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ABSTRACT: The prevalence and host range of black band disease (BBD) was determined from sur-
veys of 19 reefs within the Great Barrier Reef Marine Park, Australia. Prevalence of BBD was com-
pared among reefs distributed across large-scale cross-shelf and long-shelf gradients of terrestrial or
anthropogenic influence. We found that BBD was widespread throughout the Great Barrier Reef
(GBR) and was present on 73.7% of the 19 reefs surveyed in 3 latitudinal sectors and 3 cross-shelf
positions in the summer of 2004. Although BBD occurred on all mid-shelf reefs and all but one outer-
shelf reefs, overall prevalence was low, infecting on average 0.09 % of sessile cnidarians and 0.1 % of
scleractinian corals surveyed. BBD affected ~7 % of scleractinian taxa (25 of approximately 350 GBR
hard coral species) and 1 soft coral family, although most cases of BBD were recorded on branching
Acropora species. Prevalence of BBD did not correlate with distance from terrestrial influences, being
highest on mid-shelf reefs and lowest on inshore reefs (absent from 66 %, n = 6, of these reefs). BBD
prevalence was consistently higher in all shelf positions in the northern (Cooktown/Lizard Island)
sector, which is adjacent to relatively pristine catchments compared to the central (Townsville) sec-
tor, which is adjacent to a more developed catchment. BBD cases were clustered within reefs and
transects, which was consistent with local dispersal of pathogens via currents, although the spread of
BBD was not dependent on the density or cover of any of the coral taxa examined. In combination,
these results suggest that BBD is part of the natural ecology of coral assemblages of the GBR, and its
prevalence is relatively unaffected by terrestrial influences on the scales characteristic of cross-shelf
gradients.
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INTRODUCTION

Black band disease (BBD) was first reported from
reefs of Belize and the Florida Keys in 1973 (Antonius
1973) but is now known to be widely distributed
throughout most reef regions of the world. BBD has
been recorded from the Caribbean (Garrett & Ducklow
1975, Rutzler et al. 1983, Edmunds 1991), the Red Sea
(Antonius 1988, Al-Moghrabi 2001), and from Indo-
Pacific locations including Fiji (Littler & Littler 1996),
the Philippines (Antonius 1985b), Papua New Guinea
(Frias-Lopez et al. 2003) and the Great Barrier Reef
(GBR) (Miller 1996, Dinsdale 2000, Willis et al. 2004).
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Although generally low in prevalence (<5% of all
corals) in most reef regions (Edmunds 1991, Bruckner
et al. 1997, Dinsdale 2000, Weil et al. 2002), BBD infec-
tions have been found to persist on the same reef for
years and possibly for decades in the Caribbean, con-
tributing to the long-term mortality of susceptible coral
species (Bruckner & Bruckner 1997). Low level chronic
infections of BBD over years to decades are predicted
to reduce the size of coral populations (Edmunds 1991)
and consequently their reproductive output and re-
cruitment, while differential susceptibility of species
to BBD may result in long-term changes to coral
community structure (Bruckner & Bruckner 1997).
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Despite the potential chronic impact of BBD on reef
corals worldwide, most research on this disease has
focussed on reefs within the wider Caribbean region
(Edmunds 1991, Bruckner & Bruckner 1997, Porter et
al. 2001, Weil et al. 2002). On Indo-Pacific reefs, BBD
was first recorded on massive faviid species in the
Philippines and the Red Sea between 1981 and 1984
(Antonius 1985b). It was almost another decade before
BBD was recorded on reefs of the GBR (Miller 1996),
despite its probable presence prior to this. Miller
(1996) recorded BBD on 19% of 110 reefs surveyed
over a 3 yr period (1993 to 1996) and concluded that
BBD ‘exists at low levels' throughout the GBR, with
cases restricted to the families Acroporidae and Poriti-
dae. The first quantitative study of BBD prevalence on
the GBR expanded the number of susceptible taxa
to 21 species in 5 scleractinian families (Acroporidae,
Pocilloporidae, Faviidae, Poritidae and Mussidae) and
found BBD affected 1.3 to 4.9% of all corals at Lizard
Island (Dinsdale 2000). More recently, BBD and other
cyanobacterial infections were recorded on 28 species
from 8 scleractinian families on 3 GBR reefs selected
because of high disease abundance in general. How-
ever, the low prevalence of BBD and other cyanobacte-
rial infections (0.01 to 1.5% of all corals) in this study
and the very low frequency of BBD cases recorded
throughout the previous 5 yr period (1998 to 2003)
(Willis et al. 2004) suggest that BBD prevalence has
remained low on the GBR since at least 1994. BBD lev-
els on the 3 GBR reefs where prevalence has been
quantified (Willis et al. 2004) are comparable to preva-
lence on many reefs in the Caribbean (Edmunds 1991,
Kuta & Richardson 1996, Bruckner & Bruckner 199%),
but studies over larger spatial scales are required to
determine how indicative these reefs are of the GBR in
general and to determine the distribution and host
range of BBD throughout the GBR.

Environmental conditions experienced by corals are
thought to be important in determining the occurrence
and prevalence of BBD (Antonius 1981, 1985, Littler &
Littler 1996, Bruckner et al. 1997, Al-Moghrabi 2001,
Frias-Lopez et al. 2002, Kuta & Richardson 2002),
although only one study has quantitatively examined
links between environmental parameters and BBD
(Kuta & Richardson 2002). Florida Keys patch reefs
with BBD-infected corals present were shallower in the
water, experienced higher water temperatures, higher
nitrite concentrations, lower orthophosphate concen-
trations and had lower coral diversity than reefs with
no BBD infections (Kuta & Richardson 2002). Environ-
mental gradients among GBR reefs associated with (1)
distance across the continental shelf (cross-shelf gradi-
ents), and (2) distance from developed catchments
(long-shelf or latitudinal gradients) provide a unique
tool for identifying factors correlated with the preva-

lence of BBD in the Indo-Pacific. Cross-shelf gradients
between inner- and outer-shelf reefs on the GBR
include decreasing exposure to terrestrial influences
such as nutrients, suspended particulate matter
(including sediments) and pollutants (Furnas et al.
1990, Furnas 2003) coupled with increasing wave
exposure (Done 1982). On mid- and outer-shelf reefs
of the GBR, the concentrations of suspended matter
are typically less than 1 mg I"!, while concentrations
on inner-shelf reefs span a much larger range from
<1 to >200 mg 1! (Furnas 2003). Higher levels of sus-
pended matter on inner-shelf reefs result in a reduc-
tion in water transparency and light levels for corals
growing on these reefs and sediment smothering in
extreme cases (Wolanski et al. 2003). Dissolved and
particulate nutrients, especially particulate nitrogen,
are also typically higher in inshore waters of the
GBR and decrease across the continental shelf (Furnas
2003). Long-shelf gradients between the northern
(Cooktown/Lizard Island) and central (Townsville) sec-
tors relate to land use patterns and development levels
in adjacent catchments. In particular, catchments adja-
cent to the Townsville sector are characterised by
urban development and heavy land clearing for sugar
cane farming and cattle grazing, whereas catchments
adjacent to the Lizard Island sector are comparatively
pristine (Furnas et al. 1990, Furnas 2003). Within the
main river catchments adjacent to the northern Cook-
town/Lizard Island sector, between 1 and 7 % of land is
cleared compared to 17-30 % of the main river catch-
ments adjacent to the central Townsville sector (Furnas
2003). High levels of clearing in the Townsville sector
may contribute to higher output of terrigenous sedi-
ment by river systems in adjacent catchments (Furnas
2003). Reefs in the southern (Heron Island) sector are
more than 80 km from the coast and relatively free
from coastal terrigenous inputs. Consequently, cross-
shelf studies of coral disease in these 3 sectors of the
GBR provide a unique opportunity to examine the
influence of environmental parameters related to
terrestrial inputs on the prevalence of BBD.

In this study, we quantify the prevalence of BBD on
19 reefs of the GBR located in 3 latitudinal sectors and
spread over 3 cross-shelf positions that represent a
gradient of terrestrial influence with respect to nutri-
ents, suspended sediment and other pollutants. This is
the first study of coral disease prevalence on the GBR
that encompasses both large-scale cross-shelf and
long-shelf gradients. The aims of this study were to:
(1) compare variability in BBD prevalence between
latitudinal sectors and cross-shelf positions, (2) identify
all taxa susceptible to BBD on the GBR, and (3) exam-
ine coral community attributes and environmental
factors influencing BBD prevalence across a gradient
of terrestrial influence.
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MATERIALS AND METHODS

To examine spatial variability in the prevalence of
BBD between reefs adjacent to comparatively pristine
versus developed catchments and to determine the
taxa affected by BBD on the GBR, disease prevalence
was surveyed within 3 latitudinal sectors in January to
March 2004 according to methods described in Willis
et al. (2004). According to Willis et al. (2004), BBD and
other cyanobacterial infection prevalence was signifi-
cantly higher during summer compared to winter sur-
veys in one year at Lizard Island, consistent with BBD
prevalence varying seasonally on the GBR. Therefore,
to maximise documentation of host ranges and terres-
trial impacts on prevalence of BBD on the GBR, reefs
were surveyed during summer when the BBD preva-
lence is likely to be highest (Willis et al. 2004).

To examine spatial variability in the prevalence of
BBD along gradients of terrestrial influences, 3 hap-
hazardly selected reefs were surveyed within each
of 3 cross-shelf positions (inner-, mid- and outer-shelf)
in 2 latitudinal sectors (Cooktown/Lizard Island and
Townsville, henceforth referred to respectively as the
northern and central sectors) (Fig. 1). The cross-shelf

transects represent a gradient of decreasing terrestrial
influence and increasing wave exposure from the
inner to outer-shelf positions. On each reef, 2 sites
were haphazardly selected within the north-west shel-
tered back reef zone. One sheltered and one exposed
site at one reef (Heron Island) in the southern-most
Capricorn Bunker group (henceforth referred to as the
southern sector) was surveyed to examine how BBD
prevalence varied between northern and southern sec-
tors of the GBR. Mid- or inner-shelf reefs were not sur-
veyed in the southern sector due to a paucity of coral
reefs in these cross-shelf positions in this latitudinal
sector (Cheal et al. 2001). Reefs surveyed in each lati-
tudinal sector are shown in Fig. 1 and listed in Table 1.

At each site, we haphazardly placed three 20 x 2 m
belt transects parallel to depth contours on the reef
slope at 3 to 6 m depth. Within each 20 X 2 m belt, all
scleractinians, gorgonians, alcyonaceans and hydro-
corals were examined for signs of BBD. The presence
or absence of BBD on each colony was recorded and
corals were identified to the lowest taxonomic or
morphological group, as appropriate. All other signs of
disease on colonies with BBD were also recorded. To
further extend records of host range on the GBR, all
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Fig. 1. Reefs surveyed for black band disease (BBD) in 3 latitudinal sectors of the Great Barrier Reef. Reefs numbered as follows:

(1) Day Reef, (2) Yonge Reef, (3) No Name Reef, (4) Macgillivray Reef, (5) Lizard Island, (6) North Direction Island, (7?) Martin

Reef, (8) Linnet Reef, (9) Maxwell Reef, (10) Dip Reef, (11) Knife Reef, (12) Fork Reef, (13) Kelso Reef, (14) Little Kelso Reef, (15)
Davies Reef, (16) Orpheus Island, (17) Magnetic Island, (18) Middle Reef, (19) Heron Island
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Table 1. Total number of black band disease (BBD) cases and BBD prevalence

and both the cover and density of all

per reef corals, scleractinian corals and acrop-
orid corals were examined using re-
Latitudinal Cro_s_s-shelf Reef name l];l];lgber of BlBD preo; gressions. A G-test was used to deter-
sector position cases valence (%) mine if all families found to have BBD
Cooktown / Inner- Linnet Reef 4 0.061 infections were equally susceptible.
Lizard Island Martin Reef 2 0.020 All families without BBD infections
(northern) i i/,[ax"(‘;eIHlRegf (1) 88(1)2 were excluded and data from all reefs
1a- l1Zar: slan . . .
Macgillivray Reef 6 0101 were pooled to satlsfy test r.e(.]ulre-
North Direction Island 48 0.696 ments that cells contain a minimum
Outer Day Reef 18 0.261 frequency of 5.
No Name Reef 0 0.000 Cyanobacterial infections exhibit-
Yonge Reef 3 0.047 ing gross morphological differences
Townsville Inner- Magnetic Island 0 0.000 to BBD (i.e. not forming a blackish
(central) Middle Reef 0 0.000 matt or band) were recorded sepa-
Orpheus Island 0 0.000 d sep
Mid- Davies Reef 4 0.132 rately from BBD and are discussed
Kelso Reef 6 0.104 only briefly in this paper. Cyanobac-
Little Kelso Reef 3 0.083 teria that appear to be morphologi-
Outer- Dip Reef 3 0.063 cally distinct from the cyanobacteria
Fork Reef 2 0.037 dominant in BBD mats have been
Knife Reef 3 0.063 -

. recorded previously from the GBR,
Capricorn Outer- Heron Island 1 0.012 b hei . i lved
Bunkers (southern) ut their status is still unresolve

(Willis et al. 2004).

corals with signs of BBD observed outside of the belt-
transects were identified to the lowest taxonomic or
morphological group as appropriate and noted sepa-
rately.

The effects of latitude, cross-shelf position and their
interaction were tested using the linear model: BBD =
latitude + cross-shelf position + latitude X cross-shelf
position. The response variable was the binary classi-
fication of coral colonies as either diseased or non-
diseased. Binary data are not modelled well by classi-
cal analysis of variance because random errors of
binary data are unlikely to be normally distributed.
Consequently, we chose a categorical data analysis of
the linear model using a logistic regression in which
the independent factors were defined as classes rather
than continuous variables and the logit (the log of the
ratio of probability of disease versus non-diseased) was
the link function (McCullagh & Nelder 1989). We first
fitted a main effects-only model and secondly the satu-
rated model, and evaluated their relative goodness of
fit using Schwarz's Bayesian Criterion. This sequential
approach was required to avoid over-fitting the model.

To determine whether cases of BBD were aggre-
gated or randomly distributed, the frequency distribu-
tions of cases of BBD per transect and reef were tested
for goodness of fit to a Poisson distribution using chi-
squared tests.

Coral cover was determined at each site from line in-
tercept data recorded along the central line of each belt
transect. The relationships between BBD prevalence

RESULTS
Distribution and spatial variability of BBD

The distribution of BBD on the GBR was widespread
in the summer (January—-March) of 2004, being
recorded from 73.7 % of the 19 reefs surveyed across
sectors in each of the northern, central and southern
sections of the Great Barrier Reef Marine Park. The
proportions of reefs with BBD in the northern (88.9 %)
and central (66.7 %) sectors were high and not statisti-
cally distinguishable (Yates corrected % = 0.32, df = 1,
p = 0.57). BBD was also present on the 1 reef surveyed
in the southern sector. BBD was recorded on all mid-
shelf reefs in both the northern and central sectors and
on all outer-shelf reefs in each of the 3 sectors, with the
exception of 1 outer-shelf reef in the northern sector. In
contrast, BBD was absent from all inner-shelf reefs in
the central sector and 1 inner-shelf reef (Maxwell Reef)
in the northern sector.

Although BBD was recorded from 73.7 % of reefs and
70.2% of transects, the distribution of BBD cases was
not random. Cases of BBD were clumped at both the
reef (x2=282.3,df =3, p < 0.001) and transect level (y2 =
589.5, df = 3, p < 0.001). Despite its clumped distribu-
tion, the prevalence of BBD was not dependent on the
density or cover of any coral taxa examined. We found
no significant relationship between BBD prevalence
and either cover (r2 = 0.009, F=0.146, p = 0.7) or density
(r?=0.08, F=0.126, p = 0.72) when all corals (scleractin-
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ian, octocoral and hydrocorals) were combined. Since
most cases of BBD were recorded from scleractinian
corals and specifically from corals within the family
Acroporidae, the analyses were repeated, excluding
first all non-scleractinian corals and then non-acroporid
corals. However, there was still no significant relation-
ship between BBD prevalence and cover (1 = 0.028, F=
0.465, p = 0.5) or density (r* = 0.016, F=0.254, p = 0.62)
of scleractinian corals, nor between BBD prevalence
and cover (r?> = 0.095, F=1.67, p > 0.21) or density (r? =
0.1, F=1.66, p = 0.217) of acroporid corals (Fig. 2).
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Fig. 2. Relationship between BBD prevalence and (a) cover of all corals,
(b) density of all corals, (c) cover of scleractinian corals, (d) density of scler-
actinian corals, (e) cover of acroporid corals, (f) density of acroporid corals

The prevalence of BBD on the GBR was low, affect-
ing on average 0.09% =+ 0.04 of corals per reef (n = 19
reefs) (Table 1). In the northern and central sectors,
only 103 colonies of the 105421 examined were in-
fected. The highest prevalence was recorded at North
Direction Island in the northern sector, where 0.7 %
(n = 6899) of corals were infected. Only 1 case of BBD
was recorded from the 2 sites surveyed in the southern
sector (i.e. 0.012% of 8326 corals surveyed). On the
GBR, BBD predominately affects scleractinian corals,
with only 1 recorded case for soft corals. If all non-scle-
ractinian corals are excluded, BBD preva-
lence increases slightly to an average of
0.1% of all scleractinian corals, with
prevalence ranging between 0 and 0.74 %
of scleractinian corals per reef.

The prevalence of BBD was consistently
higher in the northern sector in compari-
son to the central sector at all cross-shelf
positions (Table 2, Fig. 3). Cross-shelf pat-
terns in BBD prevalence were consistent
in both the northern and central sectors,
with the percentage of infected corals
peaking on mid-shelf reefs and reaching
minima on inner-shelf reefs. In fact, no
cases of BBD were recorded from inner-
shelf reefs in the central sector (Tables 1
& 2, Fig. 3). Although there are clear
cross-shelf differences in BBD prevalence
in the central sector, this pattern is not
as robust in the northern sector, due to
the higher variation in BBD prevalence
at mid- and outer-shelf reefs. This was
because, although reefs were selected
haphazardly, one reef in each of the mid-
and outer-shelf positions in the northern
sector is largely driving cross-shelf and
long-shelf patterns in BBD prevalence in
this sector (87 % of BBD cases recorded
from the northern sector mid-shelf and
86 % of cases from the northern sector
outer-shelf were each recorded from
single reefs, i.e. North Direction Island
and Day Reef respectively). However, the
overall similarity in the cross-shelf pattern
found in the central sector supports the
generality of this pattern.

Host range

BBD predominately affects scleractin-
ian corals on the GBR, with only one case
of BBD affecting a soft coral recorded
from the 19 reefs surveyed. In total, cases
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Table 2. Linear regression analyses of proportion of corals

affected by BBD
Factor Model 1 Model 2
(Saturated model)
aft -y P at oy’ P
Sector 1 14.6809 0.0001 1 0.0013 0.9716
Shelf 2 43.5908 <0.0001 1 10.1871 0.0061
Sector x Shelf 1 0.3535 0.8380

A in Schwarz's 79.97 -0.722%

Bayesian criterion

*Negative change in Schwarz's Bayesian criterion indi-
cates no improvement of model by interaction term

of BBD were recorded from 7 scleractinian families
(Acroporidae, Pocilloporidae, Poritidae, Faviidae,
Mussidae, Siderastreidae and Dendrophylliidae), 12
scleractinian genera and at least 25 species (~7 % of
GBR scleractinian corals) (Table 3). In many cases the
species affected could not be identified in the field and
so were recorded only to genus and morphological
group. Therefore, Table 3 represents an underestimate
of the number of species affected by BBD on the GBR.
These records include 8 new species or taxa, extending
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Fig. 3. Percentage of all corals affected by BBD in each cross

shelf position in the northern (Cooktown/Lizard Island) and

central (Townsville) sectors of the Great Barrier Reef in the
summer of 2004

Table 3. Total number of cases of BBD and occurrence of BBD in combination with other disease signs, for all taxa

4Cases of each recorded taxa affected by BBD outside transect boundaries

Family Genus Morphological group Total BBD BBD and BBD and BBD and SEB
and/or species bleaching SEB and bleaching
Acroporidae Acropora Staghorn Acropora spp. 76,3* 65,3 4 4 3
(A. muricata, A. florida,
A. intermedia)
Tabulate Acropora spp. 7, 2% 7, 2% 0 0 0
(A. cytherea, A. hyacinthus)
Bushy Acropora spp. 3 3 0 0 0
Corymbose Acropora spp. 2 2 0 0 0
Digitate Acropora spp. 1, 1¢° 1,1 0 0 0
Bottlebrush Acropora spp. 1 1 0 0 0
(Sub-genus Isopora) A. bruggemanni 1 1 0 1 0
Astreopora Astreopora sp. 1 1 0 0 0
Montipora Montipora spp. 2,3 2,3 0 0 0
Pocilloporidae Pocillopora® P. damicornis® 2 22 0 0 0
Other Pocillopora® 3 3 0 0 0
Seriatopora Seriatopora hystrix 2,1¢ 2,1 0 0 0
Stylophora Stylophora pistillata 1, 1° 1, 1¢ 0 0 0
Poritidae Porites Branching Porites spp. 2 2 0 0 0
Massive Porites spp. 2 2 0 0 0
Other Porites sp. 1 1 0 0 0
Goniopora*® Goniopora sp.* 1¢ 1¢ 0 0 0
Mussidae® 1 1 0 0 0
Faviidae® Favia® Favia sp.* 1¢ 1¢ 0 0 0
Cyphastrea® Cyphastrea sp.? 1¢ 1¢ 0 0 0
Sideraestreidae® Psammacora® Psammacora minuta® 1¢ 1¢ 0 0 0
Dendrophyllidae Turbinaria Turbinaria sp. 1 1 0 0 0
Alcyoniidae 1 1 0 0 0
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the number of hosts for BBD on the GBR from 32 (Willis
et al. 2004) to 40. Based on the belt-transect surveys on
sheltered sites at 19 reefs, the 7 families affected by
BBD were found to differ in their susceptibilities to
infection (G-test = 126.808, df = 3, p < 0.01). Species
within the family Acroporidae were by far the most
susceptible, with 90 % of all infections found on species
within this family. All genera within the family Acro-
poridae (including the sub-genus Isopora) were af-
fected; however branching species of Acropora (partic-
ularly A. muricata, A. florida and A. intermedia) were
the most often affected species. Five percent of BBD
infections were recorded from species in the family
Poritidae, 3 % from the family Pocilloporidae and 1 % of
infections from each of the families Dendrophylliidae
and Alcyoniidae.

BBD in combination with other disease signs and
other cyanobacterial infections

Approximately 10% of colonies with signs of BBD
also showed signs of either bleaching (3.4 %), skeletal
eroding band (SEB) (4.3%), or signs of both of these
disease states combined (2.6 %). Fig. 4 shows a colony
of Acropora muricata infected with both BBD and the
heterotrich folliculinid Halofolliculina corallasia, the
putative causative agent of SEB (Antonius & Lipscomb
2001). In the specimen pictured, the H. corallasia indi-

Fig. 4. (a) The characteristic black cyanobacteria mat of BBD

and (b) Halofolliculina corallasia (the putative causative

agent of skeletal eroding band, SEB) on the same colony
of Acropora muricata

viduals are embedded in the coral skeleton behind the
BBD front, suggesting that the cyanobacterial mat is
the main cause of coral mortality. In some cases, how-
ever, groups of H. corallasia have been observed both
ahead of the BBD front and amongst the BBD
cyanobacterial mat. Eleven of the 12 cases of BBD
occurring with other signs of disease were recorded on
branching Acropora species.

DISCUSSION

The detection of BBD on 74 % of reefs surveyed (n =
19) and in 3 latitudinal sectors, encompassing
1000 km of the Queensland coast, indicates that BBD
is widely distributed over the length of the Great Bar-
rier Reef. This contrasts with findings of other authors:
Miller (1996) found that BBD was present on only
19% of 110 GBR reefs surveyed between 1993 and
1996, while the Australian Institute of Marine Science
Long-term Monitoring Program (AIMS LTMP; unpubl.
data) found BBD was present on between 2 and 17 %
of 48 GBR reefs between 1998 and 2004. These differ-
ences in findings are almost certainly attributable to
differences in survey methods, the timing of surveys
and differences in the reef zone surveyed. The up to
4-fold greater percentage of reefs with BBD in our
study reflects the greater likelihood of detecting
macroscopic signs of the disease by searching a com-
paratively small belt transect by SCUBA. The Manta
Tow and opportunistic surveys of large (>750 m?)
areas used by Miller (1996) involve observers scan-
ning large areas of reef in a relatively short period of
time and generally from a distance well above the
substratum, while the AIMS LTMP surveys involve a
single observer using SCUBA scanning a 1500 m?
area rapidly (typically in less than 1.5 h), all of which
mitigate against accurate observations of BBD pres-
ence. Although it is possible that the distribution of
BBD has spread to encompass more reefs in recent
years, the greater accuracy of belt transects using
SCUBA to closely examine each coral is a more likely
explanation of the wider distribution of BBD detected
in our surveys. Our surveys were conducted on shel-
tered northwest back reef sites in 3 to 6 m, whereas
surveys of belt transects by the AIMS LTMP SCUBA
are located on the exposed northeast flank in 6 to 9 m
of depth (Sweatman et al. 2001). Given that BBD is
commonly restricted to shallow (<6 m) reef environ-
ments (Kuta & Richardson 2002), and was more
prevalent at sheltered sites than at exposed sites at
the northern sector (Willis et al. 2004) it is not surpris-
ing that our surveys revealed a higher distribution of
BBD than surveys by the AIMS LTMP in a deeper
more exposed habitat.
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An additional factor contributing to the higher per-
centage of reefs with BBD in this study is the timing of
surveys. Temperature is thought to be an important
factor influencing the prevalence and spread of BBD,
with higher prevalence recorded in summer from reefs
in both the Caribbean (Rutzler et al. 1983, Edmunds
1991) and the GBR (Willis et al. 2004). Miller's (1996)
surveys and the AIMS LTMP surveys (Sweatman et
al. 2001) were spread across both winter and summer
months, whereas our surveys were timed for the
summer months when average seawater temperatures
are highest, which is likely to have contributed to the
greater number of reefs with active BBD infections.
Differences in the distribution of BBD on the GBR
found by our study and Miller (1996) highlight the
importance of developing standardized survey meth-
ods that can be used on a global scale to both allow
direct comparisons of coral disease data collected in
different geographical regions, and to increase the
likelihood of detection of changes in the distribution
and prevalence of coral diseases at a variety of spatial
scales. At present circular or arc transects (Santavy et
al. 2001) and belt transects are used to measure coral
disease prevalence in the Caribbean (Porter 2001, Pat-
terson et al. 2004, Weil 2004), while belt transects are
used in the Indo-Pacific (Willis et al. 2004). Given the
range of depths the circular or arc method may encom-
pass on some steeply sloping reef communities of the
Indo-Pacific, we suggest that the belt transect method,
described in this and other recent studies of coral dis-
ease in the Indo-Pacific (Raymundo et al. 2003, 2005,
Willis et al. 2004) is the more appropriate method for
use in coral disease surveys worldwide to enable geo-
graphical comparisons of coral disease data. However,
a quantitative comparison of coral disease survey
methods used globally would be timely.

While widespread on the GBR, BBD was absent from
80% of inshore reefs surveyed, which are the reefs
that typically experience the highest levels of nutri-
ents, sediment and pollutants from adjacent mainland
catchments (Furnas 2003). The reasons for its absence
on these reefs are unclear, particularly given correla-
tions found between the occurrence or activity of BBD
and both elevated nutrients (Kuta & Richardson 2002)
and poor water quality (Antonius 1988, Al-Moghrabi
2001) in other reef regions. Other studies have sup-
ported a link between poor water quality and high
BBD prevalence (Taylor 1983, Bruckner et al. 1997),
although only one found a quantitative correlation
between BBD occurrence and water quality parame-
ters (including higher than average water tempera-
tures, nitrite and orthophosphate concentrations; Kuta
& Richardson 2002). Levels of terrestrial inputs experi-
enced by reefs of the GBR not only vary across the
shelf, but also between the northern and central sec-

tors of the GBR as a consequence of land-use practices,
rainfall and other characteristics of adjacent catch-
ments (Furnas 1990, 2003). Here again, the higher
prevalence of BBD in the relatively more pristine
northern sector compared to the central sector (Fig. 3)
is contrary to the pattern that would be predicted
based on previous studies of BBD. Patterns of highest
BBD prevalence on mid-shelf reefs in the northern
sector provide further evidence that terrestrial inputs
from mainland catchments may not be the primary
factors determining the prevalence of BBD on the GBR.
However, overall levels of nutrients on reefs of the
GBR may be below thresholds that may drive BBD out-
breaks on Caribbean reefs. Given the increasing evi-
dence of a link between eutrophication of coral reef
waters and increases in coral disease prevalence and
activity worldwide (Bruno et al. 2003, Harvell et al.
2004), a study of the relationship between BBD and a
wide range of nutrients, would shed further light on
potential links between BBD and terrestrial inputs on
the GBR.

Differences in coral community structure between
inner-, mid- and outer-shelf reefs were also tested as a
potential explanation for the lack of BBD on inner-shelf
reefs. Given that the greatest number of cases of BBD
were recorded from species in the genus Acropora
(Table 3) and in particular branching species (Acro-
pora muricata, A. intermedia and A. florida), it is
tempting to invoke the low abundance of acroporid
corals that has been found on many inner-shelf reefs in
past studies of the GBR (Done 1982, Ninio & Meekan
2002) as an explanation for BBD absence on these
reefs. However, in contrast to these previous surveys,
we found a high (45 to 95% of taxa) abundance of
acroporid corals on inshore reefs on which BBD was
absent. Moreover, we found no significant relationship
between BBD prevalence and either the density or
cover of corals in general or either scleractinian or
acroporid corals specifically. One factor that may con-
tribute to the absence of BBD from the majority of
inshore reefs in this study is the higher turbidity and
hence reduced light that is characteristic of inner-shelf
reef environments. Antonius (1985a) found that sedi-
ment trapped amongst algae on newly exposed areas
of coral skeleton prevented BBD development through
suppression of photosynthesis by the cyanobacteria in
low light environments. Consequently, turbid inshore
environments may protect corals from infection by
BBD by reducing the activity of the cyanobacteria.
However, it is likely that prevalence of BBD is driven
by a complex array of factors involving both host and
pathogen characters, environmental parameters and
coral community attributes.

Globally, there is concern that marine diseases are
increasing in distribution and prevalence (Harvell et
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al. 1999), and 5 marine taxa have been identified as
particularly at risk, including the scleractinian corals
(Ward & Lafferty 2004). While there is evidence of
increasing prevalence (Weil 2004) and distribution
(Porter et al. 2001) of coral disease in the Caribbean,
lack of baseline data on the GBR obviates detection of
trends in disease incidence in this reef region. Two
studies suggest that the prevalence of coral disease on
the GBR may have increased in recent years (Antonius
& Lipscomb 2001, Willis et al. 2004). Antonius &
Lipscomb (2001) found that the number of cases of SEB
increased from rare (1 to 3 cases/30 min swim) to mod-
erate (4 to 12 cases per 30 min swim) between 1988
and 1998 at Lizard Island in the northern sector exam-
ined in this study. Willis et al. (2004) also showed that
the distribution and number of cases of white syn-
drome (WS) increased (20-fold for WS abundance)
between 1998 and 2003. In both studies the relation-
ship between the abundance of disease cases and dis-
ease prevalence is unclear without concurrent data on
the number of healthy corals. In contrast to the
detected increase in disease cases, the prevalence of
BBD appears to have declined at sheltered sites at the
northern sector over the last decade, from 2.8 % of all
corals in 1994 (Dinsdale 2000) to 1.7 % in 2003 (Willis et
al. 2004) and 0.095% in 2004 (this study). At 2 other
reefs, BBD prevalence has remained low and stable: at
No Name Reef, an outer-shelf reef in the northern sec-
tor, BBD prevalence was 0.051 % in 2003 (Willis et al.
2004) compared to 0% in 2004 (this study); and at
Heron Island in the southern sector, prevalence was
0.01% in 2003 (Willis et al. 2004) compared to 0.012 %
in 2004 (this study). These values span a range similar
to that recorded for BBD prevalence in the wider
Caribbean (0.2 to 6.0 %, reviewed in Weil 2004). Hav-
ing established baseline levels of BBD prevalence for
reefs spanning % of the length of the GBR, it will now
be possible to detect temporal trends in BBD preva-
lence and compare its ecological impacts on GBR coral
assemblages with those in other reef regions.

This study expands the host range of corals suscepti-
ble to BBD on the GBR to 40 species from the 32 previ-
ously recorded (Willis et al. 2004). Inclusion of species
in the genera Echinopora, Seriatopora, Psammocora
and Cyphastrea (Willis et al. 2004, this study) increases
the number of Indo-Pacific genera known to be sus-
ceptible to BBD from 17 (Sutherland et al. 2004) to 21.
Our study also contributes a further 12 species to the
list of 45 coral species known to be susceptible to BBD
in the Indo-Pacific compiled by Sutherland et al.
(2004). Increases in the number of taxa susceptible to
BBD are expected to increase as coral disease surveys
are completed in previously unsurveyed areas of the
Pacific in particular. While BBD affected a wide variety
of scleractinian families in our surveys, the family

Acroporidae was by far the most susceptible, account-
ing for 90% of records. Previous authors reported
Pocilloporidae as the family most susceptible to BBD
on the GBR, followed by the Acroporidae (Dinsdale
2000, Willis et al. 2004). However, our different results
reflect the inclusion of a greater number of reefs from
all cross-shelf positions in our survey and a con-
comitant reduction in the relative proportion of corals
sampled in the Pocilloporidae because of their lower
abundance on inner-shelf reefs. Willis et al. (2004) pro-
posed that investment in rapid growth and reproduc-
tion by both the Acroporidae and Pocilloporidae may
result in less well developed resistance to disease.
Although acroporid corals are relatively resistant to
infection by BBD compared to faviid corals in the
Caribbean, they are the most susceptible to infection
by other diseases such as white band (Gladfelter 1982)
and white pox (Patterson et al. 2002) in this region. The
relationship between life history characteristics and
susceptibility to coral disease in general or to specific
coral diseases remains unclear but is worthy of more
detailed analysis given the potential impact of coral
disease on coral diversity worldwide.

BBD has been known to develop on corals previ-
ously affected by white plague, white plague-like dis-
ease or WS (Antonius 1981a,b, 1985a,b) (see Willis et
al. 2004) for discussion of the use of the term ‘white
syndrome’ for Indo-Pacific corals), while SEB has
been found to develop on corals previously affected
by white plague (Antonius & Lipscomb 2001). How-
ever, cases of corals affected by 2 diseases simultane-
ously have not previously been reported. Of the BBD
cases recorded in this study, 10.3% were from
colonies showing signs of other disease states, partic-
ularly SEB, bleaching or both SEB and bleaching
simultaneously, or were of compromised health
(Table 3). It is possible that corals infected with BBD
are more vulnerable to invasion by other pathogens at
sites of tissue necrosis along the disease front. Con-
versely, it is also possible that initial BBD infections
may be dependant on a previous injury (Antonius
1981a,b, 1985a,b), infection with another disease (An-
tonius 1977, 1981b, Winkler et al. 2004) or compro-
mised colony health. It is not possible to distinguish
whether the co-occurrence of BBD and bleaching
suggests that bleaching plays a role in the initiation
or progress of BBD infection or vice versa. Halofolli-
culina corallasia ciliates have not previously been
described in association with BBD or any other coral
disease, despite the common occurrence of these cili-
ates amongst BBD infections on the GBR (associated
with 6% of BBD infections). The co-occurrence of
H. corallasia amongst the BBD mat makes it difficult
to determine the relative contribution of each patho-
gen to the recent coral mortality and it is also unclear
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how the presence of one influences the progression
or activity of the other pathogen.

A number of cyanobacterial infections that differed
in colour and morphology from the typical black mat of
BBD were recorded during this study and also by Willis
et al. (2004). In many of these cases, the cyanobacteria
formed only a thin line at the interface between live
coral tissue and recently denuded skeleton. Given the
low abundance of cyanobacteria in these bands, moni-
toring of tagged infected colonies is required to deter-
mine whether they are the primary cause of the recent
coral mortality or if they opportunistically settle at the
interface following injury or predation. After black, the
most common colouration of cyanobacteria was green,
followed by brown or red. In one case, red cyanobacte-
ria formed a distinct red band ~5 cm wide (cf. Richard-
son 1992). Sussman et al. (this issue) discuss cyanobac-
terial strains identified in a similar red band observed
in Palau. Further studies of cyanobacterial infections of
corals are required to determine how many strains are
involved and whether they can be distinguished using
gross morphological characteristics in the field.

CONCLUSIONS

BBD is widely distributed on the GBR, being re-
corded from the northern, central and southern sectors
and from outer-, mid- and some inner-shelf reefs. Pat-
terns of highest BBD prevalence in the comparatively
pristine northern sector, and on mid-shelf reefs in
cross-shelf transects, suggest that BBD distribution on
the GBR is not linked to gradients in terrestrial influ-
ences, at least when overall BBD prevalence is low
(0.9% =+ 0.04). We speculate that the absence of BBD
on 80 % of inshore reefs suggests that high turbidity
and sedimentation adversely affect cyanobacteria and
protect corals from BBD infections. BBD has a wide
host range on the GBR, infecting corals in 7 sclerac-
tinian families and one soft coral family; however,
branching species of Acropora in the family Acropori-
dae are the most common hosts. Long-term, large-
scale studies of coral disease are required to establish
spatial and temporal trends in coral disease prevalence
and allow more accurate risk assessment of the poten-
tial impact of BBD and other coral diseases on coral
communities of the GBR.
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