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ABSTRACT: Coral diseases, such as white diseases and white syndrome (WS), have caused wide-
spread damage to coral reefs throughout the Caribbean and are increasing in prevalence on Pacific
Ocean reefs. The current study confirms that WS is also present on coral reefs in the Indian Ocean
and tests whether patterns in taxonomic susceptibility and spatial variability conform to patterns of
WS reported in the Pacific Ocean. Underwater surveys at 19 sites around Christmas and Cocos
Islands revealed that WS primarily affects Acropora plate corals (A. clathrata, A. cytherea and
A. hyacinthus), and prevalence of WS varied significantly across all 3 spatial scales investigated
(island, exposure and depth). Approximately 13.0% (range = 0 to 43 % per site) of plate corals at
Christmas Island sites exhibited WS compared to <1 % at the Cocos Islands. At Christmas Island, WS
prevalence was greater in shallow (31.5 %) than in deeper water (6.7 %) and greatest on the northern
(leeward) side of the island (31.5%) compared to the more exposed coastlines (0 to 1.5%). Impor-
tantly, the spatial distribution of WS was positively correlated with host density, but not with hard
coral cover, suggesting a role of host density in WS outbreaks. Overall the present study has
established that WS is impacting remote, near-pristine reefs in the Indian Ocean. However, the
highly variable spatial distribution of WS illustrates that patterns in disease prevalence, and the
subsequent impact on coral reefs, can be location- or region-specific.
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INTRODUCTION

Marine diseases are increasing worldwide and pose
a serious threat to the future of coral reefs (Harvell et
al. 1999, Sutherland et al. 2004). Some coral reefs have
already been devastated by disease (Richardson 1998,
Harvell et al. 1999, Aronson & Precht 2001), and out-
breaks are predicted to increase in the future (Willis et
al. 2004, Bruno et al. 2007). Establishing the preva-
lence and distribution of coral diseases is considered a
priority (Harvell et al. 2002), because it helps to iden-
tify the origins, reservoirs, modes of transmission and
potential causes of disease outbreaks (Willis et al.
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2004). However, the prevalence and distribution of
coral diseases has not yet been determined for many
parts of the world.

In the past, coral diseases were mainly studied in the
Caribbean region, which is considered a global hotspot
of disease (Harvell et al. 1999, Green & Bruckner 2000).
However, an increasing number of studies are reveal-
ing that coral diseases occur across a range of Pacific
Ocean locations and the prevalence of some diseases
has increased as much as 150-fold in 5 yr (Sutherland et
al. 2004, Willis et al. 2004, Bruno & Selig 2007, Bruno et
al. 2007). Known differences between the Caribbean
and Pacific Ocean, with respect to disease ecology,
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aetiology and epidemiology (e.g. Antonius 1985, Kuta &
Richardson 1996, 2002, Bruckner & Bruckner 1997,
Bruckner et al. 1997, Willis et al. 2004), have led to the
conclusion that coral diseases must be examined on a
region-by-region basis (Willis et al. 2004).

Some coral disease outbreaks in the Caribbean and
Pacific Ocean have been linked to changes in environ-
mental conditions (e.g. increased water temperature;
Patterson et al. 2002, Bruno et al. 2007). The same cli-
matic events that increased sea temperatures in the
Caribbean and Pacific Ocean have affected, often with
greater severity, coral reefs in the Indian Ocean
(Goreau et al. 2000, Graham et al. 2006, Smith et al.
2008). However, the impacts of coral disease on Indian
Ocean reef communities are largely unknown. Al-
though coral diseases have been studied in the adjoin-
ing Red Sea (Antonius 1985) and Arabian Gulf (Riegl
2002), there have only been preliminary reports of dis-
ease in the Indian Ocean (Coles 1994, Coles & Seapy
1998, Antonius & Afonso-Carillo 2001, Ben-Haim &
Rosenberg 2002, Ravindran & Raghukumar 2002) and
little is known of the prevalence, distribution and
impact of these and other unreported diseases on
Indian Ocean coral reefs (McClanahan et al. 2004).

The most destructive and widespread group of coral
diseases are those categorised as white diseases and
white syndrome (WS). These diseases have caused coral
mortality on reefs in the Caribbean, Philippines, Great
Barrier Reef and Red Sea (Antonius 1985, Richardson et
al. 1998, Harvell et al. 1999, Green & Bruckner 2000,
Aronson & Precht 2001, Willis et al. 2004, Bruno et al.
2007, Miller & Williams 2007). The prevalence of white
diseases and WS can vary between regions (Willis et al.
2004), with distance from shore (Willis et al. 2004), and
between sides of an island (Dalton & Smith 2006, Miller
& Williams 2007). WS is most commonly reported from
shallow waters (3 to 14 m) (Willis et al. 2004, Dalton &
Smith 2006), but it is not known if prevalence varies with
depth. Although WS impacts on a range of coral taxa
(Antonius 1985, Sutherland et al. 2004, Willis et al. 2004),
acroporid species tend to be most susceptible (Green &
Bruckner 2000, Willis et al. 2004, Bruno et al. 2007). Out-
breaks of WS in the Pacific Ocean have also been linked
to high densities of live coral cover (>50 %; Bruno et al.
2007). However, the potentially independent effects of
high host density and high live coral cover have not been
separated.

Given that coral diseases have caused widespread
destruction to Caribbean reefs (Richardson 1998,
Harvell et al. 1999, Aronson & Precht 2001), and are
increasing rapidly in prevalence in the Pacific Ocean
(Willis et al. 2004), it is imperative to assess the impact
of coral disease on reefs in the Indian Ocean. In the
present study we document the first occurrence of WS
in the Indian Ocean and test whether patterns of

disease prevalence conform to those patterns found
for white diseases in the Caribbean and for WS in
the Pacific Ocean. Hence, the aims of the present
study were to (1) test whether WS on coral reefs in the
Indian Ocean mainly affects Acropora species,
(2) determine the prevalence and distribution of WS
across different spatial scales (island, exposure and
depth), and (3) determine if WS prevalence is linked to
high host density and/or high live coral cover.

MATERIALS AND METHODS

Study site. Christmas (10°30'S, 105°40'E) and Cocos
(Keeling) Islands (12°12'S, 96°54'E) are isolated islands
in the eastern Indian Ocean located approximately
350 and 1000 km, respectively, southwest of Java,
Indonesia. The Cocos Islands comprise a typical coral
atoll with 26 low-lying sandy islands situated on the
perimeter of a central lagoon. Christmas Island is a sin-
gle high island about 900 km east of the Cocos Islands.
Totals of 88 and 99 species of scleractinian corals have
been recorded from Christmas and Cocos Islands,
respectively (Done & Marsh 1988, Veron 1994). The
human populations of both Christmas (<2000 people)
and Cocos Islands (<1000 people) are very small, and
there has been little anthropogenic impact on the
reefs. Therefore, these islands provide the opportunity
to examine the prevalence and distribution of WS in
relatively pristine reef systems in the Indian Ocean.

Lesion description. WS was first observed at Christ-
mas and Cocos Islands in February and March 2008.
The lesions observed on the corals were very similar to
those detailed by Work & Aeby (2006) for 'Acropora
white syndrome’, and, to maintain consistency in
lesion descriptions, we use their terminology. The
lesions comprised a large, diffuse, band of tissue loss
revealing a bare, white, intact skeleton (Fig. 1). The
band was variable in width (1 to 70 cm) (Fig. 1) and had
living tissue on one side and intact, brown (covered
with filamentous algae) skeleton on the other side. The
lesions were mild to severe in spatial extent, subacute
(possibly chronic), and tissue loss involved the coeno-
sarc and polyps (see Work & Aeby 2006 for definitions).
This description also fits that of ‘acroporid white
syndrome’' found on the Great Barrier Reef (Roff et al.
2006, 2008). Due to the highly variable width of the
white band and unknown identity of the causative
agent(s) infecting the corals, it was not possible to
diagnose a specific white disease (Richardson 1998).
Instead the term ‘white syndrome' was used to include
all corals exhibiting the above-mentioned white
lesions (Willis et al. 2004), and the terms ‘Acropora’ or
‘acroporid’ were not used because the lesions were not
entirely restricted to this group.
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Fig. 1. Acropora plate corals. Corals with white syndrome at

Christmas Island. The white band is the lesion area (Le) and

represents recent tissue death, with live coral (LC) to the right

and dead coral (DC), colonised by filamentous algae, to the

left. Note the variable width of the white band: (a) 3 to 8 cm
and (b) 60 cm

White patches on corals can also be caused by
predators of corals (e.g. Drupella spp. and Acanthaster
plancii), which may potentially act as vectors. There-
fore, all surfaces of colonies with white lesions (defined
above) were checked for the presence of coral preda-
tors. In addition, corals with WS were examined for the
presence of black band disease as a secondary infec-
tion (Antonius 1985).

Survey design. The distribution and prevalence of
WS was investigated through underwater surveys at
10 sites at Christmas Island and 9 sites at the Cocos
Islands from February to April 2008. Surveys were con-
ducted whilst SCUBA diving at a depth of 5 m and con-
sisted of 3 randomly placed replicate 30 x 5 m belt
transects per site. We recorded the identity and mor-
phology of diseased corals within, and immediately
next to, the belt transects. Coral morphologies in-
cluded: branching, corymbose, plate (i.e. tabular),
foliose, massive, columnar, encrusting and free-living
(fungids) (Veron 1986). The number of diseased and
non-diseased Acropora plate corals (the group most
susceptible to WS) within each transect was compared
across different spatial scales.

Variation in WS prevalence in Acropora plate corals
across different wave-exposure regimes was examined
using randomly selected sites on the north (n = 4), south
(n=2), east (n =2) and west (n = 2) coasts of Christmas Is-

land. Due to the prevailing south-easterly trade winds
and southerly swell, the south coast is the most exposed
coast, while the east and west coasts experience moder-
ate exposure, and the north coast is relatively sheltered.
A lack of WS at the Cocos Islands prevented similar
analyses at this location. Variation in WS prevalence be-
tween depths was examined by repeating surveys at
20 m depth at the 4 north coast sites on Christmas Island.
These sites were chosen because WS was relatively
common there and thus allowed for effective statistical
comparisons between depths (5 versus 20 m).

The relationships between WS prevalence in Acro-
pora plate corals and host density and live coral cover
was examined using the total number of infected and
non-infected plate corals encountered in the belt tran-
sects and the percent cover of plate corals and sclerac-
tinian corals recorded in quadrats. Percent coral cover
was estimated using 2 replicate 2 X 2 m benthic
quadrats placed randomly on the substrate within each
transect (equalling 6 replicate quadrats per site). Within
each quadrat, the percent cover was estimated for each
of the following categories: live hard coral (Sclerac-
tinia), soft coral, sponge, calcareous coralline algae, fil-
amentous algae, anemones, sand, rubble, dead hard
coral and other (zooanthids, gorgonians, seagrass and
macro-algae). The live hard coral category was further
divided into the 8 morphological categories described
above. Data from surveys at 5 m depth at both island lo-
cations were used in the analyses.

Statistical analyses. Statistical comparisons of the
prevalence of WS between islands, sides of an island
and depths were each made using 1-way analysis of
variance (ANOVA; Zar 1999). Non-parametric analy-
ses (Mann-Whitney U-test and Kruskal-Wallis test)
were used when heteroscedastic data were encoun-
tered (Zar 1999). Because the assumptions of a para-
metric test could not be met (due to heteroscedastic
and non-normally distributed data), a Spearman's rank
correlation was used to examine if WS prevalence was
related to percent coral cover and host density. Statisti-
cal analyses were performed using SPSS computer
software, and a significant difference was defined as
p < 0.05. All data are presented as arithmetic means +
standard error (SE) unless otherwise stated.

RESULTS
Taxonomic susceptibility

Only 5 coral colonies exhibited WS at the Cocos
Islands and all were Acropora hyacinthus plates.
Almost all of the 184 corals that had WS at Christmas
Island were Acropora species, the only exception
being 1 pocilloporid colony. The majority (96.7 %) of
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the 184 corals with WS were of plate morphology and
included A. clathrata, A. cytherea and A. hyacinthus.
The prevalence of WS in different coral morphologies
was not related to the proportional representation of
those coral morphologies in the benthic community.
WS was most prevalent in plate corals, yet this mor-
phology only had the fifth greatest abundance in the
hard coral community, representing just 5.7 % (+1.6) of
benthic cover at Christmas Island and 1.4 % (+0.6) at
the Cocos Islands. The morphologies exhibiting the
highest coral cover at Christmas Island (9.8 to 11.4 %)
were branching (Acropora and Pocillopora spp.), en-
crusting (mainly Montipora spp.) and massive (mainly
Porites spp.). WS was not observed on any of these
corals, except for 2 colonies of branching Acropora
(representing 1% of all corals observed with WS).

All colonies exhibiting WS were closely examined,
and no evidence was found to suggest that coral preda-
tors (e.g. Drupella spp. and Acanthaster plancii) were
involved in tissue death. Black band disease was not
present on any colonies that had WS. Several colonies
exhibiting WS were observed over a 4 wk period, and
the white band progressed across the colony, indicat-
ing that tissue death was most likely due to disease and
not predation by snails or starfish.

Island patterns

Spatial patterns of WS prevalence were examined
for Acropora plate corals because this was the group
most affected by WS. The mean prevalence of WS in
Acropora plate corals per site was approximately
15 times higher at Christmas Island (13.0 + 5.5 %) than
at the Cocos Islands (0.85 + 0.63%). This difference
was not statistically significant (Mann-Whitney U, Z =
1.82, p = 0.069) because of the limited statistical power
due to the absence of WS at 4 of the 10 sites at Christ-
mas Island and 7 of the 9 sites at the Cocos Islands. Re-
analysing the data at the transect level revealed that
the prevalence of WS in Acropora plate corals per tran-
sect was significantly higher at Christmas Island than
at Cocos Islands (Mann-Whitney U, Z=2.96, p = 0.003;
Fig. 2). Also, the proportion of transects containing
corals with WS was significantly higher at Christmas
Island (12 of the 30 transects) compared at the Cocos
Islands (2 of the 27 transects) (x? test with Yates' cor-
rection, x? = 6.48, p = 0.01). The mean density of Acro-
pora plate corals per 150 m? at Christmas Island sites
(9.0 + 1.8) was twice the mean density recorded at sites
at the Cocos Islands (4.5 + 1.4) (Fig. 2). This difference
was not statistically significant when analysed at the
site level (ANOVA, F, ;7 = 3.77, p = 0.069); however,
analysis at the transect level revealed a significance
difference (ANOVA, F; 55 = 9.57, p = 0.003).

Exposure patterns

Due to the scarcity of WS at the Cocos Islands, the
relationship between exposure and WS abundance
was only examined for Christmas Island. The preva-
lence of WS in Acropora plate corals differed signi-
ficantly around the 4 sides of Christmas Island
(ANOVA, F; 4 = 9.76, p = 0.01). The north (leeward)
coast contained the greatest percentage of plate corals
with WS (31.5 = 6.2%), which was >20 times higher
than the prevalence of WS encountered on the other
3 coasts (0 to 1.5%) (Fig. 3). The mean density of
Acropora plate corals was similar on the eastern,
western and northern coasts (9.0 to 12.7 colonies per
150 m?) and lower on the southern coast (4.5 colonies
per 150 m?) (Kruskal-Wallis test, H = 1.83, p = 0.61;
Fig. 3).

Coral cover and host density

Analyses of data from the 5 m depth surveys under-
taken at the 19 survey sites across Christmas and
Cocos Islands revealed that the prevalence of WS in
Acropora plate corals corresponded with high host
densities, but not with high hard coral cover. The
percentage of Acropora plate corals with WS was
positively correlated with both the percent cover of
Acropora plate corals (1; = 0.49, p = 0.03; Fig. 4a) and
the number of Acropora plate coral colonies (r; = 0.59,
p = 0.007; Fig. 4b). The prevalence of WS was greatest
on the north coast of Christmas Island, and these sites
tended to have high densities of Acropora plate corals.
No relationship was detected between the prevalence
of WS in Acropora plate corals and the percentage
cover of live hard corals (r; = 0.33, p = 0.18).
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Fig. 2. Acropora plate corals. Mean percent prevalence (+SE)

of white syndrome (WS) in plate corals (bars) per transect for

Christmas Island (30 transects) and the Cocos Islands (27 tran-

sects). Mean density (+SE) of plate corals (per 150 m?) is
presented as dots above bars
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Fig. 3. Acropora plate corals. Mean percent prevalence (+SE)
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4 coastlines of Christmas Island. Two sites were surveyed
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Depth patterns

The relationship between WS prevalence and depth
was only examined at the 4 north coast sites at Christ-
mas Island, because this is where the majority of WS
was observed. The mean percentage of Acropora plate
corals with WS was significantly greater in shallow
(31.5 £ 6.2 %) than deeper water (6.7 + 1.7 %) (ANOVA,
F, ¢ = 14.87, p < 0.01; Fig. 5). There was no significant
difference between shallow and deeper waters in the
mean percent Acropora plate coral cover (ANOVA,
F,,6=1.66, p=0.25) or in the mean number of Acropora
plate coral colonies (ANOVA, F; s =0.53, p = 0.49).

DISCUSSION

The white diseases in the Caribbean and those that
comprise WS in the Pacific Ocean have been among
the most destructive diseases on coral reefs and are
increasing in prevalence (Green & Bruckner 2000,
Willis et al. 2004). The present study confirms that WS
is also impacting corals reefs in the Indian Ocean. The
prevalence of WS at Christmas and Cocos Islands was
found to be highest in Acropora plate corals, vary
across 3 spatial scales (island, exposure and depth) and
correlate positively with host density.

WS in the Pacific Ocean and Red Sea is found in a
range of coral taxa (Antonius 1985, Sutherland et al.
2004, Willis et al. 2004, Dalton & Smith 2006), many of
which were present at Christmas and Cocos Islands. In
the present study, however, WS was found almost
exclusively in Acropora plate corals, which indicates
that the causative agent(s) responsible is host specific.
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A similar scenario has been reported on the southern
Great Barrier Reef, where the same species of Acro-
pora plate corals (A. clathrata, A. cytherea and A.
hyacinthus) were affected by ‘acroporid white syn-
drome' in the same manner as observed here (Roff et
al. 2006, 2008). The high prevalence of WS in Acropora
plate corals conforms with the hypothesis that ‘faster
growing corals may have decreased disease resis-
tance' (Willis et al. 2004). However, this does not
explain why WS was lacking in other fast-growing
corals (e.g. pocilloporids, branching and corymbose
acroporids). Although the causative agent(s) appears
to be specific to Acropora plate corals, the number of
coral species affected by disease could increase with
time after the initial outbreak (Richardson et al. 1998,
Porter et al. 2001, Sutherland et al. 2004), or it is also
possible that the limited number of taxa affected at
Christmas and Cocos Islands may be due to the fact
that this study took place during the initial outbreak.

Although direct comparisons between this and other
studies are difficult without knowing the exact
causative agent(s) responsible for WS, the data pre-
sented here indicate the extent of coral disease on
reefs in the Indian Ocean. The prevalence of WS in
Acropora plate corals at Christmas Island sites was
high (mean = 13 %, range = 0 to 43 %) compared to in
the Pacific Ocean (Willis et al. 2004, Dalton & Smith
2006), but generally lower than the prevalence of
white diseases reported from the Caribbean (Richard-
son et al. 1998, Green & Bruckner 2000, Sutherland et
al. 2004). WS prevalence at the Cocos Islands was rel-
atively low (mean = 0.85%). The large variation in WS
prevalence in Acropora plate corals between Christ-
mas Island and the Cocos Islands is not unexpected
because prevalence of WS and white diseases varies
considerably between locations in the Pacific Ocean
(Willis et al. 2004) and in the Caribbean (Green &
Bruckner 2000, Sutherland et al. 2004). Why WS
prevalence at the Cocos Islands has not reached the
levels observed at Christmas Island illustrates the high
spatial variability of disease prevalence (Green &
Bruckner 2000, Sutherland et al. 2004, Willis et al.
2004), and further investigations are warranted to
identify the environmental conditions that have facili-
tated the high prevalence of coral disease on certain
reefs.

The prevalence of WS in Acropora plate corals at
Christmas Island also varied between different sides of
the island (i.e. exposure) and between depths. WS was
most prevalent in the shallows on the north coast, and
this tended to coincide with higher densities of host
corals (discussed below). Interestingly, WS prevalence
was higher in shallow water (5 m) compared to deeper
water (20 m), even though host densities were similar
between depths. A plausible explanation is that envi-

ronmental conditions in shallow water (such as greater
light intensity or higher water temperatures) promote
the occurrence of WS. The relationship between WS
prevalence and depth has not been examined else-
where, but black band disease can be more common in
the shallows (Kuta & Richardson 2002). If WS is only
common in shallow water, then corals whose distribu-
tions extend into deeper waters may be buffered from
the full effects of WS.

Both high hard coral cover and high host density
have been hypothesised to be important factors in the
prevalence of some coral diseases (Willis et al. 2004,
Bruno et al. 2007). For WS on the Great Barrier Reef,
outbreaks appear to be dependent on hard coral cover
being above a threshold level (>50%) (Bruno et al.
2007). In the present study, no relationship was found
between hard coral cover and WS prevalence. How-
ever, there was a positive relationship between WS
prevalence and the number and cover of host corals,
indicating a role of host density in WS outbreaks. High
host densities reduce the distance between host corals,
thereby aiding in the transmission of disease between
colonies. Bacterial pathogens involved in WS in the
Pacific Ocean can pass through the water column and
infect a new host (Sussman et al. 2008). The causative
agent(s) responsible for WS at Christmas and Cocos
Islands and its infectivity is unknown. However, the
corals affected by WS appeared to be closely aggre-
gated at the study sites, and this suggests that the
causative agent(s) may also be contagious at Christmas
Island. If coral disease outbreaks increase as predicted
(Harvell et al. 2002) and are facilitated by high host
densities, not only will community structure change
(Aronson & Precht 2001, Sutherland et al. 2004), but
there may also be a shift towards a more uniform spa-
tial distribution of susceptible corals.

The occurrence of WS at Christmas and Cocos
Islands demonstrates that coral diseases can become
established on isolated and near-pristine coral reefs. In
other regions, coral diseases (including WS) have
impacted, and may even be more prevalent, on remote
and pristine corals reefs (Willis et al. 2004, Aeby 2005,
Bruckner & Bruckner 2006, Miller & Williams 2007,
Sussman et al. 2008, Williams et al. 2008). The overall
impact of disease is likely to be even greater on remote
reefs, because the coral populations on these reefs
receive very little input of larvae from other locations
(Ayre & Hughes 2004), which limits the recovery of iso-
lated coral reefs following disturbance events (Graham
et al. 2006). Not only is recovery likely to be slower at
Christmas and Cocos Islands, but the diversity and
prevalence of coral diseases may increase in the
future. Increasing sea temperatures are expected to
promote an increase in disease (Willis et al. 2004),
especially for WS (Bruno et al. 2007), and, in the Indian
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Ocean, these increases in sea temperature are
expected to be greatest for latitudes from 10 to 15°
south (Sheppard 2003), which includes Christmas and
Cocos Islands.

In summary, the present study found that WS preva-
lence was host specific, spatially variable and posi-
tively correlated with host density. Some of the pat-
terns in WS prevalence observed at Christmas and
Cocos Islands differ from the patterns recorded at
other locations. Additional studies from other Indian
Ocean locations are therefore required to establish
regional and global patterns in disease prevalence and
distribution. Nonetheless, the present study has
revealed that coral disease is established, and can
become prevalent, on remote and relatively pristine
coral reefs in the Indian Ocean. The loss of Acropora
plate corals due to WS will not only affect coral com-
munity structure, but also other reef organisms that
rely on this habitat-forming coral for shelter or food.
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