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ABSTRACT: Effect of herbivory on coral-algal community dynamics was experimentally investigated at the tropical
subtidal reef crest using cages (uncaged and fully caged treatments) in different degrees of coral bleaching (healthy,
bleached, and severely bleached). Cover, recruitment, and succession of coral and algae were monitored. In this
study, twenty-three algal species were encountered, comprising three dominant groups: red turf algae, Padina sp., and
Lobophora variegata. Red turf algae were dominant and persisted in bleached and severely bleached plots for a year. The
results showed that herbivory had significant effects on the cover of algae and might contribute to differences in algal
composition and abundance. There was significant difference in percent cover of Padina between caged and uncaged
plots. The foliose form of Padina was dominant inside the cages while the Vaughaniella stage of Padina developed
high percent covers on uncaged patches. It might be because Padina inside the cages had less grazing pressure from
territorial damselfishes and other herbivorous fishes than thalli outside the cages. Therefore, the foliose form of Padina
had greater cover in full cages than open cages. As expected, the percent cover of coral in the caged plots was lower
than in uncaged plots. Coral juveniles settled in the severely bleached plots within one month and then disappeared.
From this study, herbivory likely plays important roles in coral-algal abundance; however, the impact of herbivory varies
according to degrees of coral bleaching that might also directly or indirectly influence coral-algal community dynamics
and coral recovery.
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INTRODUCTION

Coral reefs are one of the most important marine
ecosystems providing ecosystem services that com-
prise fisheries, food-security, recreation, tourism, and
coastal protection [1], but, worldwide, coral reefs are
vulnerable. Around 50% of reefs have become de-
graded due to natural and anthropogenic disturbances
such as ocean warming and acidification, pollution,
careless tourism, sediment run-off, and coral bleaching
[2–5]. The degradation of coral reefs has resulted in
biodiversity loss, coral mortality, and the increasing
occurrence of phase shifts from coral- to macroalgal-
dominated reefs [3, 6, 7]. These disturbances can in-
fluence reef community dynamics, reducing coral-algal
abundance, species richness, complexity, and species
composition [8, 9].

The phenomenon of coral bleaching was reported
as a major cause of coral reef degradation [3, 9, 10].
Mass bleaching has been taking place for decades and
is predicted to become more frequent [3, 12]. Coral
bleaching leaves dead coral skeletons that provide a
substrate for algae to colonize [6, 13]. Colonizing
algae might inhibit coral settlement, coral growth,
and coral physiology and delay the regeneration of
coral tissue [14–16]. At that point, the reef has
shifted from coral- to algal-dominated communities

[3, 12, 17]. However, algal successional patterns and
population dynamics in tropical subtidal bleached
coral reef communities are not well understood. Addi-
tionally, the ability and potential of reef communities
to recover from the disturbance are still unclear. Many
studies have suggested that bleached corals have dif-
ferent recovery abilities depending on the severity of
the disturbance to the reef ecosystem [6, 18].

Loss of herbivory has been put forward as one
of the factors that drives phase shifts from coral- to
algal-dominated communities on tropical reefs [13].
Herbivores play an important role in coral reef com-
munities. By grazing their preferred algal species, they
decrease the abundance, standing stock and diversity
of algae and alter algal succession [19, 20]. How-
ever, overfishing has severely reduced populations of
herbivorous fishes all over the world. Consequently,
grazing on coral reefs has declined, and then reefs are
overgrown by macroalgae [21]. Macroalgae degrade
reefs by suppressing coral cover, growth, and repro-
duction, inhibiting coral recruitment and settlement,
and triggering coral diseases [6, 14, 22].

The differences in rates of herbivory might have
direct and indirect impacts on coral-algal community
dynamics and coral recovery. To predict and man-
age coral reefs, it is necessary to understand coral-
algal community dynamics after coral disturbances,
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to unravel the impacts of herbivory and to assess the
potential of reefs to recover from disturbances. Thus,
the aim of this study was to determine the influences
of herbivory on coral-algal abundance and dynamics in
a tropical subtidal reef community.

MATERIALS AND METHODS

Study sites

The study was carried out at the subtidal reef crest at
Ko Tan, Mu Ko Thale Tai National Park, (9°19′20′′ N,
99°46′80′′ E), Gulf of Thailand, Southern Thailand
(Fig. 1). There are 2 seasons in this location: a rainy
season dominated by the northeast monsoon from
October–January and a dry season dominated by the
southwest monsoon from February–September. The
tides are semi-diurnal with a range of about 0.8–3.0 m
[23]. In this area, approximately 60 species of benthic
algae have been reported, including 23 species of
Chlorophyta, 19 species of Phaeophyceae, 16 species of
Rhodophyta, and 2 species of Cyanobacteria [23, 24].
Four common genera were represented: red turf algae,
Padina, Sargassum, and Turbinaria. Among the corals
on the reef, the massive coral of the genus Porites lutea
was dominant. Moreover, other coral species had been
found in this study site including Montipora digitata,
Pavona frondifera, Pocillopora damicornis, and Fungia
fungites. Abudefduf vaigiensis, Abudefduf bengalensis,
Abudefduf sexfacsiatus, and Neoglyphidodon nigroris
were the dominant herbivorous fish species at this
study site. Diadema setosum was observed on reef
slope. Light intensity and temperature of this study
area were 4,176.97±556.97 µmol photon/m/s and
33.67±0.45 °C, respectively.

Sampling design and method

The effect of herbivore exclusion on coral-algal com-
munity dynamics was experimentally investigated in 3
different coral conditions, after the mass coral bleach-
ing event in the Gulf of Thailand in 2016, resulting in
18% of coral mortality [25]. From our preliminary sur-
vey, we found many bleached corals in this study site,
and there was around 10% cover of live P. lutea in the
bleaching coral areas. Then, 3 different reef conditions
in this study were categorized: 1) healthy (initially hav-
ing 100% cover of live P. lutea), 2) bleached (10% cover
of P. lutea), and 3) severely bleached patches (100%
cover of dead P. lutea with no algal colonization). A
total of 48 coral patches (20×20 cm2) were delineated
and permanently marked using thread and concrete
nails. Sixteen patches were permanently marked using
labeled thread at each bleaching category (contained
the same coral species). Each patch was around 5 m
apart.

To investigate the effect of herbivory, patches
were fully caged and uncaged (cage size was
25×25×25 cm3). Eight of each bleaching category
were caged, and another 8 patches were left uncaged.

Cages made of a stainless-steel frame covered with
wire mesh (size of 2×2 cm2) were used to exclude
herbivores. In order to test cage artifacts, light in-
tensity and wave motion inside and outside cages
were measured using a HOBO data logger (Pendant®
Temperature and light data logger Model: UA-002-
64, Onset Computer Corporation, USA) and a gypsum
ball [24]. Cages decreased light intensity and water
motion by around 3.78±18.85% and 0.79±0.53%,
respectively, compared with uncaged patches. The
light intensity and water motion between caged and
uncaged patches were not significantly different (t-
test, p = 0.510 and p = 0.950, respectively). Then,
partial cages were not used in this study, and these
slightly lower light intensity and slower water motion
might not affect algae inside cages [26, 27].

Cages were fixed to the top of massive coral
patches with concrete nails and plastic cable ties.
Cages were cleaned of algae, sediment, and settling
organisms every month using a wire brush. In all
patches, percent covers of algae and coral were moni-
tored every month from May 2017 to May 2018 using
quadrats of the same size as the experimental plots
(2×2 cm2 subplots). All patches were photographed
using an underwater digital camera (Olympus TG-
5, Japan). Unknown algal specimens were collected
and taken to the laboratory for identification using
algal taxonomical identification guides from Coppe-
jans et al [23].

Data analysis

T-tests and Mann-Whitney U-test were used to test
the effect of herbivory on the percent covers of coral
and 3 algal dominant species and coral-algal species
diversity of all different bleaching treatments. Normal
distribution and data homogenization were tested with
Shapiro-Wilk and Levene’s test. Species diversity was
calculated using the Shannon-Weiner index. Light
intensity and water velocity outside and inside cages
were tested by t-test. All data were analyzed using
SPSS version 16.0 for Windows. The difference in
coral-algal species composition between caged and
uncaged in all different bleaching was visualized using
Principal component analysis (PCA) and tested with
permutational multivariate analysis of variance (PER-
MANOVA) with Past version 4.03.

RESULTS

A total of 26 algal species were found in this study,
including 11 Rhodophyta, 6 Chlorophyta, 6 Phaeo-
phyceae, and 2 Cyanobacteria (Table 1). There were
differences in algal composition and abundance be-
tween the different coral bleaching categories. Species
diversity was around 0.07–1.19, and the highest algal
species diversity was found in the bleached treatment
(10% cover of live coral tissue) (H ′ = 2.16). Mean-
while, species diversity was lowest on the healthy coral
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Fig. 1 Maps of Thailand (A), Samui Island (B), and Taen Island (C). The study area was located at 9°19′20′′ N, 99°46′80′′ E.
The photographs showing uncaged patch (D), caged patch (E), and the benthic community structure in study site (F).

Table 1 Algal species list and the occurrence on each shore and site.

Taxa Uncaged Caged

Healthy Bleached Severely Bleached Healthy Bleached Severely Bleached

Phylum Chlorophyta
Caulerpa verticillata – – – – * *
Dictyosphaeria sp. – * * – * *
Parvocaulis sp. – * * * * *
Rhipidosiphon javensis – * * – * *
Ulva compressa * *** *** * ** **

Phylum Rhodophyta
Amphiroa sp. – – – – * –
Acanthrophora sp. – – – - * –
Ceratodictyon spongiosum – * * – * *
Champia sp. – * – – – *
Gelidiella sp. – – – – – *
Gelidium pusillum – * * – * *
Gracilaria sp. – – – – – *
Hypnea sp. – * – * * *
Hypnea pannosa – * – – * *
Hypnea spinella – – – – * *
Crustose coralline algae – * * – * *
Red turf algae * ******** ******* * ******** *****

Class Phaeophycaea
Dictyota sp. – * – – * –
Lobophora variegata – ** ** * * **
Padina sp. * ** *** * **** ********
Sagrassum sp. – * * – * *
Sphacelaria sp. – ** ** * * *
Turbinaria decurrens – * * – * *
Turbinaria ornata – ** * – * *

Cyanobacteria
Cyanobacteria sp. 1 – * * – – –
Cyanobacteria sp. 2 – * – – * *

********: 36–40%; *******: 31–35%; ******: 26–30%; *****: 21–25%; ****: 16–20%; ***: 11–15%; **: 6–10%;
*: 1–5%; and –: no occurrence.
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Fig. 2 Species diversity (measured by the Shannon Wiener in-
dex) of coral-algal community in caged and uncaged patches
of different coral bleaching treatments from April 2017 to
May 2018. Healthy (A), bleached (B), and severely bleached
patches (C).

patches (Fig. 2).
For the herbivory effect on coral-algal community

dynamics at different degrees of bleaching, there was
a significantly higher coral-algal species diversity in
caged compared with uncaged patches of the healthy
coral (p = 0.006) (Fig. 2A). For the massive coral on
healthy patches, Porites was common and presented
the highest cover in uncaged patches, consistently
maintaining coverage of around 100% over the year
(Fig. 3A). The cover of Porites in caged patches slightly
decreased after one month of study and remained at
nearly 90% throughout the year (Fig. 3B). In addition,
there was a significantly higher coral cover in uncaged
compared with caged patches (p = 0.001). On the
healthy coral patches, red turf algae and Padina in

the Vaughaniella stage occupied the patches with cages
during 5 months of study (Fig. 3B). However, there
were no significant differences in the composition of
macroalgae and coral between caged and uncaged
treatments (p = 0.068) (Fig. 4A).

In the bleached patches, there was no significant
difference in algal species diversity between caged
and uncaged patches (p = 0.252). Species diversity
in the uncaged patches increased continuously from
April 2017 to August 2017 and showed the highest
diversity (H ′) of around 1.37 and decreased after-
ward (Fig. 2B). In the caged patches, species diversity
increased steadily from the first month and reached
1.30 in November 2017. Red turf algae, Padina sp.,
and Lobophora variegata (J.V. Lamouroux) Womers-
ley ex E.C. Oliveira were the first group of coloniz-
ers, and they persisted until the end of this study
(Fig. 3C,D). Red turf algae predominated in uncaged
and caged patches with average percent covers of
around 37.91±2.82% and 37.28±3.12%, respectively
(Fig. 3C,D). It was similar in the cover of red turf algae
between caged and uncaged treatments (p = 0.778).
Herbivory had a significant effect on the percent cover
of Padina (p = 0.041). A significant effect of herbivory
on the percent cover of Padina was suggested by higher
coverage in the caged patches than in the uncaged
patches over the year (Fig. 3C,D). For L. variegata, the
cover was significantly higher in uncaged compared
with caged patches (p = 0.003). The percent cover of
Porites showed a significant difference between caged
and uncaged patches (p = 0.0001). The cover of
Porites in the uncaged patches remained at nearly
10% throughout the year but decreased significantly
in the caged patches to 4.50±1.20% by May 2018
(Fig. 3C,D). For coral-algal species composition, there
were no significant differences between caged and
uncaged patches (p = 0.0109) (Fig. 4B).

In the severely bleached patches, there was no
significant difference in algal species diversity between
caged and uncaged patches (p = 0.069). Species di-
versity increased rapidly after one month of study and
fluctuated throughout the year. The highest species
diversity was found in the caged patches (H ′ = 1.76)
(Fig. 2C). In these severely bleached patches, the first
3 dominant algal species recruited in the plots were
the red turf algae, Padina in the Vaughaniella stage,
and L. variegata. In the uncaged patches, the red turf
algae were the first colonizer, became the dominant
species, and persisted in these patches throughout the
year, covering around 32.08±3.61%. The cover of red
turf algae reached 63.00±13.00% in November 2017
(Fig. 3E). There was a significantly higher abundance
of red turf algae in uncaged patches than in caged
patches (p = 0.025). The average cover of red turf
algae in uncaged and caged was 32.08±3.61% and
22.19±2.98%, respectively. In the caged patches,
meanwhile, Padina sp. was the dominant algal group,
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Fig. 3 The charts showing percent covers of coral and 3 dominant benthic algae on bare substrate and coral in healthy,
bleached, and severely bleached patches from April 2017 to May 2018 (mean±S.E., n = 8). ( ■ = Coral, □ = Red turf, • =
Padina sp., and △ = L. variegata).

occupying 58.12±14.60% after the first month of
study and increased to the highest abundance (63.00
±8.68%) in August 2017 (Fig. 3F). The percent cover
of Padina was significantly higher in the caged patches
than in the uncaged patches (p = 0.0001). The foliose
form of Padina was found in the caged patches while
the filamentous or turf form, Vaughaniella stage was
found in the uncaged patches. The percent cover
of L. variegata increased over a year but was never
more than 20%. The coverage of this species did not
significantly differ between herbivory treatments (p =
0.807). The settlement of coral juveniles was found in
both caged and uncaged patches with coverage of less
than 1% and disappeared after 2 months (Fig. 3E,F).
For coral-algal species composition, there were signif-

icant differences between caged and uncaged patches
(p = 0.0007) (Fig. 4C).

DISCUSSION

In this study, the bleached corals were colonized and
overgrown by turf and fleshy algae and then fol-
lowed by Padina in the Vaughaniella stage and L. var-
iegata. Algal colonization in this study showed a
simple pattern [6, 28]. The first colonizer, red turf
algae, achieved a high relative abundance and per-
sisted over the year because they are competitive and
have a fast growth rate and a high total reproduc-
tive capacity, producing large numbers of propagules
throughout the year [6, 29, 30]. In addition, the rapid
colonization by this species might reduce the growth
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Fig. 4 Principal component analysis (PCA) of coral-algal species composition in caged and uncaged patches of 3 different
coral bleaching treatments. Healthy (A), bleached (B), and severely bleached patches (C).

rate and inhibit settlement and colonization of later
species [14, 31, 32]. The later colonists, Padina in the
Vaughaniella stage and L. variegata, might be slower
colonizers and have slower growth rates compared
with red turf algae [28].

Algae were less common in healthy coral patches
with the highest cover, around 5%. It might be because
corals can produce a mucus layer that serves as a

defensive mechanism against algal colonization [33].
So, the live corals in the healthy patches were not
easily overgrown by algae unlike the dead corals in
the heavily bleached patches. A study by Diaz-Pulido
and McCook [6] showed that algal cover in healthy
coral patches was never more than 5%. However,
turf algae and filamentous algae rapidly colonized
bleached and severely bleached plots and persisted
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for a long period. Persistent colonization can result
in shifts from coral-dominated to algae-dominated
communities. Previous studies found that increasing
macroalgal abundance could inhibit coral settlement
and decrease coral growth rate, reproduction, and
survivorship [14, 22, 34], but variations occurred in
algal composition and abundance between different
bleaching treatments, depending on the severity of
bleaching, availability of algal propagules, and her-
bivory [6, 28, 30].

For the effect of herbivory on coral-algal commu-
nity, the results from this study showed that herbivory
had significant effects on the cover of Padina and
L. variegata and might contribute to differences in algal
composition and abundance. Among brown macroal-
gae, the percent cover of Padina and L. variegata was
higher in the caged patches than the uncaged patches.
In addition, the foliose form of Padina was found in
the caged patches while the filamentous or turf form,
Vaughaniella stage was found in the uncaged patches,
where grazing could directly affect algal abundance
and form [13, 19, 28, 30]. This result showed that
herbivory regulated the morphological plasticity of
Padina. Many studies reported that this morphological
plasticity is a phenotypic response to different levels
of grazing pressure and Padina can change from a
turf to a foliose form when grazing pressure is low
[28, 35]. The abundance of red turf algae was signifi-
cantly higher in uncaged, severely bleached patches.
This might be because there were benthic-feeding
herbivorous damselfishes of the genus Neoglyphidodon
nigroris in this area. The dominance of this damselfish
might influence the abundance of red turf algae in
uncaged patches since these fishes exhibit aggressive
territorial behavior that can drive away other herbiv-
orous species [28, 36]. In addition, damselfishes can
maintain their favorite red filamentous algae in their
territories by eliminating other algal groups from their
algal farms [36, 37]. Studies by Ceccarelli et al [38]
and Mayakun et al [28] also found that turf and
filamentous algae dominated inside the territory of
damselfishes as they did outside. Damselfishes main-
tained the red turf algae in their territories because
the red turf algae have the necessary rich nutrition
and aid digestion [39]. However, the composition
of algal species differed among damselfish territories
depending on the feeding habits of the species [36].

Grazing can influence algal recruitment, abun-
dance, and succession [20, 28]. Rates of herbivory
on coral at different stages of bleaching might have
direct and indirect impacts on coral-algal community
dynamics and coral recovery. Reduced herbivory due
to overfishing could increase algal abundance and
result in the overgrowth of algae, which inhibited coral
settlement and recruitment [14, 34]. These conditions
also can trigger coral disease, leading to coral degra-
dation and eventual mortality [40]. From that point,

coral-to-algal phase shifts might take place.

CONCLUSION

This work studied the effect of herbivory on coral-
algal community dynamics in different coral bleaching
conditions on a tropical subtidal reef community. The
significant effect of herbivory on the abundance of
Padina in the Vaughaniella stage was revealed along
with the possible contribution of herbivory to differ-
ences in algal composition and abundance. Herbivory
likely plays important roles in coral-algal abundance;
however, this impact of herbivory varies according to
degrees of coral bleaching that might also directly or
indirectly influence coral-algal community dynamics.
However, the effect of herbivory on coral-algal commu-
nity dynamics in different coral bleaching conditions
requires more replication in other sites with the same
experimental design in Thai waters and long-term
monitoring. Future work should investigate the impact
of herbivory on the patterns of coral-algal succession.

Acknowledgements: This research was funded by Science
Achievement Scholarship of Thailand (SAST) and the Gradu-
ated school, Prince of Songkla University. Scuba diving equip-
ment and sample collection was supported by Seaweed and
Seagrass Research Unit, and Division of Biological Science,
Prince of Songkla University. The authors thank Mr. Thomas
Duncan Coyne for assistance with the English text.

REFERENCES

1. Costanza R, de Groot R, Sutton P, van der Ploeg S,
Anderson SJ, Kubiszewski I, Farber S, Turner RK (2014)
Changes in the global value of ecosystem services. Glob
Environ Change 26, 152–158.

2. Yeemin T, Sutthacheep M, Pettongma R (2006) Coral
reef restoration projects in Thailand. Ocean Coast Manag
49, 562–575.

3. Bruno JF, Sweatman H, Precht WF, Selig ER, Schutte
VGW (2009) Assessing evidence of phase shift from
coral to macroalgal dominance on coral reef. Ecology 90,
1478–1484.

4. Sutthacheep M, Yucharoen M, Klinthong W, Pengsakun
S, Sangmanee K, Yeemin T (2013) Impacts of the 1998
and 2010 mass coral bleaching events on the Western
Gulf of Thailand. Deep-Sea Res II: Top Stud Oceanogr 96,
25–31.

5. Wiedenmann J, D’angelo C, Smith EG, Hunt AN, Legiret
F, Postel AD, Acherberg EP (2013) Nutrient enrichment
can increase the susceptibility of reef corals to bleaching.
Nat Clim Chang 3, 60–164.

6. Diaz-Pulido G, McCook LJ (2002) The fate of bleached
corals: patterns and dynamics of algal recruitment. Mar
Ecol Prog Ser 232, 115–128.

7. McManus WJ, Polsenberg JF (2004) Coral-algal phase
shifts on coral reefs: Ecological and environmental as-
pects. Prog Oceanogr 60, 263–279.

8. Osborne K, Dolman AM, Burgess SC, Johns KA (2011)
Disturbance and the dynamics of coral cover on the
Great Barrier Reef (1995–2009). PLoS One 10, 6,
e17516.

www.scienceasia.org

http://www.scienceasia.org/
http://dx.doi.org/10. 1016/j. gloenvcha. 2014.04.002
http://dx.doi.org/10. 1016/j. gloenvcha. 2014.04.002
http://dx.doi.org/10. 1016/j. gloenvcha. 2014.04.002
http://dx.doi.org/10. 1016/j. gloenvcha. 2014.04.002
http://dx.doi.org/10.1016/j.ocecoaman.2006.06.002
http://dx.doi.org/10.1016/j.ocecoaman.2006.06.002
http://dx.doi.org/10.1016/j.ocecoaman.2006.06.002
http://dx.doi.org/10.1890/08-1781.1
http://dx.doi.org/10.1890/08-1781.1
http://dx.doi.org/10.1890/08-1781.1
http://dx.doi.org/10.1890/08-1781.1
http://dx.doi.org/10.1016/j.dsr2.2013.04.018
http://dx.doi.org/10.1016/j.dsr2.2013.04.018
http://dx.doi.org/10.1016/j.dsr2.2013.04.018
http://dx.doi.org/10.1016/j.dsr2.2013.04.018
http://dx.doi.org/10.1016/j.dsr2.2013.04.018
http://dx.doi.org/10.1038/nclimate1661
http://dx.doi.org/10.1038/nclimate1661
http://dx.doi.org/10.1038/nclimate1661
http://dx.doi.org/10.1038/nclimate1661
http://dx.doi.org/10.3354/meps232115
http://dx.doi.org/10.3354/meps232115
http://dx.doi.org/10.3354/meps232115
http://dx.doi.org/10.1016/j.pocean.2004.02.014
http://dx.doi.org/10.1016/j.pocean.2004.02.014
http://dx.doi.org/10.1016/j.pocean.2004.02.014
http://dx.doi.org/10.1371/journal.pone.0017516
http://dx.doi.org/10.1371/journal.pone.0017516
http://dx.doi.org/10.1371/journal.pone.0017516
http://dx.doi.org/10.1371/journal.pone.0017516
www.scienceasia.org


8 ScienceAsia 51 (1): 2025: ID 2025005

9. Burns JHR, Delparte D, Kapono L, Belt M, Gates RD,
Takabayashi M (2016) Assessing the impact of acute
disturbances on the structure and composition of a
coral community using innovative 3D reconstruction
techniques. Methods Oceanogr 15, 49–59.

10. Bruno JF, Selig ER (2007) Regional decline of coral cover
in the Indo-Pacific: Timing, extent, and subregional
comparisons. PLoS One 2, e711.

11. Eakin CM, Sweatman HPA, Brainard RE (2019) The
2014–2017 global-scale coral bleaching event: insights
and impacts. Coral Reefs 38, 539–545.

12. Hughes TP, Kerry J, Álvarez-Noriega M, Álvarez-Romero
JG, Anderson KD, Baird AH, Babcock RC, Beger M, et al
(2017) Global warming and recurrent mass bleaching of
corals. Nature 543, 373–377.

13. Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli
D, Hoegh-Guldberg O, McCook L, Moltschaniwskyj N,
Pratchett MS (2007) Phase shifts, herbivory, and the
resilience of coral reefs to climate change. Curr Biol 17,
360–365.

14. Webster FJ, Babcock RC, Van Keulen M, Loneragan
NR (2015) Macroalgae inhibits larval settlement and
increases recruit mortality at Ningaloo Reef, Western
Australia. PLoS One 10, e0124162.

15. Fong J, Deignan LK, Bauman AG, Steinberg PD, Mc-
Dougald D, Todd PA (2020) Contact- and water-
mediated effects of macroalgae on the physiology and
microbiome of three Indo-Pacific coral species. Front
Mar Sci 6, 831.

16. Diaz-Pulido G, McCook LJ, Dove S, Berkelmans R, Roff
G, Kline ID, Weeks S, Evans DR, et al (2009) Doom
and boom on a resilient reef: Climate change, algal
overgrowth and coral recovery. PLoS One 4, e0005239.

17. Cheal AJ, MacNeil MA, Cripps E, Emsile MJ, Jonker
M, Schaffelke B, Sweatman H (2010) Coral-macroalgal
phase shifts or reef resilience: links with diversity and
functional roles of herbivorous fishes on the Great Bar-
rier Reef. Coral Reefs 29, 1005–1015.

18. Robinson JPW, Wilson SK, Graham NAJ (2019) Abiotic
and biotic controls on coral recovery 16 years after mass
bleaching. Coral Reefs 38, 1255–1265.

19. Burkepile DE, Hay ME (2010) Impact of herbivore iden-
tity on algal succession and coral growth on a Caribbean
reef. PLoS One 5, e0008963.

20. Ceccarelli DM, Jones GP, McCook LJ (2011) Interactions
between herbivorous fish guilds and their influence on
algal succession on a coastal coral reef. J Ex Mar Biol Ecol
399, 60–67.

21. Pauly D, Watson R, Alder J (2005) Global trends in
world fisheries: impacts on marine ecosystems and food
security. Philos Trans R Soc B 360, 5–12.

22. Vega Thurber R, Burkepile DE, Correa AM, Thurber
AR, Shantz AA, Welsh R, Pritchard C, Rosales S (2012)
Macroalgae decrease growth and alter microbial com-
munity structure of the reef-building coral, Porites as-
treoides. PLoS One 7, e0044246.

23. Coppejans E, Prathep A, Leliaert F, Lewmanomont K,
Clerck OD (2010) Seaweeds of Mu Ko Tha Lae Tai (SE
Thailand): Methodologies and Field Guide to the Domi-
nant Species, BRT Book Series, Area-Based, Biodiversity
Research and Training Program (BRT), Bangkok, Thai-
land.

24. Prathep A, Pongparadon S, Darakrai A, Wichachucherd
B, Sinutok S (2011) Diversity and distribution of
seaweed at Khanom-Mu Ko Thale Tai National Park,
Nakhon Si Thammarat Province, Thailand. Songk-
lanakarin J Sci Technol 33, 633–640.

25. Yeemin T (2018) Summary of coral bleaching from 2015
to 2017 in Thailand. In: Kimura T, Tun K, Chou LM (eds)
Status of Coral Reefs in East Asian Seas Region, Ministry of
the Environment of Japan and Japan Wildlife Research
Center, Tokyo, Japan, pp 25–28.

26. Mayakun J, Kim JH, Lapointe BE, Prathep A (2012) The
effects of herbivore exclusion and nutrient enrichment
on growth and reproduction of Halimeda macroloba.
ScienceAsia 58, 88–96.

27. Komatsu T, Kawai H (1992) Measurements of time-
averaged intensity of water motion with plaster balls.
J Oceanogr 48, 353–365.

28. Mayakun J, Kim JH, Prathep A (2010) Effects of her-
bivory and the season of disturbance on algal succession
in a tropical intertidal shore, Phuket, Thailand. Phycol
Res 58, 88–96.

29. Fong P, Paul VJ (2011) Coral reef algae. In: Dubinsky Z,
Stamble N (eds) Coral Reefs: An Ecosystem in Transition,
Springer Science & Business Media, Berlin, Germany, pp
241–271.

30. Duran A, Collado-Vides L, Burkepile DE (2016) Seasonal
regulation of herbivory and nutrient effects on macroal-
gal recruitment and succession in a Florida coral reef.
PeerJ 4, e2643.

31. Eriksson BK, Johansson G (2003) Sedimentation reduces
recruitment success of Fucus vesiculosus (Phaeophyceae)
in the Baltic Sea. Eur J Phycol 38, 217–222.

32. Birrell CL, McCook LJ, Willis BL (2005) Effects of algal
turfs and sediment on coral settlement. Mar Pollut Bull
51, 408–414.

33. McCook LJ, Jompa J, Diaz-Pulido G (2001) Competition
between corals and algae on coral reefs: a review of
evidence and mechanisms. Coral Reefs 19, 400–417.

34. Titlyanov EA, Yakovleva IM, Titlyyanova TV (2007)
Interaction between benthic algae (Lyngbya bouillonii,
Dictyota dichotoma) and scleractinian coral Porites lutea
in direct contact. J Exp Mar Biol Ecol 342, 282–291.

35. Diaz-Pulido G, Villamil L, Almanza V (2007) Herbivory
effects on the morphology of the brown alga Padina
boergesenii (Phaeophyta). Phycologia 46, 131–136.

36. Ceccarelli CM, Jones GP, McCook LJ (2001) Territorial
damselfishes as determinants of structure of benthic
communities on coral reefs. Oceanogr Mar Biol: Annual
Rev 39, 355–389.

37. Ceccarelli DM (2007) Modification of benthic commu-
nities by territorial damselfish: a multi-species compari-
son. Coral Reefs 26, 853–866.

38. Ceccarelli DM, Jones GP, McCook LJ (2005) Foragers
versus farmers: contrasting effects of two behavioural
groups of herbivores on coral reefs. Oecologia 145,
445–453.

39. Frédérich B, Parmentier E (2016) Biology of Damselfish,
CRC Press, Florida, USA.

40. Nugues MM, Smith GW, van Hooidonk RJ, Seabra MI,
Bak RPM (2004) Algal contact as a trigger for coral
disease. Ecol Lett 7, 919–923.

www.scienceasia.org

http://www.scienceasia.org/
http://dx.doi.org/10.1016/j.mio.2016.04.001
http://dx.doi.org/10.1016/j.mio.2016.04.001
http://dx.doi.org/10.1016/j.mio.2016.04.001
http://dx.doi.org/10.1016/j.mio.2016.04.001
http://dx.doi.org/10.1016/j.mio.2016.04.001
http://dx.doi.org/10.1371/journal.pone.0000711
http://dx.doi.org/10.1371/journal.pone.0000711
http://dx.doi.org/10.1371/journal.pone.0000711
http://dx.doi.org/10.1007/s00338-019-01844-2
http://dx.doi.org/10.1007/s00338-019-01844-2
http://dx.doi.org/10.1007/s00338-019-01844-2
http://dx.doi.org/10.1038/nature21707
http://dx.doi.org/10.1038/nature21707
http://dx.doi.org/10.1038/nature21707
http://dx.doi.org/10.1038/nature21707
http://dx.doi.org/10.1016/j.cub.2006.12.049
http://dx.doi.org/10.1016/j.cub.2006.12.049
http://dx.doi.org/10.1016/j.cub.2006.12.049
http://dx.doi.org/10.1016/j.cub.2006.12.049
http://dx.doi.org/10.1016/j.cub.2006.12.049
http://dx.doi.org/10.1371/journal.pone.0124162
http://dx.doi.org/10.1371/journal.pone.0124162
http://dx.doi.org/10.1371/journal.pone.0124162
http://dx.doi.org/10.1371/journal.pone.0124162
http://dx.doi.org/10.3389/fmars.2019.00831
http://dx.doi.org/10.3389/fmars.2019.00831
http://dx.doi.org/10.3389/fmars.2019.00831
http://dx.doi.org/10.3389/fmars.2019.00831
http://dx.doi.org/10.3389/fmars.2019.00831
http://dx.doi.org/10.1371/journal.pone.0005239
http://dx.doi.org/10.1371/journal.pone.0005239
http://dx.doi.org/10.1371/journal.pone.0005239
http://dx.doi.org/10.1371/journal.pone.0005239
http://dx.doi.org/10.1007/s00338-010-0661-y
http://dx.doi.org/10.1007/s00338-010-0661-y
http://dx.doi.org/10.1007/s00338-010-0661-y
http://dx.doi.org/10.1007/s00338-010-0661-y
http://dx.doi.org/10.1007/s00338-010-0661-y
http://dx.doi.org/10.1007/s00338-019-01831-7
http://dx.doi.org/10.1007/s00338-019-01831-7
http://dx.doi.org/10.1007/s00338-019-01831-7
http://dx.doi.org/10.1371/journal.pone.0008963
http://dx.doi.org/10.1371/journal.pone.0008963
http://dx.doi.org/10.1371/journal.pone.0008963
http://dx.doi.org/10.1016/j.jembe.2011.01.019
http://dx.doi.org/10.1016/j.jembe.2011.01.019
http://dx.doi.org/10.1016/j.jembe.2011.01.019
http://dx.doi.org/10.1016/j.jembe.2011.01.019
http://dx.doi.org/10.1098/rstb.2004.1574
http://dx.doi.org/10.1098/rstb.2004.1574
http://dx.doi.org/10.1098/rstb.2004.1574
http://dx.doi.org/10.1371/journal.pone.0044246
http://dx.doi.org/10.1371/journal.pone.0044246
http://dx.doi.org/10.1371/journal.pone.0044246
http://dx.doi.org/10.1371/journal.pone.0044246
http://dx.doi.org/10.1371/journal.pone.0044246
http://dx.doi.org/10.2306/scienceasia1513-1874.2012.38.227
http://dx.doi.org/10.2306/scienceasia1513-1874.2012.38.227
http://dx.doi.org/10.2306/scienceasia1513-1874.2012.38.227
http://dx.doi.org/10.2306/scienceasia1513-1874.2012.38.227
http://dx.doi.org/10.1007/BF02234014
http://dx.doi.org/10.1007/BF02234014
http://dx.doi.org/10.1007/BF02234014
http://dx.doi.org/10.1111/j.1440-1835.2010.00566.x
http://dx.doi.org/10.1111/j.1440-1835.2010.00566.x
http://dx.doi.org/10.1111/j.1440-1835.2010.00566.x
http://dx.doi.org/10.1111/j.1440-1835.2010.00566.x
http://dx.doi.org/10.1007/978-94-007-0114-4_17
http://dx.doi.org/10.1007/978-94-007-0114-4_17
http://dx.doi.org/10.1007/978-94-007-0114-4_17
http://dx.doi.org/10.1007/978-94-007-0114-4_17
http://dx.doi.org/10.7717/peerj.2643
http://dx.doi.org/10.7717/peerj.2643
http://dx.doi.org/10.7717/peerj.2643
http://dx.doi.org/10.7717/peerj.2643
http://dx.doi.org/10.1080/0967026031000121688
http://dx.doi.org/10.1080/0967026031000121688
http://dx.doi.org/10.1080/0967026031000121688
http://dx.doi.org/10.1016/j.marpolbul.2004.10.022
http://dx.doi.org/10.1016/j.marpolbul.2004.10.022
http://dx.doi.org/10.1016/j.marpolbul.2004.10.022
http://dx.doi.org/10.1007/s003380000129
http://dx.doi.org/10.1007/s003380000129
http://dx.doi.org/10.1007/s003380000129
http://dx.doi.org/10.1016/j.jembe.2006.11.007
http://dx.doi.org/10.1016/j.jembe.2006.11.007
http://dx.doi.org/10.1016/j.jembe.2006.11.007
http://dx.doi.org/10.1016/j.jembe.2006.11.007
http://dx.doi.org/10.1007/s00338-007-0275-1
http://dx.doi.org/10.1007/s00338-007-0275-1
http://dx.doi.org/10.1007/s00338-007-0275-1
http://dx.doi.org/10.1007/s00442-005-0144-y
http://dx.doi.org/10.1007/s00442-005-0144-y
http://dx.doi.org/10.1007/s00442-005-0144-y
http://dx.doi.org/10.1007/s00442-005-0144-y
http://dx.doi.org/10.1201/9781315373874
http://dx.doi.org/10.1201/9781315373874
http://dx.doi.org/10.1111/j.1461-0248.2004.00651.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00651.x
http://dx.doi.org/10.1111/j.1461-0248.2004.00651.x
www.scienceasia.org

