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a b s t r a c t

While coral reefs are increasingly threatened worldwide, they are also increasingly used for recreational
activities. Given the environmental and socio-economic significance of coral reefs, understanding the
links between human activities and coral health and evaluating the efficacy of marine protected areas
(MPAs) as a management regime to prevent further deterioration are critically important. The aim of this
study was to quantify indicators of coral health at sites inside and outside a newly rezoned MPA
framework in the dive tourism hotspot of Koh Tao, Thailand. We found that patterns in the health and
diversity of coral communities one year on did not reflect the protected status conferred by newly zoned
MPAs, but instead reflected past history of recreational use around the island. Sites characterised as past
high-use sites had lower mean percent cover of hard corals overall and of corals in the typically disease-
and disturbance-susceptible family Acroporidae, but higher mean cover of species in the more weedy
family Agariciidae. Past high use sites also had higher mean prevalence of infectious diseases and other
indicators of compromised health. Sites within the newly established MPAs are currently subjected to
higher levels of environmental and anthropogenic pressures, with sedimentation, algal overgrowth,
feeding scars from Drupella snails, and breakage particularly prevalent compared to sites in non-MPA
areas. Given the greater prevalence of these factors within protected sites, the capacity of the MPA
framework to effectively prevent further deterioration of Koh Tao's reefs is unclear. Nevertheless, our
study constitutes a strong baseline for future long-term evaluations of the potential of MPAs to maintain
coral health and diversity on highly threatened reefs.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The accelerating pace of coral loss worldwide (Selig and Bruno,
2010; De'ath et al., 2012) and the need to understand the under-
lying causes of the declines are now widely recognised. There is no
single cause but rather multiple factors acting alone or in synergy,
such as rising sea surface temperatures (SSTs), ocean acidification,
and nutrient run-off (Jackson et al., 2001; Harvell et al., 2007;
Hoegh-Guldberg et al., 2008; Burke et al., 2012). All of these fac-
tors are likely to increase the impact of coral diseases on reef
community structure and associated ecosystem services, high-
lighting disease as another issue of growing concern. First
vironmental Sciences, James
lia.
. Hein).
described in the Caribbean in the 1970's (reviewed in Sutherland
and Ritchie, 2004), coral diseases have now been shown to affect
reefs worldwide and are increasingly threatening Indo-Pacific coral
reefs (Harvell et al., 2007; Willis et al., 2004; Myers and Raymundo,
2009; Weil et al., 2012), even at remote uninhabited reefs (Vargas-
Angel, 2009; Williams et al., 2011a,b). However, research on coral
disease is still in its infancy and there have been consistent calls for
further studies on causes of the increasing frequency of disease
outbreaks worldwide and on measures for their mitigation,
including the potential of marine protected areas (MPAs) to
ameliorate coral health (Richardson, 1998; Harvell et al., 1999,
2007; Raymundo et al., 2009; Roder et al., 2013).

Links between a range of environmental factors and increasing
disease prevalence suggest a role for changing climate in the rise of
coral diseases. In particular, recent studies suggest a link with
global warming and rising SSTs (Harvell et al., 2002; Bruno et al.,
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Fig. 1. Map showing locations of the six study sites around the Island of Koh Tao,
Thailand. Grey squares delimit the MPA framework. Black squares represent past high-
use sites; White circles represent past low-use sites.
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2007; Sato et al., 2009; Heron et al., 2010; Maynard et al., 2011;
Ruiz-Moreno et al., 2012). Evidence of rising disease prevalence
following bleaching events (Bruno et al., 2007; Maynard et al.,
2011) and seasonal patterns of disease outbreaks (Sato et al.,
2009; Haapkyla et al., 2011) also indicate that disease levels can
be high in the absence of local human pressures. Climate warming
could have the dual effect of increasing pathogen virulence while
decreasing coral host resilience (Harvell et al., 2002, 2007; Bruno
et al., 2007; Heron et al., 2010; Ruiz-Moreno et al., 2012). Other
abiotic factors associated with climate change, such as ocean
acidification (Williams et al., 2014), and anthropogenic stressors,
such as escalating human population sizes and decreased water
quality (Pollock et al., 2014), can act synergistically with sea tem-
perature warming to further impede corals' resistance to infectious
diseases (Harvell, 2007; Hoegh-Guldberg et al., 2008; Danovaro
et al., 2008; Van der Meij et al., 2010).

The role of human-related activities in coral disease dynamics
is poorly understood but likely to be highly complex (Harvell,
2007, 2009). Loss of ecosystem complexity through overfishing,
increased nutrient-run off associated with coastal development,
and activities like dredging that increase sedimentation, have all
been proposed as potential causes of disease outbreaks
(Kaczmarsky, 2006; De'ath and Fabricius, 2010; van der Mey et al.,
2010; Aeby et al., 2011; Haapkyla et al., 2011; Lamb and Willis,
2011; Ruiz-Moreno et al., 2012; Pollock et al., 2014). Recently,
links between coral disease and human activities in areas of high
tourist visitation (Danovaro et al., 2008; Lamb and Willis, 2011;
Onton et al., 2011; Lamb et al., 2014) highlight reef-based activ-
ities as an additional cause for concern. Snorkelling and diving
activities may cause breakage of coral colonies, reducing corals'
resistance to infections (Page et al., 2009; Guzner et al., 2010;
Lamb and Willis, 2011; Onton et al., 2011 Lamb et al., 2014). Rec-
reational activities on coral reefs may also introduce new patho-
gens or further increase pollution and nitrification (e.g. fish
feeding, sunscreen) (Danovaro et al., 2008; Lamb andWillis, 2011).
There is thus a crucial need to understand the links between hu-
man activities and coral health to better manage coral reefs
worldwide (Lamb and Willis, 2011; Onton et al., 2011; Lamb et al.,
2014).

In Thailand, 70% of annual tourism income is related to coastal
marine activities (Sethapun, 2000). The island of Koh Tao alone
receives more than 300,000 visitors a year, of which at least 60%
participate in scuba diving or snorkelling activities (Nichols, 2013).
Over the last decade, the island has become the centre of scuba
diver training in southeast Asia, and hosts the second largest dive
industry in the world, with over 50 dive schools responsible for
fully one-third of all PADI certifications issued globally in 2009
(Wongthong and Harvey, 2014). Therefore, diving pressure far ex-
ceeds the recommended carrying capacity of a coral reef for scuba
diving (5000e6000 divers/year; Hawkins and Roberts, 1997; Zakai
and Chadwick-Furman, 2002). Moreover, supporting such a flour-
ishing scuba diving industry has required rapid coastal develop-
ment at the expense of the preservation of the Island's natural
resources. Related human impacts caused by deforestation of
coastal areas for tourist accommodation, overexploitation of fishing
resources and poor sewage treatment are now putting further
pressure on the Island's coral reefs (Wilkinson and Brodie, 2011;
Weterings, 2011; Scott, 2012). Reefs surrounding Koh Tao were
also severely affected by 2 mass bleaching events in 1998 and 2010
(Yeemin et al., 2006; Chavanich et al., 2012). A study investigating
the impacts of marine-based recreational activities on coral health
around the Island shortly after the 2010 bleaching event found a 3-
fold increase in disease prevalence at high use sites (Lamb et al.,
2014), underscoring the need for strategies to manage recrea-
tional impacts on coral health and the potential of management
interventions to increase reef resilience following bleaching
disturbances.

To address threats related to tourism expansion on Koh Tao, a
group called “Save Koh Tao” (SKT) in conjunctionwith the Prince of
Songkla University and the Thai Department of Marine and Coastal
Resources (DMCR) designed and implemented a coastal zoning,
regulatory and management plan for the Island in July of 2012
(Platong et al., 2012). Included in this planwas the establishment of
an MPA covering the northwest quadrant of the Island and a new
designation for a 300 m radius around Shark Island (see Fig. 1). The
areas designated as MPAs around Koh Tao had previously been
zoned as ‘Protection’ or ‘Conservation’ areas as early as 1988, but
locals were largely unaware of the designation and there was little
to no enforcement (Szuster and Dietrich, 2014). The new MPAs are
designated as strict No-Take areas, primarily to address high fishing
pressure at these sites, but with hoped-for, flow-on effects for coral
health as a consequence of reduced fishing-related injuries.

The effectiveness of MPAs, in general, is a much-debated topic
(Jameson et al., 2002; Halpern, 2003; Degnbol et al., 2006; Graham
et al., 2011), and their capacity to mitigate coral disease is even
more questionable (Coelho and Manfrino, 2007), although in some
cases, lack of compliance confounds the interpretation of their role
in ameliorating coral health (Page et al., 2009). Apart from
Raymundo et al. (2009), who found decreased coral disease inside
reserves, most studies indicate a general failure of MPAs to address
the rising incidence of coral disease (Coelho and Manfrino, 2007;
McClanahan et al., 2008; Page et al., 2009). They argue that coral
diseases are associatedwith threats, like rising ocean temperatures,
which are beyond the scope of protection provided by Marine
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Protected Areas. Moreover, MPAs could actually promote the spread
of coral diseases if they successfully increase coral host density
without controlling the spread of pathogens that are promoted
through pollution, terrestrial run-off and increased tourist visita-
tion in a warming ocean (Bruno et al., 2007; Page et al., 2009; Lamb
and Willis, 2011). Nevertheless, although MPAs alone may not be
able to mitigate disease outbreaks and coral loss worldwide related
to warming and acidifying oceans, well-managed no-take zones
have the potential to improve coral health by reducing fishing-
related damage to corals. Improving our understanding of how
MPAs affect the complex array of biotic and abiotic factors influ-
encing disease prevalence in coral populations, particularly the
timescale for production of potential beneficial results, is needed to
provide local governing bodies with the information necessary to
optimise the management of coral reefs.

In this study, we quantified indicators of coral health at sites
inside and outside Marine Protected Areas surrounding the Island
of Koh Tao, Thailand. More specifically, we compared coral cover
and coral disease prevalence at MPA and non-MPA sites one year
after the protected framework had been established to evaluate if
the coral community was responding to the new protection status
or if patterns in coral health reflected past high versus low use
history. Comparing patterns in hard coral cover, taxonomic di-
versity, and disease prevalence among protected and unprotected
sites enables us to provide a strong baseline of the health status of
coral communities under the current management scheme and to
identify links with specific local threats.

2. Methods

2.1. Study sites and field surveys

Coral health surveys were conducted on the reefs of Koh Tao
during early August to late September 2013. A total of 6 sites were
surveyed around the island. Three sites were located within the
new MPA framework: Shark Island, Sairee, and Twins; and three
sites were located outside the MPA framework: Ao Leuk, Hin
Wong, and Sai Nuan (Fig. 1). Sites were also graded and cat-
egorised as past “high-use” or “low-use” sites, using records of
site-specific disturbances in the six-year period between 2006 and
2012 (Fig. 1). Grades were determined by the New Heaven Reef
Conservation Program Director (C. Scott), who has been qualita-
tively surveying these reefs since 2006, and were based on low to
high levels of sedimentation, diving pressure, snorkelling pres-
sure, waste-water run-off, and boat traffic. The potential impact of
each of these five factors was scored as either low (1), medium (2)
or high (3), giving a total score ranging between 5 and 15. Sites
with a total score greater or equal to 10 were classified as past
“high-use” sites, while sites with a total score less than 10 were
classified as past “low-use” sites. Within the MPAs surveyed, 2 out
of 3 sites (Sairee and Twins) are past high-use sites, while 2 out of
3 sites outside the MPA framework (Hin Wong and Sai Nuan) are
past low-use sites (Fig. 1).

Each of the six sites was surveyed on SCUBA along three repli-
cate 15 m � 2 m belt transects. Transects were placed haphazardly
at depths from 2.5 to 6 m, where coral communities are most
abundant, and laid parallel to depth contours, with a minimum
distance of 5 m between them. All corals within each of the 30 m2

belt transects were recorded to the genus level and assigned to one
of the following categories (as per Beeden et al., 2008): 1) diseased
(black band disease, white syndromes, brown band disease, skel-
etal eroding band, growth anomalies, or unusual (non-focal)
bleaching patterns), 2) showing other signs of compromised health
(overgrown by algae and/or sponges; predation scars from fish,
Drupella snails and/or crown-of-thorns starfish; or broken (tips or
whole fragments)), or 3) healthy (no visible signs of disease or other
indicators of compromised health). Coral cover was estimated us-
ing the line-intercept method by recording every coral under each
transect line to the genus level and measuring the distance it
covered along the line to the nearest centimetre.

Sediment accumulation was measured by placing three sedi-
ment traps at each study site at a depth of 4e6 m. Sediment traps
were 10 cm long and 3 cm wide PVC tubes, which were positioned
approximately 5 cm above the substrata and left on site for 2e6
weeks. The traps had a height to width ratio of 3.3, which is close to
the 3.6 ratio recommended to maximise sediment retentionwithin
the trap (Gardner, 1980). Once traps were recovered, sediments
were filtered using Whatman glass microfiber filters (GF/C grade,
25 mm,1.2 mm) (Whatman, GE Healthcare, Little Chalfont, England)
and dried. The contents of traps were then transported to Mahidol
University in Bangkok, where they were dried and weighed to the
nearest 0.1 mg.

Boat surveys were conducted at each of the six sites to estimate
boat traffic, as well as diving and snorkelling pressure. Each sitewas
visited twice during peak hours (10 ame2 pm), giving a total of 8 h
of surveys per site. Three types of boats were differentiated: boats
that passed through the sampling area but did not stop, diving
boats that stopped at the sites and dropped divers, and snorkelling
boats that stopped at the sites and dropped snorkelers. Snorkelling
boats were further differentiated between the traditional long-tail
boats carrying a maximum of 5 snorkelers and “large boats” that
could carry up to 50 passengers.
2.2. Data analysis

2.2.1. Coral community structure
The percent cover of hard corals was calculated for each 15 m

transect by dividing the sum of all hard coral distances measured
under each transect line by 1500 cm. We compared differences in
hard coral cover between MPA and non-MPA sites, between past
high-use and past low-use sites, and among sites in general using
1-way analyses of variance (ANOVA). Data were square-root
transformed to meet assumptions of normality (ShapiroeWilks
test). Tukey's HSD tests were also run to determine the significance
of dissimilarities among sites.

To compare the taxonomic composition of corals among sites,
the three most abundant families (Acroporidae, Agariciidae, and
Poritidae) were considered as separate taxonomic groups, and all
other families were grouped into a category termed “Other”. Two-
factor ANOVAs were then used to compare the mean percent cover
of these four taxonomic groups among sites, when sites were cat-
egorised by 1) MPA status (fixed factors: MPA status and coral
family), and 2) past level of recreational use (fixed factors: usage
level and coral family). Data were square-root transformed to meet
assumptions of normality (ShapiroeWilks test). Tukey's HSD tests
were also run to determine the significance of dissimilarities
among sites.

Data collected during the study period were also compared to a
seven-year database maintained by the Save Koh Tao group (SKT).
The database contains survey data collected from 2006 to 2012,
prior to the establishment of MPAs, using 100 m long fixed transect
lines and the “point-intercept survey”method to record coral cover
and growth form diversity (% cover of branching, massive, sub-
massive, foliose, encrusting colonies) at each of the six sites sur-
veyed in the present study (see Save Koh Tao database at: www.
marineconservationkohtao.com). One-factor ANOVAs were also
performed on the SKT baseline data to compare the mean percent
cover of foliose and branching growth forms between past high use
and low use sites.

http://www.marineconservationkohtao.com
http://www.marineconservationkohtao.com


Fig. 2. Comparison of mean (±SE) hard coral cover among six study sites (3 MPA and 3
non-MPA sites) surveyed around the island of Koh Tao. Black histograms denote past
high-use sites; white histograms denote past low-use sites. Letters above histograms
represent significant groups using a Tukey's HSD post-hoc analysis (p< 0.05).
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2.2.2. Coral health
Disease prevalence was calculated for each 30 m2 belt transect

by dividing the number of diseased colonies by the total number of
colonies examined. We then compared disease prevalence: 1) be-
tween sites differing in MPA status, 2) between sites differing in
past recreational use, and 3) among sites in general, using the non-
parametric KruskaleWallis test (data did not meet assumptions of
normality). Multiple post-hoc, pairwise comparisons were then
performed using Dunn's procedure with Bonferroni corrections, to
determine the significance of dissimilarities.

Calculations of the prevalence of other compromised health
categories and statistical comparisons of these categories among
sites were performed using the procedures described above for
disease prevalence.

2.2.3. Environmental characteristics
Diving pressure at each sitewas calculated as the number of dive

boats observed/hour. Eight hours of surveys were available for all
sites but for Twins, which had only 4 h of reliable data because of
extreme weather conditions on one of the surveys that prevented
boat access to the site. Diving pressurewas then compared between
sites grouped according to MPA status and past use, and among
sites in general using the non-parametric KruskaleWallis test.

Snorkelling pressure at each site was calculated as the number
of snorkelling boats observed/hour. Big snorkelling boats were
counted as equivalent to 10 small snorkelling boats. Analyses
described above for diving pressure were repeated for snorkelling
pressure.

Boat traffic at each site was calculated as the total number of
boats (passing boat þ snorkelling boat þ diving boat) observed on
site/hour. Analyses described above for diving pressure were
repeated for boat traffic.

The weight of sediment in each trap was divided by the number
of days the traps had been underwater to calculate sedimentation
rate (gm sediment/day). Sedimentation rates were then compared:
1) between sites differing in protection status, 2) between sites
differing in past use, and 3) among sites in general, using the non-
parametric KruskaleWallis test.

2.2.4. Relationship between past use and coral health
A correlation matrix using Pearson's coefficient (5% significance

level) was computed to identify trends in univariate relationships
between past use and measures of coral community structure (i.e.
percent coral cover, prevalence of the Acroporidae and Agariciidae)
and measures of coral health (i.e. prevalence of disease and other
indicators of compromised health). Univariate analyses were per-
formed using Microsoft Excel (V14.3.8) and XLSTAT (203.5.03).

Resemblancematrices were created for measures of coral health
(i.e., total prevalence of disease, algae overgrowth, Drupella scars,
and coral breakage) and environmental variables (i.e. sedimenta-
tion rate, boat traffic, diving pressure, and snorkelling pressure)
based on the BrayeCurtis index of similarity, which has been
described as the most appropriate index for the description of
benthic assemblages (Anderson, 2001). The biological data were
square-root transformed due to strong linear relationships be-
tween some pairs of variables (Anderson et al., 2008). Environ-
mental data were normalised (z-transformed, where average ¼ 0
and standard deviation ¼ 1).

Similarities between coral health assemblages were illustrated
using a non-metric multidimensional scaling plot (MDS). A 2-factor
crossed analysis of similarity (ANOSIM) was used to test differences
in coral health assemblages between MPA status and past recrea-
tional use (Anderson et al. 2008). Multivariate analyses were per-
formed in PRIMER v6 and PERMANOVA þ add-in (PRIMER-E Ltd,
Plymouth, UK).
3. Results

3.1. Hard coral cover

Mean percent hard coral cover was generally high across all sites
(mean± SE: 62± 8.3%; range: 43%e88%; Fig. 2), although it differed
significantly among sites (F¼ 4.416, df¼ 5, p¼ 0.016; Fig. 2). Mean
hard coral cover was twice as high at Hin Wong compared to Ao
leuk (Fig. 2). Both are currently non-MPA sites, but Hin Wong
(highest coral cover) is a past low-use site, whereas Ao leuk (lowest
coral cover) is a past high-use site.

When sites were grouped according to MPA status, mean
percent coral cover did not differ statistically between MPA vs non-
MPA sites (F¼ 1.376, df¼ 1, p¼ 0.258). Similarly, mean percent
cover did not differ statistically between sites grouped according to
past high versus low recreational use (F¼ 2.464, df¼ 1, p¼ 0.136;
Fig. 2). However, highest mean hard coral cover was recorded at a
past low-use site and lowest cover (bymore than two-fold) at a past
high-use site; both of these sites are currently non-MPAs (Fig. 2).

3.2. Coral family assemblage

Percent cover of individual coral families did not differ statisti-
cally between sites differing in either currentMPA status (F¼ 0.453,
df¼ 1, p¼ 0.503) or past recreational use (F¼ 0.168, df¼ 1,
p¼ 0.684; Fig. 3). Nevertheless, mean percent cover of the Acrop-
oridae was more than two-fold greater in non-MPA compared to
MPA sites, and also more than two-fold greater in past low-use
compared to high-use sites (Fig. 3). Conversely, percent cover of
the Agariciidae was almost two-fold greater in past high-use
compared to low-use sites (Fig. 3), suggesting a possible inverse
relationship between the percent cover of the Acroporidae and
Agariciidae at sites when grouped according to past usage.

Furthermore, analysis of the 7-year baseline data from SKT
revealed a significant inverse relationship in the abundance of
corals with a foliose growth form (mostly Agariciidae) compared to
those with a branching growth form (mostly Acroporidae) at the
study sites. Percent cover of foliose corals was more than two-fold
greater than the cover of branching corals at high-use sites,
whereas the inverse was true at low-use sites (T-test: p< 0.02 and
p< 0.001, respectively).



Fig. 3. Comparison of mean (±SE) hard coral cover for four categories of coral families
between sites differing in current MPA status (MPA vs non-MPA, left pair of histo-
grams) or past recreational use (high-use vs low-use, right pair of histograms). MPA
sites comprise 2 past high-use sites and 1 past low-use site; non-MPA sites comprise 2
past low-use sites and 1 past high-use site. n ¼ 9 transects per current status or past
use category.
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3.3. Coral health

3.3.1. Disease prevalence
The health status of 6373 coral colonies was recorded across all

six sites. Overall, mean disease prevalence was low (0.72% ± 0.3%),
with only three types of disease recorded at all sites combined:
white syndromes, growth anomalies and skeletal eroding band
disease. Mean disease prevalence was 1.7 times higher inside
compared to outside MPAs. However, disease prevalence did not
differ statistically between sites differing in MPA status (Krus-
kaleWallis: df¼ 1, p¼ 0.604; Fig. 4). Mean disease prevalence was
higher (by 1.2-fold) at past high-use sites, although again, such
differences were not statistically significant (KruskaleWallis:
df¼ 1, P¼ 0.671; Fig. 4).

Growth anomalies were 20 times more prevalent at sites inside
than outside current MPAs, and similarly more prevalent at past
high-use compared to low-use sites (Fig. 4). The prevalence of
white syndromes, however, was more than two-fold greater at
current non-MPA sites and past low-use sites (Fig. 4). Prevalence of
skeletal eroding band disease was very low and only present inside
the MPA framework, at a past low-use site (Shark island) (Fig. 4).

3.3.2. Other compromised health indicators
Nine other indicators of compromised coral health were recor-

ded: grazing scars, sediment damage, coral breakage, crown-of-
thorns starfish predation, Drupella snail predation, sponge over-
growth, algal overgrowth, environmentally induced bleaching
(non-focal bleaching), and pigmentation response. Although over-
all, mean values for the prevalence of other indicators of compro-
mised healthwere 2-fold higher inside compared to outside current
MPAs, and also almost 2-fold higher at past high-use compared to
low-use sites, these differences were not statistically significant for
either MPA status (KruskaleWallis, df¼ 1, p¼ 0.660; Fig. 5) or past
recreational use (KruskaleWallis, df¼ 1, p¼ 0.379; Fig. 5).

Of the other indicators of compromised health recorded, pre-
dation by Drupella snails, algae overgrowth, sediment damage, and
breakage were the most prevalent. All categories but sediment
damage and environmentally-induced bleaching were also most
prevalent in current MPAs and past high-use sites (Fig. 5).

The non-metric multidimensional scaling plot representing
coral health assemblages showed slight clustering among sites by
status, with MPA sites (white symbols) tending to be distributed
lower on the plot than non-MPA sites (black symbols) (Fig. 6).
However, statistically, distributions of coral health assemblages did
not differ significantly between sites differing in MPA status,
although the p value indicates that any similarities were marginal
(ANOSIM: Global R¼ 0.481, p¼ 0.05; Fig. 6).

While no clustering of sites was apparent on the MDS plot in
terms of past recreational use, statistically, the distributions of coral
health assemblages differed significantly between use levels
(ANOSIM: Global R¼ 0.556, p¼ 0.001; Fig. 6). Algae overgrowth,
Drupella predation, and breakage appeared to strongly affect both
non-MPA/low-use sites (black diamonds) and MPA/high-use sites
(white circles) (Fig. 6). Disease prevalence provided the greatest
explanatory power for coral health assemblages at the MPA low-
use site (white diamonds) (Fig. 6).

3.4. Environmental and local pressures

3.4.1. MPA status comparison
Sedimentation rates were significantly greater at current MPA

sites compared to non-MPA sites (KruskaleWallis: df¼ 1,
p¼ 0.043). Mean non-anchoring boat traffic was also greater at
MPA sites, but differences were not statistically significant (Krus-
kaleWallis: df¼ 1, p¼ 0.577). Diving pressure did not differ



Fig. 4. Comparison of mean coral disease prevalence (±SE) for each of three coral
diseases recorded at sites around the island of Koh Tao differing in current MPA status
(left) and past recreational use (right).

Algae overgrowth
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Fig. 6. Non-metric multidimensional scaling analysis (nMDS) plot with vectors
(Pearson's correlation) representing variables (prevalence of disease or other in-
dicators of compromised coral health) driving similarities (BrayeCurtis matrix) in coral
health assemblages among sites. Symbols and colours represent the combined MPA
status and recreational use category for each transect. n ¼ 3 transects per site.
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between sites differing in MPA status, being equally high at MPA
and non-MPA sites (KruskaleWallis: df¼ 1, p¼ 0.306). In contrast,
snorkelling pressure was absent at MPA sites (KruskaleWallis:
df¼ 1, p¼ 0.001).

3.4.2. Recreational use comparison
Statistically, none of the 4 indicators of environmental or

anthropogenic pressure differed between past recreational use
categories. However, mean sedimentation rates were more than
three-fold greater at past high-use sites compared to low-use sites
(High use: Mean¼ 0.1± 0.03; Low use: Mean¼ 0.03± 0.004;
KruskaleWallis: df¼ 1, p¼ 0.270). Boat traffic was nearly two-fold
greater at high-use sites (High-use: Mean¼ 15.2± 3.6; Low-use:
Mean¼ 8.3± 1.1; KruskaleWallis: df¼ 1, p¼ 0.731). Mean diving
pressure was two-fold higher at high-use sites (High-use:
Mean¼ 1.9± 0.5; Low-use: Mean¼ 0.9± 0.2; KruskaleWallis:
df¼ 1, p¼ 0.297), although mean snorkelling pressure was higher
at low-use sites (High-use: Mean¼ 1.25± 0.4; Low-use:
Mean¼ 2.7± 0.8; KruskaleWallis: df¼ 1, p¼ 0.240).

3.5. Relationship between recreational use and coral health

Boat traffic was positively correlated with sedimentation rate,
algal overgrowth, and Drupella prevalence (Fig. 7). Algal
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overgrowth and Drupella prevalence were also both positively
correlated with prevalence of the foliose family Agariciidae, while
sedimentation was negatively correlated with prevalence of the
branching family Acroporidae (Fig. 7). There is thus a possible
feedback loop, in which increased boat traffic and sedimentation
decrease cover of branching corals in the family Acroporidae,
providing space for weedy corals in the family Agariciidae to
colonise, particularly as Drupella predation and algal overgrowth
are positively correlated with the abundance of this latter family.
Such a loop would lead to an overall decrease in coral diversity and
health. Coral breakage was also negatively correlated with hard
coral cover (Fig. 7).

4. Discussion

Coral health surveys at sites within three newly established
MPAs and three control (non-MPA) sites, one year after the new
protection framework had been established, revealed that coral
health and community structure around Koh Tao were more
reflective of past recreational use than current MPA protection
status. At sites inside the MPA framework, means for all variables
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Fig. 7. Sketch representing the network of significant correlations (Pearson's) among biological and environmental factors affecting the two most abundant coral families
(Acroporidae and Agariciidae) on Koh Tao reefs. Grey lines represent negative correlations; Black lines represent positive correlations.
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studied (hard coral cover, structure of coral family assemblages,
disease prevalence, and densities of colonies showing other signs of
compromised health) followed patterns observed at past high-use
sites (a status shared by 2 of the 3 MPA sites). Conversely, means
for all variables studied at sites outside the MPA framework fol-
lowed patterns found at past low-use sites (a status shared by 2 of
the 3 non-MPA sites). Our study suggests that timeframes greater
than one year following rezoning will be required to produce a
potentially positive change in the health and diversity of coral
communities of Koh Tao. A recent global analysis suggests that the
capacity of MPAs to prevent coral loss is dependent on the duration
of protection, with up to 15 years needed to effect positive changes
inside MPAs in the Indo-Pacific (Selig and Bruno, 2010). The long
timescale predicted reflects life history and community structure
characteristics typical of Indo-Pacific coral reef communities, such
as high disease susceptibility of the typically dominant coral family
Acroporidae, and potential compliance issues for newly established
MPAs. In our study, lack of information about fishing pressure
around the island and about whether patterns have changed since
the establishment of the MPAs raises questions about compliance
with the new MPA zoning. However, because the rezoning is an
initiative of the Koh Tao community and examples of good conduct
have been documented, it is reasonable to assume that our esti-
mation of the more than one year timeframe for the new MPA
framework to effect a change is not confounded by compliance is-
sues. At the very least, our study provides an important baseline for
future evaluation of the capacity of these MPAs to ameliorate coral
health.

4.1. Current state of Koh Tao's reef

Our study revealed overall high levels of mean hard coral cover
and low levels of coral disease prevalence around the island of Koh
Tao. Disease prevalence ranged from 0.1 to 1.8%, which is typical of
the range recorded for reefs in parts of the Indo-Pacific (e.g. Great
Barrier Reef, Northwest Hawaiian Islands; Ruiz-Morenol et al.,
2012). Constant warm temperatures throughout the year preced-
ing our surveys, coupled with an absence of thermal extremes (CS,
unpubl. data), could have contributed to the overall low disease
prevalence recorded during our surveys. Links between tempera-
ture anomalies and outbreaks of coral diseases are complex. For
example, warm winters can increase coral host resistance to dis-
ease (e.g, production of antibiotics in coral mucus) (Ritchie, 2006;
Heron et al., 2010), although mild winters can also maintain
pathogen populations so that, if followed by hot summer anoma-
lies, disease outbreaks can be triggered (Heron et al., 2010). We
hypothesise that constant warm temperatures and the absence of
acute temperature stress throughout the year preceding our sur-
veys might explain the overall low disease prevalence we found on
Koh Tao reefs. Levels of disease prevalence recorded in our study
were also notably lower than the 30% prevalence levels reported by
Lamb et al. (2014) for high-use sites on surveys two years prior to
ours. However, their surveys were carried out a year after a mass
bleaching event that is likely to have reduced the disease resistance
of corals. Also, more reefs were surveyed in their study, notably the
site “Japanese Gardens”, which is one of Koh Tao's most visited dive
sites, especially by novice divers.

Lower (by 1.7-fold) mean levels of disease at past low-use/
current non-MPA sites, where coral cover tended to be higher, is
at odds with a number of studies that have found increased coral
disease prevalence to be associated with high host abundance
(Bruno et al., 2007; Myers and Raymundo, 2009; Ruiz-Moreno
et al., 2012). High coral cover reduces the distance between
neighbouring corals, thereby increasing the potential for trans-
mission of pathogens and for competitive interactions among
corals, which can create injuries that may become entry points for
pathogens (Lang and Chornesky,1990; Bruno et al., 2007; Chadwick
and Morrow, 2011). It has also been hypothesised that high coral
cover is associated with higher densities of corallivorous fish and
invertebrates that are potential vectors of coral diseases (Bruno
et al., 2007; Raymundo et al., 2009; Chong-Seng et al., 2011;
Onton et al., 2011). In particular, the crown-of-thorns starfish
Acanthaster planci and Drupella snails, both of which cause signif-
icant feeding injuries that facilitate infection, have been shown to
be disease vectors (Antonius and Riegl, 1998; Bruno et al., 2007;
Nugues and Bak, 2009; Onton et al., 2011; Nicolet et al., 2013;
Katz et al., 2014). The high overall hard coral cover around the Is-
land may thus constitute an increased risk for future disease out-
breaks, particularly if an extreme environmental event, such as a
warm thermal anomaly, reduces the disease resistance of local coral
populations.

Evidence is emerging that hard coral cover is a poor indicator of
reef condition (Edinger and Risk, 2000; Cleary et al., 2008; Darling
et al., 2013). Sites with high coral cover may be composed of
monospecific assemblages, and thus have low habitat complexity
and low overall biodiversity (Aronson and Precht, 1995; Edinger
and Risk, 2000). Interestingly, mean percent cover of the typically
more disease- and disturbance-susceptible branching acroporids
(e.g., Marshall and Baird, 2000; Willis et al., 2004; Wooldridge,
2014) was low at Koh Tao sites overall, but was more than two-
fold higher at past low-use sites (currently non-MPA sites).
Conversely, corals in the typically weedy family Agariciidae, mostly
represented by Pavona cactus, were almost two-fold more abun-
dant at past high-use sites. These results are in line with a recent
study, which found that reefs subjected to stress tended towards
dominance by weedy species (Darling et al., 2013). Pavona species
were thus characterised as “survivors”, whereas Acropora species,
which are vulnerable to multiple stressors, were characterised as
“losers” (Darling et al., 2013). Branching corals are also believed to
be the most vulnerable to diving impacts (Hasler and Ott 2008,
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Guzner et al., 2010). With the current levels of environmental and
anthropogenic pressures around Koh Tao, we predict that there is a
risk of a gradual shift towards higher prevalence of mono-specific
stands of Agariciidae around the Island (Rouphael and Inglis,
2002; Guzner et al., 2010).

4.2. Environmental and anthropogenic pressures and links to coral
health

Diving pressure was extremely high, approximately 1.8 dive
boats/hour, at sites currently classified as both MPAs and non-
MPAs. Even using a low estimate of 20 divers/dive boat, this
equates to at least 36 divers/hour, with a mean of around 150 divers
per day at all 6 sites surveyed. The recommended carrying capacity
for diving on coral reefs is 6000 divers per year (Hawkins and
Roberts, 1997; Zakai and Chadwick-Furman, 2002), a limit that
would be reached within 40 days at our study sites. The impact of
recreational diving is of increasing concern for coral reefs (Davis
and Tisdell, 1995; Barker and Roberts, 2004; Krieger and
Chadwick, 2013). Divers directly affect corals through physical
contact caused by touching, fin damage, and dangling equipment,
and through sediment re-suspension caused by fins. Heavily dived
sites have been associated with low cover of hard corals, of which a
higher proportion of colonies are injured or diseased compared to
sites with low diving activity (Hasler and Ott, 2008; Krieger and
Chadwick, 2013; Lamb et al., 2014). Diving also has strong indi-
rect effects on the reef. For example, increased predation by Dru-
pella snails has been reported at heavily dived sites in Eliat, Israel
(Guzner et al., 2010). In our study, predation by Drupella snails was
linked with sedimentation and breakage associated with high boat
traffic rather than high diving pressure per se. Drupella predation
has been shown to decrease skeletal growth (Guzner et al., 2010),
and to be associated with the transmission of brown band disease
(Nicolet et al., 2013) and a range of other diseases, including white
syndromes, black band disease and skeletal eroding band (Antonius
and Riegl, 1998; Shafir et al., 2008; Onton et al., 2011). High levels of
Drupella predation have been documented on Koh Tao reefs, with
densities reaching up to 90 individuals on a single colony after the
bleaching event in 2010 (Hoeksema et al., 2013). Our results suggest
that Drupella preferentially attack corals experiencing physiological
stress, a finding corroborated by Guzner et al. (2010), who also
found higher abundance of Drupella on corals suffering physiolog-
ical stress at heavily dive sites.

High levels of boat traffic were also associated with high algal
overgrowth. Decreases in coral cover worldwide are leading to
community phase shifts, with corals being replaced by macro-algal
assemblages (McCook et al., 2001; Hughes et al., 2007). Algae
typically proliferate after disturbances causing coral mortality, and
once established, they reduce space available for coral recruits and
juveniles (reviewed in Birrell et al., 2008; Barott et al., 2012). Some
species of macro-algae also inhibit recruitment of coral larvae and/
or lead to increased mortality of coral recruits (Kuffner et al., 2006).
Contact between algae and adult coral colonies can be deleterious
to coral heath (Nugues, 2004; Thurber et al., 2012) and facilitate the
spread of coral diseases (Smith et al., 2006), particularly if algae
cause abrasions that serve as entry points for pathogens (McCook
et al., 2001). More generally, algae have been shown to affect the
fecundity, growth and survival of adult colonies, and alter the mi-
crobial symbiont communities of corals (Hughes et al., 2007;
Thurber et al., 2012). Increases in nutrients, pollution, and sea
temperatures, and decreases in herbivory have all been suggested
as potential factors that increase algal overgrowth on reefs
(Aronson and Precht, 2001; Szmant, 2002; Nugues et al., 2004). The
increases in algal overgrowth associated with increased sedimen-
tation in our study is in line with a recent study in which increased
sedimentation increased the growth of turf algae, probably due to
increased availability of nutrients from the sediments (Goatley and
Bellwood, 2013). Moreover, sedimentation alone can affect the
health of corals, increasing the potential for contact with pathogens
and contaminants, physically abrading coral tissues, decreasing
energy available through sediment shading, and increasing ener-
getic costs associated with sediment removal and impaired feeding
(Fabricius, 2005; Haapkyla et al., 2011; Erftemeijer et al., 2012).
Pollock et al. (2014) also found a high correlation between sedi-
ment tissue necrosis and the prevalence of white syndromes,
further highlighting the implications of sediment stress on the
long-term health of corals around the Island.

The high levels of diving pressure, boat traffic and sedimenta-
tion remaining on reefs inside recently established MPAs sur-
rounding the island of Koh Tao raises questions about the capacity
of the protected areas to ameliorate coral health. MPAs have been
advocated as a strong tool to mitigate phase-shifts from coral to
algal-dominated reefs (Hughes et al., 2007). When user compliance
is high, MPAs have the potential to maintain or increase herbivory,
which then controls macro-algal abundance and has the potential
to increase the resilience of coral communities (Hughes et al.,
2007). However, the question remains whether potential
increased herbivory at these highly disturbed reefs will be enough
to mitigate algal overgrowth. Further studies are needed to fully
characterise the status of herbivory inside and outside these MPAs.
5. Conclusions

This study represents a strong baseline for future studies of the
capacity of MPAs to protect and possibly enhance coral health and
diversity around the island of Koh Tao. So far, health and diversity of
the local coral communities reflect the history of past recreational
use, with past high-use sites characterised by lower hard coral
cover, lower prevalence of the disease- and disturbance-susceptible
coral family Acroporidae, and conversely, higher prevalence of the
weedy family Agariciidae. Generally higher mean levels of coral
disease and other indicators of compromised health at past high-
use sites are likely to be at least partially caused by higher sedi-
mentation, boat traffic and diving pressure at these sites than at
past low-use sites. One challenge for the successful management of
the reefs of Koh Tao is that the recently establishedMPA framework
mostly encompasses past high-use sites. Our study reveals that past
high-use sites now inside MPAs were the most strongly affected by
sedimentation and displayed highest levels of algal overgrowth,
predation by Drupella, and breakage. Moreover, with the current
rate of tourism development, past low-use sites are quickly
becoming high-use sites. The creation of MPAs that only address
the issue of fishing pressure, with no further incentives to control
tourism expansion, is thus likely to be insufficient to protect the
Island's coral reefs. Other measures, such as seasonal closures of
some sites, and/or limits to the number of divers allowed at each
site per year should be considered. However, the large number of
threats and degraded reef condition found in this study makes the
reefs of Koh Tao a useful study area for future long-term evaluation
of the role of MPAs in ameliorating the health of coral communities.
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