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Competition between reef-building corals and benthic algae is of key importance for reef dynamics. These

interactions occur on many spatial scales, ranging from chemical to regional. Using microprobes, 16S rDNA

pyrosequencing and underwater surveys, we examined the interactions between the reef-building coral

Montastraea annularis and four types of benthic algae. The macroalgae Dictyota bartayresiana and Halimeda

opuntia, as well as a mixed consortium of turf algae, caused hypoxia on the adjacent coral tissue. Turf

algae were also associated with major shifts in the bacterial communities at the interaction zones, including

more pathogens and virulence genes. In contrast to turf algae, interactions with crustose coralline algae

(CCA) and M. annularis did not appear to be antagonistic at any scale. These zones were not hypoxic,

the microbes were not pathogen-like and the abundance of coral–CCA interactions was positively correlated

with per cent coral cover. We propose a model in which fleshy algae (i.e. some species of turf and fleshy

macroalgae) alter benthic competition dynamics by stimulating bacterial respiration and promoting invasion

of virulent bacteria on corals. This gives fleshy algae a competitive advantage over corals when human activi-

ties, such as overfishing and eutrophication, remove controls on algal abundance. Together, these results

demonstrate the intricate connections and mechanisms that structure coral reefs.

Keywords: turf algae; crustose coralline algae; bacteria; competition; ecology
1. INTRODUCTION
Coral reefs, the most biologically diverse marine ecosys-

tems, are supported by the structural complexity provided

by hermatypic corals [1]. However, coral reefs around the

world are becoming increasingly dominated by benthic

algae, resulting in a loss of habitat and biodiversity [2–5].

This trend is driven by algal overgrowth of live and recently

dead corals, a trend facilitated by modern environmental

changes such as decreased herbivory [6–9], eutrophication

[8,10], increased coral bleaching associated with climate

change [11–13] and coral disease [14–16]. While this

phenomenon has been well documented, the mechanisms

by which algae overtake corals are not well understood.

Competition between corals and benthic algae is common

on coral reefs worldwide [17–20], and these interactions

are frequently harmful to the coral, causing tissue damage
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and necrosis [3,20–23], reduced zooxanthellar function

[23–26] and reduced coral fecundity [3,20,27]. On the

other hand, some algae have little effect on corals [28,29],

such as certain species of CCA that promote coral settle-

ment [30,31] and inhibit recruitment of macroalgae that

would otherwise compete with corals [32,33].

Benthic algae also influence the microbes associated with

corals, disrupting the complex community of the healthy

coral holobiont—the symbiotic consortium including the

coral animal, zooxanthellae, Bacteria, Archaea, fungi and

viruses [34]. For example, algae can transmit pathogens

to adjacent corals, causing disease [35]. Allelochemicals

released by the algae may also stress the corals and disrupt

the holobiont, causing loss of normal functions and coral

mortality [36,37]. Several lines of evidence suggest that

one mechanism for the deleterious effects of algae on

corals is the release of organic carbon by the algae that

fuels increased local activity of microbes. Coral–algal inter-

actions in aquaria, for example, result in coral necrosis and

hypoxia as a result of bacterial activity [38], and hypoxia

has been observed in situ when turf and macroalgae border
This journal is q 2011 The Royal Society
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Figure 1. Typical interaction zones between the coral Montastraea annularis and the four types of algae examined. (a) Intact
interactions and (b) interactions after algal removal.
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coral [17]. Consistent with this hypothesis are findings that

experimental addition of dissolved organic carbon (DOC)

alters the coral holobiont by increasing potential pathogens

[39], leads to coral mortality and disease symptoms [40,41]

and is deadly to corals, whereas addition of inorganic

nutrients is not [25,40,41].

We hypothesized that stressful coral–algal interactions

compromise the normal function of the coral holobiont,

allowing potentially pathogenic microbes to invade and

the algae to overgrow the coral. In order to better under-

stand these micro-scale dynamics and how they affect

coral reef composition, we investigated the physiological

and bacterial responses of the coral holobiont to inter-

actions with different functional groups of benthic algae

and quantified the prevalence of coral–algal interactions

at reefs with different levels of human influence (electronic

supplementary material, figure S1; [42]). In situ inter-

actions between the dominant reef-building Caribbean

coral Montastraea annularis and four types of benthic

algae were studied: encrusting calcified red algae (CCA);

fleshy brown macroalgae (Dictyota bartayresiana); upright

calcareous green algae (Halimeda opuntia) and a mixed

assemblage of turf algae (figure 1). Physiological changes

across these four types of coral–algal interfaces were com-

pared by measuring the dissolved oxygen (DO) levels at

the interaction zones with and without algae removal.

Algal-induced changes to the bacterial constituents of the

holobiont were assessed by identifying the taxonomic com-

position of coral-associated bacteria across the same four

types of interactions by pyrosequencing of the 16S rRNA

gene. Our results demonstrate that each alga exerts its

own characteristic suite of effects on the coral holobiont,

and that these micro-scale dynamics have the potential to

drive changes in reef community composition.
2. MATERIAL AND METHODS
(a) Physiology of the coral holobiont at algal

interaction zones

This study was conducted on the island of Curacao, former

Netherlands Antilles, under the auspices of Caribbean
Proc. R. Soc. B
Research and Management of Biodiversity (CARMABI).

Interactions between the dominant reef-building coral

M. annularis bordering one of four groups of algae: CCA,

D. bartayresiana, H. opuntia and turf algae were studied

(figure 1). Ten colonies of each interaction type (40 total) were

identified on the reef (8–10 m deep, Water Factory; electronic

supplementary material, figure S1). The algae were removed

from five of the 10 coral–algal interactions of each type, taking

care not to damage the adjacent coral tissue (figure 1). All colo-

nies were removed from the reef 10–12 days later by breaking off

columns below the live coral to avoid tissue damage. The con-

centration of DO was measured within 1 mm of the surface

of each interaction using an oxygen microprobe (Unisense,

Denmark) as previously described (electronic supplementary

material; [17]). Four replicate readings were taken within each

of the three zones of interaction: (i) coral tissue from the centre

of the colony, (ii) coral tissue less than 0.5 cm from the algae

and (iii) algal tissue.

(b) Microbial sampling

Tissue samples were collected from each of the four types of

coral–algal interactions using a hollow punch (diameter¼

0.64 cm) and hammer (8–10 m deep, Water Factory; elec-

tronic supplementary material, figure S1). Tissue punches

were collected from five different zones: (i) coral tissue from

the centre of the colony (less than 10 cm away from algae),

(ii) coral tissue adjacent to the algae, (iii) the interaction

zone, (iv) algal tissue adjacent to the coral and (v) algal tissue

less than 10 cm away from the interface. Five different inter-

actions of each type were sampled, for a total of five replicate

tissue samples per zone per coral–algal interaction type.

DNA was extracted from each sample and the bacterial 16S

rRNA genes were amplified and pyrosequenced (see electronic

supplementary material, table S2; [43]). Sequences were

screened for quality, sorted by barcode, grouped into oper-

ational taxonomic unit (OTU, 97% similarity) and classified

as previously described (electronic supplementary material;

[43]). A resampling-based rank comparison was employed to

identify the taxa that were over- or under-represented in the

five libraries from across each type of interaction (electronic

supplementary material).

http://rspb.royalsocietypublishing.org/
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Figure 2. Dissolved oxygen (DO) concentration changes at the zone of interaction between the coral Montastraea annularis and

benthic algae. (a) Unaltered coral–algal interactions. (b) Coral–algal interactions 10 days after removal of the algae. DO con-
centrations are shown relative to atmospheric saturation of sea water (212 mmol l21). CCA, crustose coralline algae; Dictyota,
Dictyota bartayresiana; Halimeda, Halimeda opuntia. n ¼ 5 for all treatments; +s.e.m.
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(c) Metabolic reconstruction

The metabolic profiles of the bacterial communities present

in coral tissue away from algal interactions and those over-

represented in coral tissue near or at each algal interface

were estimated. For each taxon, the closest relative with a

sequenced genome was selected and the metabolic profile

from that genome (determined by the SEED database;

www.theseed.org) was included and weighted by the

taxon’s relative abundance. The metabolic profile for each

community was then calculated as the linear combination

of the metabolic profiles of each included taxon, weighted

by its relative abundance, and XIPE was used to determine

which metabolic subsystems were statistically different at

the interfaces (90% confidence level, 5000 iterations; [44]).

Statistical ranking was again performed to determine which

metabolic subsystems were over-represented at the different

coral–algal interaction zones relative to each other. The

metabolic shifts observed at algal interfaces were then com-

pared with those previously observed in corals subjected to

abiotic stress [39] by principal component analysis (PCA).

(d) Surveys of coral–algal interactions

Survey sites spanned the leeward side of Curacao and

included different levels of human impact (e.g. adjacent

population and sewage signature [42]) that declined with

increasing distance from the capital, Willemstad (electronic

supplementary material, figure S1). Surveys to quantify the

types and abundances of interactions between corals and

algae were conducted at 10 m depth as previously described

(electronic supplementary material; [17]). Per cent cover of

benthic organisms was determined from photoquadrats at

10 m depth (electronic supplementary material).
3. RESULTS
(a) Physiological changes of the coral holobiont

owing to algal interactions

DO concentrations in the boundary layer above M. annularis

tissue distant from the site of algal interaction were hyperoxic

relative to ambient sea water (192–282 mmol l21 above

ambient; ambient¼ 212 mmol l21; figure 2a). Likewise,

the algal boundary layer was hyperoxic for all four types of

algae examined, ranging from 418 to 775 mmol l21 above

ambient (figure 2a). However, when M. annularis was inter-

acting with any of the four types of algae, the DO

concentration at the interaction zone was decreased (paired

t-test: p , 0.02 for each interaction type; figure 2a). These

decreases resulted in DO levels below ambient for corals
Proc. R. Soc. B
bordering H. opuntia, D. bartayresiana or turf algae (95, 12

and 5.2 mmol l21 below ambient, respectively) while corals

adjacent to CCA maintained hyperoxia (184 mmol l21

above ambient). Algal removal resulted in significant DO

increase for H. opuntia (70%; t-test, p¼ 0.003) and D. bar-

tayresiana (52%; p ¼ 0.03), restoring hyperoxia at these

interfaces (figure 2b). Removal of turf algae restored hyper-

oxia but recovery was not statistically significant (36%, p¼

0.21); coral–CCA interfaces remained hyperoxic after algal

removal (figure 2b).
(b) Changes to coral-associated bacteria owing

to algal interactions

The number of observed and predicted (Chao1) bac-

terial OTUs increased in coral tissue near all types of

algae except H. opuntia relative to coral tissue distant

from algae (electronic supplementary material, table

S1). In addition, the Shannon–Weiner diversity (H0)
of the coral-associated bacterial communities increased

in tissues near CCA (from 3.26 to 4.72) and D. bartayr-

esiana (from 2.84 to 3.28), but decreased for coral tissue

adjacent to H. opuntia or turf algae (electronic supplemen-

tary material, table S1). Three of the four coral–algal

interfaces showed high diversity (5.70–7.64) comparable

with that observed for the corresponding algal tissues

(6.22–7.82), the exception being the H. opuntia interface

(4.58; electronic supplementary material, table S1). When

the phylogenetic distance between the 16S rDNA libraries

was analysed by PCA, the coral-associated bacteria distant

from algae clustered together along with those from coral

tissue adjacent to H. opuntia, while those adjacent to

CCA, D. bartayresiana, and turf algae were distant from

the coral-associated communities and also from each

other (electronic supplementary material, figure S2).

Some taxa were over-represented at or near the algal inter-

faces and the number varied depending on the type of algae

involved: near CCA, 20 taxa or 38 per cent relative abun-

dance; near D. bartayresiana, 19 taxa or 21 per cent

relative abundance; near turf algae, 14 taxa or 13 per cent

relative abundance; or near H. opuntia, 12 taxa or 11 per

cent relative abundance (figure 3). A majority (30/45) of

over-represented taxa were enriched at only one type of

coral–algal interface. Of the remaining 15 taxa, 11

were over-represented at two interfaces, three at three inter-

faces (all members of the Planctomycetaceae) and one

(Actinomycetales) at all four interfaces.

http://www.theseed.org
http://rspb.royalsocietypublishing.org/


Figure 3. Heat map of relative abundance of Bacteria associated with coral–algal interfaces. (a–d) Relative abundances across
all five zones of interaction with one type of algae. Bacterial taxa are listed at the highest classifiable level; taxa listed above

genus (e.g. family or order) include only members that could not be classified at a lower level. Operational taxonomic units
at the top of each list are those most abundant in coral tissue; those at the bottom are the most abundant in the algal
tissue. Scale bar represents relative abundance (%) of each taxon within each library. Asterisks indicate taxa over-represented
in coral tissue at or near the coral–algal interface.
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The metabolic capabilities of the coral-associated

bacterial communities were also altered by proximity to

algal interfaces. For example, coral-associated 16S rDNA

libraries were dominated by sequences related to facultative

anaerobes [43]. In contrast, we found sequences related to

strict anaerobes present in coral tissue near or at interfaces

with three of the four groups of algae: 8.5 per cent relative

abundance at CCA interfaces; 2.2 per cent relative abun-

dance near D. bartayresiana interfaces; 2 per cent relative

abundance near H. opuntia interfaces; but absent near

and at interfaces with turf algae. The number of metabolic

pathways (from the SEED database) that were over- or

under-represented within these over-represented taxa also

varied depending on the alga present (turf algae, 29;

CCA, 22; D. bartayresiana, 13 and H. opuntia, 2). Interfaces

with three of the types of algae (turf algae, CCA and D. bar-

tayresiana) shared several metabolic trends. Specifically,

several pathways were under-represented at all three inter-

faces: membrane transport (including type III and type IV

secretion systems), stress response, aromatic catabolism

and flagellar motility (figure 4). Likewise, all three showed

an increased abundance of pathways for metabolism of

single-carbon compounds, fatty acids, potassium and pur-

ines. Coral–turf interfaces uniquely showed a reduction in

organic sulphur assimilation as well as iron acquisition

and metabolism. The two significant changes at H. opuntia

interactions were decreased abundance of genes for Gram-

positive cell wall components and di- and oligosaccharide

metabolism (figure 4).

Comparison of the metabolic subsystems in the coral-

associated bacterial communities near or at the interfaces

with each other showed more virulence and potassium

metabolism genes at interactions with turf algae and more

carbohydrate metabolism genes at D. bartayresiana inter-

actions (table 1). The communities near or at CCA

interactions had more metabolic genes related to cell main-

tenance than the other interfaces, while those near or at

H. opuntia interfaces were similar to coral-associated com-

munities. PCA of the reconstructed metabolic subsystems

showed that coral-associated communities clustered closely

with the H. opuntia interface community, whereas CCA,

D. bartayresiana and turf algae interface communities
Proc. R. Soc. B
were distant from the corals and from each other (electronic

supplementary material, figure S3), mirroring the taxo-

nomic clustering (electronic supplementary material,

figure S2). A PCA was also performed to compare these

metabolic changes at coral–algal interactions with pre-

viously collected data on the coral holobiont’s response to

abiotic stress treatments (nutrient addition, temperature

increase, decreased pH and DOC addition; [39]). The

metabolic changes associated with all four types of algal

interactions clustered together with the DOC treatment

(electronic supplementary material, figure S4).

(c) Reef-scale changes in coral–algal interactions

Every coral colony observed was interacting with at least one

type of alga,with an average of 61–80% of the coral perimeter

involved in any type of algal interaction. Interactions with turf

algae were the most abundant, accounting for 32–58% of the

coral edge (figure 5a). The percentage of the coral edge

bordered by CCA showed the most obvious trend, averaging

12–13% at the eastern and western ends of the island

and declining to approximately 0 per cent at sites near the

centre of the island where human influence is greatest

(figure 5a; [42]). Herbivore biomass was also lowest at sites

nearest to the centre of the island (13.5–22.6 g m22) versus

the eastern and western points (27.1–47.3 g m22; M.J.V.

2011, unpublished data). The number of coral–algal inter-

actions did not correlate with changing per cent cover for

either CCA or turf algae (electronic supplementary material,

figure S5a,b). Coral cover, however, was higher at sites where

a larger percentage of the coral edge interacted with CCA

(p¼ 0.026; figure 5b), but was not correlated with the per-

centage of coral edges interacting with turf algae (electronic

supplementary material, figure S5c).

4. DISCUSSION
(a) Reef to colony-scale responses to algal

interactions

Every coral colony observed in this study was interacting

with at least one alga, and the frequency of interactions

was unrelated to the local percentage of benthic coral or

algal cover. The most common coral–algal interactions

observed were between corals and turf algae. These

http://rspb.royalsocietypublishing.org/
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Figure 4. Altered metabolic subsystem abundances in coral-associated Bacteria at coral–algal interfaces. Shown are subsystems
that were significantly increased or decreased in the Bacteria over-represented in coral tissue at or near at least one type of algal
interface. The fold change is relative to corals distant from the interface. Asterisks indicate significant differences (90%
confidence levels with 5000 iterations). Blue, CCA; red, Dictyota; yellow, Halimeda; green, turf.
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interactions were found to negatively affect the physiology of

the coral holobiont by eliminating net oxygen production

along the interface (figure 2; [17]). While algal removal

and coral recovery occurred in situ, DO measurements

were taken in an aquarium. This eliminated the effects of

local hydrodynamics, permitting measurement of the net

flux of oxygen at the interaction zone. The two species of

macroalgae examined here also caused DO levels to

decrease below ambient, but the magnitudes of their effects

differed. Turf algae and many macroalgae have been shown

to limit coral growth and negatively impact the bordering

coral tissue [17,18,23,24,26], lower coral fecundity [27]

and inhibit larval settlement [45–47], thereby impacting

corals on multiple scales in time and space (table 1).

Given the greater abundance of coral interactions with

turf algae relative to other functional groups of algae

around the world (figure 5; [17,18]), coral–turf interactions

are likely important in influencing the structure of benthic

coral reef communities.

In contrast to the algae discussed earlier, interactions

with CCA did not exhibit hypoxia (figure 2; [17]). Because
Proc. R. Soc. B
CCA appear to cause little stress to coral adults and can

also benefit corals by preventing colonization of the coral

border by other algae [33], we hypothesize that corals inter-

acting with CCA are more successful on the reef. While

some species of CCA can harm corals [52], our hypothesis

is supported by the observation that the proportion of an

individual coral colony edge interacting with CCA at a

given site, regardless of CCA species, correlated positively

with benthic coral cover (figure 5). Previous studies have

also demonstrated that CCA are generally less detrimental

to the health, growth and photosynthetic efficiency of adja-

cent coral tissue than turf algae [17,26]. Because some

species of CCA also promote coral settlement [30,31],

their influence on corals is counter to that of turf algae

examined here across multiple spatial scales.
(b) Micro-scale interactions between corals

and algae

The coral holobiont is a selective environment for bac-

teria, as evidenced by the variety of stressors that the

http://rspb.royalsocietypublishing.org/


Table 1. Influence of different algal interactions on corals across multiple spatial scales.

measured attribute CCA (encrusting)

Halimeda spp.

(upright
calcareous) turf algae

fleshy
macroalgae references

reef scale interactions on
healthy reefa

�� �� �� �� this study

coral recruitmentb �� �� 0/�� �� [45–49]
coral fecundityb no data no data �� �� [3,20,27]

colony

scaleg
shading and

abrasionc
0 þþþ 0 þþþ [50]

tissue damagec 0/þþþ 0/þþþ þþþ þþþ [17,18,36,38]
bleachingc 0 þþþ þþþ þþþ [17,25,36] and

this study
photosynthesis

inhibition (expt)d
no data med no data low–high [36,38]

photosynthesis
inhibition
(natural)d

none no data low no data [26]

microbial

scale

number of over-

represented
bacterial taxa at
interface

20 12 14 19 this study

predicted bacterial
metabolic

subsystems
enriched at
interface

cell wall, cofactors,
nucleotides,

photosynthesis,
respiration

membrane
transport,

aromatics,
motility,
stress
response

virulence,
potassium

carbohydrates this study

molecular
scale

allelochemical
impact on corald

no data high no data high [36]

DOC releasee med none–low high med–high [51] (A. Haas

2010,
unpublished
data)

oxygen change at

interfacef
�� �� �� �� [17,38] and this

study

aCoral–algal interactions: ��, decrease; ��, increase.
bAlgal impacts on coral reproduction: ��, promotes; 0, none; ��, inhibits.
cPhysical impacts of algae on corals: þþþ, present; 0, absent.
dRange of algal impacts on holobiont photosynthesis (quantum yield inhibition; [Fv/Fm]): 0.67, none; 0.5–0.65, low; 0.25–0.5, med;
0–0.25, high; expt, experiments.
eDissolved organic carbon release by algae (DOC, mM m22 h21): 0–150, low; 151–300, med; .300, high.
fBoundary layer oxygen conditions at interface: ��, hyperoxic; ��, below ambient.
gFor a comprehensive review of physical interaction mechanisms, see McCook et al. [50].
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residents must counteract: host antibiotics [53,54],

bacteria–bacteria antagonism [53,55], and dimethylsul-

phide (DMS), dimethylsulphoniopropionate (DMSP)

[56,57] and free radicals [58] released by the zooxanthellae.

We hypothesize that the holobiont becomes compromised

when stressed by competition with certain algae, allow-

ing microbes to invade that do not possess the suite of

metabolisms necessary to survive the normal holobiont

landscape and that disproportionately capitalize on DOC

released by the algae. This study is the first to identify the

types of bacteria present along coral–algal interactions,

and we find that bacterial stress response pathways were

reduced at coral interfaces with CCA, D. bartayresiana and

turf algae (figure 4). Type III and IV secretion pathways, hall-

marks of pathogenesis but important for some symbiotic

interactions [59,60], were also lower at these three interface

types, potentially indicating a breakdown of symbiosis.

Carbohydrate metabolisms were enriched along these same

three interfaces (figure 4 and table 1) and bacterial com-

munities at all coral–algal interfaces showed changes
Proc. R. Soc. B
similar to DOC stressed corals (electronic supplementary

material, figure S4), together suggesting that bacteria pre-

sent at some coral–algal interfaces may be consuming

carbohydrates released from the neighbouring algae [51].

Despite the earlier-mentioned similarities, the different

types of algae examined here have characteristic impacts

on the bacterial component of the neighbouring coral

holobiont. CCA presence did not affect holobiont physi-

ology, but did alter the holobiont composition, while

H. opuntia had little effect on holobiont composition

despite its impact on physiology (DO). Turf algae, on

the other hand, affected holobiont physiology and

had the most distinct influence on its bacterial community.

The coral–turf interface was the only one to show increased

bacterial virulence pathways (table 1), suggesting that

coral–bacterial symbiosis may be breaking down further

here and shifting towards a more pathogenic state

compared with the other coral–algal interfaces. Additional

support for this is evident in the decrease in organic sul-

phur assimilation at the coral–turf interface. Organic

http://rspb.royalsocietypublishing.org/
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sulphur compounds, particularly DMS and DMSP, are

important for structuring coral-associated bacterial com-

munities [56,57], and loss of this bacterial metabolism at

coral–turf interfaces suggests that turf algae may have

facilitated invasion of the holobiont by bacteria lacking these

pathways. Further investigations are needed to determine

the direct effects of these interface-associated microbial

communities on coral health. Recent studies have shown

that different species of algae alter the growth of coral

bacteria [61], supporting the hypothesis that algae may

directly alter the structure of the coral holobiont.
(c) Coral–algal interaction mechanisms

This is the first time that algae have been shown to cause

lower oxygen levels on corals in naturally occurring inter-

actions; however, the mechanism remains in question.

Loss of zooxanthellae owing to shading and possibly allelo-

pathy is the main cause of hypoxia at coral–H. opuntia

interaction zones, because coral tissue was bleached

but showed little change in the bacterial community.

Alternative mechanisms are likely causing hypoxia at

coral–D. bartayresiana and coral–turf interaction zones

because these algae cause little to no shading. Possibilities

include algal photosynthates (i.e. DOC) that stimulate

microbial respiration and pathogen invasion [38,40,41],

algal allelochemicals that inhibit photosynthesis by the

zooxanthellae and cause bleaching at the site of contact

[36], direct physical damage or some combination of

these (table 1). Physical effects such as abrasion are often

minimal compared with the effects of live algae [36,62],

and while lipid-soluble extracts (i.e. allelochemicals) from

some algae have been shown to damage corals, these com-

pounds are highly specific to the algal species and require

direct contact for effect [36]. In contrast, DOC is a water-

soluble product of photosynthesis that is potentially

released by many algae [51,63] and does not require contact

to affect the coral holobiont. Various forms of DOC
Proc. R. Soc. B
released by algae have been shown to kill corals and increase

microbial growth rates [40,41], while some algae cause

coral death and hypoxia that is mediated by microbes

[38]. Coral exposure to DOC also induces coral-associated

viruses [64] and increases the proportion of pathogens on

corals [39], and algae that release more DOC likely show

a stronger effect [39]. Because this study demonstrates

similar patterns in oxygen levels and microbial composition

on corals at some in situ coral–algal interaction zones, DOC

is a likely candidate stimulating these changes. The signifi-

cance of DOC in these interactions does not preclude the

action of other mechanisms (e.g. allelochemistry). Indirect

interactions within this complex system may also play an

as yet unknown but important role [65], such as micro-

invertebrates associated with the algae that can draw

down local oxygen levels or herbivory that may affect algal

morphology [66].
(d) Ecological implications

Micro-scale interactions between benthic algae and the

coral holobiont have far-reaching implications for the com-

position of the reef. We propose a model whereby some

fleshy algae (e.g. turf algae and fleshy macroalgae) act at

the micro-scale to stress corals, leading to macro-scale

changes in the ecology of the reef (figure 5 and table 1).

On reefs approaching a phase-shift from the coral-

dominated to the algae-dominated state, the impacts of

fleshy algae on the coral holobiont are worsened by

increased fleshy algal cover and more abundant interactions

with corals [67]. These negative impacts span the range

from micro-scale changes in microbial communities and

oxygen drawdown to coral colony-scale effects such as

damage to adjacent polyps and lowered fecundity of the

adjacent coral colony, likely leading to reef-scale effects

on coral abundance and distribution (table 1). Conversely,

on healthy coral reefs where CCA and calcified macroalgae

(Halimeda spp.) are more abundant, coral–algal

http://rspb.royalsocietypublishing.org/
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interactions have less impact on the holobiont composition

and physiology. CCA, in particular, promote coral prolifer-

ation through interactions at micro, colony and reef scales

(figure 5 and table 1).

Various disturbances on the reef (herbivore removal via

overfishing, eutrophication, elevated sea surface tempera-

ture, etc.) undoubtedly influence these micro-scale

interactions, affecting benthic composition at the reef

scale. One prominent factor likely affecting the distribution

of the different types of coral–algal interactions is herbiv-

ory. Many herbivores preferentially feed on turf algae,

lowering algal biomass [26,68,69]. If highly grazed (i.e.

short, low density) patches of turf algae are less detrimental

to corals than less grazed (i.e. tall, dense) stands, then it is

possible that herbivores attenuate the micro- and macro-

scale effects of turf algae on corals. High herbivory also pre-

ferentially removes algae that compete with CCA [68], thus

increasing the proportion of the benthos occupied by CCA,

which can in turn lower recruitment of macroalgae to the

reef [33]. Environmental disturbances, by affecting the

micro- and colony-scale interactions occurring between

certain types of algae and the coral holobiont, should

manifest at the reef scale by influencing the distribution

and outcomes of these interactions and ultimately the

composition of the reef benthos.
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