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Coral disease prevalence has significantly increased under a changing climate,
impacting coral community structure and functionality. The impacts and ecology
of coral diseases are unclear in most high-latitude reefs (coral reefs above 28°
north and below 28° south). High-latitude locations are vulnerable to climate
change; therefore, identifying diseases and developing region-specific baselines
are important for local management. We report the first coral disease findings at
the UNESCO World Heritage listed Lord Howe Island Marine Park (31.5°S, 159°EF),
the southernmost coral reef system. This study assessed coral disease
prevalence during November 2018, March 2019 and October 2019. Surveys
from three lagoonal reefs identified four coral diseases: white syndrome, skeletal
eroding band, growth anomalies and endolithic hypermycosis impacting six coral
taxa (Acropora, Isopora, Montipora, Pocillopora, Porites and Seriatopora).
Overall, disease prevalence was 5 + 1% and significantly differed between time
and site. Disease prevalence was highest in November 2018 (10 + 1%) and
significantly lower during March 2019 (5 + 1%), coinciding with a bleaching event.
White syndrome was the most prevalent disease (4 + 1%) with 83 colonies of six
taxa affected, predominately /sopora. Acroporids recorded the highest disease
susceptibility, with three of the four diseases observed. Documenting baseline
coral disease prevalence and monitoring throughout a bleaching event assists
our understanding of disease ecology dynamics under current climate change
impacts at high-latitude reefs.

KEYWORDS

coral disease, world heritage listed, high-latitude reef, coral bleaching, subtropical, Lord
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1 Introduction

The Anthropocene is characterised by a global degradation of coral reefs (Pratchett
et al,, 2014; Hughes et al., 2018). The widespread degradation of coral reefs is due to local-
scale stressors such as water pollution, habitat degradation, invasive species domination
and overfishing (Wilkinson, 2000; Carpenter et al, 2008) and global scale stressors
resulting from climate change (Hoegh-Guldberg et al., 2007). Rising ocean temperatures
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have led to a notable surge in both coral bleaching incidents
(Sheppard, 2003; Hughes et al.,, 2017a; Hughes et al., 2017b;
Frolicher and Laufkotter, 2018; Lough et al., 2018; Sully et al.,
2019), and coral disease prevalence on coral reefs (Bruno et al,
2007; Harvell et al, 2007; Ruiz-Moreno et al., 2012; Maynard
et al., 2015).

Coral disease outbreaks are projected to escalate on a global
scale due to mounting local and global pressures. These pressures
are expected to enhance pathogen virulence, expand the pathogen’s
range, and prolong its survival (Maynard et al., 2015). Moreover,
these stressors contribute to heightened coral susceptibility to
diseases, reduced immune function, and the emergence of
previously unseen and opportunistic pathogens within the coral
reef environment. Coral diseases are becoming increasingly
widespread due to various non-biological stressors, such as
elevated water temperatures (Acby et al, 2020), sunlight light
intensity (Muller and van Woesik, 2009), pollution (Redding
et al, 2013; Page et al.,, 2023), sedimentation (Gintert et al.,, 2019),
degraded water quality (Thompson et al., 2014; Yoshioka et al,
2016), plastic pollution (Lamb et al., 2018), in-water recreational
activities (Lamb et al., 2014; Hein et al., 2015), proliferation of algae
and their spatial distribution (Nugues et al., 2004; Smith et al., 20065
Sweet et al., 2013; Casey et al., 2014), and eutrophication (Bruno
etal, 2003; Vega Thurber et al., 2014). These disease outbreaks and
occurrences pose a significant threat to coral reefs, as they lead to a
decline in coral fitness recorded as: reduced growth (Meesters et al.,
1994; Nugues, 2002; Stimson, 2011), decreased fecundity (Weil
et al., 2009; Stimson, 2011; Palmer and Baird, 2018), and increased
mortality (Miller et al., 2009; Precht et al., 2016), consequently
disrupting ecosystem function (Nugues, 2002; Haapkyld et al,
2013). Coral diseases have now gained recognition as one of the
most critical environmental issues affecting the Indo-Pacific region,
demanding urgent conservation attention (Sutherland et al., 2015).
The preservation of coral reefs is of paramount importance to
safeguard marine biodiversity and ecosystem health.

Coral disease was first recorded in the Caribbean in the 1970s
(Antonius, 1976). New coral diseases have since been identified
(Richardson, 1998; Rosenberg and Loya, 2013) with coral diseases
recorded beyond the Caribbean and across all major coral reef
ecosystems, including reefs of the Indo-Pacific (Willis et al., 2004;
Myers and Raymundo, 2009; Page and Stoddart, 2010; Montano
et al,, 2012; Schleyer et al., 2018; Subhan et al., 2020). On the Great
Barrier Reef (GBR), coral disease prevalence has been routinely
monitored through the Long-Term Monitoring Program (LTMP)
(Willis et al., 2004), with at least nine coral diseases identified,
including the first description of “white syndrome” a term used to
describe unidentified coral diseases showing signs of rapid tissue
loss resulting in white regions of exposed coral skeleton. Other
diseases include atramentous necrosis, black band disease, brown
band disease, growth anomalies, pink spot, skeletal eroding band,
ulcerative white spot syndrome, white syndrome, and white blotch
disease (Jones et al., 2004; Willis et al., 2004; Bourne, 2005;
Haapkyld et al., 2010). As such, studies on coral disease have
expanded 50 years, but overall, coral diseases have remained
poorly understood, with ambiguity in both disease identification
and diagnostics (Richardson, 1998; Work and Aeby, 2006; Work
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et al., 2008¢; Moriarty et al., 2020). Similarly, while coral disease
records have become more common throughout tropical reef
ecosystems, and recordings of coral diseases from subtropical
high-latitude reefs (coral reefs located below 28° south and above
28° north.) (Dalton and Smith, 2006; Dalton et al., 2010; Schleyer
et al., 2018), coral disease monitoring efforts have been patchy
through time and space across Australia’s high-latitude coral reefs.

The absence of comprehensive historical long-term data on
disease identification, ecology and prevalence in high-latitude areas
has made it difficult for researchers to interpret baseline surveys
accurately representing disease prevalence in the area or potential
outbreak numbers across high-latitude coral reefs. The reefs of
Florida, USA are commonly referred to as high-latitude coral reefs
and are where coral disease monitoring efforts have continued for
over four decades (Richardson, 1998; Rosenberg and Loya, 2013). In
2014 a new disease, Stony Coral Tissue Loss Disease (SCTLD), was
reported on the reefs of Florida (Precht et al, 2016), with the
prevalence of the disease as high as 61%, causing significant
mortalities to boulder coral morphologies reducing coral
population densities to < 3% (Precht et al, 2016). STLD has
spread across reefs in the region and is now prolific in the wider
Caribbean (Alvarez-Filip et al., 2019; Weil et al, 2019). In
comparison, other high-latitude reefs have had fewer extensive
coral disease studies and report substantially less disease
prevalence, for example, South Africa’s Sodwana Bay 1.9-5.7%
(Schleyer et al., 2018), the Northwestern Hawaiian Islands
0-7.09% (Aeby, 2006) and Eastern Australia’s Solitary Islands
6.21-13.58% (Dalton and Smith, 2006). In 2003, the subtropical
Solitary Islands experienced a concerning surge in the prevalence of
a unique white syndrome, which had a significant impact on six
common taxa of coral: Pocillopora, Stylophora, Turbinaria,
Acropora, Goniastrea and Porites (Dalton and Smith, 2006;
Dalton et al, 2010). The disease led to coral mortality, affecting
approximately 27% of the colonies that were afflicted (Dalton and
Smith, 2006). LHI’s neighbouring high-latitude island, Norfolk
Island is about 570 km north east of LHI, with similar coral taxa
(Moriarty pers. obs.). In 2020, a serious outbreak of a white
syndrome coral disease was triggered by heat stress and pollution
events affecting the reef-building taxa Montipora spp. in the Norfolk
Island lagoon (Page et al., 2023). During the outbreak, around 60%
of the Montipora community had been impacted, and the disease
severity increased by 54% during this period (Page et al., 2023). The
spatial distribution of the disease suggested a strong association
with exposure to poor water quality and the size class of coral
colonies (Page et al., 2023). This highlights the vulnerability of coral
reef ecosystem to the combined impacts of warming and pollution.

High-latitude reefs experience both lower water temperatures
and light in comparison to their tropical coral reef counterparts.
High-latitude coral reef ecosystems are widely reported as high-
value ecosystems, and potentially protected from the most extreme
impacts of climate change due to the reef’s geographic location at
the fringes of coral reef growth. These high-latitude coral reefs have
been hypothesised as sites of refuge (Riegl, 2003), potentially
providing resilience from warming ocean temperatures (Pandolfi
et al,, 2011). High-latitude reefs in Australia and Japan have also
already experienced the expansion of tropical corals moving
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poleward, suggesting these marginal reef locations are at risk of both
loss of endemics and habitat expansion of tropical species (Yamano
et al,, 20115 Baird et al., 2012). In essence, high-latitude coral reefs
are now recognised as at risk from local and global stressors, species
invasions, and associated impacts to the coral populations, such as
the emergence of coral disease. Here we surveyed the World
Heritage Listed coral reef lagoon of Lord Howe Island (LHI)
Marine Park from November 2018 to October 2019 to identify
the occurrence and prevalence of coral disease at the world’s
southernmost coral reef system. We also report a disease outbreak
and disease occurrence during a coral bleaching event, and in doing
so, aim to provide a comprehensive description of coral disease
ecology as a baseline for ongoing coral disease monitoring within
the LHI Marine Park.

2 Methods
2.1 Study site

This study was undertaken under the Department of Primary
Industries LHI Marine Park Research permit number: LHIMP/R/
18015/12112018. The lagoonal coral reef of Lord Howe Island
(31.5°S, 159°E, Figures 1A, B) was surveyed for benthic
composition and disease prevalence in November 2018, March
2019, and October 2019, at three sites Coral Gardens, Erscotts
and North Bay (Figure 1B). Lord Howe Island experiences tropical
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cyclones and thermal anomaly events (Steinberg et al., 2022;
Moriarty et al,, 2023). There have been four recorded mass
bleaching events recorded since 1998, resulting in mass mortality
and coral genera compositional changes (Harrison et al, 2011;
Dalton et al., 2020; Steinberg et al., 2022). Environmental
conditions vary across the reef sites, with Erscotts experiencing
high wave action and tidal influence, which is also evident at Coral
Gardens, whilst North Bay is a protected and sheltered bay
(Figure 1B). The three sites are also situated in three different
protection zones within the marine protected area (MPA), North
Bay inside the fully protected sanctuary zone (SZ), Erscotts is
located in the LHI lagoon SZ and Coral Gardens is situated inside
of the habitat protection zone HPZ.

2.2 Belt transects

Transect tape was laid haphazardly parallel to shore at one
depth interval of 0-5 m. Three 1 m x 20 m belt transects were
conducted at each of the three sites, North Bay, Erscotts and Coral
Gardens. Every hard coral colony within the three 1 m x 20 m belt
transects were classified as categorical conditions as healthy or
unhealthy based on typical disease signs. Unhealthy colonies were
further assessed for the seven varying compromised health
categories: diseased, bleached, injured, predation, dead,
partially dead, and competition (Figure 2). The diseased coral
colonies were further classified by disease and the characteristics

Lord Howe Island (black square) located ~600 km off the east coast of mainland Australia (A). The three study sites were located in the LHI lagoon,
North Bay (Red), Coral Gardens (Blue) and Erscotts Reef (Purple) (B) and their respective benthic compositions during November 2018 (C)
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Health categories were assigned to the coral colonies surveyed within the belt transects at three distinct sites (see Figure 1). The classification of
lesions on diseased corals was based on both the lesion’s location on the colony and the specific pattern it exhibited. These criteria for lesion
location and pattern have been adapted from the research conducted by Work and Aeby in 2006.

of the disease recorded, including the percentage of the coral
colony affected, the location of the unhealthy section on the
colony, shape of lesion, structure affected, lesion description (for
example, discolouration, tissue loss, growth) (Figure 2). The coral
colonies were identified to species level where possible along with
their respective growth form (branching, sub-massive, encrusting,
massive, tabular, staghorn and digitate). Coral diseases were
identified using visual classification and samples taken for
further disease examination later. Visual disease identification
was made using distinguishing features as seen in Moriarty
et al. (2020).

2.3 Benthic composition

Images were collected from the tape measure laid out for the
belt transects using a Nikon COOLPIX W300 underwater camera.
Three 1 m® photo quadrats were taken along each of the three
transects per site at 4-5 m, 12-13 m and 16-17 m. The images were
cropped to exhibit only the benthos within the quadrat and then
uploaded to the web-based annotation program CoralNet
(coralnet.ucsd.edu). Photographs were overlaid with 64 fixed
points, which were analysed to species and functional groups
(Table 1). Total live coral cover was recorded to genera and when
possible species level.
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2.4 Statistical analysis

Disease prevalence and health categories were determined by
calculating the proportion of damaged/visually unhealthy colonies
compared to the total number of coral colonies:

Prevalence (%)

_n of diseased or compromised health colonies

— x 100
N of coral colonies in transect

Prevalence was calculated for each: monitored month, site,
taxa, and coral disease. All statistical analysis was carried out in R
version 3.6.2. Benthic composition was calculated by counting the
number of each of the benthic categories observed and dividing it
by the number of total counts per transect and then averaging the
3 transects to get the site benthic composition. The benthic
composition was compared between sites (Sylph’s Hole, North
Bay and Coral Garden) using a one-way ANOVA and normality
tests performed. To investigate significant effects a Tukey’s post
hoc analysis was conducted within each site and each benthic
composition group. Disease prevalence was assessed using
generalized linear mixed effects models (GLMM) in R using the
package “glmmTMB” v1.0.1 for 1) health categories within sites,
between months, and between sites within months and 2) within
health categories for coral taxa within sites between months and
between sites within months. Site and month were fixed variables,
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TABLE 1 Benthic categories used during benthic community structure
analysis.

Benthic group

Species code  Species description

Stony coral Acr_arb Acropora arborescent
Acr_bra Acropora branching
Acr_dig Acropora digitate
Arc_tab Acropora tabular
Cypha Cyphastrea
Homo Homophyllia
Isopora Isopora cuneata
Para_austr Paragoniastrea australis
PocDam Pocillopora damicornis
Porites Porites
Seriatop Seriatopora hystrix
StPis Stylophora pistillata
Soft coral Soft Soft coral
Other Ascidian Ascidian
Dead stony coral D_coral Dead coral
Algae DeadAlg Recently dead coral with algae
Macro Macro algae
CCA Crustose coralline algae
Seagrass Seagrass Seagrass
Other invertebrates Sponge Sponge
Abiotic Silt Silt
Rock Rock
Sand Sand

and transect was used as a random effect. A Poisson and binomial
distribution were used, and best fit applied. Residual plots were
visually inspected for appropriate fit with regards to dependency
structure and deviations from homoscedasticity or normality. p-
Values were calculated by likelihood-ratio tests and were
considered significant using a confidence interval of 95% (alpha
level = p < 0.05).

3 Results
3.1 Benthic composition

A total of 27 photo quadrats were collected from each site of the
three monitoring months. The overall average hard coral cover at
LHI was 33 + 6%, average abiotic 30 + 6%, average algae 16 + 4%,
average dead hard coral 8 + 4%, average soft coral 6 + 3%, seagrass
5 + 4%. North Bay, Erscotts and Coral Gardens were dominated by
hard coral (46 + 13%, 31 + 8% and 52 + 11% respectively,
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Figure 1C), abiotic benthos (22 + 9%, 16 + 8% and 52 + 11%
respectively, Figure 1C) and algae (12 + 8%, 25 + 8% and 10 + 5%
respectively, Figure 1C). Soft coral contributed 11 + 10% at Coral
Gardens and only 1 + 1% and 5 * 3% at North Bay and Erscotts,
respectively. The benthic composition was not significantly different
between the sites (p > 0.05, Figure 1C).

3.2 Coral assemblage

Porites spp., Pocillopora damicornis, Stylophora pistillata,
Seriatopora hystrix and Isopora cuneata were the most abundant
corals between all sites and monitored months (Figure 3). Coral
assemblages within site and taxa did not change significantly over
time (p > 0.05; Figure 3A). Overall, the least abundant coral taxa at
all three sites were Acropora spp. In comparison, P. damicornis
had the highest individual number of coral colonies relative
abundance of all coral taxa at Coral Gardens and Erscotts.
Porites spp. was the highest relative abundant taxa at North Bay
(Figure 3A). Acropora had the least amount of individual coral
colonies between sites and months ranging from 1 + 0.2% SE to 7
+ 3% relative abundance in comparison to P. damicornis, which
had the highest relative abundance (17 + 5% to 48 + 7%;
Figure 3A). Acropora spp. colonies recorded were mostly
arborescent, staghorn and tabular and the largest in size of any
other coral taxa (Sups 1). Absolute abundance of coral taxa did not
differ statistically between sites and monitored months and within
sites between months (p > 0.05; Figure 3B). Erscotts observed the
most live coral colonies between the three monitored months (225
to 313 colonies; Figure 3B). Acropora spp. contributed to 20 = 7%
of the hard coral cover at LHI and was the highest overall taxa
between all three sites (Table 2). P. damicornis contributed the
second overall highest coral cover with 5 + 2%, contributing to the
second-highest coral taxa cover at North Bay (8 + 5%, Table 2).
The coral I. cuneata contributed to the second-highest percent
cover at Coral Gardens and Erscotts (6 + 5% and 5 + 2%

respectively, Table 2).

3.3 Coral disease surveys

Over the three monitoring months (November 2018, March
2019 and October 2019), a total of 1,751 coral colonies were
observed from 17 genera (Table 3). Of these, 442 (26%) of the
coral colonies showed signs of compromised health consistent
with disease or bleaching (endosymbiosis breakdown) (Table 4,
Figure 4). Coral disease accounted for 21% of the colonies
observed with compromised health, and “other” signs accounted
for 6% observed unhealthy colonies (Table 4, Figures 4, 5). During
March 2019, a mass coral bleaching event was recorded at LHI
(Steinberg et al., 2022; Moriarty et al., 2023) and was still evident
in October 2019 (Figure 4), during which time bleached corals
were the most frequently observed (73%) (including mortality,
partial mortality and 100% bleached colonies; Table 4; Figure 4).
Coral disease was highest in November 2018 (10 + 1%) and not as
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FIGURE 3

Coral taxa relative abundance (A) and absolute abundance (B) at Coral Garden (blue), Erscotts Reef (purple) and North Bay (Red) during November

2018 (NOV18), March 2019 (MAR19) and October 2019 (OCT19).

evident in March 2019 (5 + 1%, GLM; p = 0.0007, Figure 4A, due
to bleaching). Coral bleaching was not observed during the
November 2018 surveys (GLM; p = 0.0078, Figure 4). Where
disease was distinguishable from bleaching in March, Erscotts had
the highest disease prevalence (9 + 2%) compared to North Bay
(3 £ 2%) and Coral Gardens (2 + 1%), with Erscotts significantly
higher than Coral Gardens (GLM; p = 0.0084; Figure 4B). No coral
diseases were identified at Coral Gardens during October 2019
(Figure 4B). Erscotts highest coral disease prevalence was recorded
during November (9 + 2%) and March (9 + 3%) before significant

Frontiers in Ecology and Evolution

declines were recorded in disease prevalence in October (1 + 1%;
GLM; p = 0.0067 and GLM; p = 0.0086 respectively; Figure 4B).
North Bay had significantly higher disease prevalence during
November 2018 (10 + 3%) than that recorded in March (3 +
2%) and October (1 + 1%; GLM; p = 0.0023; GLM; p = 0.0049
respectively; Figure 4B). At Coral Gardens, disease prevalence in
November 2018 was 11 + 3%, whereas coral disease was difficult to
distinguish from bleached corals in March 2019 when prevalence
was 2 + 1% (GLM; p = 0.0032) and no disease was recorded in
October 2019 (Figure 4B).
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TABLE 2 Coral taxa percent cover at each of the three sites during November 2018.

Coral taxa Coral Gardens Erscott's North Bay
Mean (%) Mean (%) Mean (%)

Acropora arborescent 0 0 0 0 31 15
Acropora branching 0 0 4 3 0 0
Acropora digitate 0 0 0 0 0 0
Acropora tabular 10 10 15 10 0 0
Acropora (total) 10 10 19 10 31 15
Cyphastrea 0 0 1 1 0 0
Goniopora 0 0 0 0 0 0
Isopora cuneata 6 5 5 2 1 1
Paragoniastrea australensis 0 0 0 0 0 0
Pocillopora damicornis 5 2 1 1 8 5
Porites 0 0 3 1 2 1
Seriatopora hystrix 0 0 0 0 1 0
Stylophora pistilatta 0 0 2 1 2 2

Data is from the photoquadrats and represent the average (mean) proportion of hard coral cover (%) with the three most common per site highlighted in bold.

TABLE 3 Abundance of white syndrome (WS), growth anomalies (GA) and skeletal eroding band (SEB) coral disease for each taxa.

Family Taxa n WS GA SEB Predation
Acroporidae Acropora 64 7 2 6 5
Isopora 261 53 2 0 12
Montipora 10 1 0 0 0
Agariciidae Pavona 6 0 0 0 0
Lobophylliidae Acanthastrea 4 0 0 0 0
Echinophyllia 1 0 0 0 0
Homophyllia 15 0 0 0 0
Merulinidae Astrea 21 0 0 0 0
Cyphastrea 27 0 0 0 0
Favites 10 0 0 0 0
Paragoniastrea 17 0 0 0 0
Platygyra 49 0 0 0 0
Pocilloporidae Pocillopora 506 17 0 0 0
Seriatopora 186 4 0 0 2
Stylophora 276 0 0 0 0
Poritidae Goniopora 8 0 0 0 0
Porites 290 1 0 0 0
Total 1751 83 4 4 19
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TABLE 4 Total abundance and prevalence of observed compromised health in corals at LHI lagoon.

10.3389/fevo.2023.1194485

Condition n Total prevalence (%) Compromised health prevalence (%)
Bleached 135 8 31
Disease 93 5 21
Recent whole colony mortality 83 5 19
Partial mortality 103 6 23
Predation 17 1 4
Competition 6 0.5 1
Injured 5 0.5 1
Total 442 26% 100%
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FIGURE 4

Unhealthy coral prevalence at LHI of bleached (white), diseased (grey) and other (pink) during November 2018, March 2019 and October 2019 (A).
Prevalence of coral bleaching (white), disease (grey) and other abnormalities (pink) between Coral Gardens (blue), Erscotts Reef (purple) and North
Bay (red) (B). Significant differences were determined using GLM analysis (p <0.05). Asterisks indicate significant levels; * 0.05, ** 0.01, and *** 0.001.
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3.4 Coral health conditions

Three distinct coral health conditions were identified in the LHI
lagoon at Coral Gardens, North Bay and Erscotts and one
off transect:

(1) white syndrome (WS) (Figures 6A-F),

(2) skeletal eroding band (SEB) (Figure 6G),

(3) growth anomalies (GA) (Table 3, Figures 6I-L) and
(4) endolithic hypermycosis (EH) (Figure 6H, off transect).

The overall coral disease prevalence for LHI lagoon was 5 + 1%,
and a total of 93 colonies were found with disease conditions (WS,
SEB or GA) on all six coral genera, Acropora, Isopora, Montipora,
Pocillopora, Porites and Seriatopora (Table 3, Figure 6) (three hard
coral families, Acroporidae, Pocilloporidae, and Poritidae). The
Acroporidae family accounted for 76% of the diseased colonies
compared to Pocilloporidae and Poritidae, which only accounted
for 23% and 1%, respectively (Table 3). Six coral species were found

10.3389/fevo.2023.1194485

with coral disease, Acropora spp., Isopora cuneata, Montipora spp.,
Pocillopora damicornis, Porites spp. and Seriatopora hystrix
(Table 3, Figure 7). I cuneata was found to have the highest
abundance of disease, 55 colonies impacted by white syndrome.
In contrast, 21% of affected colonies were Acropora spp. (Table 3,
Figure 7). In October 2019, only one I. cuneata colony was observed
with a growth anomaly, found at Erscotts, one Acropora spp. colony
with SEB and one S. hystrix colony with white syndrome (Table 3,
Figure 6). White syndrome was recorded in all of the six taxa
impacted by disease and was most prevalent in Acropora spp. (12 +
6%) and I. cuneata (17 £ 5%; Table 3, Figure 7A). Growth anomalies
were present only in Acropora spp. and I. cuneata colonies, and
skeletal eroding band was only observed in Acropora spp. (Table 3,
Figure 7A). White syndromes had the highest overall prevalence of
4 + 1%, while growth anomalies and skeletal eroding band had
similar prevalence’s overall (0.3 + 0.1% and 0.4 + 0.3% respectively)
(Figure 8). White syndrome prevalence was highest at Erscotts (6 +
2%) in comparison to Coral Gardens (4 + 2%) and North Bay (3 +
1%) however, no significant differences were found between sites
and month for any of the three observed diseases (p > 0.05). White

FIGURE 5

Other coral ailments found at LHI. (A, B) Coral bleaching of P. damicornis and S. pistillata, (C) algae cover in a tabular Acropora colony, (D) galls in S.
hystrix from gall crabs, (E) invertebrate burrow in | cuneata, (F) predation of a tabular Acropora colony, (G) fish predation on | cuneata,

(H) invertebrate predation on I cuneata, (1) COTS predation on Turbinaria colony, (J) Drupella predation, (K) soft coral competion on tabular
Acropora colony, and (L) macro algae competition on a P. damicornis colony.
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syndrome was recorded at all three monitored months compared to
Coral Gardens and Erscotts, where no white syndrome was
recorded within the belt transects during October 2019 (Figure 8).
Growth anomalies were also found at all three sites with a similar
overall prevalence between Coral Gardens, Erscotts and North Bay
(0.3 £ 0.3%, 0.3 + 0.2% and 0.3 + 0.3% respectively; Figure 8).
Skeletal eroding band was only observed in transects at
North Bay (1 + 1%) and was found at all three monitoring
months (3 + 2%, 0.5 £ 0.5% and 0.5 + 0.5%; Figure 8). Endolithic
hypermycosis was recorded off transect in the LHI lagoon.

+

Endolithic hypermycosis was reported in a recently bleached
Porites spp. colony (Figure 5H).

3.5 Disease descriptions

Three of the four coral diseases (GA, SEB and WS) was recorded
in Acropora spp. colonies. I. cuneata and Porites spp. recorded two
of the four diseases (GA and WS and WS and EH, respectively). The
remaining taxa only recorded one disease (Table 3). White
syndrome was the most prevalent disease at LHI, impacting 83

10.3389/fevo.2023.1194485

colonies (Table 3, Figures 7, 8). White syndrome had the highest
taxa range (n = 6; Table 3, Figure 7). Lesion sizes for white
syndrome ranged from 1-90% of the colony (Table 5).

o WS was characterised as a disease displaying white symptoms
with a progression of tissue loss exposing the underlying coral
skeleton. Tissue loss impacted both the polyps and coenosarc of
colonies impacted by white syndrome, and lesion location on the
colony was observed over the entire colony with a diffuse pattern
(Table 5, Figures 9A, B).

» GAs were all located in the central regions of the coral colony,
and colonies had focal and multifocal growth anomalies (Table 5).
No damage or partial mortality or tissue loss was observed for
colonies impacted by growth anomalies (Figures 9C, D).

o SEB impacted the apical regions of medium to large Acropora
spp. colonies and was multifocal (Table 5) and was distinguished
from white syndrome because small Halofolliculina corallasia
(Figure 5F) were observed on the exposed skeleton, a
characteristic of SEB (Willis et al., 2004) (Figures 9E, F).

» EH impacted the apical regions on the Porites spp. colony and
was distinguished from normal pigmentation because pigmentation
was under the bleached tissue (Figures 9G, H).

FIGURE 6

Coral diseases recorded within the LHI lagoon between November 2018 and October 2019. (A—F) White syndrome found in (A) Homophyllia,
(B) / cuneata, and S. pistillata, (C) S. hystrix, (D) P. damicornis, (E, F) tabular Acropora, (G) skeletal eroding band in a tabular Acropora,

(H) endolithic hypermycosis in Porites. (I-L) growth anomalies: (1) bosselated /sopora growth anomaly, (J) umbonate /sopora growth anomaly,
(K) nodular Acropora growth anomaly and (L) exophytic Acropora growth anomaly.
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(A) Overall coral disease prevalence (%) found in the six impacted taxa, Acropora (ACR), | cuneata (ISO), Montipora (MNT), P. damicornis (PDAM),
Porites (POR) and S. hystrix (Seri) within the LHI Marine Park lagoon for the three diseases found within the transects, growth anomalies (purple),
skeletal eroding band (brown) and white syndrome (blue). (B) Coral disease prevalence in each of the six taxa during November 2018, March 2019
and October 2019 (respectively) and (C) between the three sites, Coral Gardens (blue rectangle), Erscotts Reef (purple rectangle) and North Bay (red
rectangle) for growth anomalies (purple), skeletal eroding band (brown) and white syndrome (blue).

Both WS and SEB affected colonies were closely examined for
corallivore snails, and crown-of-thorns starfish (COTS) as the
predation lesions can appear similar to the WS and SEB disease
lesions; however, none were found on or around surveyed colonies.
There was a total of three Drupella found throughout the three
monitored months in the LHI lagoon. COTS were observed at a
close-by reef at depths greater than 16 m.

4 Discussion

Coral diseases contribute to global coral reef declines impacting
the functionality and composition of reef systems (Bruno et al,
2007; Harvell et al., 2007; Thompson et al., 2014; Heres et al., 2021).
Although coral disease studies and identification has been well
established in the Caribbean reefs and the closer tropical reefs of the
GBR, baseline studies at sites such as the UNESCO World Heritage-
listed LHI Marine Park are lacking. Here we identify and describe
four coral diseases, their prevalence and susceptible coral taxa
within the lagoon of the LHI Marine Park. This study provides
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baseline coral disease data which is particularly important because
of ongoing impacts resulting from climate change which has already
caused detrimental impacts to the coral reef communities of LHI.
Considering this reef holds high ecological importance, a resource
such as this for managers would assist in identifying potential
threats to the reef in the face of climate change. LHI Marine Park is
the southernmost coral reef in the world, located approximately
600 km east of mainland Australia and over 1,000 km south of the
GBR. The LHI Marine Park is regularly utilised for recreational
fishing, SCUBA diving, snorkelling, surfing and commercial
tourism (e.g., glass bottom boat tours, fishing and sightseeing),
and the lagoon is subject to groundwater influxes, freshwater and
sediment runoff. Two successive bleaching events were reported in
2010 and 2011 (Harrison et al., 2011; Dalton et al., 2020), with four
individual coral bleaching events as a result of thermal stress
between 1998 (Harrison et al., 2011; Dalton et al., 2020) and 2019
(Steinberg et al, 2022; Moriarty et al., 2023). Predation by the
corallivore crown-of-thorns starfish has not been reported in the
LHI lagoon, but these species have been commonly observed at
depth around LHI (De Vantier and Deacon, 1990; Moriarty pers.
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obs.). In 2008 an outbreak of the sea urchin Tripneustes gratilla was
recorded at oftshore locations around the island, impacting the
densities of brown and red algae cover (Valentine and Edgar, 2010).

We surveyed three reefs within the LHI lagoon and found hard
coral cover within the LHI lagoon contributes 33 + 6% of the benthic
composition (Coral Gardens, Erscotts and North Bay, Figure 1). The
coral cover in the LHI lagoon is greater than other high-latitude reefs
such as the Bahamas (28 + 11%) (Weiler et al,, 2019), South Africa
(27%) (Schleyer et al., 2018), and lower than Japan’s Tatsukushi reef
on Shikoku Island (60%) (Denis et al., 2013) and Western Australia’s
Houtman Abrolhos Islands (> 70%) (Bridge et al., 2014). Algae cover
is similar to the islands of Hawaii (Vroom and Braun, 2010) and the
subtropical Solitary Islands (Dalton and Roff, 2013). Similar benthic
compositions were recorded at LHI for hard coral, algae and soft coral
in 1992-1993 (Harriott, 1999). In 1999 North Bay experienced high
abundances of cyanobacteria and dead coral following the 1998
bleaching event (Harriott, 1999). However, our study found that
hard coral cover was highest amongst the three sites at North Bay
(46 + 13%; Figure 1C), suggesting an increase in coral cover since
1999. The LHI reefs within the lagoon are dominated by colonies of
Porites spp., P. damicornis, S. pistillata, S. hystrix and I. cuneata at all
sites and between all monitored months (Figure 3A). P. damicornis
being the most common species at Coral Gardens and Erscotts (17 +
5%-48 + 7%) with Porites spp. dominating the coral colony
composition at North Bay (24 + 3%) and apart from the individual
taxa from the grouped “other taxa”, Acropora spp. is the least common
taxa in terms of colony abundance (1 + 0.2%-7 * 3%; Figure 3A).
However, the large Acropora spp. colonies contribute a significant

amount to the coral percent cover within the LHI lagoon (Table 2),
contributing few but large colonies contributing to the reef
composition. Acropora spp. is known to be susceptible to
perturbations and, in particular, disease globally (Patterson et al,
2002; Williams and Miller, 2005; Ainsworth et al., 2007; Work et al.,
2008a; Aeby et al.,, 2011; Irikawa et al,, 2011; Roff et al., 2011; Wilson
et al,, 2012; Brodnicke et al.,, 2019).

Disease prevalence at LHI was found to be low during the survey
period (5 + 1%; Figure 4) and similar to disease prevalence previously
reported on the southern GBR at Heron Island (August 2008; 4.22 +
1.72%) (Haapkyld et al, 2010) and the subtropical Solitary Islands
(Dalton and Smith, 2006). LHDs overall disease prevalence was also
similar to the remote high-latitude Northwestern Hawaiian Islands,
where overall prevalence ranged from 0.5% to 7.09% (Acby, 2006).
Three of the four diseases identified in LHI lagoon, white syndrome
(WS), growth anomalies (GA) and skeletal eroding band (SEB), have
previously been identified and described from Australia’s Great
Barrier Reef (Willis et al., 2004) with the exception of endolithic
hypermycosis (EH). We found coral disease in six scleractinian coral
genera over the 12-month period, with all three diseases present in
Acropora spp.

4.1 Coral diseases at LHI

The four coral diseases recorded at LHI over the 12-month
period is fewer in comparison to other Indo-Pacific reef systems. In

TABLE 5 Location and patterns of coral disease lesions of white syndrome, SEB and growth anomalies.

Lesion location on colony

Disease Central Peripheral Apical
White syndrome 83 14 13
SEB 6 0 0
Growth anomaly 4 4 0
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Lesion pattern

Middle Base Focal Multifocal Diffuse
16 37 8 0 0 83
6 0 0 ‘ 0 6 0
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comparison, six diseases have been recorded at Heron Island, GBR
(Haapkyla et al, 2010), five at Mansuar Island, Raja Ampat
Indonesia (Subhan et al., 2020), five at Wakatobi, southeast
Sulawesi, Indonesia (Haapkyld et al, 2007), four at Koh Tao,
Thailand (Lamb et al., 2014), five (possibly six) in the Maldives
(Montano et al,, 2012), six in the Philippines (Raymundo et al,
2018) and ten in the Northwestern Hawaiian Islands (Acby, 2006).

All four diseases reported at LHI have been recorded in the
Indo-Pacific. Growth anomalies have a global distribution
(Raymundo et al., 2005; Aeby, 2006; Work et al., 2008a; Irikawa
et al., 2011; Subhan et al., 2020; Aeby et al., 2021; Preston and
Richards, 2021) and have been recorded in at least 14 coral taxa
globally (Moriarty et al., 2020), here we recorded GAs in two taxa,
Acropora a spp. and L. cuneata (Table 3). GAs have been recorded
more commonly in Acropora species in Australia (Willis et al., 2004;
Haapkyld et al., 2010), Japan (Irikawa et al., 2011), French Frigate
Shoals, Johnston Atoll and American Samoa (Work et al., 2008a)
and India (Rajasabapathy et al,, 2020). Isopora growth anomalies
were less commonly documented, with recordings only in Cocos
Keeling Islands (Preston and Richards, 2021). The umbrella term
for an unidentified disease that is experiencing white symptoms is
called white syndrome. At LHI, we recorded white syndrome in five
coral taxa: Acropora spp., I. cuneata, Montipora spp., P. damicornis,
Porites spp., and S. hystrix. White syndrome has been recorded
simultaneously in one or more of these species and taxa in the GBR
(Willis et al., 2004; Haapkyla et al., 2010), Indonesia (Haapkyla
et al, 2007), Maldives (Montano et al., 2012), Philippines

10.3389/fevo.2023.1194485

(Raymundo et al., 2005), American Samoa (Wilson et al., 2012)
and Norfolk Island (Page et al., 2023). Although white syndrome is
found on coral reefs worldwide, it should be noted that individual
species and regions could be experiencing varying region-specific
diseases and have varying aetiologies. Skeletal eroding band was
only recorded in Acropora spp. at LHI, and this disease has been
recorded in Acropora spp., in the Maldives (Montano et al.,, 2012),
the GBR (Haapkyld et al,, 2010), and the Red Sea (Winkler et al.,
2004). The one recorded oft-transect endolithic hypermycosis was
found in a Porites spp. colony which was currently 100% bleached.
This was the only disease not reported in Acropora spp. and has
been reported to impact massive boulder coral morphologies in the
Pacific (Work et al., 2008b) and the Red Sea (Aeby et al., 2021).
Coral disease prevalence at LHI during the study period was
potentially declining over time, although surveys in March 2109
were confounded by the occurrence of coral bleaching, making
disease identification and distinguishing prior disease from
bleaching more complex (Figure 4). In November 2018, all three
sites were found to have similar disease prevalence. However, we
found that North Bay and Erscotts disease prevalence had
significantly declined in October 2019 compared to November
2018 (Figure 7). White syndrome was recorded at all three sites
but not at all survey months. White syndrome was recorded in
November 2018 and March 2019 at Coral Gardens and all three
months at Erscotts and North Bay. North Bay was the only site at
which all three diseases were recorded from the transects. Given the
slow recovery from bleaching recorded (Moriarty et al., 2023), it is

FIGURE 9

Coral diseases identified at LHI in 2018/2019. White syndrome (A, B), growth anomaly (C, D), skeletal eroding band (E, F), and endolithic

hypermycosis (G, H).
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also possible that post-stress disease emergence, if occurring, was
not distinguishable from bleaching recovery in October 2019. A
temporal offset between bleaching and post-bleaching disease
emergence has been found in many studies. For example, a coral
disease outbreak was reported in the US Virgin Islands nine months
following a coral bleaching event in 2005 (Miller et al., 2009). White
syndrome outbreaks have been reported in the winter of the year
after bleaching, indicating a link between cold ocean temperatures
up to two years after a bleaching event (Heron et al., 2010).

Interestingly, the Acropora spp. corals had the highest
prevalence of disease, and all three disease states found within the
transects were reported in Acropora spp. This pattern in disease
occurrence in a species with low coral cover was also found in the
GBR where pocilloporid species had the highest disease occurrence
but the least cover on the reef (Willis et al., 2004). Skeletal eroding
band was the first disease identified on the GBR and one of the most
prevalent, with reports of the disease found on 90-100% of 18 reefs
surveyed in 2004-2006, impacting about 82 hard coral species (Page
and Willis, 2008). This study, however, reported SEB as the second
most prevalent coral disease at LHI all of which were recorded on
Acropora species (Figures 7, 8). Globally Acropora spp. have the
highest number of disease reports in the literature (Ainsworth et al.,
2007; Work et al., 2008a; Aeby et al., 2011; Irikawa et al., 2011; Roff
etal., 2011; Muller et al., 2018; Rajasabapathy et al., 2020). Acropora
spp. is thus considered to be susceptible to heat stress and disease
(Brown, 1997; Madin et al., 2008; Aeby et al., 2011; Gilmour et al.,
2013; Hobbs et al,, 2015; Muller et al., 2018; Singh et al., 2019).
Acropora spp. diseases have been recorded on most coral reefs,
including on the Caribbean (Patterson et al., 2002; Sutherland and
Ritchie, 2004; van Woesik and Randall, 2017), GBR (Willis et al.,
2004; Haapkyld et al., 2010), Red Sea (Winkler et al., 2004;
Mohamed and Sweet, 2019; Aeby et al,, 2020; Aeby et al.,, 2021),
and the Indo-Pacific Ocean (Aeby, 2006; Haapkyld et al., 2007;
Montano et al., 2012). Acropora spp. dominated the reefs in the
Maldives before the 1998 bleaching event comprising
approximately 46% of the taxonomic composition reefs but now
only contributes 1% of the coral cover (Edwards et al., 2001).

The most severely impacted coral taxa on LHI during the 2019
bleaching event were: P.damicornis, S. pistillata, S. hystrix and
Porites spp (Moriarty et al., 2023). Furthermore, Acropora spp.
and I cuneata, two of the least susceptible to bleaching species at
LHI in 2019 (Moriarty et al., 2023) where the only two species in
which disease was observed during the bleaching event (Figure 7).
Interestingly, in contrast to observations documented in the Great
Barrier Reef where four diseases were identified (white syndrome,
skeletal eroding band, black band and an unidentified disease) on S.
pistillata (Willis et al., 2004), we found that although S. pistillata is
one of the most prevalent coral taxa at LHI (n = 276), we recorded
no signs of coral disease at any of the survey timepoints or at any of
the reef sites (Table 3, Figure 7).

5 Conclusions

The occurrence and prevalence of coral diseases at the World
Heritage Listed LHI could be the result of numerous factors such as,
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localised environmental parameters, host susceptibility and mode of
transmission, and the normal disease occurrence expected within a
population. To the best of our knowledge, this is the first coral
disease publication from LHI, documenting disease identification
and prevalence within the LHI lagoon. Importantly, coral disease
was recorded in Acropora spp., a taxa which dominates the LHI
lagoon benthos (Table 2) and had reported a higher thermal
tolerance than some of the other reef building important taxa
during the 2019 bleaching (Moriarty et al., 2023). Our
observations suggest Acropora spp. colonies are also experiencing
physiological perturbations, highlighting the need to identify
disease causation within the LHI Marine Park. Coral and algae
interactions have been linked with increased disease prevalence, and
algae have been identified as a possible reservoir for coral disease
pathogens (Nugues et al., 2004; Smith et al., 2006; Sweet et al., 2013;
Casey et al., 2014) as well as increased water temperatures (Bruno
etal., 2007; Ward et al., 2007; Heron et al., 2010; Ruiz-Moreno et al.,
2012; van de Water et al., 2018; Aeby et al., 2020). Interestingly,
algae composition is highest at Erscotts where coral disease was
most prevalent and could be a contributing factor to disease
prevalence (Figure 7C). In light of the bleaching event
documented on the reef in 2019, it is imperative to conduct
comprehensive and extended monitoring of the reef, including
the tracking of localised disease occurrence and prevalence. Such
efforts would provide management authorities with essential
information in regards to the health of the reef post the 2019
bleaching event.
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