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INTRODUCTION

Coral reef ecosystems are increasingly threatened,
particularly by overfishing, pollution and climate
change, which are driving global declines in coral reef
diversity and coral reef health (Barber et al. 2001, Jack-

son et al. 2001, Gardner et al. 2003, Hughes et al.
2003). Exploitation of reef fish stocks (Bellwood et al.
2003, Dulvy et al. 2003) and loss of functional redun-
dancy in reef fish assemblages (Bellwood et al. 2003)
are affecting the very structure and function of coral
reef ecosystems (Dulvy et al. 2004, Graham et al. 2006).
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ABSTRACT: Predicted increases in disease with climate warming highlight the need for effective
management strategies to mitigate disease effects in coral communities. We examined the role of
marine protected areas (MPAs) in reducing disease in corals and the hypothesis that the composition
of fish communities can influence coral health, by comparing disease prevalence between MPA and
non-protected (control) reefs in Palau. Overall, the prevalence of diseases pooled, as well as the
prevalence of skeletal eroding band (SEB), brown band disease (BrB) and growth anomalies (GAs)
individually in major disease hosts (families Acroporidae and Poritidae), were not significantly
reduced within MPAs. In fact, the prevalence of SEB was 2-fold higher within MPAs overall; how-
ever, the 4 studied MPAs were ineffective in enhancing coral assemblage or fish stock health. A neg-
ative association between the prevalence of SEB and richness of a fish species targeted by fishers in
Palau highlights the potential role that well-managed MPAs could play in reducing SEB. The compo-
sition of coral communities and their susceptibility to bleaching also influenced the prevalence of dis-
ease on the studied reefs. The prevalence of diseases pooled and SEB were positively associated with
the cover of major disease hosts (families Acroporidae and Poritidae), and the prevalence of BrB and
bleaching were also positively associated. Although our study did not show positive effects of MPAs
on coral heath, we did identify the potential for increased fish diversity within MPAs to reduce coral
disease. Our study also highlights the complexity of relationships between fish assemblages, coral
community composition and coral health on Indo-Pacific reefs.
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Marine protected areas (MPAs) are useful tools for
managing coral reef fisheries, particularly exploited
fish stocks (Russ 2002, Halpern 2003), effectively
increasing the abundance, individual size and overall
biomass of reef fish (Polunin & Roberts 1993, Russ
2002, Halpern 2003, Evans & Russ 2004, Williamson et
al. 2004). MPAs have also enhanced stocks of exploited
coral reef invertebrates (Kelly et al. 2000, Halpern
2003, Ashworth et al. 2004, Uthicke et al. 2004), but
their role in the management of reef corals is less clear.

Given the strong dependence of many exploited reef
fish on corals for food and habitat (Williams 1986, Shi-
buno et al. 1999, Kokita & Nakazono 2001), it is surpris-
ing that considerably fewer studies have documented
the effects of MPAs on coral communities. Those that
have, found the influence of MPAs on coral communi-
ties to be variable. MPAs in Kenya (McClanahan &
Muthiga 1988, McClanahan & Mutere 1994, McClana-
han 1997) and on the Great Barrier Reef (Williamson et
al. 2004) have successfully enhanced either the abun-
dance or cover of hard corals. In contrast, the cover of
scleractinian corals was lower within ‘no-take’ zones
on Glovers Reef, Belize (McClanahan et al. 2001).
MPAs also failed to mitigate declines in coral cover on
reefs in Papua New Guinea (Jones et al. 2004a) and on
Little Cayman Island in the Caribbean (Coelho & Man-
frino 2007). Also, MPAs failed to consistently enhance
the cover of corals or protect corals from physical dam-
age in the Philippines, Malaysia and Indonesia (White
1986). These results were predominately due to a lack
of compliance with MPA restrictions or losses of corals
from bleaching, anthropogenic pollution and sedimen-
tation, the influence of which permeate MPA bound-
aries. Although it has been suggested that MPAs could
enhance the resilience of coral reefs (Done 2001), their
utility in mitigating epizootics in coral populations has
been quantitatively investigated in only 2 studies
(Coelho & Manfrino 2007, McClanahan et al. 2008).

Comparisons of the prevalence of growth anomalies
on Porites colonies in Kenya (McClanahan et al. 2008)
and the prevalence of several diseases at Little Cay-
man in the Caribbean (Coelho & Manfrino 2007) indi-
cate that MPAs were not effective in reducing disease
in these reef regions. Nonetheless, several lines of rea-
soning predict that MPAs should reduce the progres-
sion and spread of disease throughout coral popu-
lations. For instance, intact fish biodiversity and
ecosystem functioning within MPAs, particularly the
presence of a wide range of feeding guilds, contribut-
ing to the balance between corals, competitors and
potential vectors or reservoirs of pathogens, could
enhance the resilience of corals to pathogens. Experi-
mental studies of plant communities also suggest that
high diversity results in a decreased incidence of dis-
ease via reductions in horizontal transmission of

pathogens between susceptible hosts (Mitchell et al.
2002); thus, increased coral diversity within MPAs
could directly decrease disease prevalence. Given the
lack of specificity of many coral diseases (Weil et al.
2002, Willis et al. 2004, Page & Willis 2006) and the
potential for rapid spread of disease in the marine
environment (McCallum et al. 2003), the potential for
increased diversity of corals within MPAs to mitigate
disease is unclear. MPAs that exclude destructive fish-
ing methods and other activities that damage corals
may also reduce disease prevalence by limiting coral
injury, which has been implicated in the initiation of
coral disease (Bak & Criens 1981, Antonius & Riegl
1997, 1998, Page & Willis 2008). Finally, intact fish
communities within MPAs are most likely to contain
feeding guilds that prey on corallivores, which are the
most common vectors of diseases in corals (Sussman et
al. 2003, Williams & Miller 2005, Dalton & Godwin
2006), either through predation, injury or pathogen
transmission. Similarly, a high abundance of herbivo-
rous fish within MPAs would limit algal growth (Bell-
wood et al. 2006, Mumby et al. 2006) and consequently
negative algal-coral interactions (Jompa & McCook
2003) that might facilitate invasion of corals by
pathogens (Nugues et al. 2004, Smith et al. 2006). The
potential for MPAs to limit populations of corallivores
and macroalgae to low densities through increased
abundance of higher order predators and grazers is
likely to be an important role for MPAs in disease mit-
igation.

Conversely, MPAs might facilitate the spread of dis-
ease through coral populations for a variety of reasons.
Increased host densities, predicted if levels of damag-
ing activities are reduced, facilitate the spread of
pathogens throughout populations of susceptible hosts
(Anderson & May 1979). Increased disease in high-
density populations of Diadema urchins, as a conse-
quence of low predator abundance outside of MPAs
(Lafferty 2004), illustrates this possibility in a marine
environment. MPAs are also likely to increase disease
prevalence if they increase densities of fishes that are
vectors for coral pathogens or that injure coral tissues
during feeding, thereby providing opportunities for
entry of pathogens and the development of disease.
For example, butterflyfish are a known vector of
trematodiasis in Hawaiian corals (Aeby 1991) and
increase the spread of black band disease (Aeby &
Santavy 2006). Finally, while well-managed MPAs
with enhanced fish stocks are aesthetically pleasing,
they may facilitate the spread of coral diseases if they
provide for multiuse activities like tourism that result
in inputs of novel pathogens, nutrients or increased
levels of coral damage from snorkellers and divers.

The need for management strategies to maintain and
enhance coral health and to manage the dynamics of
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both pathogens and parasites in reef communities is
becoming increasingly urgent (Lafferty 2004, Sasal et
al. 2004, McCallum et al. 2005, Ward et al. 2006). Of
particular concern are dramatic declines of Caribbean
coral populations due to disease (Aronson & Precht
2001, Porter et al. 2001, Patterson et al. 2002), recent
trends for increasing disease outbreaks in corals and
other marine groups globally (Ward & Lafferty 2004,
Sokolow 2009, this Special), and predictions of further
increases in disease outbreaks with ocean warming
(Harvell et al. 1999, 2002, IPCC 2002, Bruno et al.
2007). Given the limited number of options available
for managing diseases in marine environments (Bruck-
ner 2002, Harvell et al. 2004, McCallum et al. 2005)
and the current popularity of MPAs as a reef fisheries
management tool, we examined the potential role of
MPAs in reducing coral disease on Indo-Pacific reefs
by comparing disease prevalence on reefs within and
outside of MPAs in the Republic of Palau. We also
assessed the effectiveness of the sampled MPAs using
measures of coral and fish community diversity and
compared coral disease prevalence on reefs in con-
trasting environments to gain insights into factors
influencing the prevalence of coral disease on reefs
in Palau.

MATERIALS AND METHODS

Site description. To determine if MPAs influence
coral health and specifically the prevalence of coral
disease, we compared coral disease prevalence and
selected measures of coral health within and outside of
MPAs in 4 regions, spread over at least 50 km of coast-
line in the Republic of Palau (7° N, 134° E; Fig. 1).
Within each of the 4 regions, 2 sites were haphazardly
chosen from within an MPA, while 2 sites matching in
terms of depth, reef habitats and coral assemblages
were haphazardly chosen from non-protected reefs
nearby each MPA. Three of 4 managed reefs were
legally-designated MPAs (Ngelukes, Ngemelis, Ceme-
tery Reef) and one was unofficially considered to be an
MPA (Bital Rirs) based on knowledge that no fishing
occurs at the location. MPAs ranged in size from 0.008
to 30 km2 and in age from 3 to 10 yr. Given their geo-
graphical spread (Fig. 1), reefs in the 4 studied regions
were located in a unique environmental setting and
consequently differed in terms of reef habitats,
oceanographic and anthropogenic effects and compo-
sition of coral communities (Table 1).

Quantifying coral disease and coral community
structure. In January 2005, coral disease prevalence
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Fig. 1. Locations in Palau (Indo-Pacific) of marine protected areas and paired control reefs (shown as a single arrow), and the
main population centre of Koror
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was documented from within each site, a site consist-
ing of 3 haphazardly-placed 20 × 2 m belt transects
placed on the upper reef slope, parallel to the reef crest
and along depth contours between 3 and 8 m. Within
1 m belts on each side of the central transect tape, all
hard corals, soft corals, antipatharians and gorgonians
were identified to the lowest taxonomic level recog-
nised or morphological group, as appropriate. Each
physiologically discrete colony was then categorised
as healthy, bleached, compromised or diseased as
described by Willis et al. (2004) and Raymundo et al.
(2005). The bleached category included corals with
either partial or whole colony losses of tissue pigmen-
tation. The compromised category included corals with
(1) feeding scars from corallivores, such as crown-of-
thorns starfish Acanthaster planci, Drupella snails or
reef fishes; (2) pigmentation responses to a variety of
challenges (e.g. competitive interactions, injury, bor-
ing organisms); and (3) tissue loss due to competitive

interactions with algae and other benthic organisms
(i.e. invading or overgrowing live coral tissue). Sam-
ples of diseased colonies were collected and examined
microscopically to identify associated micro-organisms
and to verify field identifications of diseases.

Approximately 90% of all disease cases and other
signs of compromised coral health (bleaching and
other changes in colony pigmentation, injury from
predators, overgrowth by benthic organisms) were
recorded from the families Acroporidae and Poritidae.
Thus only these families were included in prevalence
calculations for the diseased, bleached and compro-
mised categories. Over 90% of diseased colonies were
categorised as having brown band disease (BrB),
skeletal eroding band (SEB) or growth anomalies
(GAs; examples shown in Fig. 2). Thus, the prevalence
of these 3 diseases was calculated separately.

Measures of MPA effectiveness. The cover of corals
and all other benthos was measured from under all
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Region or MPA/ Date MPA Activities Area Other effects Coral community Location
MPA name Control established excluded (km2) characteristics

in MPA

Ngelukes MPA 2002 Fishing, entry 1 High levels of runoff Coral density variable, 7° 25’ N,
from agriculture, roads Porites, Acropora, 134° 36’ E
and other developments, Pocillopora dominated
low water visibility and
rates of water flow and
flushing

Control High levels of runoff from Moderate coral density, 7° 24’ N,
agriculture, road and Acropora and Porites 134° 35’ E
other developments, low dominated
water visibility and rates
of water flow and flushing

Cemetery MPA 1999 All extractive 0.008 High tourist visitation and Moderate coral density, 7° 14’ N,
activities fish feeding, moderate Porites dominated 134° 22’ E

visibility, water flow and
flushing

Control Moderate visibility, water Moderate to low coral 7° 14’ N,
flow and flushing density, Porites dominated 134° 22’ E

Bital Rirs MPA Not official Fishing 0.008 Moderate tourist visitation, Moderate to low coral 7° 13’ N,
MPA, but moderate visibility, high density, Acropora 134° 23’ E
no fishing water flow and flushing dominated
occurs here

Control Moderate visibility, high Moderate coral density, 7° 12’ N,
water flow and flushing Acropora dominated 134° 23’ E

Ngemelis MPA 1995 Fishing within 30 High tourist visitation, High to moderate coral 7° 06’ N,
2 miles (~3.2 km) upwelling, high visibility, density, Porites and 134° 14’ E
of MPA boundary high water flow and Favid dominated

flushing
Control High tourist visitation, High coral density, 7° 04’ N,

upwelling, high visibility, Porites dominated 134° 15’ E
water flow and flushing

Table 1. Characteristics of marine protected areas (MPA) and paired control reefs in 4 regions of Palau, including date of MPA establish-
ment, area of reef within MPA, activities excluded from MPAs, other effects experienced by reefs, coral community composition, latitude 

and longitude
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transects using the line intercept
method (Marsh et al. 1984), where the
cover of all benthos directly under the
central transect line was recorded to
the nearest cm. Scleractinian family
richness was calculated as the num-
ber of scleractinian families present
per transect.

The effectiveness of the MPAs in
protecting fish stocks from exploita-
tion was assessed by measuring the
abundance, size and biomass of 21
species of fish highly valued and tar-
geted by fishers in Palau (Siganus lin-
eatus, S. argenteus, S. canaliculatus,
Naso lituratus, Lethrinus olivaceus,
L. obsoletus, L. xanthochilus, Lutjanus
bohar, Lutjanus gibbus, Caranx ig-
nobilis, C. melampygus, Cetoscarus
spp., Hipposcarus longiceps, Vala-
mugil seheli, Liza vaigiensis, Bol-
bometopon muricatum, Plectropomus
areolatus, P. leopardus, P. laevis, Epi-
nephelus fuscoguttatus, E. microdon).
Individual sizes and counts of each
targeted fish species were determined
from surveys of five 50 × 5 m belt tran-
sects for each MPA and control reef.
Only 1 site in each MPA and control
reef was surveyed due to the consid-
erably larger area covered in fish sur-
veys (500 m2 at 1 site) compared to
coral disease surveys (240 m2 from 2
sites combined). Biomass per fish spe-
cies was calculated using standard
species-specific length–biomass cal-
culations from FishBase (www.fish-
base.org, version 02/2006). Total bio-
mass of targeted fish species per
transect was then calculated by sum-
ming the biomass of all targeted fish
species recorded from each transect.
The richness of targeted fish species
was calculated as the number of tar-
geted species present per transect.

Statistical analysis. Using analysis
of variance (ANOVA), we tested for
differences in (1) prevalence of dis-
eases individually and pooled; (2)
prevalence of bleaching and compro-
mised coral health within acroporid
and pocilloporid corals; and (3) other
proxies of coral community health
(cover and density of scleractinian
corals, scleractinian family richness

139

Fig. 2. Macroscopic field signs of skeletal eroding band on (a) Pocillopora dami-
cornis and (b) Acropora sarmentosa; (c,d) brown band disease on Acropora spp.;
and growth anomalies on (e) Acropora sp. and (f) Porites sp. Arrows show the
location of disease fronts and tissue loss on colonies with skeletal eroding band

and brown band disease
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and the cover of acroporid and poritid corals com-
bined) as a function of the following factors: (1) MPA
status (fixed factor), (2) the 4 Palauan regions (fixed);
and (3) 2 replicate sites sampled within each MPA and
control reef (random). When significant differences in
group means were identified, post hoc Fisher-LSD
tests were used to identify group differences. Data
were transformed where necessary to fulfil or approxi-
mate ANOVA assumptions of normality of distribu-
tions and homogeneity of variances.

The 21 targeted fish species were surveyed at only
1 MPA and 1 control site within each of the 4 Palauan
regions. Thus, t-tests were used to compare the rich-
ness of fish species and the abundance, biomass and
size of fish between each MPA/non-MPA site pair. Fish
species were pooled for analyses of biomass and size.
Where sufficient counts per fish taxon were recorded
from within both the MPA and non-MPA site within a
region, differences in the biomass and size of individu-
als between MPA and non-MPA sites within these taxa
were also tested for using t-tests.

To identify variables associated with the prevalence
of diseases both pooled and individually, independent
of MPA status and region, bivariate regression analyses
were performed between all variables measuring coral
and fish assemblage health and the disease data. Data
were averaged to reef level for these analyses. Only
those variables significant at α = 0.05 are presented.
Where more than one variable showed a significant as-
sociation with the disease data, the contribution of each
variable to variation in the disease data was examined
using forward selection stepwise regressions.

RESULTS

Diseased corals were widespread in our surveys of
Palaun reefs, being recorded from all regions, all sites
and all but 3 of the 48 transects surveyed. Disease
prevalence was low, affecting on average (±SE) 2.1 ±
0.3% of acroporid and poritid corals per transect, but
up to a maximum of 8.2% of colonies. At least 8 dis-
eases were identified: black band disease, other
cyanobacterial infections, BrB, atramentous necrosis,
GAs, Porites ulcerative white spot disease, SEB, and
white syndrome. SEB, BrB and GAs were the 3 most
commonly recorded diseases, accounting for ~90% of
all diseases cases (n = 443). SEB was the most preva-
lent disease, affecting 0.88 ± 0.2% of acroporid and
poritid colonies. BrB affected 0.68 ± 0.3% and GAs 0.29
± 0.1% of acroporid and poritid colonies combined. On
average, 0.08 ± 0.05% of acroporid and poritid corals
were bleached, and 7.1 ± 0.8% of colonies showed
signs of their health having been compromised by fac-
tors other than disease or bleaching.

Influence of MPAs on coral health

Overall, the prevalence of pooled diseases did not
vary significantly between MPA and non-MPA reefs in
Palau (Tables 2 & 3, Fig. 3a). However, patterns in the
pooled prevalence of diseases between MPA and non-
MPA reefs varied between regions (ANOVA(Region × Sta-

tus): p = 0.014; Fig. 3a), reflecting the 4-fold higher dis-
ease prevalence within the Cemetery MPA (LSD test: p
< 0.01), but conversely, the more than 4-fold lower
prevalence of diseased corals in the Ngemelis MPA
(LSD test: p = 0.03; Fig. 3a). The prevalence of SEB was
over 2-fold higher within MPAs than on non-MPA
reefs (Tables 2 & 3, Fig. 3b), reflecting the greater than
5-fold higher prevalence of SEB within the Cemetery
MPA than in the paired non-MPA reef (LSD test: p <
0.001; Table 2). The prevalence of BrB and GAs did not
vary significantly between MPA and non-MPA reefs in
Palau (Tables 2 & 3, Fig. 3c,d).

Bleaching prevalence did not differ significantly
between MPA and control reefs (p = 0.831, Tables 2 &
3, Fig. 3e). Patterns for the compromised health cate-
gory varied between regions (ANOVA(Region × Status): p <
0.001; Fig. 3f), reflecting the almost 2-fold lower preva-
lence of corals with signs of compromised health
within the Bital Rirs MPA (LSD test: p < 0.01), but con-
versely, the more than double prevalence of corals
with these signs in the Ngleukes MPA (LSD test: p <
0.001), when coral assemblages in these 2 MPA reefs
were compared to those in their respective control
reefs (Fig. 3f).

Measures of MPA effectiveness

Overall, percent cover of scleractinian corals did not
differ significantly between protected and non-pro-
tected reefs (Tables 2 & 3, Fig. 4a). However, in 1
region (Bital Rirs), both the cover of scleractinian corals
and the cover of families that are major hosts for coral
diseases (Acroporidae and Poritidae) were lower in the
MPA compared to the paired control reef (LSD; p
<0.05; Fig. 4a,b). In contrast, these measures of cover
were higher in the Cemetery MPA compared to the
paired control reef (LSD test: p < 0.05; Fig. 4a,b). Den-
sities of scleractinian corals did not differ between
MPA and control reefs (Tables 2 & 3, Fig. 4c). Sclerac-
tinian family richness was significantly lower within
MPAs than on non-protected reefs (Tables 2 & 3,
Fig. 4d), particularly within 2 MPAs (Ngelukes, LSD
test: p < 0.001; Cemetery, LSD test: p < 0.001).

Patterns in species richness of reef fish assemblages
targeted by fishers in Palau within and outside of
MPAs varied across the 4 regions (ANOVA(Region × Status):
p = 0.015, Table 2). Although there was no difference
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in species richness between protected and non-pro-
tected reefs overall (Tables 2 & 3), a trend for increased
species richness of targeted reef fish within MPAs was
driven by significantly higher species richness within
MPAs for the Cemetery and Ngelukes regions (Ceme-
tery, LSD test: p = 0.008; Ngelukes, LSD test: p = 0.044;
Fig. 5a). On average, over twice as many species were
recorded from transects within the Cemetery MPA
compared to its paired control reef (Fig. 5a), and 1.6
times as many species were recorded from transects
within the Ngelukes MPA (Fig. 5a). Similarly, the
abundance of targeted reef fish was not enhanced
within MPAs (Tables 2 & 3, Fig. 5b). However, fish
were larger inside MPAs when reefs were combined
for all 4 regions (Tables 2 & 3, Fig. 5c), but most notably
within 2 regions (Cemetery, LSD test: p < 0.001;

Ngelukes, LSD test: p < 0.05). Fish were on average
twice as large inside the Cemetery MPA compared to
the paired control reef (Fig. 5c). Overall, fish biomass
was not greater inside MPAs when reefs were com-
bined for all 4 regions (Tables 2 & 3, Fig. 5d), despite
biomass being 3.5 times greater within the Ngelukes
MPA compared to its paired control reef (LSD test: p <
0.05; Fig. 5d).

For 2 of the 7 targeted fish species, fish were larger
and populations were higher in biomass within at least
1 MPA compared to its paired control reef. Scarus spp.
and Lutjanus gibbus were greater in size and biomass
within the Ngelukes MPA, and Scarus spp. were also
significantly larger in the Bital Rirs MPA (Table 4). In
contrast, Siganus argenteus individuals were smaller
in size and biomass inside both the Bital Rirs and
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Source of variation df F p

Disease prevalence (%, sqrt transformed)
Status 1 0.72 0.420
Region 3 7.74 0.009*
Region × Status 3 6.76 0.014*
Site(Region × Status) 8 0.69 0.690

Skeletal eroding band prevalence (%, sqrt transformed)
Status 1 8.25 0.021*
Region 3 14.99 0.001*
Region × Status 3 9.25 0.006*
Site(Region × Status) 8 0.27 0.971

Brown band prevalence (%, sqrt transformed)
Status 1 0.41 0.540
Region 3 23.92 <0.001*
Region × Status 3 0.36 0.784
Site(Region × Status) 8 0.34 0.943

Growth anomaly prevalence (%, sqrt transformed)
Status 1 0.43 0.530
Region 3 0.81 0.522
Region × Status 3 2.83 0.106
Site(Region × Status) 8 0.71 0.677

Bleaching prevalence (%, log10+0.1 transformed)
Status 1 0.05 0.831
Region 3 1.55 0.275
Region × Status 3 0.30 0.824
Site(Region × Status) 8 1 0.455

Compromised prevalence (%, sqrt transformed)
Status 1 0.06 0.807
Region 3 32.22 <0.001*
Region × Status 8 9.46 0.005*
Site(Region × Status) 8 0.21 0.987

Scleractinian coral cover (%)
Status 1 0.05 0.825
Region 3 3.96 0.053
Region × Status 3 2.04 0.187
Site(Region × Status) 8 4.68 0.001*

Source of variation df F p

Acroporidae and Poritidae coral cover (%)
Status 1 0.02 0.904
Region 3 3.26 0.081
Region × Status 3 1.70 0.244
Site(Region × Status) 8 6.51 <0.001*

Scleractinian coral density (colonies m–2)
Status 1 1.69 0.230
Region 3 9.85 0.005*
Region × Status 3 2.88 0.103
Site(Region × Status) 8 0.48 0.861

Scleractinian family richness
(species per transect, log10 transformed data)

Status 1 9.51 0.006*
Region 3 35.32 <0.001*
Region × Status 3 5.61 0.008*
Site(Region × Status) 8 0.57 0.619

Fish species richness (species per transect)
Status 1 2.30 0.139
Region 3 1.39 0.263
Region × Status 3 4.04 0.015*

Fish abundance
(number per transect, log10 + 0.001 transformed)
Status 1 0.08 0.617
Region 3 2.14 0.114
Region × Status 3 0.91 0.455

Fish size (cm)
Status 1 15.10 0.001*
Region 3 0.16 0.925
Region × Status 3 7.79 0.001*

Fish biomass
(grams per transect, log10+0.001 transformed)
Status 1 2.34 0.136
Region 3 0.37 0.778
Region × Status 3 1.70 0.188

Table 2. Univariate ANOVA comparing measures of coral health (prevalence of pooled diseases and skeletal eroding band,
brown band disease and growth anomalies individually, prevalence of bleaching and signs of other factors that compromise
health) and measures of MPA effectiveness (cover of each of scleractinian and Acroporidae and Poritidae corals combined, scler-
actinian coral density and family richness, as well as species richness, abundance, size and biomass of all fish species pooled)

in MPAs and control reefs within 4 Palauan regions (Ngelukes, Cemetery, Bital Rirs, Ngemelis). *Significance at α = 0.05
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Ngemelis MPAs compared to their respective paired
control reefs. The other 4 species (Naso lituratus, Plec-
tropomus areolatus, Hipposcarus longiceps, Ceto-
scarus bicolor) did not differ significantly in either size
or biomass between MPA and control reefs.

Regional variation in coral health and coral and fish
assemblages

The regional location of a reef significantly affected
the pooled disease prevalence (Table 2, Fig. 3a), the
prevalence of SEB and BrB individually (Fig. 3b,c), as
well as the prevalence of compromised corals (Table
2, Fig. 3f). The prevalence of growth anomalies and
bleaching did not vary among the 4 studied regions of
Palau (Table 2, Fig. 3d,e). The prevalence of pooled
diseases was lowest in the southernmost Ngemelis
region and highest in the Bital Rirs region (Table 2,
Fig. 3a), reflecting the low prevalence of SEB and the
absence of BrB in the Ngemelis region (Fig. 3b,c). BrB
prevalence was highest in the Bital Rirs region, and
SEB prevalence was highest in the Cemetery region
(Fig. 3b,c). The prevalence of corals with signs of
compromised health was significantly higher within
the Bital Rirs region than in the Cemetery region
(LSD test: p < 0.05; Fig. 3f). In the Ngemelis region,
where disease prevalence was lowest (Fig. 3a), the
density of scleractinian colonies was highest (LSD
test: p < 0.05; Fig. 4c), and the cover of scleractinian
corals, as well as acroporid and poritid corals, the
families most susceptible to disease, was lowest on
Ngemelis reefs (and also in the Ngelukes reef region;
LSD test: p < 0.05; Fig. 4a,b). The high richness of

scleractinian families in the Ngemelis region (Fig. 4d)
supports regional patterns for other measures of over-
all coral health (high scleractinian density, low dis-
ease prevalence), although the similarly high family
richness in the Bital Rirs region does not (all LSD
tests: p < 0.05; Fig. 4d). All measures of fish commu-
nity health assessed in this study (abundance, rich-
ness of targeted species, mean size and biomass)
showed no regional variability (Fig. 5).

Other factors influencing coral disease prevalence

Bivariate regressions revealed that pooled disease
prevalence in acroporid and poritid corals was moder-
ately positively correlated with the cover of these fam-
ilies (F = 9.47, r2 = 0.61, p = 0.022; Fig. 6a) and more
weakly negatively correlated with the species richness
of targeted fish (F = 6.19, r2 = 0.51, p = 0.047; Fig. 6b).
All other variables showed no significant association
with the prevalence of diseases pooled. Stepwise
regression indicated that fish species richness did not
increase the predictive ability of a model including
only the cover of acroporid and poritid corals (Table 5).
We also found a strong negative association between
the prevalence of SEB and the species richness of tar-
geted reef fish (F = 55.72, r2 = 0.90, p < 0.001; Fig. 6c),
and a more moderate positive association between
SEB prevalence and the cover of acroporid and poritid
corals (F = 6.95, r2 = 0.54, p = 0.039; Fig. 6d), with all
other variables showing no significant association.
Stepwise regression indicated that the cover of acrop-
orid and poritid corals did not increase the predictive
ability of a model including only the richness of tar-
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Measure MPA Control

Disease (% of corals) 2.29 ± 0.45 1.83 ± 0.44
Skeletal eroding band (% of corals) * 1.23 ± 0.37 0.53 ± 0.11
Brown band (% of corals) 0.59 ± 0.28 0.7 ± 0.4
Growth anomalies (% of corals) 0.18 ± 0.07 0.4 ± 0.2
Bleaching (% of corals) 0.06 ± 0.04 0.09 ± 0.01
Compromised (% of corals) 7.12 ±0.95 7.08 ± 1.22
Scleractinian coral cover (% cover) 46.4 ± 4.5 48.3 ± 5.2
Acroporidae and Poritidae cover (% cover) 41.1 ± 5 41.5 ± 5.6
Scleractinian coral density (colonies m–2) 16.2 ± 1.3 17.7 ± 1.4
Scleractinian family richness (families per transect)* 8.25 ± 0.49 9.33 ± 3.99
Fish species richness (species per transect) 4.1 ± 0.29 3.45 ± 0.38
Fish abundance (number) 36.85 ± 9.43 38.1 ± 7.33
Fish size (length, cm) * 23.05 ± 1.08 17.96 ± 1.19
Fish biomass (grams per transect) 16291.13 ± 4837.7 9537.31 ± 1589

Table 3. Mean (± SE) values recorded for measures of coral health (prevalence of pooled diseases and skeletal eroding band,
brown band disease and growth anomalies individually, prevalence of bleaching and signs of other factors that compromise
health) and measures of MPA effectiveness (cover of each of scleractinian and Acroporidae and Poritidae corals combined, scler-
actinian coral density and family richness, as well as species richness, abundance, size and biomass of targeted fish species

pooled) for MPA and control reefs pooled. *Significant differences in values between MPA and control reefs, α = 0.05
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geted fish species, which explained 90% of the varia-
tion in SEB prevalence among reefs (Table 6). The
prevalence of BrB was strongly positively correlated
with the prevalence of bleached colonies (F = 106.95, r2

= 0.95, p < 0.001; Fig. 6e), with all other variables
showing no significant association. None of the vari-
ables tested was significantly associated with the
prevalence of GAs.

DISCUSSION

We found little evidence that MPAs enhance the
health of acroporid and poritid assemblages in Palau.
Overall, we found no difference in the prevalence of ei-
ther the diseases pooled, or GAs and BrB individually,
between MPAs and non-protected reefs. We also found
no differences in the prevalence of bleaching and signs
of other factors that compromise coral health in poritid
and acroporid corals between MPAs and non-protected
reefs. Results of this study therefore partially corrobo-
rate those of previous studies, which found that the
prevalence of GAs on Kenyan reefs in the western
Indo-Pacific (McClanahan et al. 2008) and the preva-
lence of several diseases on Little Cayman Island in the
Caribbean (Coelho & Manfrino 2007) were not reduced
inside MPAs. In fact, the prevalence of SEB was 2-fold
higher within MPAs than on non-protected reefs in
Palau. When protected and non-protected reef pairs
were analysed individually, in some cases, measures of
coral health were significantly worse inside the studied
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Fig. 3. Mean ± SE prevalence of (a) diseases pooled, (b) skele-
tal eroding band, (c) brown band disease, (d) growth anom-
alies, (e) bleaching and (f) compromised health in acroporid
and poritid corals within MPAs and control reefs in 4 Palauan
regions (Ngelukes, Cemetery, Bital Rirs and Ngemelis). *Sig-
nificant difference between MPA and control reefs at α = 0.05;
lowercase letters indicate homogenous regional groupings as

indicated by Fisher LSD post hoc tests
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Fig. 4. Variability in mean ± SE (a) scleractinian coral cover,
(b) combined cover of the families Acroporidae and Poritidae,
(c) scleractinian coral density and (d) scleractinian family
richness between MPA and control reef pairs in 4 Palauan re-
gions (Ngelukes, Cemetery, Bital Rirs and Ngemelis). *Signif-
icant difference between MPA and control pair at α = 0.05;
lowercase letters indicate homogenous regional groupings as

indicated by Fisher LSD post hoc tests
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Fig. 5. Variability in mean ± SE fish (a) species richness, (b) abundance, (c) size and (d) biomass per transect between MPA and
control reef pairs in 4 Palauan regions (Ngelukes, Cemetery, Bital Rirs and Ngemelis).*Significant difference between MPA and
control pair at α = 0.05; lowercase letters indicate homogenous regional groupings as indicated by Fisher LSD post hoc tests

Species Region Measure t df p MPA/Control MPA Control
difference? (mean ±SE) (Mean ±SE)

Siganus argenteus Bital Rirs Size 2.568 18 0.019* Control > MPA 15 ± 1.54 19.92 ± 1.13
Biomass 2.765 18 0.013* Control > MPA 72.05 ± 19.16 154.54 ± 26.02

Ngemelis Size 2.835 8.535 0.02* Control > MPA 13.13 ± 0.91 15.86 ± 0.3
Biomass 2.670 7.879 0.029* Control > MPA 45.58 ± 7.75 73.6 ± 4.29

Cetoscarus bicolor Ngemelis Size 1.357 21 0.189 No 21.13 ± 2.37 25.56 ± 1.74
Biomass 1.26 21 0.221 No 221.39 ± 83.68 255.73 ± 63.93

Lutjanus gibbus Ngelukes Size –14.154 312.96 <0.001* MPA > Control 23.2 ± 0.27 16.42 ± 0.4
Biomass –12.968 264.06 <0.001* MPA > Control 274.62 ± 6.74 117.76 ± 8.4

Ngemelis Size 0.579 55.177 0.565 No 16.05 ± 0.5 16.5 ± 0.47
Biomass 1.5 68.689 0.138 No 86.13 ± 7.29 102.88 ± 8.5

Hipposcarus longiceps Ngemelis Size –1.913 21 0.069 No 27.42 ± 1.83 22.27 ± 1.83
Biomass –1.746 21 0.095 No 1313.38 ± 222.8 705.36 ± 165.69

Scarus spp. Ngelukes Size –6.394 105 <0.001* MPA > Control 22.62 ± 0.65 16.25 ± 0.75
Biomass –6.497 105 <0.001* MPA > Control 289.58 ± 20.62 122.27 ± 16.17

Bital Rirs Size –2.127 91.325 0.036* MPA > Control 18.81 ± 0.61 17.24 ± 0.43
Biomass –1.975 94.04 0.051 No 173.68 ± 19.06 123.22 ± 10.18

Plectropomus areolatus Bital Rirs Size 0.936 24 0.359 No 21.61 ± 1.93 25 ± 3.58
Biomass 0.826 24 0.417 No 200.39 ± 46.3 327.46 ± 117.92

Naso lituratus Ngemelis Size –0.683 79 0.497 No 17.74 ± 0.85 16.98 ± 0.73
Biomass –0.747 79 0.458 No 217.29 ± 34.73 185.88 ± 21.64

Table 4. Results of t-tests comparing the average size and biomass of fish taxa in MPAs and paired control reefs within regions of Palau. Data
only shown for taxa and regions for which taxa were sufficiently abundant to allow comparisons. Size: average size of fish per transect; biomass:

grams per transect. *Significance at α = 0.05. Biomass data were (log10+0.001) transformed
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MPAs. The prevalence of pooled diseases and SEB in-
dividually were significantly greater inside the Ceme-
tery MPA, and the prevalence of corals having compro-
mised health was greater within the Ngelukes MPA,
than within paired control sites. However, the effects of
MPAs on coral health were variable, since the preva-
lence of pooled diseases was lower within the
Ngemelis MPA, and colonies with signs of compro-
mised health were less prevalent within the Bital Rirs
MPA than within paired control sites. There are at least
2 possible explanations for the inconsistent patterns in
the relationship between MPA status and coral health:
either factors affecting coral health are not governed by
the protection status afforded by MPAs, for example

water flow and oceanographic parameters, or the stud-
ied MPAs were not functional in protecting reefs from
activities that affect coral health.

Contrary to predictions for well-managed MPAs
(reviewed by Russ 2002), none of the 4 measures of fish
stock health (species richness, abundance, size and
biomass) was enhanced within 2 of the MPAs studied
(Ngemelis and Bital Rirs), suggesting that these 2
MPAs were not effective in enhancing fish stocks. In
contrast, 1.6- to 2.2-fold increases in the species rich-
ness of fish detected in the Ngelukes and Cemetery
MPAs, respectively, are consistent with higher rates of
compliance, and fish feeding within the Cemetery
MPA, despite their more recent establishment as MPAs
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Fig. 6. Linear relationships between (a) prevalence of pooled
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(Table 1). Similarly, 1.5- to 2-fold increases in fish size
within the Ngelukes and Cemetery MPAs corroborate
our conclusion that these 2 MPAs are more effectively
managed. The lack of consistent enhancement in the
4 measures of fish stock health across all 4 MPAs
suggests that MPA status was not a good indicator of
levels of anthropogenic activities affecting fish stocks,
and by extension, the health of coral assemblages in
these regions.

A key factor influencing the inconsistency in health
measures for reef fish stocks in MPAs is likely the rela-
tively small human population in Palau (~20 000), and
by extension, the relatively low fishing pressure in this
region. Low fishing pressure overall is consistent with
the lack of difference in fish species richness, fish size
or fish biomass between MPAs and non-protected
reefs in the Bital Rirs and Ngemelis regions, the latter
being the most remote from Palau’s population centre.
The Ngelukes region is closest to the capital city of
Koror (see Fig. 1) and correspondingly, experiences
the greatest fishing pressure. Not surprisingly, greater
differences in species richness, size and biomass of fish
(Scarus spp. and Lutjanus gibbus, as well as all species
pooled) were detected between the Ngelukes MPA
and its paired control reef, including at least a 3-fold
increase in fish biomass, highlighting the effects of
fishing pressure on non-protected reefs in close prox-

imity to population centres. Compliance with MPA
restrictions, the size and age of MPAs, and inputs of
agricultural runoff and natural variation in the compo-
sition of coral communities are other factors likely to
have contributed to the variable effectiveness of the
studied MPAs.

While MPA status did not correlate consistently with
health measures for corals or fish, we did find evidence
that MPAs which enhance the health of fish stocks
might also enhance the health of acroporid and poritid
assemblages. The strong negative association between
the prevalence of pooled diseases and the species rich-
ness of even the limited number of fish species
included in this study indicates that well-managed
MPAs, by increasing fish species richness, may lower
the prevalence of coral disease. The association
between disease prevalence and fish species richness
was primarily driven by the strong negative associa-
tion between fish species richness and the prevalence
of SEB. Injury is likely to play an important role in the
development of SEB (Page & Willis 2008); thus, the
presence of a greater range of fish feeding guilds
within MPAs, including predators of corallivorous fish
and invertebrates, may ensure that injuries to corals
from feeding corallivores are reduced, thereby reduc-
ing opportunities for the development of SEB. Simi-
larly, if increased fish species richness results in
increases in predators of corallivorous fish or inverte-
brates, which are the most common vectors of disease
(Sussman et al. 2003, Williams & Miller 2005, Aeby &
Santavy 2006, Dalton & Godwin 2006), well-managed
MPAs could diminish the spread and correspondingly
the prevalence of SEB. Increases in fish species rich-
ness within MPAs are typically matched by increases
in fish biomass (see Russ 2002), and it is therefore sur-
prising that the prevalence of SEB and pooled diseases
did not correlate with fish biomass. However, increases
in biomass would not be expected to result in this same
pattern of decreased SEB prevalence if increases in
biomass did not reflect the addition of predators of fish
and invertebrate corallivores to fish feeding guilds,
and hence reductions in injury to corals.

Well-managed MPAs often increase the species rich-
ness of fish communities (reviewed by Halpern 2003);
however, fish species richness may be influenced by
other factors, including tourism activities, which could
also contribute to the greater prevalence of SEB within
MPAs in Palau. The greater richness of fish species and
size of fish inside the Cemetery MPA were undoubt-
edly linked to tourists feeding fish within this MPA.
Fish fed by humans are typically larger and less afraid
of divers and consequently more visible during visual
censuses (Kulbicki 1998). Evidence that elevated nutri-
ent levels enhance the frequency and severity of some
diseases (Kuta & Richardson 2002, Bruno et al. 2003,
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VIF t-ratio p

Cover of acroporid and 1 3.077 0.022*
poritid corals

Fish species richness 2.38 –0.898 0.41

Table 5. Results of stepwise forward regression (F = 9.47, r2 =
0.61, p = 0.022) with fish species richness and the cover of
acroporid and poritid corals as the regressors with the pre-
valence of diseases pooled. Only the 2 variables found to be
positively associated with the prevalence of diseases pooled
(fish species richness and cover of acroporid and poritid
corals) were entered into the regression model. *Significance

at α = 0.05. VIF: variance inflation factors

VIF t-ratio p

Fish species richness 1 9.041 <0.001*
Cover of acroporid and 2.38 0.098 0.926
poritid corals

Table 6. Results of stepwise forward regression (F = 55.72, r2 =
0.903, p < 0.001) with fish species richness and the cover of
acroporid and poritid corals as the regressors with the pre-
valence of skeletal eroding band (SEB). Only the 2 variables
found to be positively associated with SEB prevalence
(fish species richness and cover of acroporid and poritid
corals) were only entered into the regression model. 

*Significance at α = 0.05. VIF: variance inflation factors
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Voss & Richardson 2006, McClanahan et al. 2008) sug-
gests that increases in nutrients via additions of fish
food could be responsible for higher levels of SEB in
the Cemetery MPA. Experimental studies could pro-
vide insights into whether nutrients influence SEB
prevalence. Increases in visitation and coral breakage
from tourist-associated activities, including boat
anchoring and groundings, snorkelling and diving
within aesthetically pleasing MPAs, may also increase
opportunities for disease development within MPAs,
given links between injury and disease development
in corals (Bak & Criens 1981, Antonius & Riegl 1997,
1998, Page & Willis 2008). Fish species richness may
therefore be a proxy for other factors that were not
measured, but nonetheless influence SEB prevalence
on the studied reefs.

The cover of disease-susceptible hosts is also likely
to play an important role in determining disease levels,
given that many diseases are density dependent
(Anderson & May 1979, Bruno et al. 2007). Although
the studied MPAs did not enhance the cover of corals,
MPAs in other reef regions have been successful in
enhancing the abundance or cover of corals (McClana-
han & Muthiga 1988, McClanahan & Mutere 1994,
McClanahan 1997, Williamson et al. 2004). Given that
many diseases are density dependent (Anderson and
May 1979), the maintenance of high cover of a reduced
number of families within MPAs, 2 Palauan MPAs
(Ngelukes and Cemetery) having a lower richness of
scleractinian families than control sites, could facilitate
increases in disease within MPAs. The tradeoff
between fish richness as a protective measure against
coral disease and increased host cover as a facilitator of
some diseases is a complex issue needing more
research.

The positive association between the prevalence of
BrB and bleaching on Palauan reefs suggests that the
environmental conditions associated with bleaching,
most commonly high water temperatures and UV light
levels (Brown 1997, Hoegh-Guldberg 1999), increase
the virulence of the BrB pathogen and/or the suscepti-
bility of corals to invasion by this pathogen. This
hypothesis is supported by evidence that elevated tem-
peratures increase the virulence of other coral
pathogens (Kushmaro et al. 1998, Banin et al. 2000,
Ben-Haim et al. 2003), while concurrently increasing
the susceptibility of coral hosts (Ward et al. 2007), lead-
ing to an increased likelihood of disease development
in bleached corals (Miller et al. 2006, Muller et al.
2008). Strong associations between the prevalence of
bleaching and GAs further support this interpretation
(McClanahan et al. 2008). On average, bleaching and
BrB affected less than 1% of acroporid and poritid
corals each on Palauan reefs. However, the positive
association between bleaching and BrB prevalence

suggests that BrB prevalence is likely to increase as
bleaching increases (Hoegh-Guldberg 1999). Other
Indo-Pacific diseases associated with thermal anom-
alies (Selig et al. 2006, Bruno et al. 2007) or bleaching
(McClanahan et al. 2008) are also likely to increase fol-
lowing bleaching events, independently of MPA sta-
tus. In such scenarios, even very large MPAs are
unlikely to provide significant benefits for coral com-
munities and the fish dependent on them (McClana-
han et al. 2001, Jones et al. 2004a). Given predictions
of increases in the frequency and intensity of bleach-
ing events with climate warming (Hoegh-Guldberg
1999) and increasing evidence of links between
bleaching and diseases in corals (Harvell et al. 1999,
Miller et al. 2006, Muller et al. 2008, McClanahan et al.
2008), clear strategies to effectively mitigate the
impacts of bleaching and subsequent disease epi-
zootics should be considered to minimise losses of
corals from Indo-Pacific reefs.

Although the 4 studied MPAs were not effective in
reducing diseases already low in prevalence (disease
affected on average ~2% of the 2 most susceptible
families, Acroporidae and Poritidae), MPAs may be
effective at mitigating disease effects during epi-
zootics. The small number of MPAs examined in this
study, and considerable variation in the coral commu-
nities and physical settings of reefs in the 4 regions
examined, may also have limited our ability to detect
the influence of MPAs on coral health. Comparisons of
disease prevalence inside and outside of a greater
number of MPAs during epizootics may provide
greater opportunities to explore the mechanisms by
which MPAs influence coral assemblage health. Varia-
tion in the factors associated with the prevalence of the
3 diseases examined in this study highlights the possi-
bility that the spread of different diseases might
require different management strategies. A greater
understanding of the effects of fishing exclusion on the
health of coral communities is also required before
MPAs can be used as a management tool to influence
the health of benthic communities in predictable and
positive ways.

In conclusion, we did not find that MPAs in Palau
consistently enhanced the health of acroporid and
poritid assemblages by limiting the prevalence of dis-
eases in these main disease hosts. A significant nega-
tive relationship between the prevalence of pooled dis-
eases and the richness of a selection of reef fishes
targeted by fishers, driven by a stronger association
between the prevalence of SEB and fish species rich-
ness, is consistent with the hypothesis that increases in
some kinds of fish play a role in minimising disease.
Positive correlations between the prevalence of dis-
eases pooled, the prevalence of SEB individually and
the cover of the main disease host (acroporid and pocil-
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loporid corals) is a reminder that high densities of dis-
ease-susceptible coral taxa could facilitate the spread
of disease, even within MPAs. Positive correlations
between the prevalence of BrB and bleaching support
the hypothesis that disease development is more likely
in compromised coral hosts and suggests that BrB in
particular is likely to increase concurrent with in-
creases in the frequency and intensity of bleaching
events with climate warming. Results of this study
reveal the complexity of biotic and abiotic factors influ-
encing disease prevalence in corals and highlight crit-
ical future priorities in understanding the interaction
between fish community composition and health of
corals.
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