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Abstract Links between anomalously high sea tempera-
tures and outbreaks of coral diseases known as White
Syndromes (WS) represent a threat to Indo-Pacific reefs
that is expected to escalate in a changing climate. Further
advances in understanding disease aetiologies, determining
the relative importance of potential risk factors for out-
breaks and in trialing management actions are hampered by
not knowing where or when outbreaks will occur. Here, we
develop a tool to target research and monitoring of WS
outbreaks in the Great Barrier Reef (GBR). The tool is
based on an empirical regression model and takes the
form of user-friendly interactive ~ 1.5-km resolution maps.
The maps denote locations where long-term monitoring
suggests that coral cover exceeds 26% and summer
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temperature stress (measured by a temperature metric
termed the mean positive summer anomaly) is equal to or
exceeds that experienced at sites in 2002 where the only
severe WS outbreaks documented on the GBR to date were
observed. No WS outbreaks were subsequently docu-
mented at 45 routinely surveyed sites from 2003 to 2008,
and model hindcasts for this period indicate that outbreak
likelihood was never high. In 2009, the model indicated
that outbreak likelihood was high at north-central GBR
sites. The results of the regression model and targeted
surveys in 2009 revealed that the threshold host density for
an outbreak decreases as thermal stress increases, sug-
gesting that bleaching could be a more important precursor
to WS outbreaks than previously anticipated, given that
bleaching was severe at outbreak sites in 2002 but not at
any of the surveyed sites in 2009. The iterative approach
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used here has led to an improved understanding of disease
causation, will facilitate management responses and can be
applied to other coral diseases and/or other regions.

Keywords Climate change - Coral disease -
Great Barrier Reef - Environmental management -
Outbreaks - White Syndromes

Introduction

Climate warming is projected to increase outbreaks of
diseases in populations of humans, agricultural crops, ter-
restrial wildlife and marine organisms (Harvell et al. 2002,
2009). Thus, there is increasing urgency to develop tools
that can predict where and when outbreaks will occur (e.g.,
crop disease forecasting programmes; Hijmans et al. 2000;
Butterworth et al. 2010). On coral reefs, long-term moni-
toring programs indicate that outbreaks of infectious coral
diseases, some of which are known to be temperature-
facilitated (see Harvell et al. 2009; Sato et al. 2009), have
been increasing worldwide over the past 40 years (Harvell
et al. 2009; Mydlarz et al. 2009). In combination with
human-induced and natural stressors, infectious diseases
have radically altered coral reefs in the Caribbean, partic-
ularly in Florida (Hughes 1994; Patterson et al. 2002;
Harvell et al. 2007). Although coral diseases have been
assumed to be less abundant in the Indo-Pacific than in the
Caribbean, recent studies have shown comparable mean
prevalence between the two regions for some diseases
(Willis et al. 2004; Myers and Raymundo 2009).

On Australia’s Great Barrier Reef (GBR), three infec-
tious diseases—White Syndromes, Black Band and Brown
Band disease—have been identified as being of particular
concern (Willis et al. 2004). These diseases are typically
most prevalent on the GBR in the family Acroporidae, the
coral family that is amongst the fastest growing on the
GBR and is the most spatially dominant framework builder
(Willis et al. 2004; Page and Willis 2008). Acroporidae are
also the most susceptible to thermal bleaching (Marshall
and Baird 2000), which has been shown to increase sus-
ceptibility to disease (Miller et al. 2009; Mydlarz et al.
2009). Both bleaching events and disease outbreaks are
expected to become more frequent and severe under a
changing climate and as anthropogenic regional and local-
scale stressors exacerbate climate impacts (Mydlarz et al.
2009). Such predictions highlight the need to target
research and monitoring efforts at sites where outbreaks are
likely to occur (Bruckner 2002; Aeby et al. 2008). As a
consequence, researchers will be best placed to determine
the relative importance of outbreak risk factors. Concur-
rently, managers can reactively mitigate anthropogenic
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stressors at affected sites (e.g., through temporary closures
or changed water quality targets, Maynard et al. 2009).
Unlike spatially extensive bleaching events, the causes
of coral disease outbreaks are more complex and less
understood. Coral diseases and disease outbreaks may be
caused by abiotic and biotic factors working in combina-
tion. The best understood of these are the abiotic factors,
temperature and water quality, and the biotic factors, host
density and fish abundance and type (Bruno et al. 2007,
Page et al. 2009; Raymundo et al. 2009; Diaz and Madin
2010; Williams et al. 2010). For example, the group of
coral diseases known as White Syndromes (WS), the focus
of this study, have been seen in greatest abundance fol-
lowing periods of anomalously high sea temperatures
(Bruno et al. 2007). White Syndromes are an emerging
group of diseases affecting Indo-Pacific, reef-building
corals and, although little is known about their modes of
transmission, at least some White Syndromes are caused by
the coral pathogen Vibrio coralliilyticus (Sussman et al.
2008, 2009). White Syndromes are characterised by a
white front that corresponds to the interface between
recently killed tissue and exposed white skeleton (Willis
et al. 2004). Tissue loss fronts move across coral colonies
as the disease progresses causing either partial or whole
colony mortality. The signs and impacts of WS are similar
to those described for white band and white plague dis-
eases, which have caused extensive mortality on Caribbean
reefs (Aronson and Precht 2001; Miller et al. 2009).
Bruno et al. (2007) found that high temperatures caused
WS outbreaks on the GBR only on reefs with >50% coral
cover, suggesting that, like many other transmissible
infectious diseases (Antolin 2008), high host density is
required for outbreaks. Bruno et al. (2007) also showed,
however, that variability in disease abundance was high,
particularly during the only known outbreak year, 2002.
Overall, WS abundance varied fourfold, even with consis-
tently high temperature stress. Heron et al. (2010) advanced
the work of Bruno et al. (2007), producing seasonal out-
looks and near real-time monitoring of WS outbreak like-
lihood for the Great Barrier Reef and Coral Sea based on
winter and summer sea temperature stress. Specific winter
conditions were observed to pre-condition some corals
against disease outbreak, while the level of outbreak for the
remaining at-risk corals was related to subsequent summer
stress. However, the resolution of the resulting images of
outbreak likelihood (~ 50-km) may limit the utility of the
tool for targeting research and monitoring efforts on the
GBR (and hence facilitation of management responses),
given that 50-km pixels often contain dozens of reefs. In
addition, the absence of any measure of coral cover in the
images of outbreak likelihood (though present in the
algorithm development) could lead to misinterpreta-
tion; e.g., outbreak likelihood can be shown as high for
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locations where the coral cover is below the empirically
derived threshold for a WS outbreak to occur. This study is
the next logical step in the evolution of the work first pre-
sented by Bruno et al. (2007) and builds on the research and
tools produced by Heron et al. (2010).

To further develop and evaluate research and monitoring
tools for coral diseases, our objectives were to (1) hindcast
where WS outbreaks are likely to have occurred in years
following the only known severe outbreaks on the GBR
(i.e., in 2002) and (2) forecast where outbreak likelihood
would be high in 2009 and subsequently survey these reefs
to improve the knowledge of conditions triggering out-
breaks. Despite increasing numbers of coral disease out-
breaks globally and a critical need to increase our
understanding of disease outbreak causation, this is the first
effort to predict the likelihood of coral disease outbreaks at
the management-relevant scale of an individual reef.

Methods
Surveys of WS abundance and coral cover

Data on coral cover and WS abundance were collected by
the Long-Term Monitoring Program of the Australian
Institute of Marine Science (AIMS, Sweatman et al. 2008).
For coral cover, numerous GBR reefs spread over 13° of
latitude (11-24S) have been surveyed on multiple occa-
sions since 1986 using manta tows. The manta tow surveys
involved a snorkeller with a “manta board” (hydrofoil)
being towed slowly behind a small boat around the entire
perimeter of each survey reef close to the reef crest so that
the observer surveyed a 10-m-wide swathe of the shallow
reef slope. The boat stopped every 2 min to allow the
observer to record the mean coral cover for that “tow”
(~200 m of reef edge) into one of 10 categories (Bass and
Miller 1996). Observers were full-time monitoring staff
whose cover estimates were cross-calibrated annually to
minimise the variation amongst observers and between
years. The towpath was also standardised; the boat handler
followed a course marked on an aerial photograph of each
reef so that approximately the same parts of each reef were
surveyed at each visit. Initially, greater than 200 haphaz-
ardly selected reefs were surveyed each year, but this
number declined as the program developed. Reefs that
were surveyed only once during the 19 years have been
excluded from the analysis used here, leaving 72-193
(median = 100) reefs surveyed in each year. The mean
coral cover for each reef at each survey was calculated by
taking the mid-point of the coral cover category for each
2-min tow and then averaging over all tows for that reef
(Sokal and Rohlf 1995). The coral cover at each GBR reef
was spatially modeled using generalised additive models

(mgcv package R). The resulting contour maps denote
ranges in coral cover and show areas of the GBR Marine
Park for which these ranges apply, rather than designations
for individual reefs. As a consequence, the maps are only
interpreted with an overlay of reef boundaries since non-
reef areas have very low (or zero) coral cover.

Surveys of WS abundance were conducted along the
north-east flank of 48 reefs on six cross-shelf transects in the
Great Barrier Reef Marine Park (see Fig. 1), along a depth
contour of 6-9 m from 1998 to 2008. The abundance of WS
was measured on SCUBA by counting infected colonies
within 15 permanent belt transects (each 50 m by 2 m) per
reef. Video was taken along a 25-cm-wide belt of the same
permanent transects, and then hard coral cover estimated
using a point sampling technique (see English et al. 2004).
The year 2002 was identified as the only year in which severe
(>100 cases/1,500 mz) outbreaks occurred on the GBR, thus
we used temperature conditions from the summer (Dec to
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Fig. 1 Sites within the Great Barrier Reef Marine Park monitored by
the Australian Institute of Marine Science’s Long-Term Monitoring
Program. The inset map for the Cairns area shows locations where
ground-truthing surveys were conducted in 2009. The grey-shaded
areas of the reef denote areas where surveys between 1986 and 2009
suggest long-term average coral cover to be above 26%
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Feb) that preceded the first outbreaks in 2002 through to 2008
to constrain our model of outbreak likelihood. Earlier studies
suggest that: (1) prevalence of diseases like WS increases in
summer on the GBR (Willis et al. 2004), (2) increased disease
susceptibility follows bleaching events (Harvell et al. 2009;
Miller et al. 2009) and (3) density-dependent pathogen
transmission results in a lag time between occurrences of
high temperatures and the appearance of visible disease signs
(Rudolf and Antonovics 2005). Therefore, variability in
the seasonal timing of the AIMS surveys (annual surveys
completed variably in summer—autumn and winter—spring
months) is likely to contribute to variability seen in the disease
frequency data, particularly during the 2002 outbreak. For this
reason, only data from surveys made from August through
November 2002, representing 5-9 months after the 2002
austral summer (December 2001 to February 2002), were
used to develop the model. This time window covers a total of
28 surveys, all of which were made within 2 months either
side of when maximum WS abundances were observed.

Remotely sensed temperature data and thermal stress

The daily sea surface temperature (SST) data were supplied
by the Bureau of Meteorology, Australia, based on
processing of the latest NOAA environmental satellite
AVHRR thermal imagery. We used a 15-day composite
SST data set (currently from NOAA AVHRR satellites 15,
17 and 18) at a pixel resolution of 0.017995° (~ 1.5 km,
see also Maynard et al. 2008). SST values were backfilled
with the most recent temperature for up to 14 days in some
cases. For this study, more than 70% of the data were
between 1 and 3 days old.

To calculate thermal stress, daily temperature data were
compared to the average monthly temperatures calculated
for the 10 years (‘LMST’) that preceded the surveys (e.g.,
mid-1993 to mid-2002 for surveys in mid- to late-2002).
The climatology data set used is ~4-km resolution, and
one standard deviation was added to the monthly average
temperature to create a climatological baseline that iden-
tified temperatures outside the historically expected range
during the summer months of 2002-2009. Quality control
measures used in the development of the climatology data
sets were comparable to those used in the processing of the
daily data (see Griffin et al. 2004 for more detail on the
climatology). The monthly climatology baselines were
resampled to the ~ 1.5-km SST grid using a linear inter-
polation scheme that calculated a weighted average.

For the area where outbreaks were observed in 2002, the
mean positive summer anomaly (MPSA) was found to be
the best predictor of coral bleaching (referred to as the
‘heating rate’ in Maynard et al. 2008 and calculated from
the mean rather than the mean + 1 SD baseline used here).
Given links between susceptibility to bleaching and to
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disease (Palmer et al. 2010), MPSA is explored here as a
predictor of disease risk. MPSA was calculated by com-
paring daily temperature data to the climatology data set
for each of the three summer months. The number of
‘degree heating days’ (DHD, see Maynard et al. 2008) was
calculated first and described the accumulation of heat
stress at each site for each survey year through the summer
(December—February). Specifically, DHD is the sum of
daily average sea surface temperatures (Tpeaing) that
exceed the climatological baseline (LMST + SD), for the
three summer months. The DHD metric therefore differs
from the WSSTA metric used by Bruno et al. (2007) in
integrating the amplitude of positive temperature anoma-
lies through thermal stress events during the summer prior
to disease surveys (rather than counting thermal stress
events for the full year prior). DHD is calculated as:

DHD = Z(THeating — (LMST + SD)) (1)

However, degree heating days do not differentiate
amongst a broad range of coral heat stresses. For this
reason, the mean number of DHDs accumulated each day
that temperatures (Theaing) €xceeded the long-term
baseline temperature (LMST) is calculated—effectively
the mean positive summer anomaly (MPSA, see ‘heating
rate’ in Maynard et al. 2008), expressed as degrees Celsius.
The MPSA is calculated as:

MPSA = DHD / 3" (days heated) (2a)

Days heated are days at which:

THealing > LMST =+ SD (Zb)

Empirical regression model and mapping outbreak
likelihood

To capture the observed interaction between MPSA, spatial
cover of Acropora species (Aacr), and the abundance of
White Syndromes (Aws), we used an empirical model of
the form:

Aws = c MPSA“A% (3)

where c is a regression coefficient, and a and b are scaling
parameters accounting for the relative contributions of each
of the two factors to the interaction. This generic function
approximates a suite of qualitatively different functional
relationships between thermal regime, host abundance and
WS abundance. The power function assumes that a WS
outbreak can only occur under conditions of high host
abundance and thermal stress (full interaction), which is
consistent with observations (Bruno et al. 2007). Although
this empirical approach does not provide detailed insight
into the mechanisms of how these diseases spread, empir-
ical models have proven successful in forecasting crop
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diseases (Savary et al. 2006) and so have been explored
here.

We produced images depicting WS outbreak likelihood
for north-eastern Australia for each summer since and
including 2002. Specifically, in each summer, pixels
(~1.5-km resolution) were coloured red indicating high
outbreak likelihood if both of the following conditions
were met: (1) the pixel experienced MPSA values at least
as great as those where outbreaks occurred in 2002 and (2)
the pixel is in an area where long-term average coral cover
data sets suggest coral cover on the reefs to be above an
empirically derived threshold (see “Results” section). All
other pixels were coloured white. Spatial overlays for the
images were produced using ArcGIS™ software.

The regression model was conditioned on data from the
documented outbreaks in the Great Barrier Reef area (i.e.,
the 2002 outbreaks), so maps of outbreak likelihood have
been limited to this study area. Using the 2002 MPSA and
coral cover thresholds to produce images of outbreak
likelihood for the years 2003-2008 enabled an assessment
of the predictive capacity of the model. Producing a similar
image based on MPSA for the 2009 summer (December
2008-February 2009) enabled targeted research and mon-
itoring at sites assessed as having high outbreak likelihood.

Ground-truthing surveys

Reef locations forecast to have both high and low outbreak
likelihood in 2009 were identified to enable targeted coral
disease surveys (see inset map, Fig. 1, for survey site
locations). Surveys comprised 3 replicate manta tows
covering an approximate area of 500 m?, within which all
cases of White Syndromes were recorded. To further verify
manta tow observations, three 20 x 2 m belt transects
were completed on SCUBA, within which all corals were
classified as healthy or diseased with specific details of
diseases recorded.

Results
Empirical regression model and threshold values

The empirical model (Eq. 3) provided an excellent fit to the
data (Fig. 2), explaining over 90% of the variation in WS
abundance recorded in the 2002 AIMS LTMP surveys.
Initial analyses indicated that a more parsimonious model
without the regression coefficient (parameter c) explained a
similar amount of variation in WS (Table 1) and was hence
used for further analyses. WS abundance scaled slightly
more strongly with host abundance than with MPSA as
indicated by differences in the scaling parameters (b =
1.6 £ 0.1,a = 1.1 &= 0.4, Table 1). The 2002 outbreaks in

WWHHE SYNATOME CASS

Fig. 2 Empirical regression model of host coral cover, mean positive
summer anomaly (MPSA) and the number of WS cases observed at
survey sites in 2002. The outbreak sites (Lady Musgrave Reef, One
Tree Island Reef, Wreck Island Reef and Broomfield Reef, Fig. 3)
experienced high MPSA values and had high coral cover. The dark
grey-shaded area denotes conditions the model suggests are conducive
to a severe outbreak (100+ cases/1,500 mz) given conditions at
outbreak sites in 2002. The paucity of data in the light grey area
(referring to a minimum of 60 cases/1,500 m?) highlights that the
threshold cover density required for an outbreak is uncertain

Table 1 Summary results of non-linear regression of two versions of
Eq. 3 (methods) to 2002 survey data (N = 28 sites) for the abundance
of White Syndromes (Aws), abundance of Acropora hosts (Aa.,) and
thermal stress as estimated by MPSA. The regression coefficient, c,
could only be estimated with high uncertainty and was not signifi-
cantly different from unity (a). The more parsimonious (two-param-
eter) model without the inclusion of ¢ explained a similar amount of
variation in thermal stress and host density and was hence used to
assess outbreak likelihood from 2003 to 2009

Model R? Parameter  Estimate SE P-value
(@) Aws = ¢ 096 ¢ 18.81 1213 0.134
MPSA® A%, a 1.57 027  <0.001
b 0.98 0.14  <0.001

(b) Aws = 093 a 1.07 037  0.008
MPSA® A%, b 159 0.08  <0.001

the southern GBR, where the highest abundances of WS
were observed (maximum of 343 cases/1,500 m2), had a
high cover of Acropora hosts at that time (>45%) and
experienced high (>0.35°C) MPSA values (see topmost
grouping of four points in Fig. 2).

No sites were surveyed during the 2002 outbreak year
that had host cover between 26 and 45%, as well as MPSA
values >0.35°C (see light grey shading, Fig. 2), indicating
that the host density threshold for a WS outbreak on the
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GBR is unknown. Using the model parameter values
(a, b) derived from the 2002 outbreak year, a threshold
MPSA value of 0.35°C combined with a minimum of 26%
cover yields 60 WS cases/1,500 m’—a WS abundance
level similar to the outbreak threshold of 50 WS cases/
1,500 m? proposed by Heron et al. (2010). Therefore, using
a gridded map of north-east Australia for each year
between 2002 and 2009, all pixels (~ 1.5-km resolution)
that experienced MPSA values at least as great as the
MPSA threshold (0.35°C) and had at least 26% coral cover
were designated as having ‘high’ outbreak (60 cases/
1,500 m?) likelihood (red in Fig. 3), with all other pixels
being designated as having ‘low’ outbreak likelihood.
Although the only long-term, GBR-wide records of coral
cover are for overall average cover, the dominant coral
genus on the GBR is Acropora (Sweatman et al. 2008),
thus average cover is strongly indicative of the cover of
Acropora hosts. Maintaining the cover threshold at the
empirically derived 26% increases the conservativeness of
the images of outbreak likelihood because the cover of
Acropora hosts would be less than 26%. This conservative
approach will lead to an increased understanding of host
density thresholds following future outbreak monitoring.

Assessing outbreak likelihood and targeted surveys

For 2002, a map of outbreak likelihood shows that much of
the southern GBR may have experienced an outbreak,

particularly many of the outer-shelf sites in the Swain
Reefs (the most south-eastern reefs of the GBR), where
coral cover is highest (Fig. 3a). However, most of the
southern GBR region was not surveyed in 2002, thus it is
unknown whether WS outbreaks occurred (see Fig. 3),
highlighting the value in using the model to target research
and monitoring efforts.

For the 6 years between 2003 and 2008, outbreak like-
lihood was assessed as low almost everywhere in the GBR
Marine Park, with the exception of a very few localised
cases for which disease survey data are not available
(Fig. 3). Concordantly, no outbreaks were documented
during this period at the survey sites (see Fig. 1), indicating
that there are no known false negatives (disease outbreaks
when their presence was not predicted) or false positives
(no disease outbreak when an outbreak was predicted) for
the 6 years that followed the 2002 outbreaks.

The 2009 map identified areas of high outbreak likeli-
hood for reefs in the north-central (see Fig. 3b) and
southern GBR. In October 2009, targeted surveys were
completed at 10 reefs in the Port Douglas region (north-
central GBR, see inset map Fig. 1). This region was
selected for surveys because: (1) reefs were comparatively
more readily accessible and (2) almost all pixels assessed
as having high outbreak likelihood in the southern GBR
were non-reef areas. Based on the regression model, out-
break likelihood was high at four of the Port Douglas sites
surveyed and low at the other six sites. WS abundance

2002

I\, Great Barrier Reef
Marine Park

Fig. 3 WS outbreak likelihood from 2002 to 2009, where red pixels
indicate high outbreak likelihood based on thermal stress and long-
term average coral cover. The asterisk and arrows in (a) show sites
where outbreaks were observed in the southern GBR in 2002 (from
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north to south: Broomfield Reef, Wreck Island Reef, One Tree Island
Reef, and Lady Musgrave Reef). The grey circles in (b) show sites
where ground-truthing surveys were conducted in 2009
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approached outbreak levels at three of the four sites pre-
dicted to have high outbreak likelihood—Rudder Reef,
Opal Reef and 16-017S (Table 2). WS abundance was
more than three times greater at sites predicted to have a
high outbreak likelihood (mean of 31 cases/1,500 mz,
Table 2) than at the low outbreak likelihood sites (mean of
9 cases/1,500 mz, Table 2). Differences in WS abundance
between the two-site groupings—high and low outbreak
likelihood—were statistically significant (Student’s z-test,
t(8) = 3.06, P = 0.01, Table 2), whereas differences in
coral cover between the two-site groupings were not sig-
nificant (#(8) = 0.416, P = 0.68, Table 2), highlighting the
importance of temperature stress as a WS outbreak trigger.

The minimum WS abundance at sites where severe
outbreaks were observed in 2002 (221 cases/1,500 mz,
Fig. 2) was 12-fold greater than the highest average WS
abundance calculated for the other survey years (18 cases/
1,500 m? in 2009; Table 3). Considering the four severe
outbreak sites in 2002 to be outliers, the mean 1 SD WS
abundance across all survey years (2002-2009) is 10.86 +
17. Thus, we calculate that WS abundances exceeding 28
cases/1,500 m” (overall mean + 1 SD) are anomalously
high and potentially of concern to reef managers. In 2009,
WS abundances were anomalous (Table 2) at the three
sites—Rudder Reef, Opal Reef and 16-017S—where
abundance approached but did not exceed outbreak
thresholds based on 2002 levels.

The maps of outbreak likelihood developed here work
like an interactive decision-support tool in Google Earth™
facilitating monitoring and management responses by
showing outbreak likelihood at the scale of an individual
reef. Two versions of the tool were produced: (1) a publicly
accessible tool based on temperature stress and a coral

Table 2 WS abundance at 10 sites in the north-central GBR (see
Fig. 1) where ground-truthing surveys were conducted in 2009.
Outbreak likelihood designations are derived from the empirical
regression model (Eq. 3, “Methods”)—the ‘high’ outbreak likelihood
designation requires >26% coral cover and an MPSA value >0.35°C.

Table 3 Mean WS abundance for each survey year (), and the mean
WS abundance across all sites and years. WS abundance values that
exceed the mean across all sites and years plus one standard deviation
are anomalous

Year WS abundance
(cases/1,500 m? + 1 SD)
2002/03 20.11 4 29.2%
2003/04 6.34 + 8.58
2004/05 8.45 + 12.23
2005/06 8.54 + 1391
2006/07 8.78 £+ 13.37
2007/08 14.88 £+ 14.18
2009 17.98 £ 15.3°
Across all sites and years® 10.86 £ 17
‘Anomalous’ WS abundance values >28

? Excludes four severe outbreaks, see Fig. 2
° Extrapolated from 500 m>

cover overlay from the AIMS LTMP long-term average
coral cover data sets (as in Fig. 3), which works to limit the
potential for the images to be misinterpreted by the public
or the media and (2) a version developed for researchers
and managers that complements version 1, but is based
only on temperature stress. Version 2 requires users to
interpret images based on the knowledge of coral cover in
an area because, although state-of-art, the GBR-wide coral
cover data sets use spatial modeling to estimate coral cover
for sites not surveyed, resulting in potential inconsistencies
between estimates and actual cover. As such, version 1
could incorrectly assess outbreak likelihood to be low at
sites where coral cover is estimated to be lower than it

Differences in WS abundance between the two-site groupings (high
and low outbreak likelihood) are significant (#8) = 3.05, P = 0.01),
and abundance levels in bold italics are anomalously high (see
Table 3)

Reef name Coral MPSA > 0.35°C Outbreak WS abundance
cover (%) likelihood (cases/1,500 m?)?
Opal Reef 48 Yes High 45.71
Rudder Reef 30 Yes High 35.23
Reef 16-017 60 Yes High 37.17
Agincourt Reef #4 33 Yes High 6.00
Chinaman Reef 20 No Low 8.46
Agincourt Reef #1 10 No Low 6.06
Mackay Reef 60 No Low 11.53
St. Crispin Reef 29 No Low 3.72
Low Island Reef 80 No Low 13.11
Pickersgill Reef 20 No Low 12.78

a Extrapolated from 500 m?
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actually is. When interpreted in combination with version
1, version 2 reduces the potential for such false negatives.

Discussion

The strong relationship found amongst thermal stress, Ac-
ropora abundance and WS abundance during the 2002
outbreak year enabled the development of an empirical
model, which was then used to map outbreak likelihood for
the GBR Marine Park from 2003 to 2009. From 2003 to
2008, outbreak likelihood was low throughout the GBR,
highlighting the uniqueness of the conditions that caused
the 2002 outbreaks. When outbreak likelihood was high at
four of ten north-central GBR sites surveyed in 2009, WS
abundances were anomalous at three of the four sites and
approached but did not exceed outbreak levels. This result
highlights that the regression model developed here suc-
cessfully targeted surveys at sites that can increase our
understanding of WS outbreak causation and/or serve as
trial sites for management actions to mitigate disease
impacts.

That WS abundances were anomalous but approached
rather than exceeded outbreak levels at the high outbreak
likelihood sites in 2009 could be explained by the lack of
bleaching in 2009 and the conservative nature of the coral
cover threshold used to develop the images of outbreak
likelihood. In bleached corals, loss of autotrophic capacity
as a consequence of loss of endosymbiotic algae can
compromise nutritional economy (Anthony et al. 2009;
Wooldridge 2009). As a result, maintenance of the surface
mucus layer (SML) and the associated microbial commu-
nities that are integral to coral health (Ritchie 2006; Bourne
et al. 2009) can be compromised, potentially allowing
growth of pathogens (Bourne et al. 2009). Exemplifying
this, following severe thermal stress and widespread
bleaching of corals in the north-eastern Caribbean during
2005 (Wilkinson and Souter 2008), disease observations
increased 13- to 51-fold compared with pre-bleaching
levels of disease (Miller et al. 2009). On the GBR in 1998,
a spatially extensive and severe bleaching event (Berkel-
mans and Oliver 1999) preceded the first observations of
WS (reviewed in Willis et al. 2004), though WS abundance
in 1998 was far lower than observed in 2002. Similarly, the
first reports of severe WS outbreaks in 2002 were preceded
by the most severe bleaching event recorded on the GBR
(Berkelmans et al. 2004). Although bleaching tended to be
minor in 2002 for reef areas that included the WS outbreak
sites (Berkelmans et al. 2004), it is likely that sub-lethal
bleaching effects would have increased the susceptibility of
corals to disease at these sites (Bourne et al. 2009;
Wooldridge 2009). In contrast, almost no bleaching was
observed in the north-central GBR in 2009 (GBRMPA
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2009), thus it is less likely that host resistance mechanisms
were impaired, potentially explaining that abundances were
close but not beyond outbreak levels in this year.

Coral cover at sites assessed as having high outbreak
likelihood in 2009 (mean of 31%) was less than half that at
any of the 2002 severe outbreak sites (min of 65%),
highlighting the need for further records of thermal stress,
host abundance and WS abundance to refine host density
thresholds for WS outbreaks. The 2009 survey results
suggest the host density threshold for a WS outbreak lies
between 35 and 65%. Importantly though, it is also likely
that the host density threshold for an outbreak depends in
part on the severity of temperature stress, which would
affect both the condition of corals and their susceptibility to
pathogens (Lafferty and Holt 2003; Work et al. 2009).
Thus, when thermal stress is high, WS infections may
develop on corals with increased disease susceptibility at
multiple locations concurrently, reducing the relative
importance of high host density to facilitate disease spread.
Conversely, at lower thermal stress, rapid spread of WS
may require higher host density (see review in Harvell
et al. 2002). The regression model used here lends strong
support to these suggestions, as WS abundance during the
2002 outbreak year increased as both temperature stress
and host density increased but scaled more strongly with
coral cover than thermal stress (Table 1, Fig. 2).

Although WS abundances in 2009 did not reach the
2002 severe outbreak threshold, they were anomalously
high (>28 cases/1,500 m?, Table 3) at three sites where
outbreak likelihood was predicted to be high, raising
questions as to what abundance level should define a WS
outbreak on the GBR. In wildlife disease ecology, it is
commonly accepted that an outbreak is defined as the
occurrence of disease at levels greater than expected for a
given time and place (e.g., Wobeser 2006). Hence, WS
abundance at Rudder Reef, Opal Reef and 16-017S would
be consistent with an outbreak according to such defini-
tions, meaning that these sites do not, as we label them
above, constitute ‘false positive’ predictions by the model.
Heron et al. (2010) use a slightly different process to cal-
culate an outbreak threshold of 50 WS cases/1,500 m>.
These authors isolated unusually high disease events and
then took the mean and standard deviation of the maximum
of the remaining observed disease abundance each year,
following an iterative process that removed outliers at each
iteration (later designated outbreaks). To calculate our
threshold of 28 WS cases/1,500 mz, we consider the severe
outbreaks of 2002 as outliers and calculate the average of
the remaining abundance values. Future work in this area is
needed to further refine current understanding of what
constitutes a WS outbreak. We suggest using the lower
outbreak threshold level calculated here as a ‘threshold of
concern to managers’ and that it could be included as part
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of a precautionary approach for targeting management
responses.

The retrospective analysis of survey data from 2003 to
2008 suggested the model did not predict outbreak likeli-
hood to be low at a location where an outbreak occurred
(false negative). More supporting evidence was provided
for this in 2009, when outbreak likelihood was assessed as
high for the first time in the GBR since 2002, and ground-
truthing surveys showed no false negatives. From the
perspective of reef managers tasked with responding to
threats, avoiding false negative predictions is even more
important than avoiding false positives. False negative
predictions could lead to a reef visitor encountering an
outbreak of which managers had no knowledge, creating
awkward issues for managers tasked with interacting with
the public and potentially the media. Worse, false negative
predictions could result in a delayed management response
or, if the outbreaks are never observed, no management
response at all. Heron et al. (2010) found the number of
false positive predictions of disease outbreaks could be
minimised by including winter temperatures in a predictive
model for White Syndromes on the Great Barrier Reef,
since cold temperatures could knock back the pathogen
load. Winter temperatures have been excluded from the
model presented here. Targeted research and monitoring
requires resources but surveys revealing a model prediction
to be a false positive can increase our understanding of
outbreak causation. In future years, the targeted research
facilitated by the model presented here may increase our
understanding of the relative importance of winter versus
summer temperatures, at which point the case for com-
bining the model presented here with that of Heron et al.
(2010) may be better substantiated.

The means by which managers or conservationists might
contain outbreaks once they have started are certainly
limited and all, like phage therapy (Matsuzaki et al. 2005;
Rosenberg et al. 2007) and stimulating coral immune
systems (see examples for other invertebrates in Little and
Kraaijeveld 2004), are strictly experimental and likely to
be prohibitively expensive over all but small spatial scales.
Nevertheless, there is a need to know where disease out-
breaks are occurring, given the responsibility managers
have to communicate about the condition of reefs. Aside
from communication-based awareness-raising efforts,
managers can work towards identifying Reef-wide man-
agement strategies for mitigating disease impacts in two
ways: (1) by testing the effectiveness of reactively miti-
gating anthropogenic stress that could otherwise lengthen
recovery timeframes at outbreak sites (e.g., water quality
and physical stressors, Maynard et al. 2009) and (2) work
with researchers to increase our understanding of the role
of process level actions like herbivory and predation by

butterflyfish on disease transmission (Aeby and Santavy
2006).

A disease response plan has been developed collabora-
tively with marine managers in Australia (Beeden et al. in
review), and our model-based tools (versions 1 and 2),
forms part of the early warning system within the plan. In
combination with: (1) a volunteer monitoring network used
to ground-truth predictions and (2) a seasonal outlook of
disease risk based on preceding winter conditions produced
by the model presented in Heron et al. (2010), our tool will
enable more surveys at sites predicted to have high out-
break likelihood. Such surveys can, when combined with
experimental research on disease causality, lead to further
increases in our understanding of outbreak causation and
further refinements of the model presented here. Insight
could also be gained by integrating the disease model
presented here with physiological stress models (e.g.,
Anthony et al. 2009), which would represent an important
step towards a more mechanistic framework for predicting
disease outbreak likelihood.

Climate change projections (e.g., Meehl et al. 2007)
suggest that the conditions that caused severe outbreaks in
2002 and anomalous WS abundance levels in 2009 will
occur more frequently in the future. Above, we highlight
that an increased frequency and severity of bleaching
events in the future could increase disease susceptibility
and lower host threshold densities required for outbreaks.
This would significantly increase the chance of outbreaks
even on moderate cover (25-40%) reefs, which are far
more common than high cover (40+4%) reefs on the GBR
and throughout most of the Indo-Pacific. Accordingly,
developing new tools and refining existing ones like that
presented here will continue to be critical to increasing our
understanding of outbreak causation and could lead to the
capacity to produce more defensible projections of reef
state in an era of climate change.

In the iterative approach presented here, a predictive
model was constrained around conditions at sites where
disease outbreaks are known to have occurred in the past.
The model was then used to predict outbreaks and vali-
dated and refined when stressful conditions predicted out-
breaks would occur. This approach is already leading to an
improved understanding of disease causation, can facilitate
management responses and can be applied to other coral
diseases and/or other regions.
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