  Effects on Populations and Communities

Through the above-mentioned impacts on individual 
organisms, competition alters demographic patterns on 
coral reefs, in terms of population growth, decline, and 
turnover rates. For example, competitive impairment of 
sexual reproduction leads to fewer recruits on coral reefs, 
and eventually to smaller, older populations of impacted 
competitors. Slower individual growth rates likely delay 
ages at first reproduction, and could cause sexually mature 
individuals to revert to a nonreproductive state, thus slowing 
turnover rates of populations. Finally, increased mortality 
at all life stages reduces the population sizes of subor-
dinate competitors and eventually may exclude them 
completely from reef areas where members of dominant 
species eventually kill all individuals. Competitive interac-
tions with macroalgae impact all life stages of corals (see 
Sect. 5.1). High algal biomass on coral reefs can result in 
strong negative interactions with adult corals and decrease 
coral recruitment success by reducing larval settlement 
and post-settlement survival, thus potentially altering the 
population structure of corals. However, few studies have 
quantified impacts of competition on population-level pro-
cesses in sessile reef organisms (Chadwick 1991, Tanner 
1995, 1997). Analyses of population size structure can 

provide a wealth of information on patterns and rates of 
population decline or growth (Bak and Meesters 1999, 
Meesters et al. 2001, Goffredo and Chadwick-Furman 
2003, Guzner et al. 2007), and need to be incorporated into 
studies on impacts of competitive interactions among ses-
sile organisms on coral reefs. Competition also alters pop-
ulation genetics, in that nontransitive circular competitive 
networks among individuals or colonies likely promote the 
coexistence of diverse genotypes within populations 
(Chadwick-Furman and Rinkevich 1994, Frank and 
Rinkevich 1994, Rinkevich et al. 1994).

Effects of competition on whole reef communities have 
been more thoroughly studied, and a wide array of impacts 
has been documented. Recent studies have revealed altera-
tion of species diversity on reefs, and in some cases, 
decreased diversity, due to competitive interactions mainly 
among stony corals. Competition significantly decreased 
stony coral diversity over 38 years at Heron Island on the 
Great Barrier Reef, and altered species composition on pro-
tected reef crests and in shallow pools (Connell et al. 2004). 
In contrast, on the exposed reef flat, storms disturbed the 
coral community and kept coral abundances low, reducing 
the importance of competition in this frequently disturbed 
intertidal habitat. In Taiwan, the most aggressive corals may 
grow rapidly and thus dominate the reefs (Dai 1990). 
Conversely, aggression allows slower-growing corals to per-
sist in Hawaii (Romano 1990) and the Red Sea (Lapid et al. 
2004). Abelson and Loya (1999) found no relationship 
between the level of aggressiveness and relative abundance 
of stony coral species at Eilat. They confirmed, as known for 
other reef areas (Dai 1990) that on Red Sea reefs an intransi-
tive hierarchy occurs with circular networks among corals at 
intermediate aggressive levels. Rinkevich et al. (1992) 
showed that four major space occupiers at Eilat (three types 
of corals and a sponge) engage in a network of competitive 
interactions with no clear dominants, thus enhancing spe-
cies diversity on these reefs.

Aggression allows corallimorpharians to dominate 
some reef flats in the Red Sea and Indian Ocean, to the 
exclusion of the once-dominant stony corals (Chadwick-
Furman and Spiegel 2000, Langmead and Chadwick-
Furman 1999a, b, Muhando et al. 2002, Kuguru et al. 2004, 
Fig. 4). Competition also alters patterns of dominance and 
vertical zonation among stony corals and corallimorphari-
ans on temperate subtidal reefs in the northeastern Pacific 
(Chadwick 1991). Some macroalgae and sponges engage 
in competitive standoffs on Caribbean reefs, with neither 
advancing, but sponges lose during competition with tuni-
cates, zoanthids, and gorgonians (López-Victoria et al. 
2006). These competitive outcomes among sessile inverte-
brates likely alter their relative abundances on reefs. 
Damage to stony corals by macroalgae can result in algal 
dominance on some reefs and alter the overall structure of 
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reef communities (Hughes and Tanner 2000, Kuffner et al. 
2006, Fig. 1).

During the 1980s, studies showed that some coral reefs 
may undergo a phase shift from stony corals to macroalgae 
(Fong and Paul 2010, Fig. 1). Recent analyses demon-
strate that coral reef phase shifts also occur from stony cor-
als to a variety of organisms other than macroalgae (reviewed 
in Norström et al. 2009). Top-down processes such as 
changes in consumers and overfishing appear to cause phase 
shifts to urchins and macroalgae (Norström et al. 2009), 
while bottom-up processes such as changes in nutrient 
levels appear to drive phase shifts to sponges, soft corals, 
and corallimorpharians (including iron enrichment, Work 
et al. 2008). In both types of processes, the main drivers 
are human-induced changes to coral reefs in terms of 
overfishing and pollution. Thus, the impacts of competition 
on coral communities appear to be increasing, and are 
altered by a host of anthropogenic forces (Dinsdale and 
Rohwer 2010).

It is now clear that competition is a major driving force 
in many coral reef habitats, especially those that have been 
altered through human disturbance. On pristine reefs, natu-
ral physical disturbances may be more important in some 
reef zones than are biological interactions such as competi-
tion. Generally, on pristine reefs the community structure 
of intertidal reef flats tend to be controlled more by physi-
cal disturbances (low tides, storms, freshwater flooding), 
while that of subtidal reef slopes is controlled more by bio-
logical interactions (predation, competition for space, 
Connell et al. 2004). This variation in community structur-
ing forces with depth below sea level and distance from 
terrestrial influences is similar to that documented a few 
decades earlier for temperate rocky shorelines (reviewed in 
Witman and Dayton 2001). It is also similar to the vertical 
gradient in physical versus biological factors controlling 
coral zonation on temperate rocky reefs, in which sand 
scouring impacts some corals along the bases of reefs, 
while competition with dominant corallimorpharians 
excludes them from the tops of the reefs, allowing them to 
become abundant only at intermediate heights above the 
sand–reef interface (Chadwick 1991).

6  Conclusions and Directions for Future 
Research

Much has been added to our understanding of competition 
among sessile organisms on coral reefs since the initial 
major review by Lang and Chornesky (1990). The inclusion 
of diverse methods into single integrated studies, such as 
long- and short-term surveys and experiments in a combina-
tion of laboratory and field settings, has revealed robust 

 patterns and processes in reef competition, and should be 
continued in future studies. Foundational descriptions of 
competitive mechanisms and some of their effects on reefs 
were completed mostly during the 1970s and 1980s, with 
recent research focusing on intraspecific dynamics, costs 
and benefits of competition, and widespread effects on indi-
viduals and coral reef communities. Competition has been 
established as a major structuring force on coral reefs, with 
microscale to community-level impacts. Much recent work 
focuses on how human-induced changes on coral reefs are 
altering competitive outcomes, especially leading to phase 
shifts from reef-building corals to other organisms. These studies 
reveal how altered competitive outcomes can cause the demise 
of coral reefs and their replacement by alternate dominants 
with much lower biodiversity than the more structurally 
complex coral-built reefs they replace (Bellwood et al. 2004, 
Norström et al. 2009). Competitive interactions are destined 
to play an increasing role in the story of how reefs are 
affected by man, and are a model process for understanding 
how human interference affects the outcomes of interactions 
among organisms in communities.

Future research is needed especially on processes of 
competition in sessile space occupiers other than corals, 
such as the sea anemones, zoanthids, ascidians, sponges, 
and algae that may replace corals on some reefs. How com-
petition impacts the diverse microbial assemblages that 
associate with sessile reef organisms is just beginning to be 
examined, as new methods are developed in molecular and 
microbial biology. Microbial studies need to be coordinated 
with those on the antibacterial and/or stimulatory nature of 
chemical compounds released by coral hosts, their symbi-
onts, and adjacent competitors. Research on how ocean 
acidification affects calcium carbonate production by corals 
should be linked to examination of their changing ability to 
compete with non-reef-building organisms. Global climate 
change and ocean acidification also may promote increases 
in marine disease and the alteration of competitive networks 
due to compromised coral immune systems. A better under-
standing of how competition impacts the spread of disease 
among sessile organisms on reefs is especially needed, given 
ever-increasing levels of disease in corals and other reef 
organisms. Future research will benefit from interdisciplin-
ary approaches that include both macro- and microscopic 
perspectives to reveal the complexity of competitive pro-
cesses on coral reefs.
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