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Abstract Although coral reefs of the Andaman Sea have in recent decades been subject to global
factors known to impact the extent of live coral cover, such as increasing sea temperatures, short-term
extreme temperature events and rising sea levels, nonetheless unlike many other reefs worldwide,
there has not been any steady decline in cover. Indeed, over the last decade, the trajectory at sites
which have been monitored is one of a pronounced recovery in live coral cover following an extreme
widespread temperature-induced bleaching in 2010, restoring many cover values back to the early
1990s when records commenced. While susceptible to extreme bleaching events, Andaman Sea
corals have been shown to display some resilience to rising sea temperatures, particularly those
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living in habitats subject to physical extremes such as highly fluctuating sea temperatures, inshore
turbidity and aerial exposure. Such locations have been described as potential refugia where corals
are adapted to cope with these physical stresses that in turn ameliorate the effects of elevated sea
temperatures. Future climate scenarios and other anthropogenic influences will undoubtedly chal-
lenge these reefs with potential increasing frequency and intensity of El Nifio Southern Oscillation
and positive Indian Ocean Dipole events, modification of internal wave regimes and rising sea lev-
els. A better understanding of the scope of corals to respond to a warming climate is dependent on
closer collaboration of countries surrounding the Andaman Sea in research areas such as coral reef
monitoring, coral growth and reproduction studies and interdisciplinary studies to establish patterns
of larval dispersal that would identify sources and sinks of juvenile corals.

Keywords: Andaman Sea; Coral Reefs; Resilience; El Nifio Southern Oscillation; Indian Ocean
Dipole; Large Amplitude Internal Waves; Sea Surface Temperature; Refugia; Climate Change

Introduction

Despite advances in recent years, the coral reefs of the Andaman Sea in the eastern Indian Ocean
remain one of the least studied reef systems in the tropics (Brown 2007). In the latest global coral
reef assessments (Souter et al. 2020a, Kimura et al. 2022, Chan et al. 2023), they stand out as being
among one of the few areas in the world where the coral reef status appears not to be in decline.
Recent publications have also highlighted areas in the Andaman Sea, which appear less vulner-
able to climate change (Hoegh-Guldberg et al. 2018) or experience resilience to bleaching events
because of mitigating physical factors (Wall et al. 2015, Sully et al. 2019, Sully & van Woesik 2020,
Bachman et al. 2022). In this review, we examine these assessments together with the most detailed
and up-to-date surveys that have been undertaken in the region and discuss factors that might be
responsible for any recovery and resilience at sites within the region.

In an earlier review, Brown (2007) documented the characteristics of the Andaman Sea and its
coral reefs. In the intervening years, there has been increased interest in understanding the complex
oceanography of the region (Chatterjee et al. 2017, Liu et al. 2018, Magalhaes & da Silva 2018,
Mohanty et al. 2018, Raju et al. 2020, Sun et al. 2021, Yang et al. 2021a,b, Yadidya & Rao 2022).
Recent studies have also described the short- and longer-term effects of tectonic activity following
the 2004 and 2005 Sumatran earthquakes (Meltzner et al. 2006, Satirapod et al. 2013, Simons et al.
2019, Naeije et al. 2022) and the incidence and frequency of major ocean/atmosphere phenomena
such as El Nifio Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) (Abram et al.
2008, Aparna et al. 2012, Cai et al. 2014, 2018, Doi et al. 2020, Lu & Ren 2020). All these factors
have potentially significant influence on the coral reefs of the Andaman Sea such as the effects of
large amplitude internal waves (LAIWSs) on coral thermal resilience and physiology (Roder et al.
2010, Wall et al. 2015, Schmidt et al. 2016), the impact of uplift and subsidence of reef areas through
land movement (Satirapod et al. 2013, Simons et al. 2019, Naeije et al. 2022) and exposure to extreme
seawater temperatures (Phongsuwan & Chansang 2012) and fluctuating sea levels associated with
ENSO and IOD climate phenomena (Brown et al. 2019, Dunne et al. 2021).

Coupled with these research developments, there have also been increased efforts to monitor
the reef status in countries such as Myanmar, India (Andaman and Nicobar Islands) and Indonesia
(Aceh Province), which have provided a much more comprehensive overview of reef condition in
the Andaman Sea than has been available hitherto (Guest et al. 2012, Souter et al. 2020a, Kimura
et al. 2022). In the Thai-Andaman Sea (this term referring to the Thai sea area within the Andaman
Sea), long-term monitoring records currently span over 43 years for selected intertidal reefs and over
33years for specific subtidal reefs, offering the ability to track reef responses to a variety of envi-
ronmental disturbances alongside reef recovery times and coral community changes (Phongsuwan
& Chansang 2012, Brown et al. 2019, Dunne et al. 2021). Similar long-term monitoring data is
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available in the Acehnese-Andaman Sea from 2003 (Baird et al. 2005, Campbell et al. 2012), while
less extensive records exist for the Andaman Islands and Myanmar (this paper).

This review will also explore factors that have affected the coral reefs in the region over the
last 16 years and assess the extent to which reef sites in the Andaman Sea might act as thermal
refugia in an era of rapid climate change, before highlighting research areas worthy of attention in
future work.

Regional background

The Andaman Sea is a semi-enclosed marginal sea in the northeast tropical Indian Ocean (Figure 1). It is
surrounded by four countries with India (Andaman and Nicobar Islands) and Indonesia (Aceh Province,
Sumatra) on its western border, and Myanmar and Thailand to the east on the Thai/Malay peninsula.
This marginal sea is connected to the Bay of Bengal to the north and east through shallow passages (100—
200 m deep), which include the Preparis Channel north of the Andaman Islands, the Ten Degree Channel
between the Andaman and Nicobar Islands and The Great Channel between the Nicobar Islands and the
northern tip of Sumatra. Details of the geological history of the region, the complex sea floor topography,
and major physical factors affecting the coral reefs were provided in Brown (2007) together with descrip-
tions of the fringing reef types found along coastlines and around offshore islands.

One coastline that has received recent attention is that of Myanmar for which little information
was available 16years ago (Tun 2013, Holmes et al. 2014, Howard et al. 2014, Obura et al. 2014,
Howard 2018, Lunn et al. 2022). Here fringing coral reefs are distributed along the Rakhine coast
north of the Ayeyarwady (Irrawaddy) delta, around the Coco islands south of the delta and in the
Myeik Archipelago along the southern mainland coast of Myanmar (Lunn et al. 2022). The reefs of
the Rakhine coast are less well developed than those in the Myeik Archipelago, with the southernmost
structures described as rocky outcrops with low coral cover (Murray-Jones et al. 2016). Inshore areas
are extremely turbid because of river discharges, and coral reef growth is limited by high sedimen-
tation, seasonal storms and strong wave action (Murray-Jones et al. 2016). On the Rakhine coasts,
inshore coral diversity is low, with the reefs being dominated by Porites and Acropora species. Inner
reefs in the Myeik Archipelago further south also receive river discharge, but water quality improves
around offshore islands (Lunn et al. 2022). On the inner reefs of the Myeik Archipelago, Acropora
species dominate, while the outer fringing reefs are dominated by Porites species (Howard 2018). A
total of 287 coral species were recorded throughout the Myeik Archipelago in a survey carried out in
2014 by Obura et al. (2014), a figure comparable with that noted further south in the Thai-Andaman
Sea where approximately 270 species of hard corals have been recorded with the most abundant spe-
cies, in terms of areal cover, being Porites lutea, Porites rus, Acropora muricata, Acropora interme-
dia and Prevotella nigrescens (Phongsuwan & Chansang 1992).

Climate-related variables and ocean/atmosphere phenomena
and their influence on coral reefs in the Andaman Sea

Sea surface temperature

To illustrate the sea temperature regime in the Andaman Sea, monthly mean sea surface tem-
peratures (MMSST) for Skm grid squares at locations selected because of the availability of
recent coral reef monitoring information have been calculated for the period 1985-2022 using
NOAA Coral Watch Data (https://pae-paha.pacioos.hawaii.edu/erddap/griddap/dhw_5km.html)
(see Supplementary Information) (Table 1).

While these monthly mean values imply a relatively warm and stable temperature regime
throughout the year within a narrow temperature range, in fact corals at many sites within the
Andaman Sea are now known to experience significant sea surface temperature (SST) fluctuations
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Figure 1 Map of the Andaman Sea showing approximate distribution of fringing reefs (coloured red) along
shorelines.
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Table 1 Annual Minimum and Maximum Monthly
Mean Sea Surface Temperatures (°C) (1985-2002) in the
Andaman Sea and the Month of Occurrence

Minimum Maximum
Month of occurrence January April May
SITE
Phuket 28.4 30.2
Surin 28.2 29.92
Myeik Archipelago 27.8 29.77
South Andaman Island 27.8 30.2
Pulau Weh, Aceh 28.5 29.67

within short 24-hour periods. For example, reefs on the western sides of the Similan Islands in the
Thai-Andaman Sea experience an annual MMSST of 28.5°C with a range of 5.2°C, but subtidal
corals are also subject to rapid daily temperature depressions of ~10°C through the influence of
internal waves on seawater mixing. These rapid SST fluctuations occur throughout the year on the
west sides of the Similan Islands but are particularly marked during the northeast monsoon sea-
son (November—April) when seasonal SSTs are maximal (Schmidt & Richter 2013). Similar, but
smaller, effects have also been noted on reefs on the east side of the Surin Islands further north on
the Thai-Andaman Sea coast, where corals on the reef slope were subject to 4°C depressions during
strong upwelling in April-May (Figure 2). Intertidal coral reefs, which are widespread on coasts
surrounding the Andaman Sea (Brown 2007), are also subject to wide temperature fluctuations
within a 24-hour period due to spring tide aerial exposure in the dry northeast monsoon season
(November—May) when tidal ranges can exceed 3m (Brown 2007). For example, measurements
of temperature in coral calices on intertidal coral surfaces at this time show daily ranges of up to
13.75°C (maximum 39.48°C, minimum 25.73°C), compared to daily ranges of 3.13°C during subse-
quent neap tides (Sweet et al. 2017).

The long-term temporal rise in bulk sea temperatures in the region continues to the present day,
with values previously reported at Phuket in the Thai-Andaman Sea (Brown 2007) between 1946
and 1995 (45years) at 0.126°C per decade (Brown et al. 1996), between 1980 and 2010 (30 years)
at 0.142°C per decade (Tanzil et al. 2013), between 1979 and 2017 at 0.159°C per decade (38 years)
(Brown et al. 2019) and most recently 1985-2022 at 0.204°C per decade (Figure 3). These rates are
mirrored by a similar value from Pulau Weh in north Sumatra, where an increase of 0.161°C per
decade was recorded over a 59-year period (1951-2010) (Guest et al. 2012). Since the rate of temper-
ature rise is dependent on the database and time interval chosen and in order to obtain a comparative
estimate for all the sites of interest, a 35-year period was selected (1985-2022) using NOAA Coral
Watch Data (see Supplementary Information). This analysis gave increases of 0.204°C, 0.202°C
and 0.201°C per decade for Phuket, Surin Islands and South Andaman, respectively, and 0.172°C
per decade in both the Myeik Archipelago and Pulau Weh. Although the rise appears similar at
the former three sites and slightly lower for the Myeik Archipelago and Pulau Weh, the overlap
of confidence limits in the data meant that there was no significant difference among all sites
(see Supplementary Information). Although such rates compare with similar rates of warming on
Caribbean reefs (Bove et al. 2022), in the Andaman Sea, corals are living much closer to their lethal
temperatures than their Caribbean counterparts (Brown et al. 1996), and for reefs around Phuket,
SST has risen by ~0.8°C in the last 38 years (1985-2023).

Rates of sea temperature warming appear to be higher for locations in the Andaman Sea com-
pared with those for Singapore or sites on the east side of the Thai-Malay peninsula (Tanzil et al.
2013). Indeed, since the 1950s, it appears that the tropical Indian Ocean has warmed faster than
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Figure 2 Hourly sea temperature plots for Ao Mayai, Surin Nuea, in the Surin Islands, Thailand, at 10m
depth. (A) April 1998—March 1999. (B) 1-16 May 1998.

other tropical ocean basins (Han et al. 2014), and it has been shown that the advection of heat
transported by strengthening westerly winds to the western equatorial Indian Ocean, which in
turn is transported zonally eastward, has played a significant role in this basin-wide warming in
recent decades (Mohan et al. 2021). The mechanism potentially involved is complex and involves



REVISITING THE CORAL REEFS OF THE ANDAMAN SEA

2010

2016
31

1998

e

Temperature °C
\
1
\
1
—F
\
—F
%‘b
\
—=
\
A §
1

29 Lttt

L=

28

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
£ A o3 N N A 0
Nl 59 S ) N N

K K S &

o o N
N N Q
S D e [

Figure 3 Monthly mean sea surface temperature (MMSST) 1985-2022 for the Phuket region. (Data from
NOAA CoralTemp Version 1.0, 5km grid centred on 7.825°N 98.275°E: https://pae-paha.pacioos.hawaii.edu/
erddap/griddap/dhw_5km.html). Dashed line represents putative coral bleaching threshold of 30.1°C (estab-
lished after the first bleaching episode in 1991 and which may have altered in subsequent years), with labels
identifying years when significant bleaching was recorded (after Brown et al. 2019). Solid line represents the
linear trend (Generalised Additive Mixed Model AR3) over time, 0.204°C per decade with 95% confidence
intervals (grey shading).

the Walker circulation, an equatorial zonal atmospheric convection over the Indo-Pacific warm
pool. The lower branch of the Walker circulation is associated with westerlies in the Indian Ocean,
which are important in driving decadal variations in the Indian Ocean, though there is yet no scien-
tific consensus on whether the circulation is weakening or strengthening to influence the observed
strengthened westerly winds (Han et al. 2014).

At Phuket, there have been a number of years where SSTs exceeded a putative coral bleaching
threshold (Brown et al. 1996) when extensive thermally induced coral bleaching was recorded (1991,
1995, 1998, 2003, 2010 and 2016) (Figure 3). These bleaching events (up to 2010) also occurred
throughout the Thai-Andaman Sea. All, apart from an extreme event in 2010, were assessed as
mild to moderate (Phongsuwan & Chansang 2012). In contrast, in 2010, coral mortality on subtidal
reefs around Phuket and the offshore Phi Phi islands was in the range of 44%—99% (Phongsuwan &
Chansang 2012), while the shallowest intertidal reefs suffered 40% mortality and took ~8 years to
recover (Brown et al. 2019). Extensive coral bleaching was again noted in 2016 at both intertidal and
subtidal sites in the Thai-Andaman Sea, but the effects on coral reefs were minimal as temperatures
then fell with the arrival of the cloudy and wet south-west monsoon (Brown et al. 2019, Yeemin &
Sutthacheep 2022), and many branching species showed a diminished bleaching response (Putchim
et al. 2017). A very mild and short-lived bleaching also occurred in 2019 when 10%—-30% of cor-
als paled at sites surrounding Phuket but rapidly recovered with the onset of the wet monsoon
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(L. Putchim — personal communication). While it is possible that corals are becoming more ther-
mally tolerant to seasonal peaks in SST (Maynard et al. 2008, Sully et al. 2019, Hughes et al. 2021,
Lachs et al. 2023), which induce milder bleaching events than those noted at the same or lower
temperatures in the early 1990s, in the Andaman Sea, many other factors such as prior experience
of high solar radiation before the seasonal maximum SST, upwelling of cool water and time of mon-
soon onset complicate such an assessment (Dunne & Brown 2001, Phongsuwan & Chansang 2012).

In the Andaman Islands, temperature-induced coral bleaching was reported in 1998, 2002,
2005, 2010 and 2016, though this was assessed as mild and patchy in 2002 and 2005 (Majumdar
et al. 2018). Again, the 2010 event was described as extreme (Krishnan et al. 2011), and monitoring
of 55 sites revealed bleaching of 70%—90% of corals across massive, branching and foliose growth
forms (Mondal et al. 2014). In 2011, some recovery of bleached corals was noted together with
evidence of coral recruitment (Mondal et al. 2014). Extensive bleaching was also recorded in 2016
(Mohanty et al. 2017, McClanahan et al. 2019, 2020), with some species of branching Acropora
being severely affected (Majumdar et al. 2018).

In Pulau Weh in northern Sumatra, the 2010 bleaching event had profound consequences with
94% of Acropora, 87% of Pocillopora and 15% of massive corals being recorded as recently dead
in surveys during May/June 2010 (Guest et al. 2012, Bridge et al. 2014). In 2016, severe tempera-
ture-induced coral bleaching was noted on islands in Aceh province (Keith et al. 2018) and along
the west coast of Sumatra (Corvianawatie et al. 2018, Giyanto et al. 2022), with recovery being much
slower than that recorded on the east coast of Sumatra and central Indonesia (Giyanto et al. 2022).

In the Myeik Archipelago, Myanmar, reef surveys have been carried out in 2013, 2014, 2018,
2019 (Tun 2013, Howard et al. 2014, Obura et al. 2014, Howard 2018, Lunn et al. 2022) and 2022,
2023 (Z. Lunn — personal communication). Outer reef sites dominated by branching Acropora
exhibited extensive mortality in surveys in 2013-2014, which was tentatively attributed to the ear-
lier bleaching events of 2005 and 2010, though inner reef sites were much less affected and recov-
ery here was aided by the fast growth of branching corals (Howard et al. 2014, Obura et al. 2014).
No extensive bleaching was observed during surveys in 2016 though some limited bleaching was
noted further north on reefs along the Mawdin coast of Myanmar (Murray-Jones et al. 2016). In
2022-2023, the reefs were in good condition with no evidence of coral bleaching (Z. Lunn — per-
sonal communication).

These coral bleaching events around the Andaman Sea are mirrored by plots (Figure 4) of
Degree Heating Weeks (DHW) (a measure of accumulated heat stress in °C-weeks) (Liu et al. 2014)
for Skm grid squares closest to sites where reef monitoring has taken place over time. Based on
research at Coral Reef Watch (https://coralreefwatch.noaa.gov/product/Skm/tutorial/crwlOa_dhw_
product.php), when DHW reaches 4°C-weeks, coral bleaching is assessed as likely, especially in
more sensitive species; when DHW approaches 8°C-weeks, widespread bleaching and significant
coral mortality are likely to occur. While there are limitations in the use of DHW as a metric for
bleaching (Wyatt et al. 2023) and occasions where slight modification is needed for areas where it
does not accurately reflect the temperature stress encountered (Guest et al. 2012), it nonetheless pro-
vides a useful comparator for evaluating temperature stress in this region. In particular, the severe
bleaching event of 2010 was accompanied by the highest DHW at all locations, while in 2016,
severe heat stress was most obvious at Aceh and in the Andaman Islands, with the least heat stress
in the Myeik Archipelago, where observed bleaching was minimal.

An important factor limiting the bleaching susceptibility of corals in the turbid inshore reefs of
Myanmar, Thailand and the Andaman and Nicobar Islands is the reduced penetration of solar radia-
tion in these waters (Dunne & Brown 1996, Brown et al. 2019). It is recognised that light is known to
damage photosynthetic processes in coral symbiotic algae at elevated temperatures (Iglesias-Prieto
et al. 1992, Fitt et al. 2001, Brown & Dunne 2016), and any reduction in light levels is clearly ben-
eficial to corals living in turbid conditions when exposed to elevated SSTs during a bleaching event
(Brown et al. 2019).
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Sea-level changes, El Nifio Southern Oscillation
(ENSO) and Indian Ocean Dipole (I0D)

Variability in mean sea-level in the Andaman Sea can be attributed to many causes, which include
climate-related anomalous wind stresses, seasonal monsoonal effects, interannual ocean/atmosphere
phenomena such as ENSO and IOD and vertical land movement resulting from tectonic activity.

Over the timescale of the satellite altimeter record (1993—present), the Equatorial and Northern
Indian Ocean (ENIO) north of 5°S latitude, bounded on three sides by land masses, has exhibited
considerable temporal and spatial variability in sea surface height trends. This variability has been
attributed to mechanisms of wind-driven heat redistribution, namely wind stress at the equator, and
deep upwelling (Thompson et al. 2016).

In the Andaman Sea, rates of absolute sea-level rise at Phuket have varied temporally from
3.37 mm year~! (1993-2011) (Brown et al. 2011) to 4.85+ 1.262 mm year~' (+SE) (1993-2016) (Brown
et al. 2019) (Figure 5 shows this most recent trend). Other rates for Phuket computed using different
methods include 3.88+0.45mm year™ (1992-2018) (Simons et al. 2019) and 3.32+0.44 mm year™!
(1992-2020) (Naeije et al. 2022). These computations of long-term trends in sea level are dependent
on the time period analysed (Brown et al. 2011), and although the rates appear to differ, the 95%
confidence intervals overlap, so any differences are more apparent than real.

Superimposed on long-term changes in sea level are other climate-related processes which act
at seasonal and decadal/interdecadal time scales such as the reversing seasonal monsoons (Aparna
et al. 2012, Han et al. 2018), ENSO (Bjerknes 1969) and IOD (Saji et al. 1999, 2018). Monsoon influ-
ences cause an annual seasonal depression of mean sea level of up to 20cm during the dry season
(November—April) (Brown et al. 1994), which has a significant impact on the length and timing of
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Figure 5 Satellite altimeter sea surface height anomalies for Phuket (98°E 7°N). Linear trend line (slope
4.85+£1.262 mm year~! (mean+ SE), Generalised Least Square AR4 model and 95% confidence intervals (grey
shading) and Seasonal and Trend Decomposition using Loess trend (red line) (Brown et al. 2019).
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aerial exposure for intertidal corals. Such a depression leads to a greater aerial exposure time, which
affects all intertidal reefs, especially corals on macrotidal reefs on the coast of Myanmar, where the
tidal range exceeds 4 m (Brown 2007). In addition, subtidal corals on the upper reef slopes along
the Thai coast may also find themselves aerially exposed during low spring tides in the dry season
(Brown & Phongsuwan 2004).

Both ENSO and IOD also have a major influence on SST and sea levels in the Andaman Sea.
During ENSO years, SSTs are elevated in the region, potentially leading to extensive coral bleach-
ing at the same time as sea levels are lowered (Dunne et al. 2021). Intertidal and subtidal corals
suffer temperature-induced coral bleaching, while intertidal corals are also susceptible to stresses
from aerial exposure because of depressed sea levels (Brown et al. 2019). The IOD is a mode of
variability characterised by SST anomalies on the eastern and western sides of the Indian Ocean
(Good et al. 2021). Positive IOD (pIOD) events are initiated by enhanced ocean upwelling along the
coast of Sumatra, which generates cool SSTs in the east, resulting in strengthened easterly winds
along the equator and enhanced warming, a lowered thermocline and reduced upwelling in the
western Indian Ocean. In the Andaman Sea in the eastern Indian Ocean, SSTs are lowered at this
time, while the thermocline is raised and upwelling enhanced. A negative IOD is characterised by
anomalous westerlies over the tropical Indian Ocean, warming in the eastern basin, a raised ther-
mocline and enhanced upwelling in the western Indian Ocean (Lu et al. 2018), while SSTs in the
Andaman Sea are raised, the thermocline lowered and upwelling reduced. Simultaneously, during a
plOD, the sea level in the Andaman Sea is lowered, while in the western Indian Ocean, it is raised;
during a negative 10D, the reverse occurs. A very marked sea-level depression occurred in the
Andaman Sea during a strong pIOD in 1997, leading to significant mortality on intertidal reefs and
shallow reef slopes around Phuket, where the sea-level depression lasted for over 8—10 months and
at times exceeded 20cm (Brown & Phongsuwan 2004, Brown et al. 2019). Similar sea-level depres-
sions were noted at the time on the northwest coast of Sumatra where sea level was >30cm lower
for several months (Webster et al. 1999). Significant coral mortality was also noted in the Mentawai
Islands on this coastline, and although surveys were not carried out at the time, subsequent analy-
ses of Porites microatolls indicated die back in 1997 (Abram et al. 2003). These authors attributed
the coral mortality to phytoplankton blooms caused by Indonesian wildfires though other workers
doubted this as the sole cause (Hoeksema & Cleary 2004, van Woesik 2004). It is likely that the
depressed sea level in 1997 and the related pIOD upwelling would also have played a role in the
mortality, with the former having a major impact on shallow water corals.

Over the last 40 years (1979-2019), ENSO and IOD events have overlapped on occasions in the
Andaman Sea. Such co-occurrences were in 1997, 2010 and 2019 when the largest reductions in
intertidal coral cover over the 40years period in the Thai-Andaman Sea were recorded (Figure 6)
(Dunne et al. 2021). However, the nature of the events in 1997 and 2019, when pIODs were the
most pronounced on record, was quite different. In 1997, elevated SSTs occurred 5 months after the
lowered sea levels, while in 2019, elevated SSTs and lowered sea levels acted sequentially with high
DHW lasting from May to July, immediately followed by falling sea level from July to December
(Dunne et al. 2021). Generalised Additive Mixed Models (GAMM) identified that in 1997 sea-level
depression was a major factor in the loss of coral cover, while DHW had a lesser effect. Conversely
in 2019, the model showed that DHW contributed to coral cover reduction more than depressed sea
level (Dunne et al. 2021).

Clearly, the interactions of these stochastic phenomena and their effects on coral reefs in the
Andaman Sea are both complex and frequently damaging. Furthermore, several studies predict that
the frequency and strength of both ENSO (Cai et al. 2022) and pIOD (Nakamura et al. 2009, Abram
et al. 2020, Cai et al. 2021) will increase as the climate warms. Although the magnitude of sea-level
depressions is expected to be reduced by future sea-level rise, SST increases associated with ENSO
events and steadily warming background SSTs are likely to exacerbate warming episodes for corals
in the Andaman Sea, which are already close to their thermal threshold (Dunne et al. 2021).
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Figure 6 (A) Dipole Mode Index (DMI) and (B) Nifio 3.4 Index (1987-2021). Black dots are weekly values,
grey shaded time periods represent timing of pIOD (DMI>0.56°C equivalent to 1 standard deviation) and
cyan shading for El Nifio events (Nino 3.4>0.5°C) (Dunne et al. 2021).

Seismic-induced temporal changes in land movement
and their influence on coral reefs in the Andaman Sea

The complex geology of the Andaman Sea and its tectonic setting have been described elsewhere
(Curry 2005, Khan & Chakraborty 2005, Brown 2007). Two major earthquakes in 2004 and 2005
along the Sunda arc, which marks the border of the Indian and Asian ocean plates to the west of
Sumatra and the Andaman and Nicobar Islands, highlight the geological instability of the region
and the implications for both humans and biological resources (Bilham 2005, 2006, Sieh 2005,
Briggs et al. 2006, Tsang et al. 2015).
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The effects of the December 2004 earthquake on the coral reefs in the Andaman Sea have been
profound, impacting not only the Andaman and Nicobar Islands (Malik et al. 2006, Meltzner et al.
2006, Rajendran et al. 2007) and northern Aceh (Baird et al. 2005), but also the coastline of western
Thailand (Brown et al. 2019, Simons et al. 2019, Naeije et al. 2022) and the islands of Myanmar
(Meltzner et al. 2006). These effects were both immediate and long lasting, with changing sea lev-
els, resulting from land uplift and subsidence, continuing to be experienced some 17 years after the
earthquake (Satirapod et al. 2013, Simons et al. 2019, Naeije et al. 2022).

Immediately following the 2004 earthquake, dramatic changes to the landscape took place in
the Andaman and Nicobar Islands with subsidence of ~1.5-2m occurring along the coasts of South
Andaman and the Nicobar Islands, vertical uplift in the order of 1.2m on the east coast of North
Andaman and uplift of up to 1-2m on the west coast of Middle and North Andaman (Malik et al.
2006, Meltzner et al. 2006, Searle 2006, Rajendran et al. 2007). Subsidence caused major mortality
of corals on shallow reefs in the Nicobar Islands through submergence and heavy sedimentation fol-
lowing the consequent tsunami. Similarly, high coral mortality occurred on the extensive uplifted
intertidal reef flats on western coasts of the Andaman Islands through aerial exposure (Patterson
et al. 2006, Jeyabaskaran & Rao 2007, Bahuguna et al. 2008, Saxena et al. 2008, Majumdar et al.
2018) (Figure 7). In the Nicobars, it was estimated that of a total area of reef of 223.7 km? before the
earthquake, only 10km? remained afterwards (Bahuguna et al. 2008), while tens of km? of inter-
tidal reefs were lost on the west coasts of the Andaman Islands (Brown 2005). At the northern tip of
North Andaman lies Preparis Island which belongs to Myanmar. Here, a minor uplift of 20-30cm
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Figure 7 Fringing coral reef at Interview Island off the west coast of Middle Andaman Island, where the
reef had been uplifted by 2m following the 26 December 2004 earthquake, leaving the reef permanently
stranded above the present-day high tide. (Photo credit: Mike Searle.)
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was estimated to have occurred as a result of the earthquake (Meltzner et al. 2006), but there are no
records of any effects on coral reefs from this location.

Throughout the region, the tsunami that followed the earthquake had varying impacts on the
coral reefs. Since actual wave heights over the reefs bordering coastlines were difficult to calculate,
estimations of tsunami run-up (the tsunami height above mean sea level at its limit of penetra-
tion inland) at different locations provide a useful comparator (Spencer 2007). These were high
at sites closest to the earthquake such as Pulau Weh in northern Sumatra (3.02—-6.2m), at Great
Nicobar (3—6m) and at South Andaman (2.9-4.5m) (Spencer 2007). The highest of all was Khao
Lak (4.48—9.91 m) on the northern Andaman Sea coast of Thailand where wave height was ampli-
fied by the extensive shallow continental shelf offshore. Lower tsunami run-ups of 1.5-5.5 m were
recorded for Middle and North Andaman and Phuket on the west coast of Thailand (Spencer 2007).

Surprisingly, the effects of the tsunami on many coral reefs in the Andaman Sea were minimal.
At Pulau Weh and along the west coast of Aceh, North Sumatra, the effects were patchy with most of
the damage occurring at depths <10 m where colonies were broken, overturned or suffered from sedi-
mentation (Baird et al. 2005, Gunawan et al. 2006, Campbell et al. 2007, Hagan et al. 2007). Similar
effects were described along the Thai-Andaman Sea coast where only 13% of sites were seriously
damaged, with 47% showing low to moderate impacts and 40% appearing undamaged (Phongsuwan
et al. 2006, Phongsuwan & Brown 2007). In the Andamans, the effects of the tsunami were described
as ‘not very pronounced’ (Saxena et al. 2008), but in the Nicobar Islands, where wave heights of
10-15m were recorded, there were mass mortalities of corals due to bleaching and increased sedi-
mentation resulting from the tsunami (Patterson et al. 2006). Post-tsunami surveys across Nicobar
reefs showed distinct distance-related impacts on coral size structure, with pronounced decreases
in the abundance of large Acropora and Porites corals closer to the earthquake epicentre (Patankar
et al. 2012). Minimal effects of the tsunami were reported from Myanmar, where surveys in 2005 in
the southern islands of the Myeik Archipelago revealed a few overturned coral colonies, with others
covered by a fine layer of sand (Tun & Heiss 2006). According to these authors, the tsunami wave had
diminished to 0.5 m in height by the time it reached the coastline of Myanmar.

Longer-term effects of the earthquake on coral reefs were apparent on the Andaman Sea coast
of Thailand, where over the period 2004-2021, there have been significant vertical land movements.
Using Global Positioning System (GPS) data, satellite altimetry and tide gauge measurements,
Naeije et al. (2022) showed that at Phuket a vertical land drop of ~10cm occurred over this period
(Figure 8), which resulted in a relative sea-level rise of up to 16 cm. As Figure 8 shows, post-seismic
disturbance is now diminishing though vertical velocity estimates indicate that slight tectonic sub-
sidence is still ongoing. Such changes in sea level have implications for both intertidal and subtidal
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Figure 8 Vertical displacement (cm) of Phuket island as monitored from a combined station GPS position
time series (black data points £SE). The inter-seismic (1994-2004) velocity estimates and trend line are shown
in blue (2.35 + 0.21 mm y-1). The orange dots mark the position solutions from the yearly PHUK (3-7 days)
GPS surveys. Green vertical lines mark the 2004, 2005 and 2012 earthquakes originating from the Sumatra
Trench (Naeije et al. 2022).
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reefs. For intertidal reefs, more ‘accommodation’ space is made available for growth (Scopelitis
et al. 2011, Saunders et al. 2015, van Woesik et al. 2015) as well as greater flushing (Nakamura &
van Woesik 2001, Nakamura et al. 2003) and slightly deeper water with less light penetration during
temperature-induced bleaching events (Cacciapaglia & van Woesik 2016). Shallow subtidal reefs
also benefit from improved flushing and reduced light penetration.

For intertidal reefs around south-east Phuket, relative sea-level rise over the period 2004—
2010 resulted in sustained high coral cover on the mid and outer reef flats (Brown et al. 2011).
A severe temperature-induced coral bleaching event in 2010 then caused cover to decrease dra-
matically, but the continued rise in sea level has contributed to a rapid recovery of the reefs up
to the present day (Brown et al. 2019, Dunne et al. 2021). Further north at Ranong, which is
close to the Thai border with Myanmar, between 2004 and 2020, relative sea-level has risen
22 cm as a result of the vertical post-seismic subsidence following the 2004 Sumatran earthquake
(Naeije et al. 2022). If, as is likely, the intertidal and subtidal reefs in the nearby southern Myeik
Archipelago have also experienced similar changes in sea level, then this may provide a contribu-
tory factor to increases in coral cover recorded between the first surveys in 2014 and later resur-
veying in 2018 (Lunn et al. 2022).

Large amplitude internal waves (LAIWs) and surface waves
and their influence on coral reefs in the Andaman Sea

The Andaman Sea has long been recognised as an area where there is an interaction between sur-
face and internal waves. In his book on the Physical Geography of the Sea, Maury (1860) reported
observations by the hydrographer James Horsburgh first recorded in the 1817 edition of his East
India Directory (Horsburgh 1817):

The Ripplings are seen in calm weather approaching from a distance, and in the night their noise is heard
a considerable time before they come near. They beat against the sides of a ship with great violence, and
pass on, the spray sometimes coming on deck; and by carrying out oceanographic measurements from
a ship, a small boat could not always resist the turbulence of these remarkable Ripplings.

Maury (1860, p. 389)

Internal waves form as a result of disturbances within a layered ocean. Differences in density and
salinity cause the layers to act as different fluid masses, and when tides, currents, gravity and Earth’s
rotation move these over complex seafloor topography, internal waves are created. West of the
Andaman and Nicobar Islands, the Indian Ocean seafloor rises steeply from 3000 to 200 m around
the islands and then falls again within the Andaman Sea. In this western sector of the Andaman
Sea, the irregular bottom topography consists of shallow ridges, reefs and submarine banks, which
alter the flow of water as it moves in and out of the basin. It is in this area that the internal waves
are generated by the interaction of the baroclinic tide with the shallow bottom features (Osborne &
Burch 1980, Alpers et al. 1997).

Internal waves in the Andaman Sea have variously been described as internal tides (Mohanty
et al. 2018, Peng et al. 2021, Yadidya & Rao 2022), internal solitary waves (Magalhaes & da Silva
2018, Magalhaes et al. 2020, Sun et al. 2021) and LAIWs (Wall et al. 2015). In this account, we shall
refer to the internal waves as LAIW since this term has been extensively used in coral reef litera-
ture based on work in the Andaman Sea. LAIWs are tidally generated along the underwater ridges
of the Andaman and Nicobar Islands, which then propagate eastwards, retaining their speed and
shape for considerable distances with a decreasing velocity as they move from deep to shallow water
(Mohanty et al. 2018). Travelling at speeds of 2-3 m sec™! in packs of 5-7 waves, they can depress
the thermocline by as much as 80 m (Osborne & Burch 1980, Sun et al. 2021). A unique feature of
internal waves generated in the Andaman Sea is that they are not generated from a single site unlike
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in the South China Sea and Sulu Sea (Yang et al. 2021b), but from multiple locations (Magalhaes
& da Silva 2018, Mohanty et al. 2018, Jensen et al. 2020, Raju et al. 2020, Sun et al. 2021, Yang
et al. 2021b). Five possible generation sites (A-E in Figure 9A) have been identified from satellite
imagery. Sites A and B lie northeast of the Andaman Islands, sites C and D in the Nicobar Islands
and site E in the Great Channel above the northern tip of Sumatra (Raju et al. 2020). Internal waves
from A, B and E propagate in a single direction, while those at C and D travel in two directions,
with internal waves generated at Site A propagating in a southwest direction on the continental
shelf of the eastern side of the Andaman Islands, waves from B travelling towards the northeast of
the Andamans and on to the continental shelf of Myanmar and waves from site C travelling both
east and west with those travelling west to the Bay of Bengal and eastward waves heading for the
shelf of Myanmar and Thailand. Waves generated at site D appear to be refracted to the northeast
with waves generated at site E travelling along the shallow shelf towards Thailand and the Malacca
Strait. While the waves hitting the continental shelf become modified, it is also clear that there is
interaction between wave trains with waves generated at sites D and E crossing paths with waves
generated at C (Raju et al. 2020). A NASA Landsat image (Figure 9B) dated 29 November 2019
shows internal waves approaching the Myeik Archipelago, Myanmar. It is clear from Figure 9A that
most reefs in the region, apart from those on the west sides of the Andaman Islands, are influenced
to some degree by LAIWs.

The highly complex internal wave regime is further complicated by the types of waves
generated, which have now been identified as belonging to different types or modes (Magalhaes &
da Silva 2018, Magalhaes et al. 2020, Yang et al. 2021b). In the Andaman, Sea Mode 1 and Mode
2 waves have been identified, with Mode 2 waves having a smaller amplitude than Mode 1 and
each having different current and thermal structures (Magalhaes & da Silva 2018, Magalhaes
et al. 2020). Mode 1 waves are described as depression waves, which switch to non-linear waves
of elevation on approaching shallow water, while Mode 2 waves are elevation waves (Jackson
et al. 2013). Elevation waves bring colder and deeper water to the surface and produce strong
variations of SST around coral reefs in their path, lowering SST in periodic pulses as they
approach the coast. Such effects are evident in the hourly temperature record from Ao Mayai
in the Surin Islands (Figure 2). Similar dramatic temperature fluctuations have been detected
around reefs on the west coasts of islands in the Thai-Andaman Sea, stretching from the Surin
Islands in the north to Ko Racha in the south (Wall et al. 2015). In the Similan Islands, the strong
vertical mixing and overturning of water associated with the internal waves have been shown to
not only affect SSTs but also bring changes in pH and nutrient concentrations (Roder et al. 2010,
2011). Similar features have been observed at Dongsha Atoll in the South China Sea (Reid et al.
2019, Hung et al. 2021).

While LAIWs exert their greatest influence on local oceanography during the dry season
(January—April), strong wave action from monsoon-related surface waves is experienced by west-
erly facing coral reefs in the wet season (May—October) (Schmidt et al. 2012). These surface waves
result in turbulent mixing and resuspension of sediments in shallow water, which in turn lead to
reduced light intensities and smothering of corals (Wall et al. 2012). Additional mixing, turbulence
and upwelling in the water column of the Andaman Sea result from mesoscale cyclonic eddies,
which can be between 10 and 500km in diameter and persist for days or months (Buranapratheprat
et al. 2010, Cui et al. 2016). Modelling studies suggest that the Andaman and Nicobar Islands play
an important part in their generation (Mukherjee et al. 2019)

The existence of LAIWs, monsoon-related surface waves and mesoscale eddies thus makes the
Andaman Sea a highly dynamic physical environment. The effects of LAIWs and surface waves on
coral reefs in the region have only been documented for islands in the Thai-Andaman Sea where
LAIWs, through strong wave action, SST depressions and increased nutrients, have been described
as reducing reef framework and coral diversity (Schmidt et al. 2012, Wall et al. 2012) but increas-
ing turf algae cover (Jantzen et al. 2013) on the exposed western sides of islands compared with
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Myeik
Archipelago

Figure 9 (A) Map of all the leading waves in each solitary wave packet in the Andaman Sea, as observed in
the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite imagery during the months of March—
April from 2014 to 2016. Lettering indicates possible generation sites of internal solitary waves (Raju et al.
2020). (B) Internal waves (indicated by arrows) approach the Myeik Archipelago, Andaman Sea in an image
from the Operational Land Imager on Landsat 8 on 29 November 2019. (Reproduced with the permission of
NASA Earth Observatory.)
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the sheltered east sides. Studies have also revealed an increase in host and symbiont biomass in the
corals Porites lutea and Diploastrea heliopora from western-facing reefs in the Similans (Roder
et al. 2010), while Pocillopora meandrina from western reefs appeared to be more heterotrophic
compared with colonies from eastern facing reefs (Roder et al. 2011). Improved coral bleaching
resilience was also noted on western reefs on a number of islands in the Andaman Sea, compared
with those with an easterly aspect, during the intense bleaching event in the region in 2010 (Wall
et al. 2015, Schmidt et al. 2016), an effect likely related to the finding that high-frequency tempera-
ture variability appears to reduce susceptibility to coral bleaching (Thompson & Van Woesik 20009,
Oliver & Palumbi 2011, Safaie et al. 2018).

The LAIWs have also been implicated in causing reduced growth and linear extension in the
dominant massive coral P. [utea on the western sides of islands in the Similans, where the effects
of monsoon-induced surface waves and LAIW were evaluated on east- and west-facing island
sites (Schmidt & Richter 2013). Earlier studies, which focused on an inshore—offshore gradient
around Phuket but also included Ko Miang, a site in the Similans, had shown that linear extension
decreased and bulk density of P. lutea skeletons increased along a gradient of increasing hydraulic
energy. Coral skeletons from both Ko Miang and Ko Racha (a site to the south of Phuket) have lower
linear extension, and those from Ko Miang have higher bulk density, than all other more sheltered
locations that were not subject to such intense LAIW activity (Scoffin et al. 1992).

Interestingly, in a study of long-term changes of P. lutea growth at sites around Phuket from
December 1984 to November 1986 and again from December 2003 to November 2005, a decrease
in calcification and linear extension was observed at a number of sheltered sites but not at Ko Racha
(Tanzil et al. 2009). Similarly, in a comparison of growth rates of P. lutea around the Thai-Malay
peninsula between 1980 and 2010, decreases in calcification were noted in five out of six locations,
the one exception being Ko Racha, the only site affected by LAIW (Tanzil et al. 2013). In this study,
a significant link was observed between region-wide growth rates and average SSTs when Ko Racha
was not included in the analysis because of its significantly different temperature regime and peri-
odic pulses of anomalously cold water resulting from the LAIWs.

It is clear then that both coral reef ecology and coral physiology in the Thai-Andaman Sea are
markedly affected by the highly dynamic physical environment around them, and it seems quite
likely that fringing reefs on the east coast of the Andamans and the Myeik Archipelago of Myanmar
might be similarly influenced.

Assessment of current reef condition in the Andaman Sea

Regional long-term coral cover datasets exceeding 15 years exist only for shallow subtidal coral
reefs (5—12m depth) in the Thai-Andaman Sea and at Pulau Weh in Aceh province, Sumatra, and
for intertidal reefs around the southeast coast of Phuket, Thailand (Baird et al. 2005, Phongsuwan &
Chansang 2012, Brown et al. 2019). Sporadic data on coral cover is available from 1996 to 2019 from
shallow reefs surrounding four islands in the Mahatma Gandhi Marine National Park (MGMNP)
in the South Andaman district of the Andamans Islands, while coral cover measurements from
Myanmar are restricted to irregular repeated surveys between 2014 and 2023 at sites in the Myeik
Archipelago.

Trends in coral cover data collected between 1988 and 2021 from 21 shallow (depth 5-12m)
subtidal sites in the Thai-Andaman Sea, stretching from the Surin Islands in the north to offshore
and inshore reefs around Phuket in the south, are shown in Figure 10. Sites were selected on the
basis that each dataset had been collected over at least a 25-year period and included surveys from
the last decade up to 2021 (Phuket Marine Biological Center 2016, Marine and Coastal Resources
Research and Development Institute 2020) and National Parks Operating Center — personal com-
munication. While there is variability in coral cover between different sites, the depression in cover
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Figure 10 Long-term coral cover data (%) (1988-2021) from 21 subtidal sites in the Thai-Andaman Sea
(black dots). Trend line (GAMM ARI1) with 95% confidence intervals (grey shading). Data from Phongsuwan
and Chansang (2012), Phuket Marine Biological Center (2016), Marine and Coastal Resources Research and
Development Institute (2020) and National Park Operating Center, Thailand — personal communication.

following the 2010 bleaching event, which resulted in dramatic coral mortality, is clear, followed
by live cover recovering significantly over the last decade to values comparable with those recorded
in the early 1990s. This increase in coral cover in recent years has also been accompanied by
marked changes in coral assemblage structure at several subtidal sites, which include an increase
in the dominance of Porites rus over Acropora species and the persistence and increase in cover of
bleaching tolerant species such as Diploastrea heliopora and Heliopora hiberniana (Phongsuwan
& Chansang 2012, Taninaka et al. 2021).

The intertidal reefs around Phuket have shown similar recent trends in coral cover to the sub-
tidal reefs, with a steady increase up to 2017 after the damaging 2010 bleaching event (Figure 11).
For these reefs, however, there was also a decline in cover between 2018 and 2020 due to the effects
of lowered sea level and increased SST as a result of the combined influences of pIOD and ENSO
(Dunne et al. 2021). Since 2021, the intertidal reefs have shown a rapid recovery with coral cover
values approaching those recorded in 2017. In previous years, these reefs have experienced mixed
fortunes, with coral mortality when sea levels were lowered in 1997 during a marked pIOD, thriving
coral growth in the early 2000s due to the lack of negative sea level anomalies and subsequently ele-
vated sea levels when land subsided following the 2004 Sumatran earthquake (Brown et al. 2019).
No changes in coral assemblage structure were noted following the 2010 bleaching event when coral
cover decreased.

On the Myanmar coastline, the most detailed coral reef studies have been those around islands
in the Myeik Archipelago, where a recent summary of the status of subtidal reefs recorded slight
increases in coral cover between 2014 and 2019 (Lunn et al. 2022). The improved condition of sur-
veyed reefs was maintained in 2022-2023 (Z. Lunn — personal communication). The inner reefs,
like many sites throughout the Andaman Sea, are often turbid because of river run-off, with inner
reef locations having an average coral cover of 55% and higher coral mortality from river drainage
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Figure 11 Live coral cover (%) (1986-2023) on four permanent belt transects on an intertidal reef flat at
Phuket, with cover displayed as individual sampling points for each of the transects. Trend line (GAMM AR1)
with 95% confidence interval (grey shading).

than at deeper depths (up to 10m) further offshore (Howard 2018). There are examples of inter-
tidal reefs of the Myeik Archipelago in early 2019, which appeared to be in good condition, like
those in the Thai-Andaman Sea, where sheltered bays support a high cover of staghorn Acropora
(Figure 12). Subsequently, anchor damage has been noted at Langann Island in the Myeik, but
anchoring buoys have now been installed at this site to mitigate damage (Z. Lunn — personal com-
munication). At Ao Koong in the Thai-Andaman Sea, the intertidal reef suffered considerable mor-
tality because of lowered sea levels and increased sea temperatures due to pIOD and elevated SSTs
in 2018-2020, but by 2022, the reef showed significant recovery (N. Phongsuwan — personal com-
munication) (Figure 12B).

Coral disease is evident on coral reefs throughout the Myeik Archipelago at a level of 4%, which
has been described as a similar figure to other Asia Pacific countries (Howard 2018). The greatest
incidence of disease is found close to villages often where there was evidence of past dynamite
fishing and discharge of untreated sewage. Plastic waste has been hypothesised to increase the
susceptibility of corals to disease at these sites (Lamb et al. 2018). Diseases noted include skeletal
eroding disease, brown band, black band, yellow band and white syndrome (Howard 2018). Coral
disease surveys of Porites lutea immediately following the 2010 bleaching on reefs throughout the
Thai-Andaman Sea revealed five disease categories, namely white syndrome, ulcerative white spot,
focal and non-focal bleaching and pink spot (the latter described as a pigmentation response in sur-
veys in the Myeik Archipelago) (Putchim et al. 2012, Howard 2018). Recent surveys of pigmentation
responses in P. lutea around Okinawa, Japan, recorded a high incidence of pigmentation responses
and tentatively linked their occurrence with the presence of epibionts (Kubomura et al. 2021).

Coral reef monitoring in the Andaman and Nicobar archipelago has not been as systematic or
as frequent as that in the Thai-Andaman Sea, and the data shown in Figure 13 has been compiled
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(A)

Figure 12 Thriving intertidal reefs photographed in early 2019 at (A) Langann Island, Myeik Archipelago,
Myanmar (Photo credit: Rob Howard, Fauna and Flora International) and (B) Ao Koong, Phuket Island.
(Photo credit: Saisanit Phongsuwan.)
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Figure 13 Long-term coral cover data (%) (1996-2019) from 4 subtidal sites in the Andaman Islands (black
dots). Trend line (GAM) with 95% confidence intervals (grey shading).

from reef surveys on a group of islands in the MGMNP in the South Andamans. Here, coral cover
was analysed from sites with a comparable depth (5—15 m) and aspect that had been surveyed at least
three times within the last three decades. The earliest surveys in 1996 recorded relatively high coral
cover (~54%) across shallow locations within the national park, where reefs were dominated by
Acropora species, with arborescent Acropora species often being monodominant at some reef sites.
By 2003, cover had already decreased significantly and continued to do so after the 2004 tsunami,
reaching less than half the 1996 cover by 2006. The decline by 2003 could possibly be due to coral
bleaching events in 1998 and 2002, where minor coral mortality was recorded from other parts
of the archipelago (Pet-Soede et al. 2000, Krishnan et al. 2011)). While bleaching and subsequent
high coral mortality were observed on other reefs in the Andaman Islands during the 2010 ENSO
(Krishnan et al. 2011, Marimuthu et al. 2013), it is difficult to evaluate how reefs in the MGMNP
responded since no coral cover data exists for these sites during that event. However, by the time the
reefs were surveyed in 2013, many were showing signs of recovery, and by 2019, coral cover was
significantly higher (~40%) although not back to the 1996 baseline. Elsewhere in the archipelago,
reef assessments have been scattered in their distribution, but overall, the Andaman Island reefs
have fared relatively well over recent time, either escaping ENSO warming events completely or
showing a patchy response (Marimuthu et al. 2013, Majumdar et al. 2018, McClanahan et al. 2020).

Surveys in the Acehnese Andaman Sea began in March 2003 at three shallow sites on Pulau
Weh (depths 1-2m). Mean coral cover was high at all sites ranging from 38.7% to 47.7% (Baird
et al. 2005). Surveys in March 2005, 3 months after the Indian Ocean Tsunami, demonstrated that
coral cover and assemblage structure had changed very little at these three sites, suggesting that
direct damage to the reef from the tsunami was minimal (Baird et al. 2005, Campbell et al. 2007).
Coral cover was also high, but variable at an additional six sites on Pulau Weh surveyed in March
2005 (Baird et al. 2005). The variation in coral cover among sites on Pulau Weh was correlated
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Figure 14 Long-term coral cover data (%) (2003-2019) from 12 subtidal sites (1-2m depth) around the
island of Pulau Weh, Sumatra (black dots). Trend line (GAMM ARI) with 95% confidence intervals (grey
shading).

with the types of fishing gear being used; in particular, the coral cover was low in areas where
the use of fishing nets was permitted (Campbell et al. 2012). Sites on Pulau Weh were not typical
of other sites in the region in 2005, such as the Pulau Aceh group to the north-west and sites on
the west coast of the Sumatran mainland, where coral cover was uniformly low, a feature attrib-
uted to destructive fishing and inappropriate coastal development (Baird et al. 2005, Campbell
et al. 2007). Regular surveys on Pulau Weh since 2005 suggest that the major cause of coral loss
in the region is now the result of global warming, rather than direct human disturbance, with
bleaching-induced mortality evident in 2010 and 2016 (Figure 14). The 2010 bleaching event was
particularly severe with a significant decline in percent cover between 2009 and 2011 (Figure 14,
see also Fadli et al. 2012). Since 2011, coral cover has gradually increased, with a slight decline
recorded between 2016 and 2017 (Keith et al. 2018), although coral cover has yet to return to levels
documented in 2003 (Figure 14).

Anthropogenic threats other than climate change

Some of the variability detected in reef surveys of coral cover in the region are likely due to anthro-
pogenic influences other than climate change. Human influences on coral reefs in the Thai-Andaman
Sea were briefly described in Brown (2007). Common threats throughout the region now include
sedimentation from coastal development, plastic waste, damaging fishing practices particularly in
Aceh (Baird et al. 2005) and Myanmar (Lunn et al. 2022), discarded fishing gear in Thailand
(Phongsuwan etal. 2013) and Myanmar (Howard 2018, Lunn et al. 2022), over-fishing in the Andaman
and Nicobar Islands, an increase in tourist-related damage on shallow reef areas in Thailand and the
Andamans and Nicobar Islands (Phongsuwan et al. 2013, Mondal et al. 2014, Majumdar et al. 2018)
and nitrogen pollution in the Andaman and Nicobar Islands (Painter et al. 2023).
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While mechanisms need to be put in place to curb damage from such local threats, it is
important to recognise that the preservation of coral reef habitats must take precedence over any
reef restorative measures, with reef restoration considered as a poor replacement for adequate
management of reef systems (Edwards 2010). For example, considerable damage from tourism
activities such as boat anchoring, sewage discharge and novice diving activities was noted in
2013-2014 on reefs in the Khai Islands, east of Phuket, but once management regulations (includ-
ing strict law enforcement, installation of mooring buoys and reef zonation for multiple use) were
put in place in 2016, natural reef recovery was obvious after 3—4 years (N. Thongtham — personal
communication).

Nonetheless, in Thailand, small-scale reef rehabilitation has been effective in restoring coral
cover to a reef area damaged by a severe storm in 1986 on Maiton, a resort island near Phuket where
little coral colonisation had taken place up to 1994 either because of poor coral recruitment and/or
substrate instability (Yeemin et al. 2006, Thongtham & Chansang 2008). Substrate at the site was
stabilised in 1994 by planting triangular prism modules, composed of concrete pipes of varying
diameter, on the reef (Edwards 2010). Initial natural coral colonisation over the period 1994-2001
resulted in 53%—-60% of the module surfaces being covered by live corals. Together with successful
transplantation and survival of Porites lutea fragments between 2005 and 2008, an increase in the
percentage of living coral from 10% (pre-restoration) to ~60% cover in 2016 and up to ~80% cover
between 2018 and 2022 was noted (N. Thongtham — personal communication). The rehabilitation,
however, did not result in restoring the original community structure, which had been dominated by
Acropora species susceptible to storm damage, but rather it led to a more mixed community domi-
nated by P. lutea. No doubt a contributing factor in this successful reef rehabilitation would have
been the natural improvement in coral cover over recent time in the Thai-Andaman Sea, as noted in
the previous section of this review.

The Andaman Sea as a mosaic of refugia for
corals, physiological coral defences and possible
limitations on coral resilience in these areas

Refugia

The term ‘coral refugia’ has been variously applied to reef sites within the Andaman Sea in recent
years (Brown 2007, Wall et al. 2015, Bachman et al. 2022, Liu et al. 2022). Refugia have been defined
as areas that support reef coral populations and to which reef corals can retreat to, persist in and
subsequently expand from under changing environmental conditions (Keppel & Wardell-Johnson
2012, Cacciapaglia & van Woesik 2016). Kavousi & Keppel (2017) further maintain that coral
refugia are environments subject to long-term buffering of environmental conditions with respect
to climate change.

In the context of the Andaman Sea, Brown (2007) first used the term in a geological sense
referring to turbid inshore habitats such as those that occur along the Thai/Myanmar coastline and
around the Andaman and Nicobar Islands as refugia during non-optimal periods of reef growth
from which corals might subsequently radiate out to more ‘typical’ oceanic habitats once environ-
mental conditions have improved, as discussed by Potts and Jacobs (2000). Such turbid habitats in
other parts of the world have also been identified as modern-day refugia since turbidity and resultant
lowered light levels reduce the susceptibility of corals to bleaching at elevated sea temperatures and
are clearly beneficial for those coral species preadapted to these environments (Cacciapaglia & van
Woesik 2016, Sully & van Woesik 2020). The shallow reefs on the Thai/Myanmar coastline exist
in highly turbid waters (Brown 2007, Howard 2018) where sedimentation rates of 120kg m=2year™!
have been reported around inshore sites in the Thai-Andaman Sea (Tudhope & Scoffin 1994) and
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where light levels over the reef are rapidly attenuated (Dunne & Brown 1996), so helping to mitigate
the effects of rising sea temperatures (Fitt et al. 2001) in corals tolerant of a high sediment regime.

Thermal refugia have also been identified in the Andaman Sea at sites that are strongly influ-
enced by internal waves. These include the Nicobar Islands (Bachman et al. 2022) and the western
sides of islands in the Thai-Andaman Sea (Wall et al. 2015, Liu et al. 2022). Here, the rapidly
fluctuating SSTs and SST depressions, associated with LAIW, which occur throughout the year,
but are particularly prevalent during times of seasonally maximal SSTs (April-June), provide an
environment where thermal stress is buffered and corals are less susceptible to bleaching (Wall
et al. 2015, Schmidt et al. 2016). Similar benefits to reef corals afforded by internal waves have been
described in the Coral Triangle of Southeast Asia (Storlazzi et al. 2020, Bachman et al. 2022), in the
Galapagos and Pacific Shelf of Central America (Bachman et al. 2022) and in the South China Sea
(Tkachenko & Soong 2017, Reid et al. 2019).

Physiological characteristics and thermal defences of corals

While the apparent resilience of coral reefs in the Andaman Sea can be attributed to the environ-
mental conditions that surround them (e.g. the extreme physical habitat of inshore intertidal reefs
and the temperature buffering effects of LAIW for offshore subtidal reefs), these environments
have also resulted in the evolution of coral physiological characteristics that offer stress protection.
Previous description of physiological attributes of corals from the Andaman Sea focused on densi-
ties and clades of coral symbiotic algae, as well as coral growth rates, behavioural responses and
biochemical defences against stress (Brown 2007). Over the last 16 years, major advances have been
made in molecular and genetic analyses of coral algal symbionts and their environmental tolerances
(LaJeunesse et al. 2014, LaJeunesse 2017, Bellantuono et al. 2018, LaJeunesse et al. 2018), coral
nutrition and the significance of heterotrophy at times of thermal stress (Rodrigues & Grotolli 2007,
Houlbreque & Ferrier-Pages 2009) and the potential importance of coral microbial associations in
stress protection (Ainsworth & Gates 2016, Ziegler et al. 2017, van Oppen & Blackall 2019).

While it is clear that the coral animal host can offer significant bleaching protection (Baird et al.
2009) with intertidal corals from the Andaman Sea showing a suite of host biochemical defences
in response to temperature/light stresses (Brown et al. 2002), research has also postulated that spe-
cific coral symbiotic algae have thermo-tolerant traits, which offer the coral host partial protection
during temperature-related bleaching events (Baker et al. 2004, Fabricius et al. 2004, Lien et al.
2007, Abrego et al. 2008, Jones et al. 2008, Stat & Gates 2011). The association of corals with one
specific algal symbiont genus Durusdinium (previously Clade D) (LaJeunesse et al. 2014, 2018) is
a case in point. A survey of the geographic distribution of different symbiont genera in corals from
both inshore and offshore sites in the central Thai-Andaman Sea (LaJeunesse et al. 2010) revealed
that the dominant genera were Cladocopium (formerly Clade C) and Durusdinium at both sites.
Comparison with results from the western Indian Ocean and the Great Barrier Reef showed that
Durusdinium was significantly more frequent among coral hosts collected from warm and turbid
sites in the Andaman Sea than in the aforementioned locations, with corals displaying a prevalence
and high diversity of Durusdinium, particularly in intertidal settings (LaJeunesse et al. 2010). The
latter authors suggest that a combination of a high temperature environment and variable light con-
ditions has facilitated the ecological radiation of Durusdinium in the Andaman Sea, factors which
likely also explain the presence of this genus in corals from highly stressed reefs in Singapore
(Tanzil et al. 2016, Poquita-Du et al. 2020). While the high thermal tolerance of symbionts from
this genus is well established (Stat & Gates 2011, Guest et al. 2016, Bellantuono et al. 2018), recent
genomic work also shows that the Durusdinium genome encodes for a cluster of genes involved in
the synthesis of mycosporine amino acids, which offer photoprotection that reduces coral bleaching
susceptibility (Shoguchi et al. 2018).
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Another factor that limits damage to corals caused by elevated seawater temperatures is the ability
of corals to survive prolonged bleaching events through heterotrophic nutrition (Grottoli et al. 2006,
Baumann et al. 2014, Travaglione et al. 2023). Fine suspended particulate matter can be an important
food source for corals living in turbid inshore waters (Anthony 1999, 2000). In such settings, bacteria,
microbial exudates and adsorbed and detrital organic matter are present in the water column together
with mucus sheets and strings sloughed off the coral surface after aerial exposure on intertidal reefs
(Krupp 1984). Such mucus sheets have the potential to increase bacterial production in the water column
(Taniguchi et al. 2014) and potentially contribute to a heterotrophic source of nutrition in specific cor-
als (Houlbreque & Ferrier-Pages 2009). The turbid inshore waters of the Andaman Sea thus provide an
ideal environment for heterotrophic feeding, and both branching and massive species in shallow waters
around southeast Phuket have been observed ejecting mucus bound sediment boluses from the mouths of
coral polyps following ingestion 2 hours after high tide (L. Putchim — personal communication). At this
site, the organic content of suspended particulates is enhanced by macrophytes, which contribute up to
42% of sedimentary carbon (Tuntiprapas et al. 2019) and by mucus/fine sediment flocculants produced
through mucus release by intertidal corals on flooding tides (Brown & Bythell 2005). The scope for
heterotrophic feeding in corals is also enhanced on the sides of offshore islands subject to LAIW where
high energy reserves observed in Pocillopora meandrina were ascribed to heterotrophic nutrition acting
in combination with autotrophy (Roder et al. 2010).

An additional influence on coral thermal tolerance is the bacterial communities that they host
(Gilbert et al. 2012, Ziegler et al. 2017, Gardner et al. 2019). Different bleaching susceptibilities
among coral species are associated with distinct bacterial community profiles (Gardner et al. 2019),
while the presence of coral associated nitrogen-fixing bacteria might benefit thermally stressed
corals (van Oppen & Blackall 2019). In manipulative experiments, the bacterial community com-
position of corals appears to differ across thermally variable habitats, with the consortium being
able to adapt to a new environment when corals were reciprocally transplanted (Ziegler et al. 2017).
The dynamic nature of the coral bacterial community is well illustrated in recent work from the
Thai-Andaman Sea where shifts in the composition of bacterial associates are associated with the
age of the coral (Williams et al. 2015), changing tidal patterns (Sweet et al. 2017), elevated tem-
perature experiments in the laboratory (Doering et al. 2021) and temperature-induced bleaching in
the field (Pootakham et al. 2018, 2019, Chavanich et al. 2022). Interestingly, in a study of changes
taking place in the coral Porites lutea pre, during and post the 2016 bleaching event, the coral
bacterial community in corals from Ko Racha rapidly returned to their pre-bleaching state at least
3 months after the bleaching event, unlike those at the nearby island of Maiton where corals retained
their bleaching state microbial consortium at this time (Pootakham et al. 2018). These differing
responses might have been due to the influence of LAIW and the cooler temperature regime operat-
ing at Ko Racha, compared with Maiton, which is not affected by LAIW (Pootakham et al. 2018).

Possible limitations of coral resilience in the Andaman Sea

From the foregoing discussion, it is clear that the resilience of corals in the Andaman Sea spans
from the cell to the ecosystem level, with ecological resilience being defined as the ability of a sys-
tem to withstand disturbance without changing its overall identity in terms of structure and function
(Nystrom et al. 2001, Donovan et al. 2023). Coral reefs in the Andaman Sea have demonstrated
some resilience in the face of repeated disturbances over the last 40years unlike reefs elsewhere
where disturbance has led to decreased hard coral cover and, particularly in the Western Atlantic,
increases in macroalgae cover and a phase shift to algal-dominated communities (Hughes 1994,
Mumby 2009, Tebbett et al. 2023). Factors contributing to such dramatic changes include increased
nutrients, increased macroalgal cover and a decline in herbivory. While quantitative data on these
parameters are limited for the Andaman Sea, published work (Phongsuwan & Chansang 1992,
Souter et al. 2020b, Chan et al. 2023) and field observations suggest that macroalgal levels on coral
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reefs are very low in the region generally being less than 3% (T. Wagh — personal communication,
N. Phongsuwan — personal communication and A.H. Baird — personal communication). One reason
for these observations is the reports of healthy herbivorous fish populations in the Thai Andaman
Sea, the Andaman and Nicobar Islands (where they are not target species) and Pulau Weh in north-
ern Sumatra (Campbell et al. 2012, Rangseethampanya 2022) (and U. Satapoomin — personal com-
munication, T. Wagh — personal communication). In the Myeik Archipelago of Myanmar, fish
biomass on reefs is reported as generally low because of local fishing pressures, but urchin popula-
tions are abundant and these act to limit algal growth (Howard 2018) with coral cover on these reefs
being recorded as the highest in the Andaman Sea (Souter et al. 2020b).

Despite the potential resilience of subtidal and intertidal corals in the Thai-Andaman Sea and along
the Myanmar coastline and the buffering effects of LAIW and rising sea levels on offshore reefs, there
are obvious limitations to the tolerances of reef corals in the region. Examples of acclimatisation to ris-
ing sea temperatures in the Andaman Sea are scant though corals on intertidal reefs develop tolerances
to high light intensities, which in turn provide decreased susceptibility to elevated temperatures (Brown
et al. 2000, 2002). Such tolerances are retained for at least 10 years despite the removal of the initial
triggering high light influence (Brown et al. 2015) though it is not known whether these responses are
under epigenetic control nor if they are inheritable, as shown in Platygyra daedalea from the Arabian
Peninsula (Liew et al. 2020), this species being a prominent member of intertidal coral communities in
the Andaman Sea. Such factors are relevant when considering the effects of rising sea level on currently
intertidal reefs, where the length and timing of aerial exposure would be reduced in future climate sce-
narios. Under such conditions, the initial ecological response of the coral community is increased coral
cover as physical stresses are reduced and the environment becomes more benign (Brown et al. 2011,
2019, Dunne et al. 2021). The outstanding question must be, would intertidal corals of the Andaman Sea
and other shallow, ponded habitats ultimately lose their superior high light and temperature tolerances
over time as the climate warms and sea level rises?

The long-term temperature buffering effects of LAIW, such as those described in this paper for
Andaman Sea corals, have also been questioned (Woodson 2018). Woodson proposes that warming
seas will increase stratification, which will in turn require more energy input into internal wave
formation, resulting in weaker, more stable waves that limit turbulent mixing and reduce the high
variability in SSTs. Woodson also notes that sub-thermocline waters might become more hypoxic
and acidic so that coral reefs, presently considered as thermal refuges through exposure to LAIW,
become subject to additional environmental stresses. In this context, it is interesting that Schneider
(2018) proposes that what might have been an appropriate refugium for initial conditions during the
onset of a global climate crisis may ultimately turn into a trap as conditions deteriorate with the
initial refugium no longer being adequate for survival. However, Schneider argues that potentially
short-term refugia, such as the LAIW thermal refugia in the Andaman Sea, will be important in
the early stages of perturbations caused by climate change even if they become inadequate later.
Interestingly, in 2007, there was an occasion when upwelling from hypoxic and acidic sub-thermo-
cline waters on offshore islets on the Thai mainland coast at Krabi, near Phuket, caused mass mor-
tality of reef organisms and fish (N. Phongsuwan & S. Khokiattiwong — personal communications).

The projections of increasing frequency and the strength of ENSO (Cai et al. 2022) and pIOD
(Nakamura et al. 2009, Abram et al. 2020, Cai et al. 2021) as climate warms will also provide
challenges for Andaman Sea reefs with respect to increased sea temperature (ENSO) and periodic
lowered sea levels (pIOD and ENSO). If there are repeated extreme SST events, such as that which
caused the 2010 bleaching, on a regular basis (<5 years), then reef status would dramatically decline
in the region since the recovery of subtidal and intertidal reefs from this event in the Thai-Andaman
Sea has taken at least 12 and 8 years, respectively (Figures 10 and 11), together with significant com-
munity changes evident on some subtidal reefs. Furthermore, in 2010, the ENSO induced a delay in
the onset of the wet monsoon, which normally would bring cloudy conditions and lowered SSTs to
the region (Liu et al. 2022). The arrival of the wet monsoon would usually reduce sea temperatures,
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but in 2010, the monsoon was delayed by 2weeks and prolonged the duration of thermal stress,
with Liu et al. (2022) suggesting that thermal refugia in the Andaman Sea could be threatened by
such delayed monsoon onsets. Recent work on sediment cores from the Bay of Bengal (Wang et al.
2022) suggests that sustained warmer sea surface temperatures in the equatorial and tropical Indian
Ocean during the Last Interglacial increased convective rainfall above the ocean but dampened
Indian summer monsoon intensity on land. These findings contrast with other studies describing
stronger monsoons during warm interglacial periods and highlight the need for better understand-
ing of the controls on monsoon variability, factors which are important not only on land but also for
the coral reefs of the Andaman Sea.

Another factor that is critical for coral reefs in the region is the growth of the dominant reef
building coral Porites lutea and its ability to keep pace with rising sea level as the climate warms
and bleaching events become more frequent (Perry et al. 2018). In a modelling study based in the
Caribbean, it was shown that impacts on extension rates of two abundant corals (Orbicella annularis
and Porites astreoides) had a synergistic negative impact on community resilience when compared
with the effects of bleaching (Bozec & Mumby 2015). In the Thai Andaman Sea, recent studies of
Porites growth rates at a limited number of sites around Phuket reveal that over a 30-year period
(1980-2010) there has been a significant decrease in both linear extension (~20%) and calcification
(~19%) of Porites (Tanzil et al. 2009, 2013), with linear extension falling dramatically by 27.6% in
bleached corals and 7.2% in partially bleached corals between June 2010 and January 2011, follow-
ing the extreme bleaching event of 2010 (Tanzil 2012). Rates of seawater warming in the Andaman
Sea over the period 1980-2010 are almost twice those in the South China Sea, where decreases in
calcification and linear extension at sites around the Thai Malaysia peninsula have been correlated
with average annual sea temperature (Tanzil et al. 2013). These authors argue that it is likely that
increasing SST is not the sole driver of reduced calcification in the region and that other factors such
as river and stream run-off may also play a role. The Andaman Sea receives run-off from several
rivers such as the Ayeyarwady (Irrawaddy), Thanlin (Salween), Sittang and Yangon in Myanmar,
as well as drainage from streams and extensive mangrove forests on the west coast of Thailand and
around the Andamans and Nicobars. While the Ayeyarwady has been ranked as one of top five
rivers in the world in terms of its suspended sediment load (~326 Mt year~? (Robinson et al. 2007,
Baronas et al. 2020), most of the suspended sediment is deposited in the Gulf of Martaban on the
southern coast of Myanmar (Chen et al. 2020). The reefs of the Myeik Archipelago, much further
south, are not directly affected by the sediments from the Ayeyarwady, but the northern reefs of
the Myeik Archipelago will be influenced by the lowered salinity regime (31-33 psu) that results
from the Irrawaddy River Jet, a freshwater jet discharged from the river that accumulates over the
continental shelf of the Andaman Sea during the south west monsoon when strong south westerly
winds prevail (Pargaonkar & Vinayachandran 2022). Recent work has also shown that the central
Andaman Sea is also subject to reduced salinity effects, described as a ‘freshening’, with these
events being correlated with strong pIODs (Liu et al. 2024). Such phenomena means that many reefs
in the region are likely to be exposed to high spatio-temporal variations in physical and chemical
parameters that might also impact coral calcification processes. Indeed, it has been proposed that
future climate scenarios will see reefs affected by severe bleaching unable to maintain their verti-
cal growth (Perry et al. 2018). Information on carbonate budgets for reefs in the region is limited
to a single study on the intertidal reefs at Phuket, where Scoffin (1997) calculated a budget of 3kg
CaCO,m~2year™! based on the calcium carbonate production of five dominant genera. This figure
is considered relatively high both for the Indian Ocean (Perry et al. 2018) and for a reef flat set-
ting, where calcification rates are often lower than on the shallow reef front (Saunders et al. 2015).
However, it should be noted that the carbonate budget study was carried out over 25 years ago, well
before the extreme bleaching of 2010 and successive bleaching events, though recent studies in the
Chagos Archipelago in the central Indian Ocean (Lange et al. 2022) indicate that carbonate budgets
here showed some recovery 6years after a major bleaching event in 2015-2016.
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Rising SSTs are already having an impact on the reefs of the Andaman Sea, and while select
sites have the ability to recover relatively rapidly from severe bleaching events, future climate sce-
narios potentially pose much more serious threats to corals currently living in thermal refugia and
those in shallow, turbid inshore sites.

Conclusions

This review has relied predominantly on recent work carried out on coral reefs and related oceanog-
raphy in the Thai-Andaman Sea since research in other countries bordering the area has been mainly
restricted to ecological surveillance of coral reefs. There are, however, common patterns to be dis-
cerned in reef survey results across the region, the most obvious being the susceptibility of corals to
the extreme temperature-induced bleaching of 2010. Corals throughout the Andaman Sea suffered
a high mortality in response to this bleaching event with over 50% loss of coral cover at many sites.

Another common regional pattern is the gradual recovery of reefs since 2010. The recovery of
coral cover at monitored intertidal and subtidal reefs throughout the region has taken ~8—12 years,
with some interruption of recovery because of a less stressful temperature-induced bleaching event
in 2016 (subtidal and intertidal corals) and lowered sea-level and elevated SSTs (intertidal corals)
in 2019. Since 2010, an upward trajectory in coral cover at monitored sites is evident, with the most
recent surveys in the Thai-Andaman Sea showing coral cover values approaching those of the late
1990s, though changes in coral species dominance have also been noted at some locations.

Despite a susceptibility to extreme bleaching events, corals in the Andaman Sea display some
resilience to rising sea temperatures. The basis of such resilience is found in selected environments
such as westerly facing reefs subject to highly fluctuating SSTs because of exposure to LAIW, turbid
inshore settings and intertidal habitats, where corals have developed physiological adaptations to
survive physical conditions operating at these locations.

Global assessments of reefs portray the Andaman Sea as an area where coral cover is not in decline,
and several publications highlight the above habitats as potential refugia for corals. These views, however,
must be tempered by the fact that reefs in the Andaman Sea are also affected by increasing anthropo-
genic influences (other than climate change), and future climatic scenarios project not only a background
increase in SST but also an increasing incidence and frequency of ENSO and pIOD events, combined with
potential modification of internal wave regimes and rising sea levels, which would not, in the long-term,
necessarily be favourable to all the reefs in the region and which could undermine any observed resilience.
It is already evident that coral calcification rates in the region have significantly declined in recent years,
aresult that is correlated with rising SSTs. Studies on the Great Barrier Reef have also shown that climate
refugia fail to protect reefs when global warming exceeds 3°C, a climate scenario that is now predicted by
2100 (McWhorter et al. 2022). In addition, Walsworth et al. (2019), using modelling simulations, suggested
that protection of habitat heterogeneity and connectivity provided greater long-term conservation benefits
than implementing refugia strategies.

An improved understanding of the future of coral reefs in the Andaman Sea would be facili-
tated by a greater regional co-operation in maintaining regular reef monitoring using standardised
protocols that ultimately extend coral cover measurements to coral community structure changes
and demography of dominant coral species. The current taxonomic framework for the Scleractinia
is, however, a significant impediment to population level studies in the Indo-Pacific (Kitahara
et al. 2016, Cowman et al. 2020, Bonito et al. 2021, Bridge et al. 2023). Alongside reef monitoring,
long-term in situ observation of seawater parameters, especially those related to anthropogenic
inputs (e.g. nutrients, sediments and emerging pollutants), would aid in interpretation of responses
of coastal reefs to chronic stressors. The region would also greatly benefit from an expansion of
existing coral reproduction/gene flow studies (Chanmethakul 2002, Chanmethakul et al. 2023,
Fiesinger et al. 2023) and interdisciplinary collaboration between biologists, oceanographers and
modellers to identify connectivity corridors and patterns of larval dispersal, which might enhance
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or, if dispersal was limited, limit coral resilience (Mizerek et al. 2021). McManus et al. (2021) con-
sider that maintaining evolutionary potential and habitat connectivity are both vital for the contin-
ued existence of coral reefs. Only with greater regional co-operation and international collaboration
will it be possible to assess more accurately the true resilience potential of corals in the Andaman
Sea and the conservation practices needed to protect them.

Acknowledgements

We acknowledge the assistance of the Director and staff of the Phuket Marine Biological Center,
Thailand, and the financial support of the Royal Society, the Leverhulme Trust, the Natural
Environment Research Council and the Department for International Development, UK to BEB and
RPD, as well as the contributions of Salai Mon Nyi Nyi Lin, Soe Tint Aung, Saw Arkar Tun from
Fauna & Flora-Myanmar and Sa Aung Than, Sein Than Lin, Shine Moe Tun from Marine Science
Association Myanmar to coral survey data from Myanmar. We also acknowledge the financial sup-
port from Shri AMM Murugappa Chettiar Research Centre and Rohini Nilekani Philanthropies to
RA and ED, from the Department of Science and Technology, INSPIRE Faculty Program to VP and
from Rohini Nilekani Philanthropies and Andaman Nicobar Environment Team to NN and TW.
AHB acknowledges financial support from the Australian Research Council and logistical support
while in the field from the Wildlife Conservation Society-Indonesia Marine Programme.

References

Abram, N.J., Gagan, M.K., Cole, J.E., Hantoro, W.S. & Mudelsee, M. 2008. Recent intensification of tropical
climate variability in the Indian Ocean. Nature Geoscience 1, 849-853, doi:10.1038/ngeo357

Abram, N.J., Gagan, M.K., McCulloch, M.T., Chappell, J. & Hantoro, W.S. 2003. Coral reef death during the
1997 Indian Ocean dipole linked to Indonesian wildfires. Science N.Y. 301, 952-954.

Abram, N.J., Wright, N.M., Ellis, B., Dixon, B.C., Wurtzel, J.B., England, M.H., Ummenhofer, C.C.,
Philibosian, B., Cahyarini, S.Y., Yu, T.-L., Shen, C.-C., Cheng, H., Edwards, R.L. & Heslop, D. 2020.
Coupling of Indo-Pacific climate variability over the last millennium. Nature 579, 385-392, doi:10.1038/
s41586-020-2084-4

Abrego, D., Ulstrup, K.E., Willis, B.L. & van Oppen, M.J.H. 2008. Species-specific interactions between algal
endosymbionts and coral hosts define their bleaching response to heat and light stress. Proceedings of
the Royal Society of London Series B-Biological Sciences 275, 2273-2282, doi:10.1098/rspb.2008.0180

Ainsworth, T.D. & Gates, R.D. 2016. Corals’ microbial sentinels. Science 352, 1518-1519, doi:10.1126/sci-
ence.aad9957

Alpers, W., Heng, W.-C. & Lim, H. 1997. Observation of internal waves in the Andaman Sea by ERS SAR.
IGARSS’97. 1997 IEEE International Geoscience and Remote Sensing Symposium Proceedings. Remote
Sensing — A Scientific Vision for Sustainable Development 4, 1518-1520.

Anthony, K.R.N. 1999. Coral suspension feeding on fine particulate matter. Journal of Experimental Marine
Biology and Ecology 232, 85-106.

Anthony, K.R.N. 2000. Enhanced particle-feeding capacity of corals on turbid reefs (Great Barrier Reef,
Australia). Coral Reefs 19, 59-67.

Aparna, S.G., McCreary, J.P., Shankar, D. & Vinayachandran, P.N. 2012. Signatures of Indian Ocean Dipole
and El Nifio — Southern Oscillation events in sea level variations in the Bay of Bengal. Journal of
Geophysical Research 117, C10012, doi:10.1029/2012jc008055

Bachman, S.D., Kleypas, J.A., Erdmann, M. & Setyawan, E. 2022. A global Atlas of potential thermal refugia
for coral reefs generated by internal gravity waves. Frontiers in Marine Science 9, 921879, doi:10.3389/
fmars.2022.921879

Bahuguna, A., Nayak, S. & Roy, D. 2008. Impact of the tsunami and earthquake of 26th December 2004 on the
vital coastal ecosystems of the Andaman and Nicobar Islands assessed using RESOURCESAT AWiFS
data. International Journal of Applied Earth Observation and Geoinformation 10, 229-237.

Baird, A.H., Bhagooli, R., Ralph, P.J. & Takahashi, S. 2009. Coral bleaching: the role of the host. Trends in
Ecology & Evolution 1, 16-20.

30


https://doi.org/10.1038/s41586-020-2084-4
https://doi.org/10.1098/rspb.2008.0180
https://doi.org/10.1038/ngeo357
https://doi.org/10.1029/2012jc008055
https://doi.org/10.3389/fmars.2022.921879
https://doi.org/10.3389/fmars.2022.921879
https://doi.org/10.1126/science.aad9957
https://doi.org/10.1126/science.aad9957
https://doi.org/10.1038/s41586-020-2084-4

REVISITING THE CORAL REEFS OF THE ANDAMAN SEA

Baird, A.H., Campbell, S.J., Anggoro, A.W., Ardiwijaya, R.L., Fadli, N., Herdiana, Y., Kartawijaya, T.,
Mabhyiddin, D., Mukminin, A., Pardede, S.T., Pratchett, M.S., Rudi, E. & Siregar, A.M. 2005. Acehnese
reefs in the wake of the Asian tsunami. Current Biology 15, 1926-1930, doi:10.1016/j.cub.2005.09.036

Baker, A.C., Starger, C.J., McClanahan, T.R. & Glynn, P.W. 2004. Coral reefs: corals’ adaptive response to
climate change. Nature 430, 741.

Baronas, J.J., Stevenson, E.I., Hackney, C.R., Darby, S.E., Bickle, M.J., Hilton, R.G., Larkin, C.S., Parsons,
D.R., Myo Khaing, A. & Tipper, E.T. 2020. Integrating suspended sediment flux in large alluvial river
channels: application of a synoptic rouse-based model to the Irrawaddy and Salween rivers. Journal of
Geophysical Research: Earth Surface 125, e2020JF005554, doi:10.1029/2020JF005554

Baumann, J., Grottoli, A.G., Hughes, A.D. & Matsui, Y. 2014. Photoautotrophic and heterotrophic carbon in
bleached and non-bleached coral lipid acquisition and storage. Journal of Experimental Marine Biology
and Ecology 461, 469—478, doi:10.1016/j.jembe.2014.09.017

Bellantuono, A.J., Dougan, K.E., Granados-Cifuentes, C. & Rodriguez-Lanetty, M. 2018. Transcriptome land-
scape of a thermal-tolerant coral endosymbiont reveals molecular signatures of symbiosis and dysbiosis.
bioRxiv 28, 508184, doi:10.1101/508184

Bilham, R. 2005. A flying start, then a slow slip. Science 308, 1126-1127.

Bilham, R. 2006. Dangerous tectonics, fragile buildings, and tough decisions. Science 311, 1873-1875.

Bjerknes, J. 1969. Atmospheric teleconnections from the equatorial Pacific. Monthly Weather Review 97,
163-172.

Bonito, V.E., Baird, A.H., Bridge, T., Cowman, P.F. & Fenner, D. 2021. Types, topotypes and vouchers are
the key to progress in coral taxonomy: comment on Wepfer et al. (2020). Molecular Phylogenetics and
Evolution 159, 107104, doi:10.1016/j.ympev.2021.107104

Bove, C.B., Mudge, L. & Bruno, J.F. 2022. A century of warming on Caribbean reefs. PLoS Climate 1,
e0000002, doi:10.1371/journal.pclm.0000002

Bozec, Y.-M. & Mumby, P.J. 2015. Synergistic impacts of global warming on the resilience of coral reefs.
Philosophical Transactions of the Royal Society B: Biological Sciences 370, 20130267, doi:10.1098/
rstb.2013.0267

Bridge, T.C.L., Cowman, P.F., Quattrini, A.M., Bonito, V.E., Sinniger, F., Harii, S., Head, C.E.I., Hung, J.Y.,
Halafihi, T., Rongo, T. & Baird, A.H. 2023. A tenuis relationship: traditional taxonomy obscures system-
atics and biogeography of the ‘Acropora tenuis’ (Scleractinia: Acroporidae) species complex. Zoological
Journal of the Linnean Society 202, z1ad062, doi:10.1093/zoolinnean/zlad062

Bridge, T.C.L., Hoey, A.S., Campbell, S.J., Muttaquin, E., Rudi, E., Fadli, N. & Baird, A.H. 2014.
Depth-dependent mortality of reef corals following a severe bleaching event: implications for thermal
refuges and population recovery. F1000Research 2, 187, doi:10.12688/t1000research.2-187.v3

Briggs, R.W.,, Sieh, K., Meltzner, A.J., Natawidjaja, D., Galetzka, J., Suwargadi, B., Hsu, Y.-J., Simons, M.,
Suprihanto, L., Prayudi, D., Avouac, J.-P., Prawirodirdjo, L. & Bock, Y. 2006. Deformation and slip along
the Sunda megathrust in the great 2005 Nias-Simeulue earthquake. Science 311, 1897-1901.

Brown, B.E. 2005. The fate of coral reefs in the Andaman Sea, eastern Indian Ocean follong the Sumatran
earthquake and tsunami, 26 December 2004. The Geographical Journal 171, 372-374.

Brown, B.E. 2007. Coral reefs of the Andaman Sea — an integrated perspective. Oceanography and Marine
Biology: An Annual Review 45, 173-194.

Brown, B.E. & Bythell, J.C. 2005. Perspectives on mucus secretion in reef corals. Marine Ecology Progress
Series 296, 291-309.

Brown, B.E., Downs, C.A., Dunne, R.P. & Gibb, S.W. 2002. Exploring the basis of thermotolerance in the reef
coral Goniastrea aspera. Marine Ecology Progress Series 242, 119-129.

Brown, B.E. & Dunne, R.P. 2016. Coral bleaching: the roles of sea temperature and solar radiation. In Diseases
of Coral, CM. Woodley, C.A. Downs, A. Bruckner, J.W. Porter & S. Galloway (eds). Hoboken, New
Jersey: John Wiley & Sons, 266-283.

Brown, B.E., Dunne, R.P. & Chansang, H. 1996. Coral bleaching relative to elevated seawater temperature in
the Andaman Sea (Indian Ocean) over the last 50years. Coral Reefs 15, 151-152.

Brown, B.E., Dunne, R.P., Edwards, A.J., Sweet, M.J. & Phongsuwan, N. 2015. Decadal environmental ‘mem-
ory’ in a reef coral? Marine Biology 162, 479-483, doi:10.1007/s00227-014-2596-2

Brown, B.E., Dunne, R.P., Goodson, M.S. & Douglas, A.E. 2000. Bleaching patterns in reef corals. Nature,
London 404, 142—-143.

31


https://doi.org/10.1007/s00227-014-2596-2
https://doi.org/10.1016/j.ympev.2021.107104
https://doi.org/10.12688/f1000research.2-187.v3
https://doi.org/10.1016/j.cub.2005.09.036
https://doi.org/10.1098/rstb.2013.0267
https://doi.org/10.1098/rstb.2013.0267
https://doi.org/10.1016/j.jembe.2014.09.017
https://doi.org/10.1101/508184
https://doi.org/10.1029/2020JF005554
https://doi.org/10.1371/journal.pclm.0000002
https://doi.org/10.1093/zoolinnean/zlad062

OCEANOGRAPHY AND MARINE BIOLOGY

Brown, B.E., Dunne, R.P., Phongsuwan, N. & Somerfield, P.J. 2011. Increased sea level promotes coral cover
on shallow reef flats in the Andaman Sea, eastern Indian Ocean. Coral Reefs 30, 867-878, doi:10.1007/
s00338-011-0804-9

Brown, B.E., Dunne, R.P,, Scoffin, T.P. & Le Tissier, M.D.A. 1994. Solar damage in intertidal corals. Marine
Ecology Progress Series 105, 219-230.

Brown, B.E., Dunne, R.P.,, Somerfield, PJ., Edwards, A.J., Simons, W.J.F., Phongsuwan, N., Putchim, L.,
Anderson, L. & Naeije, M.C. 2019. Long-term impacts of rising sea temperature and sea level on
shallow water coral communities over a ~40year period. Scientific Reports 9, 8826, doi:10.1038/
s41598-019-45188-x

Brown, B.E. & Phongsuwan, N. 2004. Constancy and change on shallow reefs around Laem Pan Wa, Phuket,
Thailand over a twenty year period. Phuket Marine Biological Centre Research Bulletin 65, 61-73.

Buranapratheprat, A., Laongmanee, P., Sukramongkol, N., Prommas, R., Promjinda, S. & Yanagi, T. 2010.
Upwelling induced by meso-scale cyclonic eddies in the Andaman Sea. Coastal Marine Science 34,
68-73.

Cacciapaglia, C. & van Woesik, R. 2016. Climate-change refugia: shading reef corals by turbidity. Global
Change Biology 22, 1145-1154, doi:10.1111/gcb.13166

Cai, W, Ng, B., Wang, G., Santoso, A., Wu, L. & Yang, K. 2022. Increased ENSO sea surface temperature
variability under four IPCC emission scenarios. Nature Climate Change 12, 228-231, doi:10.1038/
s41558-022-01282-z

Cai, W., Santoso, A., Wang, G., Weller, E., Wu, L., Ashok, K., Masumoto, Y. & Yamagata, T. 2014. Increased
frequency of extreme Indian Ocean Dipole events due to greenhouse warming. Nature 510, 254-258,
doi:10.1038/nature13327

Cai, W., Wang, G., Dewitte, B., Wu, L., Santoso, A., Takahashi, K., Yang, Y., Carréric, A. & McPhaden, M.J.
2018. Increased variability of eastern Pacific El Nifio under greenhouse warming. Nature 564, 201-206,
doi:10.1038/s41586-018-0776-9

Cai, W., Yang, K., Wu, L., Huang, G., Santoso, A., Ng, B., Wang, G. & Yamagata, T. 2021. Opposite response of
strong and moderate positive Indian Ocean Dipole to global warming. Nature Climate Change 11,27-32,
doi:10.1038/541558-020-00943-1

Campbell, S.J., Cinner, J.E., Ardiwijaya, R.L., Pardede, S., Kartawijaya, T., Mukmunin, A., Herdiana, Y., Hoey,
A.S., Pratchett, M.S. & Baird, A.H. 2012. Avoiding conflicts and protecting coral reefs: customary man-
agement benefits marine habitats and fish biomass. Oryx 46, 486-494, doi:10.1017/s0030605312000348

Campbell, S.J., Pratchett, M.S., Anggoro, A.W., Ardiwijaya, R.L., Fadli, N., Herdiana, Y., Kartawijaya, T.,
Mahyiddin, D., Mukminin, A., Pardede, S.T., Rudi, E., Siregar, A.M. & Baird, A.H. 2007. Disturbance
to coral reefs in Aceh, Northern Sumatra: impacts of the Sumatra-Andaman tsunami and pre-tsunami
degradation. Afoll Research Bulletin 544, 55-78.

Chan, Y.K.S., Affendi, Y.A., Ang, P.O., Baria-Rodriguez, M.V., Chen, C.A., Chui, A.P.Y., Giyanto, G., Glue,
M., Huang, H., Kuo, C.Y., Kim, S'W,, Lam, V.Y.Y., Lane, D.J.W,, Lian, J.S., Lin, SM.N.N., Lunn, Z.,
Nafiola, C.L., Nguyen, V.L., Park, H.S., Suharsono, H., Sutthacheep, M., Vo, S.T., Vibol, O., Waheed, Z.,
Yamano, H., Yeemin, T., Yong, E., Kimura, T., Tun, K., Chou, L.M. & Huang, D. 2023. Decadal stability
in coral cover could mask hidden changes on reefs in the East Asian Seas. Communications Biology 6,
630, doi:10.1038/542003-023-05000-z

Chanmethakul, T. 2002. Spawning season of scleractinian corals on Phuket Island. MSc thesis. Prince Songkla
University, Thailand.

Chanmethakul, T., Borimat, J., Dumee, V. & Chookin, S. 2023. Embryo development of Acropora aspera
(Dana 1846) at Tang-Khen Bay, Phuket Province. PKRU Science Technology Journal 7, 16-31.

Chatterjee, A., Shankar, D., McCreary, J.P., Vinayachandran, PN. & Mukherjee, A. 2017. Dynamics of
Andaman Sea circulation and its role in connecting the equatorial Indian Ocean to the Bay of Bengal.
Journal of Geophysical Research: Oceans 122, 3200-3218, doi:10.1002/2016JC012300

Chavanich, S., Kusdianto, H., Kullapanich, C., Jandang, S., Wongsawaeng, D., Ouazzani, J., Viyakarn, V. &
Somboonna, N. 2022. Microbiomes of healthy and bleached corals during a 2016 thermal bleaching event
in the Andaman Sea of Thailand. Frontiers in Marine Science 9, 763421, doi:10.3389/fmars.2022.763421

Chen, D, Li, X, Saito, Y., Liu, J.P,, Duan, Y., Liu, S.A. & Zhang, L. 2020. Recent evolution of the Irrawaddy
(Ayeyarwady) delta and the impacts of anthropogenic activities: a review and remote sensing survey.
Geomorphology 365, 107231, doi:10.1016/j.geomorph.2020.107231

32


https://doi.org/10.1038/s42003-023-05000-z
https://doi.org/10.1038/s41586-018-0776-9
https://doi.org/10.1038/s41598-019-45188-x
https://doi.org/10.1002/2016JC012300
https://doi.org/10.1016/j.geomorph.2020.107231
https://doi.org/10.1038/nature13327
https://doi.org/10.1038/s41558-022-01282-z
https://doi.org/10.1007/s00338-011-0804-9
https://doi.org/10.3389/fmars.2022.763421
https://doi.org/10.1038/s41558-020-00943-1
https://doi.org/10.1017/s0030605312000348
https://doi.org/10.1111/gcb.13166
https://doi.org/10.1007/s00338-011-0804-9
https://doi.org/10.1038/s41598-019-45188-x
https://doi.org/10.1038/s41558-022-01282-z

REVISITING THE CORAL REEFS OF THE ANDAMAN SEA

Corvianawatie, C., Abrar, M., Wouthuzen, S., Darmawan, P., Kusomo, S., Samsuardi, S., Yennafri, Y., Salatalohi,
A., Hanif, A., Permana, S., Arrafat, M.Y. & Tanto, T.A. 2018. The ocean-atmospheric condition around
Pieh Islands - Western Sumatra, Indonesia and its role on coral reef resilience. IOP Conference Series:
Earth and Environmental Science 200, 012063, doi:10.1088/1755-1315/200/1/012063

Cowman, P.F., Quattrini, A.M., Bridge, T.C.L., Watkins-Colwell, G.J., Fadli, N., Grinblat, M., Roberts, T.E.,
McFadden, C.S., Miller, D.J. & Baird, A.H. 2020. An enhanced target-enrichment bait set for Hexacorallia
provides phylogenomic resolution of the staghorn corals (Acroporidae) and close relatives. Molecular
Phylogenetics and Evolution 153, 106944, doi:10.1016/j.ympev.2020.106944

Cui, W., Yang, J. & Ma, Y. 2016. A statistical analysis of mesoscale eddies in the Bay of Bengal from 22—year
altimetry data. Acta Oceanologica Sinica 35, 16-27, doi:10.1007/s13131-016-0945-3

Curry, J.R. 2005. Tectonics and history of the Andaman Sea region. Journal of Asian Earth Sciences 25, 187—
232, doi:10.1016/j.jseaes.2004.09.001

Doering, T., Wall, M., Putchim, L., Rattanawongwan, T., Schroeder, R., Hentschel, U. & Roik, A. 2021.
Towards enhancing coral heat tolerance: a “microbiome transplantation” treatment using inoculations of
homogenized coral tissues. Microbiome 9, 102, doi:10.1186/s40168-021-01053-6

Doi, T., Behera, S.K. & Yamagata, T. 2020. Predictability of the super IOD event in 2019 and its link with El
Nifio Modoki. Geophysical Research Letters 47, €2019GL086713, doi:10.1029/2019g1086713

Donovan, M.K., Alves, C., Burns, J., Drury, C., Meier, O.W., Ritson-Williams, R., Cunning, R., Dunn, R.P.,
Goodbody-Gringley, G., Henderson, L.M., Knapp, I.S.S., Levy, J., Logan, C.A., Mudge, L., Sullivan, C.,
Gates, R.D. & Asner, G.P. 2023. From polyps to pixels: understanding coral reef resilience to local and
global change across scales. Landscape Ecology 38, 737-752, doi:10.1007/s10980-022-01463-3

Dunne, R.P. & Brown, B.E. 1996. Penetration of solar UV-B radiation in shallow tropical waters and its poten-
tial biological effects on coral reefs; results from the central Indian Ocean and Andaman Sea. Marine
Ecology Progress Series 144, 109-118.

Dunne, R.P. & Brown, B.E. 2001. The influence of solar radiation on bleaching of shallow water reef corals in
the Andaman Sea, 1993-1998. Coral Reefs 20, 201-210.

Dunne, R.P., Brown, B.E., Phongsuwan, N. & Putchim, L. 2021. The Indian Ocean Dipole and El Nifio Southern
Oscillation as major drivers of coral cover on shallow reefs in the Andaman Sea. Global Change Biology
27,3312-3323, doi:10.1111/gcb.15640

Edwards, A.J. 2010. Reef Rehabilitation Manual. St. Lucia, Australia: Coral Reef Targeted Research and
Capacity Building Management Program.

Fabricius, K.E., Mieog, J.C., Colin, P.L., Idip, D. & van Oppen, M.J. 2004. Identity and diversity of coral endo-
symbionts (zooxanthellae) from three Palauan reefs with contrasting bleaching, temperature and shading
histories. Molecular Ecology 13, 2445-2458.

Fadli, N., Campbell, S.J., Ferguson, K., Keyse, J., Rudi, E., Riedel, A. & Baird, A.H. 2012. The role of habitat
creation in coral reef conservation: a case study from Aceh, Indonesia. Oryx 46, 501-507, doi:10.1017/
S0030605312000142

Fiesinger, A., Held, C., Melzner, F., Putchim, L., Reusch, T.B.H., Schmidt, A.L. & Wall, M. 2023. Population
genetic differentiation of the ubiquitous brooding coral Pocillopora acuta along Phuket Island reefs in the
Andaman Sea, Thailand. BMC Ecology and Evolution 23, 42, doi:10.1186/s12862-023-02153-7

Fitt, W.K., Brown, B.E., Warner, M.E. & Dunne, R.P. 2001. Coral bleaching: interpretation of thermal tolerance
limits and thermal thresholds in tropical corals. Coral Reefs 20, 51-65, doi:10.1007/s003380100146

Gardner, S.G., Camp, E.F., Smith, D.J., Kahlke, T., Osman, E.O., Gendron, G., Hume, B.C.C., Pogoreutz, C.,
Voolstra, C.R. & Suggett, D.J. 2019. Coral microbiome diversity reflects mass coral bleaching suscep-
tibility during the 2016 EI Nifio heat wave. Ecology and Evolution 9, 938-956, doi:10.1002/ece3.4662

Gilbert, J.A., Hill, R., Doblin, M.A. & Ralph, P.J. 2012. Microbial consortia increase thermal tolerance of cor-
als. Marine Biology 159, 1763-1771, doi:10.1007/s00227-012-1967-9

Giyanto, M.A., Hadi, T.A., Abrar, M., Sirungoringo, R.M., Sari, N.-W.P. & Suharsono, H., 2022. Indonesia.
Singapore: Global Coral Reef Monitoring Network, East Asia Region.

Good, S., Graham, R. & Legeais, J.-F. 2021. Strong positive Indian Ocean Dipole events over the period
1993-2019 (Section 2.9 Copernicus Marine Service Ocean State Report, Issue 5). Journal of Operational
Oceanography 14, 65-71, doi:10.1080/1755876X.2021.1946240

Grottoli, A.G., Rodrigues, L.J. & Palardy, J.E. 2006. Heterotrophic plasticity and resilience in bleached corals.
Nature 440, 1186—-1189.

33


https://doi.org/10.1186/s40168-021-01053-6
https://doi.org/10.1007/s003380100146
https://doi.org/10.1080/1755876X.2021.1946240
https://doi.org/10.1016/j.ympev.2020.106944
https://doi.org/10.1007/s13131-016-0945-3
https://doi.org/10.1007/s00227-012-1967-9
https://doi.org/10.1029/2019gl086713
https://doi.org/10.1088/1755-1315/200/1/012063
https://doi.org/10.1016/j.jseaes.2004.09.001
https://doi.org/10.1007/s10980-022-01463-3
https://doi.org/10.1186/s12862-023-02153-7
https://doi.org/10.1111/gcb.15640
https://doi.org/10.1017/S0030605312000142
https://doi.org/10.1017/S0030605312000142
https://doi.org/10.1002/ece3.4662

OCEANOGRAPHY AND MARINE BIOLOGY

Guest, J.R., Baird, A.H., Maynard, J.A., Muttaqin, E., Edwards, A.J., Campbell, S.J., Yewdall, K., Affendi, Y.A.
& Chou, L.M. 2012. Contrasting patterns of coral bleaching susceptibility in 2010 suggest an adaptive
response to thermal stress. PLoS One 7, e33353.

Guest, J.R., Low, J., Tun, K., Wilson, B., Ng, C., Raingeard, D., Ulstrup, K.E., Tanzil, J.T.I., Todd, P.A., Toh,
T.C., McDougald, D., Chou, L.M. & Steinberg, P.D. 2016. Coral community response to bleaching on a
highly disturbed reef. Scientific Reports 6, 20717, doi:10.1038/srep20717

Gunawan, C.A., Allen, G., Bavestrello, G., Cerrano, A.D., Foster, B., Hagan, A., Haznam, 1., Jaafar, Z.,
Manuputty, Y., Perara, N., Pinca, S., Silaban, I. & Yaha, Y. 2006. Status of Coral Reefs in Indonesia after
the December 2004 Tsunami. Australia: Global Coral Reef Monitoring Network: Australian Institute of
Marine Science.

Hagan, A.B., Foster, R., Perera, N., Gunawan, C.A., Silaban, I, Yaha, Y., Manuputty, Y., Hazam, I. & Hodgson,
G. 2007. Tsunami impacts in Aceh Province and north Sumatra, Indonesia. Aroll Research Bulletin 544,
37-54.

Han, W., Stammer, D., Meehl, G.A., Hu, A., Sienz, F. & Zhang, L. 2018. Multi-decadal trend and decadal
variability of the regional sea level over the Indian Ocean since the 1960s: roles of climate modes and
external forcing. Climate 6, 51.

Han, W., Vialard, J., McPhaden, M.J., Lee, T., Masumoto, Y., Feng, M. & de Ruijter, W.P.M. 2014. Indian
Ocean decadal variability: a review. Bulletin of the American Meteorological Society 95, 16791703,
doi:10.1175/bams-d-13-00028.1

Hoegh-Guldberg, O., Kennedy, E.V., Beyer, H.L., McClennen, C. & Possingham, H.P. 2018. Securing a long-term
future for coral reefs. Trends in Ecology & Evolution 33, 936-944, doi:10.1016/j.tree.2018.09.006

Hoeksema, B.W. & Cleary, D.F. 2004. The sudden death of a coral reef. Science 303, 1293-1294.

Holmes, K.E., Tun, T., Thin Latt, K., Subedee, M., Khadke, S.V. & Hostetler, A.E. 2014. Marine
Conservation in Myanmar — The Current Knowledge of Marine Systems and Recommendations for
Research and Conservation. Yangon: Wildlife Conservation Society and Marine Science Association
Myanmar.

Horsburgh, J. 1817. India directory, or, Directions for Sailing to and from the East Indies, China, New Holland,
Cape of Good Hope, Brazil, and the Interjacent Ports, Comp. Chiefly from Original Journals at the
East India House, and from Observations and Remarks, Made during Twenty-One Years Experience
Navigating in Those Seas. London: Printed for the author, sold by Black, Parbury, and Allen.

Houlbreque, F. & Ferrier-Pages, C. 2009. Heterotrophy in tropical scleractinian corals. Biological Reviews 84,
1-17.

Howard, R. 2018. Marine biodiversity of Myeik Archipelago: survey results 2013—-2017 and conservation rec-
ommendations, Tanintharyi Conservation Programme. Joint initiative of Flora and Fauna International,
the Myanmar Forest Department and Department of Fisheries, Yangon.

Howard, R., Lunn, Z., Maung, A., Nyi Len, S.M.N., Thiha, S. & Tint Aung, S. 2014. Assessment of the Myeik
Archipelago coral reef ecosystem, Reef Check surveys, January 2013 to May 2014. Report No. 5 of the
Tanintharyi Conservation Programme. Joint initiative of Fauna and Flora International and the Myanmar
Forest Department, Yangon.

Hughes, T.P. 1994. Catastrophes, phase shifts, and large-scale degradation of a Caribbean coral reef. Science,
N.Y. 265, 1547-1551.

Hughes, T.P., Kerry, J.T., Connolly, S.R., Alvarez—Romero, J.G., Eakin, C.M., Heron, S.E., Gonzalez, M.A.
& Moneghetti, J. 2021. Emergent properties in the responses of tropical corals to recurrent climate
extremes. Current Biology 31, 5393-5399, doi:10.1016/j.cub.2021.10.046

Hung, J.J., Wang, Y.H., Fu, K.H., Lee, L.H., Tsai, S.S., Lee, C.Y., Lu, W.T., Shen, Y.J. & Lin, Y.H. 2021.
Biogeochemical responses to internal-wave impacts in the continental margin off Dongsha Atoll in the
Northern South China Sea. Progress in Oceanography 199, 102689, doi:10.1016/j.pocean.2021.102689

Iglesias-Prieto, R., Matta, J.L., Robins, W.A. & Trench, R.K. 1992. Photosynthetic response to elevated-
temperature in the symbiotic dinoflagellate Symbiodinium microadriaticum in culture. Proceedings of the
National Academy 89, 302-305.

Jackson, C.R., Da Silva, J.C.B., Jeans, G., Alpers, W. & Caruso, M.J. 2013. Nonlinear internal waves in syn-
thetic aperture radar imagery. Oceanography 26, 68-79, doi:10.5670/oceanog.2013.32

Jantzen, C., Schmidt, G.M., Wild, C., Roder, C., Khokiattiwong, S. & Richter, C. 2013. Benthic reef pri-
mary production in response to large amplitude internal waves at the Similan Islands (Andaman Sea,
Thailand). PLoS One 8, e81834, doi:10.1371/journal.pone.0081834

34


https://doi.org/10.1016/j.pocean.2021.102689
https://doi.org/10.1016/j.tree.2018.09.006
https://doi.org/10.1371/journal.pone.0081834
https://doi.org/10.1016/j.cub.2021.10.046
https://doi.org/10.1038/srep20717
https://doi.org/10.1175/bams-d-13-00028.1
https://doi.org/10.5670/oceanog.2013.32

REVISITING THE CORAL REEFS OF THE ANDAMAN SEA

Jensen, T.G., Magalhies, J., Wijesekera, H.-W., Buijsman, M., Helber, R. & Richman, J. 2020. Numerical mod-
elling of tidally generated internal wave radiation from the Andaman Sea into the Bay of Bengal. Deep
Sea Research Part II: Topical Studies in Oceanography 172, 104710, doi:10.1016/j.dsr2.2019.104710

Jeyabaskaran, R. & Rao, D.V. 2007. Impact of the December 24, 2004 tsunami on coral reefs of the Andaman
and Nicobar Islands, India. Reef Encounter 34, 25-30.

Jones, A.M., Berkelmans, R., van Oppen, M.J.H., Mieog, J.C. & Sinclair, W. 2008. A community change in the
algal endosymbionts of a scleractinian coral following a natural bleaching event: field evidence of accli-
matization. Proceedings of the Royal Society of London Series B-Biological Sciences 275, 1359-1365.

Kavousi, J. & Keppel, K. 2017. Clarifying the concept of climate change refugia for coral reefs. ICES Journal
of Marine Science 75, 1-7, doi:10.1093/icesjms/fsx124

Keith, S.A., Baird, A.H., Hobbs, J.P.A., Woolsey, E.S., Hoey, A.S., Fadli, N. & Sanders, N.J. 2018. Synchronous
behavioural shifts in reef fishes linked to mass coral bleaching. Nature Climate Change 8, 896-991,
doi:10.1038/s41558-018-0314-7

Keppel, G. & Wardell-Johnson, G.W. 2012. Refugia: keys to climate change management. Global Change
Biology 18, 2389-2391, doi:10.1111/j.1365-2486.2012.02729.x

Khan, P.K. & Chakraborty, P.P. 2005. Two phase opening of Andaman Sea: a new seismotectonic insight. Earth
and Planetary Science Letters 229, 259-271, doi:10.1016/j.epsl.2004.11.010

Kimura, T., Chou, L.M., Huang, D., Tun, K. & Goh, E. 2022. Status and Trends of East Asian Coral Reefs:
1983-2019. Singapore: Global Coral Reef Monitoring Network, East Asia Region.

Kitahara, M.V., Fukami, H., Benzoni, F. & Huang, D. 2016. The new systematics of scleractinia: integrating
molecular and morphological evidence. In The Cnidaria, Past, Present and Future: The World of Medusa
and Her Sisters, S. Goffredo & Z. Dubinsky (eds). Cham: Springer International Publishing, 41-59.

Krishnan, P., Dam Roy, S., George, G., Srivastava, R.C., Anand, A., Murugesan, S., Kaliyamoorthy, M., Vikas,
N. & Soundararajan, R. 2011. Elevated sea surface temperature during May 2010 induces mass bleaching
of corals in the Andaman. Current Science 100, 111-117.

Krupp, D.A. 1984. Mucus production by corals exposed during an extreme low tide. Pacific Science 38, 1-11.

Kubomura, T., Wee, H.B. & Reimer, J.D. 2021. Investigating incidence and possible causes of pink and purple
pigmentation response in hard coral genus Porites around Okinawajima Island, Japan. Regional Studies
in Marine Science 41, 101569, doi:10.1016/j.rsma.2020.101569

Lachs, L., Donner, S.D., Mumby, P.J., Bythell, J.C., Humanes, A., East, H.K. & Guest, J.R. 2023. Emergent
increase in coral thermal tolerance reduces mass bleaching under climate change. Nature Communications
14, 4939, doi:10.1038/s41467-023-40601-6

LaJeunesse, T.C. 2017. Validation and description of Symbiodinium microadriaticum, the type species of
Symbiodinium (Dinophyta). Journal of Phycology 53, 1109-1114, doi:10.1111/jpy.12570

LaJeunesse, T.C., Parkinson, J.E., Gabrielson, PW., Jeong, H.J., Reimer, J.D., Voolstra, C.R. & Santos, S.R.
2018. Systematic revision of symbiodiniaceae highlights the antiquity and diversity of coral endosymbi-
onts. Current Biology 28, 2570-2480, doi:10.1016/j.cub.2018.07.008

LaJeunesse, T.C., Pettay, D.T., Sampayo, E.M., Phongsuwan, N., Brown, B., Obura, D.O., Hoegh-Guldberg,
O. & Fitt, W.K. 2010. Long-standing environmental conditions, geographic isolation and host-symbiont
specificity influence the relative ecological dominance and genetic diversification of coral endosymbi-
onts in the genus Symbiodinium. Journal of Biogeography 37, 785-800.

LaJeunesse, T.C., Wham, D.C., Pettay, D.T., Parkinson, J.E., Keshavmurthy, S. & Chen, C.A. 2014. Ecologically
differentiated stress-tolerant endosymbionts in the dinoflagellate genus Symbiodinium (Dinophyceae)
Clade D are different species. Phycologia 53, 305-319, doi:10.2216/13-186.1

Lamb, J.B., Willis, B.L., Fiorenza, E.A., Couch, C.S., Howard, R., Rader, D.N., True, J.D., Kelly, L.A., Ahmad,
A., Jompa, J. & Harvell, C.D. 2018. Plastic waste associated with disease on coral reefs. Science 359,
460-462, doi:10.1126/science.aar3320

Lange, 1.D., Perry, C.T. & Stuhr, M. 2022. Recovery trends of reef carbonate budgets at remote coral atolls
6years post-bleaching. Limnology and Oceanography 68, S8-S22, doi:10.1002/In0.12066

Lien, Y.-T., Nakano, Y., Plathong, S., Fukami, H., Wang, J.-T. & Chen, C.A. 2007. Occurrence of the putatively
heat-tolerant Symbiodinium phylotype D in high-latitudinal outlying coral communities. Coral Reefs 26,
35-44, doi:10.1007/s00338-006-0185-7

Liew, Y.J., Howells, E.J., Wang, X., Michell, C.T., Burt, J.A., Idaghdour, Y. & Aranda, M. 2020. Intergenerational
epigenetic inheritance in reef-building corals. Nature Climate Change 10, 254-259, doi:10.1038/
s41558-019-0687-2

35


https://doi.org/10.1038/s41558-019-0687-2
https://doi.org/10.2216/13-186.1
https://doi.org/10.1002/lno.12066
https://doi.org/10.1111/j.1365-2486.2012.02729.x
https://doi.org/10.1038/s41558-018-0314-7
https://doi.org/10.1016/j.dsr2.2019.104710
https://doi.org/10.1093/icesjms/fsx124
https://doi.org/10.1016/j.cub.2018.07.008
https://doi.org/10.1126/science.aar3320
https://doi.org/10.1038/s41467-023-40601-6
https://doi.org/10.1016/j.rsma.2020.101569
https://doi.org/10.1007/s00338-006-0185-7
https://doi.org/10.1016/j.epsl.2004.11.010
https://doi.org/10.1111/jpy.12570
https://doi.org/10.1038/s41558-019-0687-2

OCEANOGRAPHY AND MARINE BIOLOGY

Liu, G., Heron, S.F,, Eakin, C.M., Muller-Karger, FE., Vega-Rodriguez, M., Guild, L.S., De La Cour, J.L.,
Geiger, E.F., Skirving, W.J., Burgess, T.ER., Strong, A.E., Harris, A., Maturi, E., Ignatov, A., Sapper,
J., Li, J. & Lynds, S. 2014. Reef-scale thermal stress monitoring of coral ecosystems: new 5-km global
products from NOAA coral reef watch. Remote Sensing 6, 11579-11606, doi:10.3390/rs61111579

Liu, Y., Li, K., Ning, C., Yang, Y., Wang, H., Liu, J., Skhokiattiwong, S. & Yu, W. 2018. Observed seasonal vari-
ations of the upper ocean structure and air-sea interactions in the Andaman Sea. Journal of Geophysical
Research: Oceans 123, 922-938, doi:10.1002/2017JC013367

Liu, Y., Putchim, L., Li, K., Gao, H., Sun, L., Khokiattiwong, S. & Yu, W. 2022. Late monsoon threatens coral
refugia in the Andaman Sea. Environmental Research Letters 17, 034038, doi:10.1088/1748-9326/ac4a30

Liu, Y., Sangmanee, C., Su, Q., Li, C., Li, Z., Fang, Y., Khokiattiwong, S. & Yu, W. 2024. Observed extreme
freshening in the central Andaman Sea induced by strong positive Indian Ocean Dipole. Journal of
Geophysical Research: Oceans 129, €2023JC020406, doi:10.1029/2023JC020406

Lu, B. & Ren, H.-L. 2020. What caused the extreme Indian Ocean Dipole event in 2019? Geophysical Research
Letters 47, €2020GL087768, doi:10.1029/2020g1087768

Lu, B.,Ren, H.-L., Scaife, A.A., Wu, J., Dunstone, N., Smith, D., Wan, J., Eade, R., MacLachlan, C. & Gordon,
M. 2018. An extreme negative Indian Ocean Dipole event in 2016: dynamics and predictability. Climate
Dynamics 51, 89-100, doi:10.1007/s00382-017-3908-2

Lunn, Z., Carli, EM., Carroll, B.P., Nyi Lin, S.M.N. & Tint Aung, S. 2022. Myanmar. Singapore: Global Coral
Reef Monitoring Network, East Asia Region.

Magalhaes, J.M. & da Silva, J.C.B. 2018. Internal solitary waves in the Andaman Sea: new insights from SAR
imagery. Remote Sensing 10, 861.

Magalhaes, J.M., da Silva, J.C.B. & Buijsman, M.C. 2020. Long lived second mode internal solitary waves in
the Andaman Sea. Scientific Reports 10, 10234, doi:10.1038/s41598-020-66335-9

Majumdar, S.D., Hazra, S., Giri, S., Chanda, A., Gupta, K., Mukhopadhyay, A. & Roy, S.D. 2018. Threats to
coral reef diversity of Andaman Islands, India: a review. Regional Studies in Marine Science 24, 237—
250, doi:10.1016/j.rsma.2018.08.011

Malik, J.N., Murty, C.V.R. & Rai, D.C. 2006. Landscape changes in the Andaman and Nicobar Islands (India)
after the December 2004 great Sumatra earthquake and Indian Ocean tsunami. Earthquake Spectra 22,
43-66, doi:10.1193/1.2206792

Marimuthu, N., Jerald Wilson, J., Vinithkumar, N.V. & Kirubagaran, R. 2013. Coral reef recovery status in
south Andaman Islands after the bleaching event 2010. Journal of Ocean University of China 12, 91-96,
doi:10.1007/s11802-013-2014-2

Marine and Coastal Resources Research and Development Institute. 2020. Annual Report Year 2020: Marine
and Coastal Resources Monitoring: Coral Reefs and Seagrasses. Bangkok: Department of Marine and
Coastal Resources.

Maury, M.F. 1860. The Physical Geography of the Sea and Its Meteorology. London: Sampson Low, Son and Co.

Maynard, J., Anthony, K., Marshall, P. & Masiri, I. 2008. Major bleaching events can lead to increased thermal
tolerance in corals. Marine Biology 155, 173-182.

McClanahan, T.R., Darling, E.S., Maina, J.M., Muthiga, N.A., D’agata, S.D., Jupiter, S.D., Arthur, R., Wilson,
S.K., Mangubhai, S., Nand, Y., Ussi, A.M., Humpbhries, A.T., Patankar, V.J., Guillaume, M.M.M., Keith,
S.A., Shedrawi, G., Julius, P., Grimsditch, G., Ndagala, J. & Leblond, J. 2019. Temperature patterns and
mechanisms influencing coral bleaching during the 2016 El Nifio. Nature Climate Change 9, 845-851,
doi:10.1038/s41558-019-0576-8

McClanahan, T.R., Darling, E.S., Maina, J.M., Muthiga, N.A., D’agata, S., Leblond, J., Arthur, R., Jupiter,
S.D., Wilson, S.K., Mangubhai, S., Ussi, A.M., Guillaume, M.M.M., Humphries, A. T., Patankar, V.,
Shedrawi, G., Pagu, J. & Grimsditch, G. 2020. Highly variable taxa-specific coral bleaching responses to
thermal stresses. Marine Ecology Progress Series 648, 135-151.

McManus, L.C., Forrest, D.L., Tekwa, E.W., Schindler, D.E., Colton, M.A., Webster, M.M., Essington, T.E.,
Palumbi, S.R., Mumby, P.J. & Pinsky, M.L. 2021. Evolution and connectivity influence the persistence
and recovery of coral reefs under climate change in the Caribbean, Southwest Pacific, and Coral Triangle.
Global Change Biology 27, 4307-4321, do0i:10.1111/gcb.15725

McWhorter, J.K., Halloran, P.R., Roff, G., Skirving, W.J. & Mumby, P.J. 2022. Climate refugia on the Great
Barrier Reef fail when global warming exceeds 3°C. Global Change Biology 28, 5768-5780, doi:10.1111/
gcb.16323

36


https://doi.org/10.3390/rs61111579
https://doi.org/10.1029/2020gl087768
https://doi.org/10.1193/1.2206792
https://doi.org/10.1029/2023JC020406
https://doi.org/10.1038/s41558-019-0576-8
https://doi.org/10.1007/s00382-017-3908-2
https://doi.org/10.1038/s41598-020-66335-9
https://doi.org/10.1016/j.rsma.2018.08.011
https://doi.org/10.1088/1748-9326/ac4a30
https://doi.org/10.1111/gcb.15725
https://doi.org/10.1007/s11802-013-2014-2
https://doi.org/10.1002/2017JC013367
https://doi.org/10.1111/gcb.16323
https://doi.org/10.1111/gcb.16323

REVISITING THE CORAL REEFS OF THE ANDAMAN SEA

Meltzner, A.J., Sieh, K., Abrams, M., Agnew, D.C., Hudnut, K.W., Avouac, J.-P. & Natawidjaja, D.H.
2006. Uplift and subsidence associated with the great Aceh-Andaman earthquake of 2004. Journal of
Geophysical Research: Solid Earth 111, 3891, doi:10.1029/2005JB003891

Mizerek, T.L., Madin, J.S., Benzoni, F., Huang, D., Luiz, O.J., Mera, H., Schmidt-Roach, S., Smith, S.D.A.,
Sommer, B. & Baird, A.H. 2021. No evidence for tropicalization of coral assemblages in a subtropical
climate change hot spot. Coral Reefs 40, 1451-1461, doi:10.1007/s00338-021-02167-x

Mohan, S., Mishra, S.K., Sahany, S. & Behera, S. 2021. Long-term variability of sea surface temperature in the
tropical Indian Ocean in relation to climate change and variability. Global and Planetary Change 199,
103436, doi:10.1016/j.gloplacha.2021.103436

Mohanty, P.C., Venkateshwaran, P., Mahendra, R.S., Kumar, H.S., Kumar, T.S., Vinithkumar, N.V., Kirubagaran,
R., Ramesh, S., Ramesh, R., Sathianarayanan, D., Prakesh, V.D., Ramadass, G.A. & Shenoi, S.S.C. 2017.
Coral bleaching along Andaman Sea coast due to thermal stress during summer months of 2016: a geospa-
tial assessment. American Journal of Environmental Protection 6, 1-6, doi:10.11648/j.ajep.20170601.11

Mohanty, S., Rao, A.D. & Latha, G. 2018. Energetics of semidiurnal internal tides in the Andaman Sea. Journal
of Geophysical Research: Oceans 123, 6224-6240, doi:10.1029/2018JC013852

Mondal, T., Raghunathan, C. & Venkataraman, K. 2014. Coral bleaching in Andaman Sea — an indicator for cli-
mate change in Andaman and Nicobar Islands. Indian Journal of Geo-Marine Sciences 43, 1945-1948.

Mukherjee, A., Chatterjee, A. & Francis, P.A. 2019. Role of Andaman and Nicobar Islands in eddy for-
mation along western boundary of the Bay of Bengal. Scientific Reports 9, 10152, doi:10.1038/
s41598-019-46542-9

Mumby, P.J. 2009. Phase shifts and the stability of macroalgal communities on Caribbean coral reefs. Coral
Reefs 28, 761-773, doi:10.1007/s00338-009-0506-8

Murray-Jones, S., True, J.D., Htun, S. & Zockler, C. 2016. The Ayeyarwady Myanmar Mawdin Coast Survey
and Capacity Building Project. Yangon: Fauna and Flora International.

Naeije, M.C., Simons, W.J.F., Pradit, S., Niemnil, S., Thongtham, N., Mustafar, M.A. & Noppradit, P. 2022.
Monitoring Megathrust-earthquake-cycle-induced relative sea-level changes near Phuket, South
Thailand, Using (Space) Geodetic techniques. Remote Sensing 14, 5145.

Nakamura, N., Kayanne, H., lijima, H., McClanahan, T.R., Behera, S.K. & Yamagata, T. 2009. Mode shift in
the Indian Ocean climate under global warming stress. Geophysical Research Letters 36, 23.

Nakamura, T. & van Woesik, R. 2001. Water-flow rates and passive diffusion partially explain differential sur-
vival of corals during the 1998 bleaching event. Marine Ecology Progress Series 212, 301-304.

Nakamura, T., Yamasaki, H. & Van Woesik, R. 2003. Water flow facilitates recovery from bleaching in the coral
Stylophora pistillata. Marine Ecology Progress Series 256, 287-291.

NOAA Coral Reef Watch. 2018. NOAA Coral Reef Watch Version 3.1 Daily Global 5km Satellite Coral
Bleaching Degree Heating Week Product — Updated Daily. Maryland, USA: NOAA Coral Reef Watch.

Nystrom, M., Folke, C. & Moberg, F. 2001. Corals and phase shifts. Trends in Ecology & Evolution 16, 127.

Obura, D.O., Benbow, S. & Lunn, Z. 2014. Coral diversity and reef resilience in the northern Myeik Archipelago,
Myanmar. Report No. 3 of the Tanintharyi Conservation Programme. Joint initiative of Flora and Fauna
International and the Myanmar Forest Programme, Yangon.

Oliver, T. & Palumbi, S. 2011. Do fluctuating temperature environments elevate coral thermal tolerance? Coral
Reefs 30, 429-440.

Osborne, A.R. & Burch, T.L. 1980. Internal solitons in the Andaman Sea. Science 208, 451-460.

Painter, S.C., Artoli, Y., Amir, F.H., Arnull, J., Ganeshram, R.S., Ibrahim, N., Samuel, V.D., Robin, R.D.,
Raghuraman, R., Purvaja, R., Ramesh, R., Rajasuriya, A., Rendon, O.R., Shazly, A., Wilson, A M.W.
& Tudhope, A.W. 2023. Anthropogenic nitrogen pollution threats and challenges to the health of South
Asian coral reefs. Frontiers in Marine Science 10, 1187804, doi:10.3389/fmars.2023.1187804

Pargaonkar, S.M. & Vinayachandran, P.N. 2022. The Irrawaddy river jet in the Andaman Sea during the sum-
mer monsoon. Frontiers in Marine Science 9, 849179, doi:10.3389/fmars.2022.849179

Patankar, V., D’souza, E., Kumaraguru, A. & Arthur, R. 2012. Distance-related thresholds and influence of the
2004 tsunami on damage and recovery patterns of coral reefs in the Nicobar Islands. Current Science
(Bangalore) 102, 1199-1205.

Patterson, E.J.K., Jeyabaskaran, R. & Lazarus, S. 2006. The Effects of the 2004 Tsunami on Mainland India
and the Andaman and Nicobar Islands. Australia: Global Coral Reef Monitoring Network: Australian
Institue of Marine Science.

37


https://doi.org/10.3389/fmars.2023.1187804
https://doi.org/10.1029/2005JB003891
https://doi.org/10.11648/j.ajep.20170601.11
https://doi.org/10.1016/j.gloplacha.2021.103436
https://doi.org/10.1007/s00338-021-02167-x
https://doi.org/10.1029/2018JC013852
https://doi.org/10.3389/fmars.2022.849179
https://doi.org/10.1038/s41598-019-46542-9
https://doi.org/10.1007/s00338-009-0506-8
https://doi.org/10.1038/s41598-019-46542-9

OCEANOGRAPHY AND MARINE BIOLOGY

Peng, S., Liao, J., Wang, X., Liu, Z., Liu, Y., Zhu, Y., Li, B., Khokiattiwong, S. & Yu, W. 2021. Energetics-based
estimator of the diapycnal mixing induced by internal tides in the Andaman Sea. Journal of Geophysical
Research: Oceans 126, €2020JC0O16521, doi:10.1029/2020JC016521

Perry, C.T., Alvarez-Filip, L., Graham, N.A.J., Mumby, P.J., Wilson, S.K., Kench, P.S., Manzello, D.P., Morgan, K.M.,
Slangen, A.B.A., Thomson, D.P,, Januchowski-Hartley, F., Smithers, S.G., Steneck, R.S., Carlton, R., Edinger,
E.N., Enochs, 1.C., Estrada-Saldivar, N., Haywood, M.D.E., Kolodziej, G., Murphy, G.N., Pérez-Cervantes,
E., Suchley, A., Valentino, L., Boenish, R., Wilson, M. & Macdonald, C. 2018. Loss of coral reef growth
capacity to track future increases in sea level. Nature 558, 396400, doi:10.1038/s41586-018-0194-z

Pet-Soede, L.I., Wafar, M.V., Venkataraman, K., Rajan, P.T. & Wilhelmsson, D. 2000. The Status of Coral Reefs
of India Following the Bleaching Event of 1998. Mombasa: CORDIO.

Phongsuwan, N. & Brown, B.E. 2007. The influence of the Indian Ocean tsunami on coral reefs of Western
Thailand, Andaman Sea, Indian Ocean. Aroll Research Bulletin 544, 79-92.

Phongsuwan, N., Chankong, A., Yamarunpatthana, C., Chansang, H., Boonprakob, R., Petchkumnerd, P.,
Thongtham, N., Paokantha, S., Chanmethakul, T., Panchaiyapoom, P. & Bundit, O.-A. 2013. Status and
changing patterns on coral reefs in Thailand during the last two decades. Deep Sea Research Part I1I:
Topical Studies in Oceanography 96, 19-24, doi:10.1016/j.dsr2.2013.02.015

Phongsuwan, N. & Chansang, H. 1992. Assessment of coral communities in the Andaman Sea (Thailand). In
Proceedings of 7th International Coral Reef Symposium, 1992 Guam, R. H. Richmond, (ed.). Guam:
University of Guam Press, 114-121.

Phongsuwan, N. & Chansang, H. 2012. Repeated coral bleaching in the Andaman Sea, Thailand during the last
two decades. Phuket Marine Biological Centre Research Bulletin 71, 19-41.

Phongsuwan, N., Yeemin, T., Worchananant, S., Duangsawasdi, M., Chotiyaputta, C. & Comley, J. 2006.
Post-Tsunami Status of Coral Reefs and Other Coastal Ecosystems on the Andaman Sea Coast of
Thailand. Australia: Global Coral Reef Monitoring Network, Australian Institute of Marine Science.

Phuket Marine Biological Center. 2016. Annual report year 2016: coral reefs monitoring. Marine and Coastal
Resources Research and Development Institute, Department of Marine and Coastal Resources.

Pootakham, W., Mhuantong, W., Putchim, L., Yoocha, T., Sonthirod, C., Kongkachana, W., Sangsrakru, D.,
Naktang, C., Jomchai, N., Thongtham, N. & Tangphatsornruang, S. 2018. Dynamics of coral-associated
microbiomes during a thermal bleaching event. MicrobiologyOpen 7, e00604, doi:10.1002/mbo3.604

Pootakham, W., Mhuantong, W., Yoocha, T., Putchim, L., Jomchai, N., Sonthirod, C., Naktang, C., Kongkachana,
W. & Tangphatsornruang, S. 2019. Heat-induced shift in coral microbiome reveals several members of
the Rhodobacteraceae family as indicator species for thermal stress in Porites lutea. MicrobiologyOpen
8, €935, doi:10.1002/mbo3.935

Poquita-Du, R.C., Huang, D., Chou, L.M. & Todd, P.A. 2020. The contribution of stress-tolerant endosymbi-
otic dinoflagellate Durusdinium to Pocillopora acuta survival in a highly urbanized reef system. Coral
Reefs 39, 745-755, doi:10.1007/s00338-020-01902-0

Potts, D.C. & Jacobs, J.R. 2000. Evolution of reef-building scleractinian corals in turbid environments: a pal-
aeo-ecological hypothesis. In Proceedings of the Ninth Internation Coral Reef Symposium, 2002 2000
Bali. Ministry of Environment, M.K. Moosa, S. Soemodihardjo, A. Soegiarto, K. Romimohtarto, A.
Nontji & S. Suharsono (eds). Indonesian: Indonesian Institute of Sciences & International Society for
Reef Studies, 249-254.

Putchim, L., Phongsuwan, N., Yaemarunpattana, C., Thongtham, N. & Richter, C. 2017. Long-term changes
in the susceptibility of corals to thermal stress around Phuket, Thailand. PeerJ Preprints 5, €2979v1,
doi:10.7287/peerj.preprints.2979v1

Putchim, L., Yamarunpattana, C. & Phongsuwan, N. 2012. Observations of coral disease in Porites [utea from
the Andaman Sea, South Thailand. Phuket Marine Biological Center Research Bulletin 71, 57-61.

Rajendran, C.P., Rajendran, K., Anu, R., Earnest, A., Machado, T., Mohan, PM. & Freymueller, J. 2007.
Crustal deformation and seismic history associated with the 2004 Indian Ocean earthquake: a perspective
from the Andaman—Nicobar Islands. Bulletin of the Seismological Society of America 97, S174-S191,
doi:10.1785/0120050630

Raju, N.J., Dash, M.K., Dey, S.P. & Bhaskaran, P.K. 2020. Potential generation sites of internal solitary waves
and their propagation characteristics in the Andaman Sea—a study based on MODIS true-colour and SAR
observations. Environmental Monitoring and Assessment 191, 809, doi:10.1007/s10661-019-7705-8

Rangseethampanya, P. 2022. Assessing coral reef fish biomass at Ko Khai Nok, Phang-NGA Province.
Ramkhamhaeng International Journal of Science and Technology 5, 44-54.

38


https://doi.org/10.7287/peerj.preprints.2979v1
https://doi.org/10.1785/0120050630
https://doi.org/10.1029/2020JC016521
https://doi.org/10.1038/s41586-018-0194-z
https://doi.org/10.1007/s10661-019-7705-8
https://doi.org/10.1016/j.dsr2.2013.02.015
https://doi.org/10.1002/mbo3.935
https://doi.org/10.1002/mbo3.604
https://doi.org/10.1007/s00338-020-01902-0

REVISITING THE CORAL REEFS OF THE ANDAMAN SEA

Reid, E.C., DeCarlo, T.M., Cohen, A.L., Wong, G.T.F, Lentz, S.J., Safaie, A., Hall, A. & Davis, K.A. 2019.
Internal waves influence the thermal and nutrient environment on a shallow coral reef. Limnology and
Oceanography 64, 1949-1965, doi:10.1002/Ino.11162

Robinson, R.A.J., Bird, MLI., Nay Win, O., Hoey, T.B., Maung, A., Higgitt, D.L., Lu, X.X., Aung, S., Tin, T.
& Swe Lhaing, W. 2007. The Irrawaddy river sediment flux to the Indian Ocean: the original nineteenth-
century data revisited. The Journal of Geology 115, 629-640, doi:10.1086/521607

Roder, C., Jantzen, C., Schmidt, G., Kattner, G., Phongsuwan, N. & Richter, C. 2011. Metabolic plasticity of
the corals Porites lutea and Diploastrea heliopora exposed to large amplitude internal waves. Coral Reefs
30, 57-69.

Roder, C.M., Fillinger, L., Jantzen, C., Schmidt, G.M., Khokiattiwong, S. & Richter, C. 2010. Trophic response
of corals to large amplitude internal waves. Marine Ecology Progress Series 412, 113-128.

Rodrigues, L.J. & Grotolli, A.G. 2007. Energy reserves and metabolism as indicators of coral recovery from
bleaching. Limnology and Oceanography 52, 1874-1882.

Safaie, A., Silbiger, N.J., McClanahan, T.R., Pawlak, G., Barshis, D.J., Hench, J.L., Rogers, J.S., Williams, G.J.
& Davis, K.A. 2018. High frequency temperature variability reduces the risk of coral bleaching. Nature
Communications 9, 1671, doi:10.1038/s41467-018-04074-2

Saji, H.N., Jin, D. & Thilakan, V. 2018. A model for super El Nifios. Nature Communications 9, 2528,
doi:10.1038/s41467-018-04803-7

Saji, N.H., Goswami, B.N., Vinayachandran, P.N. & Yamagata, T. 1999. A dipole mode in the tropical Indian
Ocean. Nature, London 401, 360-363.

Satirapod, C., Trisirisatayawong, ., Fleitout, L., Garaud, J.D. & Simons, W.J.F. 2013. Vertical motions in
Thailand after the 2004 Sumatra—Andaman earthquake from GPS observations and its geophysical mod-
elling. Advances in Space Research 51, 1565-1571, doi:10.1016/.asr.2012.04.030

Saunders, M.I., Albert, S., Roelfsema, C.M., Leon, J.X., Woodroffe, C.D., Phinn, S.R. & Mumby, P.J. 2015.
Tectonic subsidence provides insight into possible coral reef futures under rapid sea-level rise. Coral
Reefs 35, 155-167, doi:10.1007/s00338-015-1365-0

Saxena, S., Rajan, R. & Choudhury, S.S. Status of coral reefs in post-tsunami period in Andaman and Nicobar
Islands. In 11th International Coral Reef Symposium, 2008 Fort Lauderdale, Florida. 859-863.

Schmidt, G.M., Phongsuwan, N., Jantzen, C., Roder, C., Khokiattiwong, S. & Richter, C. 2012. Coral com-
munity composition and reef development at the Similan Islands, Andaman Sea, in response to strong
environmental variations. Marine Ecology Progress Series 456, 113—126.

Schmidt, G.M. & Richter, C. 2013. Coral growth and bioerosion of Porites lutea in response to large amplitude
internal waves. PLoS One 8, 73236, doi:10.1371/journal.pone.0073236

Schmidt, G.M., Wall, M., Taylor, M., Jantzen, C. & Richter, C. 2016. Large-amplitude internal waves sustain
coral health during thermal stress. Coral Reefs 35, 869-881, doi:10.1007/s00338-016-1450-z

Schneider, C.L. 2018. Marine Refugia Past, Present and Future: Lessons from Ancient Geologic Crises for
Modern Marine Ecosystem Conservation. Cham, Switzerland: Springer.

Scoffin, T.P. 1997. Preservation and CaCO, budget of reef-flat corals, Phuket, South Thailand. Proceedings 8th
International Coral Reef Symposium 2, 1795-1800.

Scoffin, T.P., Tudhope, A.W., Brown, B.E., Chansang, H. & Cheeney, R.F. 1992. Patterns and possible environ-
mental controls of skeletogenesis of Porites lutea, South Thailand. Coral Reefs 11, 1-11.

Scopelitis, J., Andrefouet, S., Phinn, S., Done, T. & Chabanet, P. 2011. Coral colonisation of a shallow reef
flat in response to rising sea level: quantification from 35 years of remote sensing data at Heron Island,
Australia. Coral Reefs 30, 951-965, doi:10.1007/s00338-011-0774-y

Searle, M. 2006. Co-seismic uplift of coral reefs along the western Andaman Islands during the December 26th
2004 earthquake. Coral Reefs 25, 2, doi:10.1007/s00338-005-0051-z

Shoguchi, E., Beedessee, G., Tada, 1., Hisata, K., Kawashima, T., Takeuchi, T., Arakaki, N., Fujie, M., Koyanagi,
R., Roy, M.C., Kawachi, M., Hidaka, M., Satoh, N. & Shinzato, C. 2018. Two divergent Symbiodinium
genomes reveal conservation of a gene cluster for sunscreen biosynthesis and recently lost genes. BMC
Genomics 19, 458, doi:10.1186/s12864-018-4857-9

Sieh, K. 2005. Aceh-Andaman earthquake: what happened and what’s next? Nature 434, 573-574.

Simons, W.J.F., Naeije, M.C., Brown, B.E., Niemnil, S., Pradit, S., Thongtham, N., Mustafar, M.A., Towatana,
P., Darnsawasdi, R., Yucharoen, M. & Visser, PN.A.M. 2019. Vertical motion of Phuket Island (1994—
2018) due to the Sumatra-Andaman mega-thrust earthquake cycle: impact on sea-level and consequences
for coral reefs. Marine Geology 414, 92—-102, doi:10.1016/j.margeo.2019.05.008

39


https://doi.org/10.1086/521607
https://doi.org/10.1007/s00338-016-1450-z
https://doi.org/10.1007/s00338-011-0774-y
https://doi.org/10.1016/j.asr.2012.04.030
https://doi.org/10.1038/s41467-018-04803-7
https://doi.org/10.1007/s00338-005-0051-z
https://doi.org/10.1007/s00338-015-1365-0
https://doi.org/10.1002/lno.11162
https://doi.org/10.1186/s12864-018-4857-9
https://doi.org/10.1038/s41467-018-04074-2
https://doi.org/10.1016/j.margeo.2019.05.008
https://doi.org/10.1371/journal.pone.0073236

OCEANOGRAPHY AND MARINE BIOLOGY

Souter, D., Planes, S., Wicquart, J., Logan, M., Obura, D. & Staub, F. 2020a. Chapter 7. Status and trends of
coral reefs of the East Asian Seas region. In Status of Coral Reefs of the World: 2020, 88-98. Singapore:
Global Coral Reef Monitoring Network.

Souter, D., Planes, S., Wicquart, J., Logan, M., Obura, D. & Staub, F. 2020b. Status of Coral Reefs of the World:
2020. Singapore: Global Coral Reef Monitoring Network (GCRMN).

Spencer, T. 2007. Coral reefs and the tsunami of 26 December 2004: generating processes and ocean-wide pat-
terns of impact. Aroll Research Bulletin 544, 1-36.

Stat, M. & Gates, R.D. 2011. Clade D symbiodinium in scleractinian corals: a “nugget” of hope, a self-
ish opportunist, an ominous sign, or all of the above? Journal of Marine Biology 2011, 730715,
doi:10.1155/2011/730715

Storlazzi, C.D., Cheriton, O.M., van Hooidonk, R., Zhao, Z. & Brainard, R. 2020. Internal tides can provide
thermal refugia that will buffer some coral reefs from future global warming. Scientific Reports 10,
13435, doi: 10.1038/s41598-020-70372-9

Sully, S., Burkepile, D.E., Donovan, M.K., Hodgson, G. & van Woesik, R. 2019. A global analy-
sis of coral bleaching over the past two decades. Nature Communications 10, 1264, doi:10.1038/
s41467-019-09238-2

Sully, S. & van Woesik, R. 2020. Turbid reefs moderate coral bleaching under climate-related temperature
stress. Global Change Biology 26, 1367-1373, doi:10.1111/gcb.14948

Sun, L., Zhang, J. & Meng, J. 2021. Study on the propagation velocity of internal solitary waves in the Andaman
Sea using Terra/Aqua-MODIS remote sensing images. Journal of Oceanology and Limnology 39, 2195—
2208, doi:10.1007/s00343-020-0280-6

Sweet, M.J., Brown, B.E., Dunne, R.P., Singleton, I. & Bulling, M. 2017. Evidence for rapid, tide-related
shifts in the microbiome of the coral Coelastrea aspera. Coral Reefs 36, 815-828, doi:10.1007/
s00338-017-1572-y

Taniguchi, A., Yoshida, T. & Eguchi, M. 2014. Bacterial production is enhanced by coral mucus in reef systems.
Journal of Experimental Marine Biology and Ecology 461, 331-336, doi:10.1016/j.jembe.2014.09.004

Taninaka, H., Maggioni, D., Seveso, D., Huang, D., Townsend, A., Richards, Z.T., Tang, S.L., Wada, N.,
Kikuchi, T., Yuasa, H., Kanai, M., De Palmas, S., Phongsuwan, N. & Yasuda, N. 2021. Phylogeography
of Blue Corals (Genus Heliopora) across the Indo-West Pacific. Frontiers in Marine Science 8, 714662,
doi:10.3389/fmars.2021.714662

Tanzil, J.T.L. 2012. Bleaching susceptibility and growth characteristics of Porites Lutea from the Andaman
Sea, South Thailand. Phuket Marine Biological Centre Research Bulletin 71, 49-56.

Tanzil, J.T.I., Brown, B.E., Dunne, R.P., Lee, J.N., Kaandorp, J.A. & Todd, P.A. 2013. Regional decline
in growth rates of massive Porites corals in Southeast Asia. Global Change Biology 19, 3011-3023,
doi:10.1111/gcb.12279

Tanzil, J.T.L., Brown, B.E., Tudhope, A.W. & Dunne, R.P. 2009. Decline in skeletal growth of the coral Porites
lutea from the Andaman Sea, South Thailand between 1984 and 2005. Coral Reefs 28, 519-528.

Tanzil, J.T.I,, Ng, A.PK., Tey, Y.Q., Tan, B.H.Y., Yun, E.Y. & Huang, D. 2016. A prelimimary charcterisation
of Symbiodinium diversity in some common corals from Singapore. Cosmos 12, 15-27, doi:10.1142/
S50219607716500014

Tebbett, S.B., Connolly, S.R. & Bellwood, D.R. 2023. Benthic composition changes on coral reefs at global
scales. Nature Ecology & Evolution 7, 71-81, doi:10.1038/s41559-022-01937-2

Thompson, D.M. & Van Woesik, R. 2009. Corals escape bleaching in regions that recently and historically expe-
rienced frequent thermal stress. Proceedings of the Royal Society B: Biological Sciences 276, 2893-2901.

Thompson, P.R., Piecuch, C.G., Merrifield, M.A., McCreary, J.P. & Firing, E. 2016. Forcing of recent decadal
variability in the equatorial and North Indian Ocean. Journal of Geophysical Research: Oceans 121,
6762—6778, doi:10.1002/2016jc012132

Thongtham, N. & Chansang, H. Transplantation of Porites lutea to rehabilitate degraded reef at Maiton Island,
Phuket, Thailand. In /1th International Coral Reef Symposium, 2008 Fort Lauderdale, B.M. Riegl & R.E.
Dodge (eds). Dania Beach, Florida: National Coral Reef Institute, Nova Southeastern University, 1276-1279.

Tkachenko, K.S. & Soong, K. 2017. Dongsha Atoll: a potential thermal refuge for reef-building corals in the
South China Sea. Marine Environmental Research 127, 112—-125, doi:10.1016/j.marenvres.2017.04.003

Travaglione, N., Evans, R., Moustaka, M., Cuttler, M., Thompson, D.P., Tweedley, J. & Wilson, S. 2023.
Scleractinian corals rely on heterotrophy in highly turbid environments. Coral Reefs 42, 997-1000,
doi:10.1007/s00338-023-02407-2

40


https://doi.org/10.1016/j.marenvres.2017.04.003
https://doi.org/10.1007/s00343-020-0280-6
https://doi.org/10.1007/s00338-023-02407-2
https://doi.org/10.1038/s41559-022-01937-2
https://doi.org/10.1002/2016jc012132
https://doi.org/10.1038/s41598-020-70372-9
https://doi.org/10.1111/gcb.14948
https://doi.org/10.3389/fmars.2021.714662
https://doi.org/10.1038/s41467-019-09238-2
https://doi.org/10.1155/2011/730715
https://doi.org/10.1016/j.jembe.2014.09.004
https://doi.org/10.1111/gcb.12279
https://doi.org/10.1007/s00338-017-1572-y
https://doi.org/10.1142/S0219607716500014
https://doi.org/10.1142/S0219607716500014
https://doi.org/10.1038/s41467-019-09238-2
https://doi.org/10.1007/s00338-017-1572-y

REVISITING THE CORAL REEFS OF THE ANDAMAN SEA

Tsang, L.L.H., Meltzner, A.J., Philibosian, B., Hill, E.M., Freymueller, J.T. & Sieh, K. 2015. A 15year
slow-slip event on the Sunda megathrust offshore Sumatra. Geophysical Research Letters 42, 6630—
6638, doi:10.1002/2015GL064928

Tudhope, A.W. & Scoffin, T.P. 1994. Growth and structure of fringing reefs in a muddy environment, South
Thailand. Journal of Sedimentary Research A64, 752-764.

Tun, K. 2013. Myeik Archipelago Coral Reef Survey Expedition 2013. Cambridge: Fauna and Flora International.

Tun, K. & Heiss, G. 2006. Status of coral reefs in Myanmar: post-tsunami assessment. In Status of Coral Reefs
in Tsunami Affected Countries: 2005, C. Wilkinson, D. Souter & J. Goldberg (eds). Australia: Global
Coral Reef Monitoring Network, Australian Institute of Marine Science, 79-97.

Tuntiprapas, P., Hayashizaki, K.I., Ogawa, H., Panyawai, J., Tamada, S., Stankovic, M. & Prathep, A.
2019. The contributions of allochthonous and autochthonous materials to organic carbon in coastal
sediment: a case study from Tangkhen Bay, Phuket, Thailand. Ecological Research 34, 718-729,
doi:10.1111/1440-1703.12040

van Oppen, M.J.H. & Blackall, L.L. 2019. Coral microbiome dynamics, functions and design in a changing
world. Nature Reviews Microbiology 17, 557-567, doi:10.1038/s41579-019-0223-4

van Woesik, R. 2004. Comment on “Coral reef death during the 1997 Indian Ocean dipole linked to Indonesian
wildfires”. Science 303, 1297.

van Woesik, R., Golbuu, Y. & Roff, G. 2015. Keep up or drown: adjustment of western Pacific coral reefs to
sea-level rise in the 21st century. Royal Society Open Science 2, 150181.

Wall, M., Putchim, L., Schmidt, G.M., Jantzen, C., Khokiattiwong, S. & Richter, C. 2015. Large-amplitude
internal waves benefit corals during thermal stress. Proceedings of the Royal Society of London B:
Biological Sciences 282, 650, doi:10.1098/rspb.2014.0650

Wall, M., Schmidt, G.M., Janjang, P., Khokiattiwong, S. & Richter, C. 2012. Differential impact of monsoon
and large amplitude internal waves on coral reef development in the Andaman Sea. PLoS One 7, 50207,
doi:10.1371/journal.pone.0050207

Walsworth, T.E., Schindler, D.E., Colton, M.A., Webster, M.S., Palumbi, S.R., Mumby, P.J., Essington, T.E. &
Pinsky, M.L. 2019. Management for network diversity speeds evolutionary adaptation to climate change.
Nature Climate Change 9, 1, doi:10.1038/s41558-019-0518-5

Wang, Y.V., Larsen, T., Lauterbachs, S., Anderson, N., Blanz, T., Krebs-Kanzow, U., Gierz, P. & Schneider,
R.R. 2022. Higher sea surface temperature in the Indian Ocean during the last interglacial weakened the
South Asian monsoon. Proceedings of the National Academy of Sciences 119, 2107720119, doi:10.1073/
pnas.2107720119

Webster, P.J., Moore, A.M., Loschnigg, J.P. & Leben, R.R. 1999. Coupled ocean-temperature dynamics in the
Indian Ocean during 1997-98. Nature 401, 356-360.

Williams, A.D., Brown, B.E., Putchim, L. & Sweet, M.J. 2015. Age-related shifts in bacterial diversity in a reef
coral. PLoS One 10, 0144902, doi:10.1371/journal.pone.0144902

Woodson, C.B. 2018. The fate and impact of internal waves in nearshore ecosystems. Annual Review of Marine
Science 10, 421-441, doi:10.1146/annurev-marine-121916-063619

Wyatt, A.S.J., Leichter, J.J., Washburn, L., Kui, L., Edmunds, P.J. & Burgess, S.C. 2023. Hidden heatwaves and
severe coral bleaching linked to mesoscale eddies and thermocline dynamics. Nature Communications
14, 25, doi:10.1038/s41467-022-35550-5

Yadidya, B. & Rao, A.D. 2022. Interannual variability of internal tides in the Andaman Sea: an effect of Indian
Ocean Dipole. Scientific Reports 12, 11104, doi:10.1038/s41598-022-15301-8

Yang, K., Cai, W., Huang, G., Ng, B. & Wang, G. 2021a. Is preconditioning effect on strong positive Indian
Ocean Dipole by a preceding Central Pacific El Nifio deterministic? Geophysical Research Letters 48,
€92223, doi:10.1029/2020GL092223

Yang, Y., Huang, X., Zhao, W., Zhou, C., Huang, S., Zhang, Z. & Tian, J. 2021b. Internal solitary waves in
the Andaman Sea revealed by long-term mooring observations. Journal of Physical Oceanography 51,
3609-3627, doi:10.1175/JPO-D-20-0310.1

Yeemin, T. & Sutthacheep, M. 2022. Thailand. Singapore: Global Coral Reef Monitoring Network East Asia Region.

Yeemin, T., Sutthacheep, M. & Pettongma, R. 2006. Coral reef restoration projects in Thailand. Ocean &
Coastal Management 49, 562-575, doi:10.1016/j.ocecoaman.2006.06.002

Ziegler, M., Seneca, F.O., Yum, L.K., Palumbi, S.R. & Voolstra, C.R. 2017. Bacterial community dynamics are
linked to patterns of coral heat tolerance. Nature Communications 8, 14213, doi:10.1038/ncomms 14213

Supplementary Materials are provided online at: https://www.routledge.com/9781032964768

41


https://www.routledge.com/9781032964768
https://doi.org/10.1016/j.ocecoaman.2006.06.002
https://doi.org/10.1111/1440-1703.12040
https://doi.org/10.1038/s41467-022-35550-5
https://doi.org/10.1038/s41598-022-15301-8
https://doi.org/10.1371/journal.pone.0050207
https://doi.org/10.1371/journal.pone.0144902
https://doi.org/10.1029/2020GL092223
https://doi.org/10.1175/JPO-D-20-0310.1
https://doi.org/10.1098/rspb.2014.0650
https://doi.org/10.1038/s41579-019-0223-4
https://doi.org/10.1146/annurev-marine-121916-063619
https://doi.org/10.1002/2015GL064928
https://doi.org/10.1073/pnas.2107720119
https://doi.org/10.1073/pnas.2107720119
https://doi.org/10.1038/s41558-019-0518-5
https://doi.org/10.1038/ncomms14213

	Title Page
	Revisiting the Coral Reefs of the Andaman Sea – Factors Affecting Resilience, Recovery and Reef Refugia



