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Abstract

In 2013, the remote Tubbataha Reef UNESCO World Heritage Site, in the western Philip-

pines, experienced two ship groundings within four months: the USS Guardian (USSG), a

US military vessel, and the Min Ping Yu (MPY), an illegal Chinese fishing vessel. Here, we

present the results of coral disease assessments completed two years post-grounding and

recovery patterns monitored annually within these grounding sites. Site assessments were

undertaken in three distinct zones: ‘ground zero’, where reef was scoured to its limestone

base by direct ship impact; the ‘impact border’, containing surviving upright but damaged,

abraded and fragmented colonies injured during ship movement; and undamaged ‘control’

sites, remote from the ship groundings but located on the same atoll. Coral diseases were

dominated by white syndromes, and prevalence was an order of magnitude higher within

the impact border zones than within the other zones two years after the events. Hard coral

cover has steadily increased at a mean rate of 3% per year within the scoured USSG site at

a rate comparable to control sites. In contrast, recovery has been negligible within the rub-

ble-dominated MPY site, suggesting that substrate quality strongly influenced recovery pro-

cesses such as recruitment, as larvae do not survive well on unstable substrates. Long-term

recovery trajectories from these two grounding events appeared strongly influenced by

movement of the ship during and after each event, and site-specific wave-influenced persis-

tence of rubble and debris. High prevalence of coral disease among damaged but surviving

colonies two years post-grounding suggested long-term impacts which may be slowing

recovery and creating localized pockets of higher persistent disease prevalence than that of

the surrounding population.

Introduction

In 2013, two ship groundings occurred within four months on the remote and largely inacces-

sible atolls of the Tubbataha Reefs Natural Park (TRNP), in the western Philippines. On Janu-

ary 17, a US Navy minesweeper, the USS Guardian (USSG), ran aground on the northern tip

of the southern atoll, damaging 2,346 m2 of consolidated reef along the reef crest [1]which,
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prior to the grounding, supported an average of 38% live coral cover [2]. On April 8, the Chi-

nese fishing vessel,Min Ping Yu (MPY), ran aground along the southeastern margin of the

northern atoll, damaging an additional 3,902 m2 of coral garden reef community [1]. The shal-

low communities of both grounding sites were scoured to the limestone bedrock and large

debris fields were created by ship movement. The USSG site was exposed to prevailing-wind

swell and it took 72 days for the ship to be extracted. Rubble and debris were, however, quickly

transported off the site by wave action. In contrast, the MPY site was relatively sheltered gentle

slope, the boat was extracted in 11 days, but hit the reef three times before coming to rest (Fig

1). These conditions resulted in the persistence of rubble and debris within the grounding

footprint.

Ship groundings are acute, catastrophic events for corals that create shifting debris fields

which can extend the damage footprint and impede recovery. Coral recruits show low survival

on unstable rubble substrates [3,4] and may also be impacted by contaminants deposited by a

wreck [5]. These conditions provide opportunities for settlement of non-reef building species,

resulting in localized phase shifts or blooms [6,7]. Sudden loss of topographic complexity

impacts fish assemblages and may thus drive a shift in trophic structure which can take

decades to return to pre-grounding levels [7]. However, to our knowledge, no studies have, as

yet, investigated an association between ship grounding events and coral disease.

Our understanding of the processes that influence coral disease ecology has expanded due

to the increased attention diseases have received in recent decades as drivers of reef degrada-

tion [8–10]. Correlative experimental evidence demonstrates that prevalence and/or severity

of certain diseases are associated with a variety of environmental influences that include nutri-

ent enrichment [11–14], predation [15–17], warming sea surface temperatures [18], coral

bleaching [18–21], algal abrasion [22], host abundance [23], fouling by plastic debris [24], and

physical injury [25–28].

Physical injury to corals can facilitate the establishment of infectious disease by damaging

host tissues, thus stressing the host and creating entry wounds for opportunistic pathogenic

microbes. Corals have evolved a suite of responses to this threat with immediate, short-term

(minutes to days) immune strategies that include clotting, inflammation, immune-cell prolif-

eration, and melanin production [29,30]. Wound repair involves allocation of energy to tissue

regeneration and reattachment to the substrate or fusion to adjacent branches, which may take

days to weeks, depending on wound size [31,32]. However, when an acute catastrophic event

occurs resulting in massive, widespread injury among a population of corals, their immune

capacity and the speed at which they can heal may be inadequate to prevent microbial infec-

tion. Infectious microbes may spread quickly within a population of stressed and physically

damaged hosts. This could potentially trigger a disease outbreak resulting in longer-term

consequences.

The TRNP is one of the most pristine and intact reefs in the Philippines, partly due to its

inaccessibility from inclement seas nine months of the year. Covering a reef area of 130,028

ha, it consists of two main atolls (North and South; see Fig 1) and was declared a UNESCO

World Heritage Site in 1993. The grounding incidents were the first of their kind in this

atoll, resulting in catastrophic physical damage at two sites, within months of each other.

This report summarizes responses of the coral community to these events within this pristine

reef system. We document coral recovery processes and examine coral disease prevalence

within the impact footprint and in intact communities remote from the grounding sites. We

hypothesized that we would see evidence of higher disease prevalence among corals within

the grounding footprints than among those within undamaged control sites, which we posit

would show very low disease prevalence relative to less pristine reefs elsewhere in the Philip-

pines [33,34].

Ship groundings and coral disease
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Fig 1. Map of Tubbataha Reefs Natural Park (TRNP), showing grounding (star) and control (open circle) sites, with inset

of the Philippines, showing the position of TRNP (triangle). North Atoll: A.Min Ping Yu: http://gcaptain.com/chinese-

fishing-vessel-runs-aground-on-tubbataha-reef-in-philippines/. Date accessed: 12.12.17; Control Site = Site 1. South Atoll: B.

USSGuardian: http://globalbalita.com/wp-content/uploads/2013/01/USS-Guardian-grounded.3.jpg Date accessed: 12.12.17.

Control Site = Site 3. All photos are public domain and are therefore not subject to copyright law.

https://doi.org/10.1371/journal.pone.0202939.g001
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Methods

Reef recovery

For all work presented in this paper that was conducted within the TRNP, permission was

granted by the Tubbataha Management Office (TMO), which is the agency responsible for

managing the Park. Weather permitted brief access by a biological team to the USSG

grounding site four months after the incident, when two distinct zones were readily distin-

guishable within the grounding footprint: a ‘ground-zero’ zone where the ship hull had ini-

tially hit, characterized by reef scoured to limestone bedrock and no standing coral; and a

‘impact-border’ zone, where post-grounding ship movement and removal had occurred,

characterized by shifting rubble and breakage, toppling and abrasion of standing corals. In

May 2014 (17 mo post-grounding for the USSG and 15 mo post-grounding for the MPY),

one 4 m x 4 m fixed monitoring plot was established in each of these two zones and a third

plot in an adjacent undamaged control site 40 m from the impact-border, to monitor recov-

ery processes. These plots have been monitored annually during the summer calm season

when site access is possible.

In contrast, within the MPY site, ‘ground-zero’ and ‘impact border’ zones were less distin-

guishable due to the persistence of rubble, fractured colonies, and debris. Therefore, recovery

monitoring plots were set up on the fragments of corals left behind by the vessel. One plot was

established on the piles of small fragments and rubble (20–40 cm diameter; the ‘rubble zone’);

a second plot was established on reef pavement containing large fragments of corals shattered

by the rudder (~ 1 m diameter; the ‘large fragments zone’) (see S1 Fig). Lastly, a single control

plot was demarcated within the undamaged community 35 m distant to the impact area. These

plots were established simultaneously with those at the USSG site.

To monitor hard coral recovery, fixed plots were photographed with at least 50% overlap

between adjacent images, following the approach of van Woesik et al. [35]. This resulted in a

minimum of 90 images, each covering a 1 m x 1 m area, per 4 m x 4 m plot per year. For each

monitoring year, a randomly chosen subset of 30 images per plot was scored using the CPCe

program [36]. CPCe generated ten randomly-distributed points per image that were identified

by category (live hard coral, rubble, dead coral, pavement); all live corals were identified to

genus. Post hoc power analysis of per frame data per year showed that the probability of incor-

rectly accepting a false null hypothesis (i.e., incorrectly concluding that hard coral cover has

not changed) is less than 0.2 with an alpha of 0.05 and a desired ability to detect a 6% absolute

change in hard coral cover. We thus considered our n of 30 images to be adequate to detect

change within and between plots and monitoring years.

2015 two-year post-grounding disease surveys

Coral disease surveys were conducted two years after the grounding incidents, at the request

of the Tubbataha Management Office (TMO) to establish a baseline disease assessment for

the Park. Undamaged control sites were selected from among regularly monitored sites on

each atoll that housed previously established permanent transects of the TMO (Sites 1 and 3;

Fig 1). Replicate 20 m x 1 m belt transects that followed the 4 m depth contour (Site 1: n = 2

transects and 1,339 colonies censused; Site 3: n = 3 transects and 529 colonies censused). At

the grounding sites, hull scars were clearly visible two years after the events, and much of the

unconsolidated debris was gone. Because each ship grounded in a different position relative

to the shallow forereef and reef crest, grounding site transects could not be positioned simi-

larly to that of the control sites. Rather, replicate 10 m x 1 m transects were positioned

between 3 m and 5 m depth, within each of the ‘ground-zero’ and ‘impact-border’ zones, to

Ship groundings and coral disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0202939 September 12, 2018 4 / 17

https://doi.org/10.1371/journal.pone.0202939


allowed for specific placement of replicate transects within each damage zones. Thus, while

the position of these transects was dictated by the shape of the individual grounding site foot-

print, the depth, reef zone (i.e., shallow forereef), and amount of reef area surveyed were

comparable to those of the undamaged control sites. The number of transects was deter-

mined by the width of each zone (USSG: ground-zero: n = 9; west impact-border: n = 3; east

impact-border: n = 4; n = 285 colonies censused;MPY: ground-zero: n = 3; lagoonal impact-

border: n = 3; seaward near impact-border: n = 3; seaward far impact-border: n = 3; n = 274

colonies censused).

Along each belt, the coral community was surveyed as follows: all colonies were identified

to genus and binned into pre-established size classes (SC), based on maximum colony diame-

ter: SC1: 1–10 cm; SC2: 11–30 cm; SC3: 31–60 cm; SC4: 61–100 cm; SC5: 100–200 cm; SC6:

�200 cm. These size classes were developed in conjunction with previous assessments and

monitoring programs [13, 37–38], based on average colony sizes of common taxa. Each colony

was visually inspected and assessed for the following health impacts: coral diseases (white syn-

dromes, black band, brown band, skeletal eroding band, growth anomalies, ulcerative white

spots; see S2 Fig for examples of these diseases), signs of physical injury (colony fragmentation,

abrasion/ shearing, or fracture; see S3 Fig for examples of these injuries), persistent partial

mortality of unknown cause. Persistent partial mortality was defined as a previous assault to

a colony resulting in tissue loss with no resheeting, the cause of which was not discernible.

These lesions were marked by an area of bare skeleton fouled by turf algae and other encrust-

ing organisms, and an eroded border between the lesion and healthy tissue which, in some

cases, displayed a pigmentation response of the host coral but no signs of active tissue loss or

resheeting.

Data analysis

Prevalence was calculated for each impact (disease or damage) observed using the standard

formula [(no. colonies with impact X) / (total number of colonies)] � 100. Types of physical

damage (colony toppling, fracture, abrasion/ shearing, and breakage) were pooled for analysis

of prevalence between surveyed zones. Prevalence of individual diseases, damage, and partial

mortality were tested separately.

G-tests were used to examine differences in white syndrome prevalence between zones and

grounding sites, with a Williams’ correction for pairwise comparisons post-hoc, to determine

which comparisons were significant. Bonferroni multiple comparisons corrections were calcu-

lated to determine the appropriate p-value when testing for differences between zones (USS

Guardian: p< 0.05/6 = 0.0083; Min Ping Yu: p< 0.05/10 = 0.005). ANOVAs, with a Scheffe

post-hoc test, were used to examine prevalence differences in partial mortality and physical

damage between zones and grounding sites. Data sets that did not meet the assumptions of

normality (Kolmogorov’s test) and homoscedasticity (Levene’s Test) were appropriately trans-

formed. However, for data that were slightly non-normal but homoscedastic, ANOVA was

used as this test is considered robust to even moderate deviations from normality [39]. A step-

wise multiple linear regression was used to examine potential associations between disease

prevalence and coral colony density, breakage, and partial mortality, after affirming that collin-

earity did not exist among the three independent variables. Increment of determination tests

then examined which individual predictors were significantly contributing to the total r2 value;

nonsignificant predictors were then removed from the equation. A Kruskal-Wallis test was

used to examine change in percent hard coral cover between monitoring years, as data could

not be normalized with transformation.

Ship groundings and coral disease
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Results

Reef recovery

The USSG hit perpendicular to the reef front, creating the ground-zero scar, then swiveled and

came to rest parallel to the reef front, creating the impact border zones on either side of the ini-

tial hull scar (refer to Fig 1). One year post-grounding, the undamaged control plot showed

five times more live coral cover (22.3% ± 14.9%) than the ground zero plot (4.0% ± 6.2%) and

three times more coral than the impact-border plot (7.2% ± 10.5%). Coral recruits, mainly

Pocillopora, were observed within the plots during this survey, but did not persist into subse-

quent monitoring periods and rapid turnover has continued to the present. Hard coral cover

(HCC) steadily increased from 2014 onwards (Fig 2a), ranging from 1% to 4% per year per

plot (Table 1) and grounding site plots followed similar growth trends to control plots (Hadj =

1.04; p = 0.406). An exception to this trend was a visible decrease in HCC in all USSG sites in

2015, though growth has been positive since that time (Table 1, Fig 2a, S1 Table). Increase in

cover was largely driven by resheeting and growth of remaining corals, as recruits showed high

turnover. By 2017, long-lived taxa, particularly merulinids, were growing to appreciable size.

Fig 2. Percent live hard coral cover in monitored plots, determined annually from 2014 to 2017, based on three

fixed plots within each of the two grounding sites. (A) USS Guardian; (B)Min Ping Yu. Mean +/- SEM.

https://doi.org/10.1371/journal.pone.0202939.g002
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The MPY, having run aground in three spots within the impact footprint, created a single

discernible ground-zero hull scar where it finally came to rest (Fig 1). The extensive rubble

impact border zone created an impact footprint almost twice the area than that of the USSG

(3,902 m2 vs. 2,346 m2), and has persisted over time. One year post-grounding, coral cover in

the undamaged control plot (6.5% ± 0.1%) was twice that of the large fragment plot (3.4% ±
0.1%) and 20 times that of the fine rubble plot (0.3% ± 0.02%) (Fig 2b). The rubble and frag-

ment plots have shown significantly less to zero increase in hard coral cover over time (Hadj =

18.83; p< 0.001), suggesting that persistent unconsolidated substrate is hampering recovery at

this site.

2015 two-year post-grounding coral disease assessment

While undamaged control sites (Sites 1 and 3) displayed high colony densities and rare to

no disease and physical injury, there was evidence of acute coral disease (S2 Fig), persistent

partial mortality, and physical injury (S3 Fig) in both grounding sites two years after the events

(Table 2, S2 Table). White syndromes (WS) were the most prevalent diseases, observed in all

sites; other diseases were rare to absent. Signs of physical damage were very low to zero in con-

trol sites and highly variable in the grounding sites. Ground zero zones contained very little

coral, most of which were intact post-grounding recruits. Impact borders contained numerous

adult corals that showed higher disease, partial mortality, and physical injury prevalence.

Table 1. Mean (± SE) percent rate of change in hard coral cover between monitoring years in three plots within each of two grounding sites.

Plot Rate of Change Rate of Change Rate of Change

2014–15 2015–16 2016–17

USSGGround Zero -3.0 ± 0.01 3.0 ± 0.01 4.0 ± 0.02

Impact Border -1.0 ± 0.03 1.0 ± 0.03 3.0 ± 0.03

Adjacent Control -4.0 ± 0.05 4.0 ± 0.05 2.0 ± 0.05

MPY Rubble Zone 1.3 ± 0.01 0.0 -1.3 ± 0.01

Large Fragment Zone -2.7 ± 0.02 -0.7 ± 0.0 0.3 ± 0.0

Adjacent Control 5.9 ± 0.04 3.5 ± 0.05 -3.5 ± 0.04

https://doi.org/10.1371/journal.pone.0202939.t001

Table 2. Summary of impacts to coral health assessed from two ship grounding sites: Min Ping Yu (MPY) and USS Guardian (USSG). Mean prevalence (± SD) of the

following diseases is presented: WS = white syndromes; BBD = black band disease; BrB = brown band disease; SEB = skeletal eroding band; UWS = Ulcerative white spot;

GA = growth anomalies. Damage includes breakage, toppling, abrasion. Partial Mort refers to mortality with an unknown cause and without current tissue loss.

Mean ± SD reported.

Site Mean Colony No./

10m2
WS BBD BrB SEB UWS GA Total

Disease

Partial Mort Physical

Damage

USSG Ground

Zero

8 ± 3 2.9% ±
7.9%

0.05% ±
0.07%

0 0 0 0 2.9% ± 7.9% 0.2% ± 0.4% 7.8% ± 11.4%

USSG Impact

Border

31 ± 9 13.5% ±
5.4%

0 0 0 0 0 13.5% ±
5.4%

27.1% ±
13.2%

6.7% ± 6.2%

USSG Control

(3-S)

197 ± 164 1.5% ±
2.7%

0 0 0.3% ±
0.5%

0 0 1.6% ± 2.7% 1.9% ± 2.4% 0.3% ± 0.5%

MPY Ground

Zero

14 ± 9 8.9% ±
10.2%

0 0 0 0 0 8.9% ±
10.2%

0 10.4% ± 8.4%

MPY Impact

Border

28 ± 12 7.9% ±
8.2%

0.05% ±
0.07%

0.3% ±
0.9%

0.9% ±
1.7%

0 0.8% ±
1.7%

10.4% ±
9.9%

14.6% ±
13.9%

4.7% ± 5.6%

MPY Control

(1-N)

670 ± 437 2.2% ±
0.02%

0.05% ±
0.07%

0 0 0.17% ±
0.04%

0 2.4% ± 0.1% 3.1% ± 1.2% 0

https://doi.org/10.1371/journal.pone.0202939.t002
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WS prevalence differed significantly between grounding and control sites (Table 3). How-

ever, the pattern we observed was not a simple ‘grounding site vs. undamaged control site’ dif-

ference; impact-border sites showed significantly more disease than either the ground-zero

sites or the control sites, the latter two showing similar prevalence (Table 3). Neither WS nor

total disease prevalence differed between the two grounding sites, suggesting similar long-term

impacts of grounding damage. Physical damage differed between the zones and was lowest

within the control sites. However, variability within the grounding sites was high, as some col-

onies had healed over time, making past injuries difficult to discern, and loose material had

been transported by wave action; thus, differences were not significant (p> 0.05). Partial mor-

tality, however, showed similar patterns with that of disease prevalence; significantly higher

prevalence was observed within the impact border zones (Tables 2 & 3). We tested three poten-

tial drivers of WS prevalence patterns: host colony population density, persistent partial mor-

tality, and physical injury. Final stepwise regression reduced to models with single predictor

variables: Colony density explained 32% of the variation in total prevalence within the USSG

site (p = 0.030), but only 1.6% within the MPY site (p = 0.697) (Fig 3); persistent partial mortal-

ity (PM) was positively correlated with active WS lesions, explaining 35% of the variation in

WS prevalence in USSG and 31% in MPY. Further, colony density and partial mortality

were correlated within the USSG site (r = 0.562, p = 0.0235), but not within MPY (r = 0.02,

p = 0.949). In contrast, physical injury that was observable during our surveys was not signifi-

cantly associated with active WS at either grounding (Table 3).

The 2015 assessments showed a profound effect of the grounding events on the coral com-

munity size structure that were pronounced two years later, and which may have influenced

Table 3. Results of statistical analyses on patterns and drivers of coral-health impacts within the grounding zones

and sites.

Comparison Results

WS prevalence between ground zero, impact border, control MPY: G = 29.35; p(G) = 6.65 �10(-6)

USSG: G = 59.97; p(G) = 5.96�10(-13)

Total disease prevalence between ground zero & impact border MPY: G = 5.43; p(G) = 0.0198;

USSG: G = 13.139; p(G) = 0.00034

WS prevalence between ground zero, impact border, control, both

sites

Zone: ANOVA F = 3.991; p = 0.0303

Grounding site: ANOVA F = 0.037;

p = 0.8478

Scheffe post hoc: impact

border > control = ground zero

Total disease prevalence between zones and grounding sites Zone: ANOVA F = 7.234; p = 0.0028

Grounding site: ANOVA F = 0.248;

p = 0.6222

Scheffe post hoc: impact border > ground

zero = control

WS Prevalence MPY vs. USSG G = 1.684; p(G) = 1.00

Partial mortality prevalence between ground zero, impact border,

control, pooled grounding sites

Zone: ANOVA F = 8.755; p = 0.0012;

Grounding Site: ANOVA F = 0.337;

p = 0.717;

Scheffe post-hoc: impact border>ground

zero = control

Physical damage prevalence between zones, grounding sites pooled ANOVA F = 3.0389; p = 0.063

Final regression model of WS prevalence on breakage, colony density

and partial mortality as predictors, combined grounding sites

WS prev = 4.942 + 0.381(Partial Mortality);
n = 28; R2 = 0.337; F = 6.665; P< 0.001

Final regression model of WS prevalence at USSG site. WS prev = 4.942 + 0.381(Colony Density);
n = 16; R2 = 0.316; F = 5.900; P< 0.023

Final regression model of WS prevalence at MPY site. WS prev = 5.044 + 0.453 (Partial Mortality);
n = 12; R2 = 0.415; F = 5.704; P< 0.024

https://doi.org/10.1371/journal.pone.0202939.t003
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disease patterns. Ground-zero zones were almost completely reduced to a few colonies of the

smallest size classes, largely post grounding recruits <5cm in diameter (Fig 4). Likewise, col-

ony numbers were higher within impact-border zones, but still much lower than that of their

respective sites, and with few to no larger colonies. Within the MPY site, the number of colo-

nies per size class was an order of magnitude larger within the undamaged control site (33.5

col m-2) than within the ground-zero (1.5 col m-2) or the impact border (2.2 col/m2). A similar

pattern, though not as profound, was observed within the USSG site (9.9 col/m2, 0.8 col/m2,

and 3.1 col/m2, respectively). While this may be partly explained by influences of differing

Fig 3. Simple regression of colony density on total disease prevalence within the two grounding sites. Ground-zero

and impact-border zones pooled.

https://doi.org/10.1371/journal.pone.0202939.g003

Fig 4. Proportional size-class distribution of coral colonies within the Min Ping Yu and USS Guardian grounding

sites. Size classes are based on maximum colony diameter: 1: 1–10 cm; 2: 11–30 cm; 3: 31–60 cm; 4: 61–100 cm; 5: 1–2

m; 6:�2 m.

https://doi.org/10.1371/journal.pone.0202939.g004
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exposure regimes between the grounding and respective control sites, reduction in the range

of size classes points to a prolonged effect of the grounding incidents.

Discussion

This study provides the first report, to our knowledge, of long-term impacts of coral disease

and physical injury from multiple ship groundings on a pristine coral reef. The groundings

that occurred in early 2013 caused massive acute physical damage to corals in the reef zones

with the densest coral cover (shallow forereef to reef crest), which was apparent two years after

the events. Evidence of damage was obvious not only from the loss of reef structure, but also

visible as persistent partial mortality and coral disease. Disease prevalence within pristine

control sites and ground zero zones was lower than in most other sites surveyed within the

Philippines, but similar to values reported from well-managed MPAs in the Central Visayas

(Table 4). Conversely, disease prevalence, partial mortality and physical injury were highest in

the impact border zones and disease prevalence, in particular, was among the highest reported

in the country (Table 4). Our results suggested that these patterns were associated with preva-

lence of partial mortality and physical injury within these zones.

White syndrome dynamics

A grounding event causes immediate and drastic physical damage to corals and mobile debris

can continue to injure and abrade corals long after the initial damage. Two years after the

grounding events, colonies within the impact border sites showed partial mortality and disease

prevalence five to 15 times higher than in either ground-zero zones (dominated by post-

grounding recruits) or undamaged control sites. Further, these metrics were significantly posi-

tively correlated (Table 3), suggesting that a majority of lesions arose as a result of grounding

events and have persisted over time. We saw no other potential cause of partial mortality dur-

ing our surveys, as lesions did not resemble those caused by Crown-of-Thorns starfish (which

were not observed), parrotfish, or Drupella predation, or bleaching mortality. Interviews with

resident rangers and monitoring personnel did not reveal any other event which may have

explained the patterns of mortality we observed.

Table 4. Reports of coral-disease prevalence from studies completed within the Philippines; n refers to number of

sites.

Survey Location n Mean Total Disease Prevalence (+/-SD) Source

Central Visayas 4 11.6 +/- 2.8 [34]

Lingayen Gulf 4 5.1 +/- 1.4 [34]

SE Negros Island 15 23.9 +/-18.8 [33]

Tañon Strait 7 16.3 +/- 21.1 [33]

Bohol Sea 3 5.1 +/- 6.2 [33]

Palawan Island 2 4.9 +/- 1.3 [33]

Central Visayas Marine Protected Areas 5 2.8 +/- 0.9 [40]

Central Visayas paired fished 5 4.5 +/-1.2 [40]

Bantayan Island Marine Protected Areas 4 7.13 +/- 3.41 [41]

Bantayan Is. fished sites 5 2.26 +/- 2.27 [41]

Tubbataha control sites 2 3.5 +/- 1.8 This study

Ship grounding ‘ground-zero’ sites 2 1.9 +/- 1.4 This study

Ship grounding ‘impact-border’ sites 2 14.8 +/- 4.5 This study

https://doi.org/10.1371/journal.pone.0202939.t004
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The possibility of an undocumented WS outbreak in the months following grounding

damage should not be discounted and would account for high prevalence of both persistent

partial mortality and acute WS. Infectious disease entering a naïve but susceptible host pop-

ulation (as suggested by the very low disease prevalence within our control sites) may exhibit

high initial infection levels leading to an exponential increase in infected hosts, followed by

a transition to a chronic infection state typically manifested by lower but persistent disease

prevalence [42]. Corals surviving a disease may thus either recover and regrow tissue, or per-

sist with chronic, low-level infections. Re-infection could potentially occur if conditions are

favorable for the pathogen or stressful to the host [43]. This phenomenon has been described

forMontipora WS, which manifests both acute and chronic phases associated with different

invading organisms that result in similar rates of colony mortality and recovery [44,45].

In the case of our grounding sites, site inaccessibility prevented us from monitoring reef

responses in the months following the grounding events, which would have allowed us to

detect an outbreak. Our surveys did detect active WS infection associated with many partial

mortality lesions, but not all WS lesions were bordered by areas of partial mortality (suggest-

ing new sites of infection) and not all partial mortality lesions showed active WS. Further,

while physical injury was significantly higher within impact border sites than within other

zones, injury was not correlated strongly with disease patterns two years post-grounding.

Visible signs of tissue resheeting on colonies that had been toppled, broken or fragmented,

suggested that many injuries may have healed and initial prevalence of physical injury was

undoubtedly much higher than that recorded two years after the incidents. Together, these

observations suggest multiple and dynamic causes of the mortality we observed in the

impact border zones which are linked with the initial damage caused by the grounding

incidents.

White syndrome may, thus, be persisting among older colonies within the impact border

zone. This can be facilitated by interactions between the stress of physical injury and high

coral colony density, which was a positive driver of white syndrome prevalence within the

USSG grounding site (Fig 2), suggesting a density-dependent infection [46,47]. Longer-term

trajectories of white syndrome impacts on this population may be influenced by recruiting

juvenile colonies. Recruits entering into this population may be at risk due to the high preva-

lence of WS. Conversely, they may be less susceptible than the existing population and remain

unaffected in the absence of further stress, thus providing a means of recovery. Interestingly,

the MPY site did not evince a similar relationship between host density and disease prevalence

(Fig 2), which suggests that either coral density is below a threshold level that facilitates disease

spread or that there are other factors driving disease patterns at this site.

Healing and regeneration processes

In corals, tissue regeneration involves resheeting over bare skeleton, which otherwise becomes

rapidly colonized by fouling communities which impedes future resheeting. Roff et al. [48]

noted that physical injuries in corals trigger resource allocation toward the wound to initiate

healing, while lesions caused by a microbial agent trigger the opposite effect; resources are allo-

cated away from a disease lesion in an apparent attempt to starve the diseased tissue. Thus,

while acute physical trauma may stimulate healing, it also creates conditions favoring subse-

quent bacterial infection. As regeneration rate per unit area of colony surface is negatively cor-

related with lesion size [49,50] larger lesions may be at increased risk of pathogenic infection.

Thus, large lesions may persist over time [51] and become recruitment surfaces for other

organisms. Reinfection has been reported for black band disease [52] and has been observed

on WS infected colonies in Guam (Raymundo unpubl. data).
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Recovery processes

Long-term impacts of the grounding events within these pristine atolls will be dictated by the

success of recovery processes. The ground-zero zones were largely devoid of corals but recruit-

ment was evident and recruits were healthy. Recovery trends within the USSG site, in particu-

lar, indicate that slow-growing, long-lived corals began to play a significant role in coral cover

increase within four years post-grounding. However, the MPY site has not followed a similar

trend. It is interesting to note that, despite abundant large coral skeletal fragments providing

more colonizable space than the surrounding sand substrate, recovery has been slow to non-

existent. Persistent unconsolidated rubble has buried, abraded and injured recruits and small

colonies, which is preventing recovery. Unstable substrates created by physically destructive

events persist over time simply because natural recovery via recruitment is prevented [53,4].

Given the protected status of the TRNP, the role of fish in recovery is likely to be significant.

Within grounding sites, substrates were devoid of macroalgae and showed only sparse turf,

suggesting high herbivory. While we observed recruit mortality from corallivory, we hypothe-

size a greater positive impact on recovery via herbivory. The link between herbivory and ben-

thic resilience is well-established; herbivory controls algal abundance and protects high quality

recruitment substrates, thus facilitating coral growth and recruitment [54,55]. Wilson et al.

[56] described a complex relationship between coral decline and fish community change.

Where coral mortality did not result in the loss of reef structure, fish habitat was preserved and

fish declines were not observed. However, a loss of structure, such as with a grounding event,

can lead to algal blooms (as reported by [57]), with subsequent changes in the fish community,

resulting in a loss of coral-dependent species and increase in algal feeders. We predict that this

effect will diminish over time, as fish will recruit from surrounding healthy reef, facilitate res-

toration of the previous community. There were no macroalgal or cyanobacterial blooms

reported post-grounding either by monitoring teams or rangers within the Tubbataha ground-

ing sites.

Climate change, bleaching and the future

The TRNP is one of the best-managed marine protected areas within the Philippines and,

arguably, the world. Anthropogenic impacts, at present, have been minimized by a resident

ranger patrol presence, highly seasonal access to the site, limited dive boat anchorage, a strong

presence by scientific and management agencies, and a well-organized and committed man-

agement staff (the Tubbataha Management Office). However, local management efforts may

not be sufficient to maintain its current near-pristine condition in the face of global climate

change. It is likely that warming events, and the stress they place on corals, will have a deleteri-

ous effect on the reef’s ability to recover from damages such as grounding events in the future.

It is reasonable to assume disease outbreaks could occur in reef areas most affected by seasonal

temperature increases, with the threat to corals compounded by physical damage from dive

operations. Associations between temperature-induced bleaching and disease outbreaks have

been quantified for white syndrome [58,59] and black band disease [60,61,52], suggesting that

in an era of warming climate, certain coral diseases may increase in prevalence and/or severity.

Recent events may provide a view of future trends. In 2014, the Park underwent two bleach-

ing stress threshold events over a three-year period, with one of those events constituting

severe stress (“stress threshold” defined as DHW of 4˚-C weeks; “severe stress” defined as

DHW of 8˚-C weeks; [62]). The timing of this event corresponded with a loss of coral cover

that was detected in our 2015 fixed plots in the USSG grounding and control sites (Table 3),

but not in our randomly-sampled monitoring stations [2]. However, we note that the 2014

monitoring occurred prior to the bleaching season, so subsequent bleaching and/or a disease
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outbreak during that year would not have been detected until the following year as either par-

tial mortality or loss of coral cover. This event resulted in a setback that delayed recovery and,

if warming events increase in frequency as predicted, this could potentially result in a failure to

recover to the pre-grounding state.

Historically, TRNP experienced bleaching stress in the 1998 ENSO event [63], but between

1998 and 2014, there is little information about bleaching severity, as monitoring and active

management had not yet begun. Using Degree Heating Weeks (DHW) historical temperature

data to assess bleaching stress, Heron et al. [62] listed Tubbataha as one of the few World Heri-

tage Sites historically not severely affected by bleaching events over the past three decades.

However, future scenarios under both Representative Concentration Pathways (RCP 4.5

and RCP 8.5) predict severe bleaching events twice per decade by 2037 for RCP 4.5 and by

2030 for RCP 8.5 [62]. Thus, reducing CO2 emissions from the current track (RCP 8.5; the

“business-as-usual” scenario) to RCP 4.5 provides the TRNP with an additional seven years

of time to acclimatize to increased temperatures. However, this small grace period may not

improve conditions for the most susceptible species. As with other coral reef hot spots of

exceptional quality, drastic reductions in CO2 emissions are urgently needed to stave off

potentially huge losses in biodiversity and coral reef function. Managing local sources of addi-

tional stress is currently thought to be a strategy to reduce—but not eliminate—the impacts of

climate change [64]. In Tubbataha, localized stress is mainly derived from tourism operations,

which are concentrated during the warm summer season. Expanding such operations should,

therefore, be accompanied by determination of a diver carrying capacity [65], establishing a

monitoring program for dive sites to track changes in coral health associated with dive opera-

tions, and training of divers in minimizing physical damage to reef organisms [66]. In addi-

tion, maintaining the current level of protection, minimizing other sources of physical

damage, and ensuring high water quality are all essential to protection of this unique heritage

site.
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S1 Table. Raymundo, Licuanan, Kerr. Recovery Plots.xlsx—Spreadsheet for live coral percent
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S2 Table. Raymundo, Licuanan, Kerr. Coral Disease.xlsx—Spreadsheet for records of coral

disease by site, species, and size class.
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S1 Fig. Small and large rubble patches within the Min Ping Yu impact border zone. A.

small rubble patch (ground zero of hull impact scar to the left and large rubble in the fore-

ground); B. large rubble patch (ground zero of hull impact scar to the right). Photo credits: W.

Licuanan.

(JPG)

S2 Fig. Examples of diseases of corals in Tubbataha Reef Nature Preserve. A. White syn-

drome; B. Growth anomaly; C. Skeletal eroding band disease; D. Brown band disease; E. Ulcer-

ative white spot disease; F. Black band disease. Photo credits: L. Raymundo.

(JPG)

S3 Fig. Examples of physical injuries to corals. A. Colony fragmentation, which subsequent

reattachment (at red stars); B. Colony abrasion/shearing; C. Colony fracture. The original col-

ony is identified by the yellow circle; red stars identify fragments of the colony that were
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fractured from the colony on impact with the ship hull. Photo credits: L.J. Raymundo.

(JPG)

Acknowledgments

The authors gratefully acknowledge support and funding from the Tubbataha Management

Office for facilitating this work. We also thank the captain and crew of the MV Discovery Pala-
wan, the MY Navorca of World Wildlife Fund, Philippines, and the Tubbataha Ranger Team

for their dive support and commitment to conservation. We also thank Dr. A. Maypa for her

assistance in facilitating this project.

Author Contributions

Conceptualization: L. J. Raymundo, A. M. Kerr.

Data curation: L. J. Raymundo.

Formal analysis: L. J. Raymundo, W. L. Licuanan, A. M. Kerr.

Funding acquisition: L. J. Raymundo.

Investigation: L. J. Raymundo, W. L. Licuanan, A. M. Kerr.

Methodology: L. J. Raymundo.

Project administration: L. J. Raymundo.

Writing – original draft: L. J. Raymundo.

Writing – review & editing: W. L. Licuanan, A. M. Kerr.

References
1. Tubbataha Management Office. Ecosystem research and monitoring report. Tubbataha Protected Area

Management Board. Puerto Princesa City, Philippines. 2014; 71 pp.

2. Licuanan WY, Robles R, Dygico M, Songco A, van Woesik R. Coral benchmarks in the center of biodi-

versity. Mar Pollut Bull. 2017; 11: 1135–1140.

3. Fox HE, Mous PJ, Pet JS, Muljadi AH, Caldwell RL. Experimental assessment of coral reef rehabilita-

tion following blast fishing. Conserv Biol. 2005; 19: 98–107.

4. Raymundo L, Maypa A, Gomez ED, Cadiz P. Can dynamite-blasted reefs recover? A novel, low-tech

approach to stimulating natural recovery in fish and coral populations. Mar Pollut Bull. 2007; 54: 1009–

1019. https://doi.org/10.1016/j.marpolbul.2007.02.006 PMID: 17383687

5. Negri AP, Smith LD, Webster NS, Heyward AJ. Understanding ship-grounding impacts on a coral reef:

Potential effects of anti-foulant paint contamination on coral recruitment. Mar Pollut Bull. 2002; 44:

111–117. PMID: 11981977

6. Work TM, Aeby GS, Maragos JE. Phase shift from a coral to a corallimorph-dominated reef associated

with a shipwreck on Palmyra atoll. PLoS One. 2008; 3: e2989. https://doi.org/10.1371/journal.pone.

0002989 PMID: 18714355

7. Schroeder RE, Green AL, DeMartini EE, Kenyon JC. Long-term effects of a ship-grounding on coral

reef fish assemblages at Rose Atoll, American Samoa. Bull Mar Sci. 2008; 82: 345–364.

8. Pandolfi JM, Bradbury RH, Sala E, Hughes TP, Bjorndal KA, Cooke RG, McArdle D, McClenachan L,

Newman MJH, Paredes G, Warner RR, Jackson JBC. Global trajectories of the long-term decline of

coral reef ecosystems. Science. 2003; 301: 955–958. https://doi.org/10.1126/science.1085706 PMID:

12920296

9. Harvell CD, Jordan-Dahlgren E, Merkel S, Rosenberg E, Raymundo L, Smith GW, Weil E, Willis B.

Coral disease, environmental drivers, and the balance between coral and microbial associates. Ocean-

ography. 2007; 20:24

10. Precht WF, Gintert BE, Robbart ML, Fura R, van Woesik R. Unprecedented Disease-Related Coral

Mortality in Southeastern Florida. Sci Rep. 2016; https://doi.org/10.1038/srep31374 PMID: 27506875

Ship groundings and coral disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0202939 September 12, 2018 14 / 17

https://doi.org/10.1016/j.marpolbul.2007.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17383687
http://www.ncbi.nlm.nih.gov/pubmed/11981977
https://doi.org/10.1371/journal.pone.0002989
https://doi.org/10.1371/journal.pone.0002989
http://www.ncbi.nlm.nih.gov/pubmed/18714355
https://doi.org/10.1126/science.1085706
http://www.ncbi.nlm.nih.gov/pubmed/12920296
https://doi.org/10.1038/srep31374
http://www.ncbi.nlm.nih.gov/pubmed/27506875
https://doi.org/10.1371/journal.pone.0202939


11. Bruno JF, Petes LE, Drew Harvell C, Hettinger A. Nutrient enrichment can increase the severity of coral

diseases. Ecol Lett. 2003; 6: 1056–1061.

12. Sutherland K, Ritchie K. White pox disease of the Caribbean Elkhorn Coral, Acropora palmata. pp 289–

300 In: Rosenberg E., Loya Y. (eds) Springer, Berlin, Heidelberg. Coral Health and Disease. 2004.

13. Redding JRE, Myers-Miller RL, Baker DM, Fogel M, Raymundo LJ, Kim K. Link between sewage-

derived nitrogen pollution and coral disease severity in Guam. Mar Pollut Bull. 2013; 73: 57–63. https://

doi.org/10.1016/j.marpolbul.2013.06.002 PMID: 23816306

14. Vega Thurber RL, Burkepile DE, Fuchs C, Shantz AA, McMinds R, Zaneveld JR. Chronic nutrient

enrichment increases prevalence and severity of coral disease and bleaching. Glob Chang Biol. 2013;

https://doi.org/10.1111/gcb.12450 PMID: 24277207

15. Antonius A, Riegl B. A possible link between coral diseases and a corallivorous snail (Drupella cornus)

outbreak in the Red Sea. Atoll Res Bull. 1997; 447: 1–9.

16. Nugues MM, Bak RPM. Brown band syndrome on feeding scars of the crown-of-thorns starfish

Acanthaster planci. Coral Reefs. 2009; 28: 507–510.

17. Sussman M, Loya Y, Fine M, Rosenberg E. The marine fireworm Hermodice carunculata is a winter res-

ervoir and spring-summer vector for the coral-bleaching pathogen Vibrio shiloi. Environ Microbiol. 2003;

5: 250–255. PMID: 12662172

18. Dalton SJ, Godwin S, Smith SDA, Pereg L. Australian subtropical white syndrome: a transmissible, tem-

perature-dependent coral disease. Mar Freshw Res. 2010; 61: 342–350.

19. Harvell CD, Kim K, Quirolo C, Weir J, Smith GW. El Niño associated bleaching in Briareum asbestinum

(Gorgonacea) and subsequent mortality from disease in the Florida Keys. Hydrobiologia. 2001; 460:

97–104.

20. Muller EM, Rogers CS, Spitzack AS, van Woesik R. Bleaching increases likelihood of disease on Acro-

pora palmata (Lamarck) in Hawksnest Bay, St John, US Virgin Islands. Coral Reefs. 2007; 27: 191–

195.

21. Williams GJ, Knapp IS, Work TM, Conklin EJ. Outbreak of Acropora white syndrome following a mild

bleaching even at Palmyra Atoll, Northern Line Islands, Central Pacific. Coral Reefs. 2011; 30: 621.

22. Nugues MM, Smith GW, Hooidonk RJ, Seabra MI, Bak RPM, van Hooidonk RJ, Seabra MI, Bak RPM,

Hooidonk RJ, Seabra MI, Bak RPM. Algal contact as a trigger for coral disease. Ecol Lett. 2004; 7:

919–923.

23. Myers RL, Raymundo LJ. Coral disease in Micronesian reefs: a link between disease prevalence and

host abundance. Dis Aquat Organ. 2009; 87: 97–104. https://doi.org/10.3354/dao02139 PMID:

20095245

24. Lamb JB, Willis BL, Fiorenza EA, Couch CS, Howard R, Rader DN, True JD, Kelly LA. Plastic waste

associated with disease on coral reefs. Science 2018; 2010: 26–29

25. Page CA, Willis BL. Epidemiology of skeletal eroding band on the Great Barrier Reef and the role of

injury in the initiation of this widespread coral disease. Coral Reefs. 2007; 27: 257–272.

26. Lamb JB, Willis BL. Using Coral Disease Prevalence to Assess the Effects of Concentrating Tourism

Activities on Offshore Reefs in a Tropical Marine Park. Conserv. Biol. 2011; 25:1044–1052 https://doi.

org/10.1111/j.1523-1739.2011.01724.x PMID: 21848962

27. Williams GJ, Aeby GS, Cowie RO, Davy SK. Predictive Modeling of Coral Disease Distribution within a

Reef System. PLoS One. 2010; 5:e9264 https://doi.org/10.1371/journal.pone.0009264 PMID: 20174663

28. Katz SM, Pollock FJ, Bourne DG, Willis BL. Crown-of-thorns starfish predation and physical injuries pro-

mote brown band disease on corals. Coral Reefs. 2014; 33: 705–716.

29. Palmer C V, Mydlarz L, Willis B. Evidence of an inflammatory-like response in non-normally pigmented

tissues of two scleractinian corals. Proc R Soc B. 2008; 275: 2687–2693. https://doi.org/10.1098/rspb.

2008.0335 PMID: 18700208

30. Gochfeld D, Aeby G. Antibacterial chemical defenses in Hawaiian corals provide possible protection

from disease. Mar Ecol Prog Ser. 2008; 362: 119–128.

31. Ruesink JL. Coral injury and recovery: matrix models link process to pattern. J Exp Mar Bio Ecol. 1997;

210: 187–208.

32. Lozada-Misa P, Kerr AM, Raymundo L. Contrasting lesion dynamics of white syndrome among the

scleractinian corals Porites spp. PLoS ONE. 2015; 10: e0129841 https://doi.org/10.1371/journal.pone.

0129841 PMID: 26120844

33. Kaczmarsky L. Coral disease dynamics in the central Philippines. Dis Aquat Organ. 2006; 69: 9–21.

https://doi.org/10.3354/dao069009 PMID: 16703762

34. Raymundo LJH, Reboton C., Rosell K, Kaczmarsky L. Coral disease on Philippine reefs: Porites is a

dominant host genus. Dis Aqua Org. 2005; 64: 181–191.

Ship groundings and coral disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0202939 September 12, 2018 15 / 17

https://doi.org/10.1016/j.marpolbul.2013.06.002
https://doi.org/10.1016/j.marpolbul.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23816306
https://doi.org/10.1111/gcb.12450
http://www.ncbi.nlm.nih.gov/pubmed/24277207
http://www.ncbi.nlm.nih.gov/pubmed/12662172
https://doi.org/10.3354/dao02139
http://www.ncbi.nlm.nih.gov/pubmed/20095245
https://doi.org/10.1111/j.1523-1739.2011.01724.x
https://doi.org/10.1111/j.1523-1739.2011.01724.x
http://www.ncbi.nlm.nih.gov/pubmed/21848962
https://doi.org/10.1371/journal.pone.0009264
http://www.ncbi.nlm.nih.gov/pubmed/20174663
https://doi.org/10.1098/rspb.2008.0335
https://doi.org/10.1098/rspb.2008.0335
http://www.ncbi.nlm.nih.gov/pubmed/18700208
https://doi.org/10.1371/journal.pone.0129841
https://doi.org/10.1371/journal.pone.0129841
http://www.ncbi.nlm.nih.gov/pubmed/26120844
https://doi.org/10.3354/dao069009
http://www.ncbi.nlm.nih.gov/pubmed/16703762
https://doi.org/10.1371/journal.pone.0202939


35. van Woesik R, Gilner J, Hooten AJ. Standard operating procedures for repeated measures of process

and state variables of coral reef environments. Melbourne: Coral Reef Targeted Research and Capac-

ity Building for Management Program, The University of Queensland. 2009.

36. Kohler KE, Gill SM. Coral Point Count with Excel extensions (CPCe): A Visual Basic program for the

determination of coral and substrate coverage using random point count methodology. Comput Geosci.

2006; 32(9): 1259–1269.

37. Maynard J, McKagan S, Raymundo L, Johnson S, Ahmadia G, Johnston L, Houk P, Williams G, Kendall

M, Heron S, van Hooidonk R, Mcleod E. Assessing relative resilience potential of coral reefs to inform

management in the Commonwealth of the Northern Mariana Islands. Silver Spring MD: NOAA Coral

Reef Conservation Program. NOAA Tech Mem CRCP 22; 2015.

38. Raymundo LJ, Baker DM, Kim K. Preliminary report on a field expedition to Chuuk, FSM, June 2013:

Linking water quality and coral health. Final Project Report. 2013.

39. Underwood AJ. Experiments in Ecology: Their Logical Design and Interpretation Using Analysis of Vari-

ance. Cambridge University Press, Cambridge. 1997.

40. Raymundo LJ, Halford AR, Maypa AP, Kerr AM. Functionally diverse reef-fish communities ameliorate

coral disease. Proc Natl Acad Sci. 2009; 106: 17067–17070. https://doi.org/10.1073/pnas.0900365106

PMID: 19805081

41. Raymundo LJ, Diaz R, Miller A, Reynolds T. Baseline surveys of proposed and established Marine

Sanctuaries on Bantayan Island, Northern Cebu. UOG Marine Lab Tech Rep 141. 2011.

42. Madden LV, Hughes G, van den Bosch F. The Study of Plant Disease Epidemics. St. Paul, Minnesota,

The American Phytopathological Society; 2007.

43. Mydlarz LD, Jones LE, Harvell CD. Innate immunity, environmental drivers, and disease ecology of

marine and freshwater invertebrates. Annu Rev Ecol Syst. 2006; 37: 251–288.

44. Work TM, Russell R, Aeby GS. Tissue loss (white syndrome) in the coral Montipora capitata is a

dynamic disease with multiple host responses and potential causes. Proc R Soc B Biol Sci. 2012; 279:

4334–4341.

45. Aeby GS, Ross M, Williams GJ, Lewis TD, Work TM. Disease dynamics of Montipora white syndrome

within Kaneohe Bay, Oahu, Hawaii: distribution, seasonality, virulence, and transmissiblity. Dis. Aquat.

Organ. 2010; 91:1–8 https://doi.org/10.3354/dao02247 PMID: 20853736

46. Lafferty KD, Holt RD. How should environmental stress affect the population dynamics of disease? Ecol

Lett. 2003; 6: 654–664.

47. Selig E, Harvell C, Bruno J, Willis B (2006) Analyzing the relationship between ocean temperature

anomalies and coral disease outbreaks at broad spatial scales. Coral Reefs Clim Chang: Sci Manag.

Coast Estuar Studies 61. 2006.

48. Roff G, Hoegh-Guldberg O, Fine M. Intra-colonial response to Acroporid “white syndrome” lesions in

tabular Acropora spp. (Scleractinia). Coral Reefs. 2006; 25:255–264

49. van Woesik R. Lesion healing on massive Porites spp. corals. Mar Ecol Prog Ser. 1998; 164: 213–220.

50. Lozada-Misa P, Kerr AM, Raymundo L. Contrasting Lesion Dynamics of White Syndrome among the

scleractinian corals Porites spp. PLoS One. 2015; 10(6):14 pp.

51. Lirman D. Lesion regeneration in the branching coral Acropora palmata: effects of colonization, colony

size, lesion size, and lesion shape. Mar Ecol Prog Ser. 2000; 197: 209–215

52. Sato Y, Bourne DG, Willis BL. Dynamics of seasonal outbreaks of black band disease in an assemblage

of Montipora species at Pelorus Island (Great Barrier Reef, Australia). Proc R Soc B. 2009; 276: 2795–

2803. https://doi.org/10.1098/rspb.2009.0481 PMID: 19419991

53. Fox HE. Coral recruitment in blasted and unblasted sites in Indonesia: assessing rehabilitation potential.

Mar. Ecol. Prog. Ser. 2004; 269:131–139

54. Heenan A, Williams ID. Monitoring herbivorous fishes as indicators of coral reef resilience in American

Samoa. PLoS One. 2013; 8:10

55. Suchley A, Alvarez-Filip L. Herbivory facilitates growth of a key reef-building Caribbean coral. Ecol Evol.

2017; https://doi.org/10.1002/ece3.3620 PMID: 29299297

56. Wilson SK, Dolman AM, Cheal AJ, Emslie MJ, Pratchett MS, Sweatman HPA. Maintenance of fish

diversity on disturbed coral reefs. Coral Reefs. 2009; 28: 3–14.

57. Schroeder RE, Green AL, DeMartini EE, Kenyon JC. Long-term effects of a ship-grounding on coral

reef fish assemblages at Rose Atoll, American Samoa. Bull. Mar. Sci. 2008; 82:345–364

58. Willis BL, Page CA, Dinsdale EA. Corals disease on the Great Barrier Reef. In: Rosenberg E, Loya Y

(eds) Coral health and disease. 2004. Springer, Heidelberg, pp 69–104

59. Bruno JF, Selig ER, Casey KS, Page CA, Willis BL, Harvell CD, Sweatman H, Melendy AM. Thermal

stress and coral cover as drivers of coral disease outbreaks. PLoS Biol. 2007; 5: 8 pp.

Ship groundings and coral disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0202939 September 12, 2018 16 / 17

https://doi.org/10.1073/pnas.0900365106
http://www.ncbi.nlm.nih.gov/pubmed/19805081
https://doi.org/10.3354/dao02247
http://www.ncbi.nlm.nih.gov/pubmed/20853736
https://doi.org/10.1098/rspb.2009.0481
http://www.ncbi.nlm.nih.gov/pubmed/19419991
https://doi.org/10.1002/ece3.3620
http://www.ncbi.nlm.nih.gov/pubmed/29299297
https://doi.org/10.1371/journal.pone.0202939


60. Kuta K, Richardson L. Ecological aspects of black band disease of corals: relationships between dis-

ease incidence and environmental factors. Coral Reefs. 2002; 21: 393–398

61. Boyett HV, Bourne DG, Willis BL. Elevated temperature and light enhance progression and spread of

black band disease on staghorn corals of the Great Barrier Reef. Mar Biol. 2007; 151: 1711–1720

62. Heron SF, Eakin CM, Douvere F. Impacts of Climate Change on World Heritage Coral Reefs: A First

Global Scientific Assessment. UNESCO World Heritage Centre Rep. 2017.

63. Wilkinson C. Status of Coral Reefs of the World: 1998. Australian Institute of Marine Science. Towns-

ville, Australia. 2002; 378pp.

64. Hughes TP, Graham NAJ, Jackson JBC, Mumby PJ, Steneck RS. Rising to the challenge of sustaining

coral reef resilience. Trends Ecol Evol. 2010; 25: 633–642 https://doi.org/10.1016/j.tree.2010.07.011

PMID: 20800316

65. Davis D, Tisdell C. Recreational SCUBA diving and carrying capacity in marine protected areas. Ocean

Coast Manag. 1995; 26: 19–40

66. Lamb JB, True JD, Piromvaragorn S, Willis BL. SCUBA diving damage and intensity of tourist activities

increases coral disease prevalence. Biol Conserv. 2014; 178: 88–96.

Ship groundings and coral disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0202939 September 12, 2018 17 / 17

https://doi.org/10.1016/j.tree.2010.07.011
http://www.ncbi.nlm.nih.gov/pubmed/20800316
https://doi.org/10.1371/journal.pone.0202939

