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Abstract. The article aimed to assess the net ecosystem metabolism (NEM), and photosynthesis
performance of Pocillopora acuta coral on the reef flat and reef slope of the southeast fringing reef of
Phuket, Thailand, from June 2017 to January 2018, using 30 x 45-cm benthic oxygen flux chambers and a
Junior Pulse Amplitude Modulated fluorometer. The results showed the NEM at both sites was
significantly higher in the dry season. The effective quantum yield of P. acuta on the reef slope was
significantly higher than that of the reef flat in both seasons. The maximum quantum yield showed
seasonal variation, which was significantly higher on the reef slope during the dry season than that in the
wet season. This study demonstrated temporal and spatial variations in ecosystem metabolism and
photosynthetic activity due to different physical characteristics, such as light intensity, which is the main
driver of coral reef ecosystem and different biological characteristics, such as the percentage of live coral,
the number of microalgae and the symbiont density. The results provide a better understanding of how
P. acuta responds to changes in depth and season and why corals on reef slopes might be more
susceptible to bleaching than corals on reef flats.

Keywords: coral metabolisms, oxygen evolution, benthic chamber, photosynthetic capacity,
zooxanthellae

Introduction

Coral reefs are among the most productive and biologically diverse ecosystems in the
world (Slavov et al., 2016), with a gross primary productivity of 1-15 g C m day* (ca.
0.4-5.5 kg C m year?) (Douglas, 2010). Coral reefs cover 600,000 km? of the earth’s
surface or 0.1-0.5% of the ocean surface (Crossland et al., 1991; Moberg and Folke,
1999). Coral reef ecosystems are constructed by reef-building scleractinian corals
(Buddemeier et al., 2004), coralline algae and other calcifying organisms (Smith et al.,
2006), providing an important habitat for many marine organisms, such as microalgae,
macroalgae, molluscs, crustaceans, and vertebrates, including fish and marine mammals
(Harrison and Booth, 2007). Coral reefs support a huge number of people with goods
and services in the form of food production, coastal protection and tourism, and provide
ecosystem services with a value of 36,794 $ ha! yr? t0 2,129,122 $ ha yr! (Costanza
et al., 2014). Scleractinian corals are major contributors to the productivity of coral reef
ecosystems (Lesser, 2011). However, many coral reefs are suffering serious decline due
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to global climate change and human activities, such as overfishing, agricultural run-off,
deforestration that increases soil erosion and runoff then increases sediment load into
coral reef, tourism, and industrialization (Moberg and Folke, 1999; Hughes, 2008).

Since the last century, an increase in global temperatures caused by the rising CO>
concentration in the atmosphere has led to a 0.6°C increase in seawater temperature
(Solomon et al., 2007). Elevated sea temperatures can result in a rise in sea level due to
the changing of density and volume of water and the melting of the polar ice caps.
Moreover, increases in temperature also increase precipitation and evaporation, which
leads to more frequent and intense storms (Emanuel, 2005). Further, reductions in pH
and COs% ions, which are essential for calcification (CaCOs deposition), affect a range
of marine organisms including scleractinian corals. Many studies have shown that ocean
warming causes coral bleaching, the expulsion of symbiotic dinoflagellates
(zooxanthellae) from coral tissue, and influences the health and survivorship of
scleractinian corals (Jokiel et al., 2008; Randall and Szmant, 2009). Other
environmental stresses include forms of marine pollution, such as nutrient enrichment
and sedimentation, have also been found to reduce growth, increase mortality, and cause
bleaching in coral worldwide (Alva-Basurto and Arias-Gonzalez, 2014).

The aquatic light environment plays a major role in the productivity, physiology and
ecology of corals (Mass et al., 2010). Light intensity decreases and light quantity
(spectrum) changes with increasing depth. Zooxanthellae are capable of
photoacclimation to different light regimes (Mass et al., 2010). Photoacclimation
includes changes in chlorophyll pigment concentrations, chloroplast volume, the
number and length of thylakoids, and the light utilization efficiency of photosynthesis
and respiration (Mass et al., 2010). Exposure to high irradiance also leads to
photoinhibition, a down-regulation of the photosynthetic process (Li et al., 2018) and
coral bleaching (Lesser, 2011). These processes could result in changes to the
productivity of corals.

There are many types of coral response to seasonal and spatial variation which
include changes in pigment, photosynthesis and metabolism. Fitt et al. (2000) and
Warner et al. (2002) found a similar pattern of response with season in biomass,
zooxanthellae density and photosynthetic rate, which are lowest during summer and
highest during winter, whereas metabolism shows the opposite trend (Kayanne et al.,
2005; Falter et al., 2012). Coral at different depths has also demonstrated spatial
variation with the highest variation of maximum quantum yield (Fv/Fm) found in coral at
1-2 m depth, but coral at 3-4 and 14 m had higher values (Warner et al., 2002).

Mass coral bleaching has been a major issue in Thailand for decades and some
threatened areas have not yet recovered (Yeemin et al., 2013). Many studies have
shown that coral bleaching, the loss of endosymbiotic dinoflagellates associated with
coral, is caused by thermal and light stress leading to photoinhibition, which damages
chloroplasts and photosynthetic apparatus, resulting in oxidative stress (the production
and accumulation of reduced oxygen species) (Lesser, 2011; Downs et al., 2013). Coral
bleaching is different from seasonal variation in zooxanthellae density, and the number
of functional photosystem Il (PSIl) reaction centers (Lesser, 2011). It has been
suggested that the frequency and intensity of bleaching increases with anthropogenic
climate change. The susceptibility of corals to bleaching varies greatly among coral
genera and reef areas (Pratchett et al., 2013). It has been found that symbiont density is
a function of environmental conditions (e.g., nutrient pollution, irradiance), whilst the
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susceptibility to bleaching increases in corals with higher symbiont densities (Cunning
and Baker, 2013).

A reduction in coral growth, increased mortality, and coral bleaching can lead to the
degradation and loss of biological diversity of the reefs, which can affect the structure
and functions of coral reef ecosystems. Therefore, it is important to identify which reef
areas and coral species are most resilient to the effects of global climate change and
other disturbances in order to support coral reef management (Cunning and Baker,
2013). Mass coral bleaching has been a major issue in Phuket but the ecophysiology of
corals and zooxanthellae from this area has not often been investigated (Yeemin et al.,
2013). The measurement of photosynthesis and ecosystem metabolism of coral is
essential to understanding these threatened species. Understanding the ecophysiology of
corals and zooxanthellae under different environmental conditions is important for
predicting the potential for, severity, and consequences of coral bleaching.

The aim of this study was to investigate seasonal variation (wet and dry) in
ecosystem metabolism and photosynthesis of corals at two depths. This study will
provide a better understanding of how coral species respond to changes in depth and
season and which corals are more susceptible to bleaching.

Materials and methods
Study site

Phuket Island is located in the southern part of Thailand, on the Andaman Sea coast.
The island is partly fringed by reefs with a total area of about 6 square kilometers of
reef. The study site is located on the southeastern tip of Phuket Island (Fig. 1) (Panwa
Cape: 7°48'06.9"N, 98°2424.4"E). The reef is characterized by extensive reef flats that
extend up to 200 m from shore (Brown et al., 2002) with a depth that increases at the
reef edge (5 m).

iy N

Figure 1. Panwa Cape, Phuket Province, Thailand

In this study, three photographic transects (Jokiel et al., 2015) were placed next to
each other parallel to the shoreline in two areas (reef flat and reef slope) to determine
the coral percentage cover and the number and types of substrate (e.g. coral, coral
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rubble, sand, rocks, algae) at Panwa Cape, Phuket Province (Fig. 1) (Panwa Cape:
7°48'06.9"N, 98°24'244"E) in June 2017 using Coral Point Count with Excel
extensions (CPCe) (Kohler and Gill, 2006). A digital camera with a wide-angle lens was
used to obtain the images by positioning the camera above a 0.25 m? quadrat every
50 cm along the 30 m transect line without overlap. A total of 60 images per transect
line were obtained covering a total of 45 m? per area (Jokiel et al., 2015).

The primary productivity and photosynthetic activity of P. acuta from two depths at
the same sampling site (7°48'06.9"N, 98°2424.4"E) were investigated from June 2017
to January 2018 using benthic oxygen flux chambers (three replicates/depth/month).
The benthic oxygen flux chambers were modified from Olivé et al. (2016) and their
design is described below and illustrated in Fig. 2. They were deployed for 3 h for
incubation (Camp et al., 2015).

Figure 2. Dark (left) and light (right) benthic oxygen flux chamber (n=3)

Coral samples were collected at the same sampling site for photosynthetic
measurements (four replicates/depth/time). Photosynthetic activity was investigated as
chlorophyll fluorescence using a Junior Pulse Amplitude Modulated fluorometer
(Junior-PAM: Walz GmbH, Effeltrich, Germany) in situ after which the coral samples
were frozen and transported to the laboratory for analysis of their zooxanthellae density
and pigment contents to support the photosynthesis data.

Physical and chemical parameters (e.g. light intensity, temperature, pH, dissolved
oxygen, salinity) from two depths from each time of sampling were determined using a
YSI Pro Plus multiparameter meter (YSI Inc. / Xylem Inc, USA) and a Hobo data
logger (OneTemp Pty Ltd, Australia).

Productivity

The productivity of P. acuta was investigated by determining the dissolved oxygen
evolution in benthic chambers over time under light (transparent chamber) and dark
(non-transparent chamber) conditions to determine the ecosystem respiration (Re), gross
ecosystem metabolism (GEM) and net ecosystem metabolism (NEM). The benthic
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oxygen flux chambers consisted of 30 x 45-cm polypropylene cylinders accommodating
a 6 liter-volume of water (Fig. 2), which was sufficient to measure the ecosystem
metabolism without hypoxia during light or anoxia during darkness within a 3 h
incubation period (Camp et al., 2015). The chambers were flexible due to the nature of
the plastic bags from which they were constructed and allowed the propagation of
external turbulence to the interior of the chambers (Barron and Duarte, 2009). The
benthic chambers were placed above the coral colony in situ and secured with a valve
for water collection using a syringe to measure the dissolved oxygen concentration
hourly. The GEM, NEM and Re were calculated using the standard equations (Eg.1 and
Eq.2) following Olivé et al. (2016).

NEM = GEM - Re (Eq.1)

NEM or Re = [(O2)finat — (O2)initiat)/[(T)finat — (T)initial] (Eq.2)

Photosynthetic efficiency

The photosynthetic activity of the coral-zooxanthellae was determined through the
measurement of chlorophyll (Chl) a fluorescence, zooxanthellae density and the
photosynthetic pigment concentration. Photosynthetic performance was determined by
performing rapid light curves (RLCs) using a junior-PAM fluorometer (Walz,
Germany). RLCs with nine increasing actinic light intensities were applied with 0.8 s
saturating pulses (>4500 umol photons m? s) between each actinic light intensity,
every 10 s. The effective quantum yield of PSIlI (AF/Fn; Schreiber, 2004), F/Fm,
maximum relative electron transport rate (rETRmax), minimum saturating irradiance (lx)
and initial slope (o) of the RLCs were calculated using curve fitting protocols following
Ralph and Gademann (2005).

Symbiont density and pigment contents

The coral samples (nubbins) were airbrushed into 10 mL of 0.2-pm-filtered seawater
to remove the tissue from the skeleton. The slurry was centrifuged at 4,000 rpm for
4 min to separate the symbiont cells from the animal tissue (Hill and Ralph, 2007). The
supernatant containing animal tissue was discarded, and the symbiont pellet was
resuspended in 10 mL of 0.2-um-filtered seawater, then homogenized for 10 s at
15,000 rpm and centrifuged again. The pellet was resuspended in 1 mL filtered seawater
for cell counts and chlorophyll analyses. For zooxanthellae density analysis, four
replicate cell counts were performed using a haemocytometer under a light microscope.
The cell density was determined per cm? following coral surface area calculations using
the paraffin wax technique (Hill and Ralph, 2007). For the photosynthetic pigment
concentration (chlorophyll (Chl) a and c2) analysis, the algal pellets were resuspended
in 90% acetone and stored in darkness overnight at 4°C. After centrifugation, the
chlorophyll a and c; (ug cm?) were then determined using the standard
spectrophotometric method of Ritchie (2006) (Egs.3 and 4), with absorbance measured
at 630, 664 and 750 nm (Winters et al., 2009).

Chlorophyll a = (-0.4574 x Asz0 nm) + (11.4754 X Ases NM) (Eq.3)

Chlorophyll ¢2 = (23.3900 X Aszo NmM) + (-3.5322 X Ases NM) (Eq.4)
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Water quality

Physical and chemical parameters such as temperature, salinity, dissolved oxygen
and pH were measured with a YSI Pro Plus multiparameter meter (YSI Inc. / Xylem
Inc, USA) in both sites (reef flat and slope) and inside the benthic oxygen flux
chambers at the initial time.

Statistical analyses

Two-way ANOVA was used to test for significant differences among depths over
time in chlorophyll fluorescence parameters, percentage cover, productivity (GEM,
NEM, Re), zooxanthellae density and pigment contents. Tukey’s Honestly Significant
Difference post-hoc test was used to identify the statistically distinct groups. All tests
were performed with a significance level of 95%. If the data did not meet the
assumptions of normality (Kolmogorov-Smirnov test) and equal variance (Levene’s
test), the data was transformed using the square root or logso. If the transformed data did
not meet the assumptions, non-parametric tests were used.

Results
Coral diversity

The results showed a total of 9 families and 17 genera on the reef flat and 12 families
and 25 genera on the reef slope (Appendix Table 1). On the reef flat, the mean
percentage cover of live corals, dead corals, sand and sponges were 43.93%, 51.64%,
4.36% and 0.06%, respectively (Fig. 3) and the dominant genus were Porites sp.
(31.38%), followed by Favites sp. (4.80%) and Goniastrea sp. (3.35%) (Fig. 4a). On
the reef slope, the mean percentage cover of live corals, dead corals, sand and sponges
were 21.65%, 62.53%, 15.44% and 0.38%, respectively (Fig. 3) and the dominant genus
were Porites sp. (5.05%), followed by Acropora sp. (2.84%) and Goniastrea sp.
(2.49%) (Fig. 4b). Shannon’s diversity indexes of reef flat and reef slope were 1.13 and
2.67, respectively.

The coral status of the reef flat and slope were categorized as fair (25-49.9%) and
poor (0-24.9%), respectively following the standard criteria for assessing the health of
coral reefs (Madduppa and Zamani, 2011).
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Figure 3. Major category of substrate from reef flat and reef slope. Data represents Mean+SE
(n=3)
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Figure 4. Percentage cover of coral genus from reef flat (a) and reef slope (b). Data represents
Mean+SE (n=3)

Primary productivity

The GEM on the reef slope ranged from 281.44 (+63.95) to 994.47 (+167.33) mmol
02 m? d? and 313.93 (+45.38) to 860.62 (£268.66) mmol O, m*? d* for the reef flat
(Fig. 5b). The results, however were not significantly different between sites or seasons
(p>0.05). The NEM on the reef slope ranged from 184.07 (+71.02) to 867.41 (+206.84)
mmol O, m2 d* and 130.32 (£18.79) to 646.69 (£239.39) mmol O, m2 d* for reef flat.
On the reef slope, the NEM was significantly higher in the dry season (p=0.01)
(Appendix Table 2). The Re on the reef slope ranged from -60.81 (+4.73) to -97.37
(£24.50) mmol Oz m? d* and -112.76 (x17.09) to (-204.52 (£70.85) mmol O, m? d*
for the reef flat. The results, however were not significantly different between either
sites or seasons (p>0.05).
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Figure 5. Net ecosystem metabolism (NEM) (a), Gross ecosystem metabolism (GEM) (b) and
respiration (Re) (c) of P. acuta from reef flat and reef slope. Data represents Mean+SE (n=3)
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Photosynthetic performance

The AF/Fm on the reef slope ranged from 0.640 (+0.010) to 0.661 (+0.010) and
0.614 (+0.017) to 0.661 (+0.010) for reef flat (Fig. 6a). The AF/Fm: of coral on the reef
slope was significantly higher than that on the flat in both seasons (p=0.002) (Appendix
Table 2).
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Figure 6. Photosynthetic performance (effective quantum yield of PSII (AF/Fw) (a), Maximum
quantum yield of PSII (F./Fn) (b)), maximum relative electron transport rate (rETRmax) (C),
initial slope (@) (d)) and minimum saturating irradiance (lv) (e) of P. acuta from reef flat and
reef slope. Data represents Mean+SE (n=4)
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While the Fv/Fm showed its maximum of the range at December (0.646 (+0.017) and
0.637 (x0.020)), minimum of the range at August (0.562 (+0.014) and 0.588 (+0.018))
for the reef slope and flat, respectively (Fig. 6b). The Fv/Fm of the corals on the reef flat
was significantly lower than that for the reef slope in the dry season as well as being
higher in the wet season (p=0.034) (Appendix Table 2).

The average rETRmax (Fig. 6¢) of the corals on the reef slope in both the wet and dry
seasons tended to be higher than those on the reef flat but there was no significant
difference between either sites or seasons (p>0.05). However, the Initial slope (o) of the
corals on the reef flat was significantly higher than that on the slope (p=0.037)
(Appendix Table 2).

The Ik ranged from 66.19 to 216.68 pmol photons m s for corals on the reef slope
and 106.33 to 201.32 pumol photons m™ s for those on the reef flat (Fig. 6e). However,
the results produced no significant differences between either sites or seasons (p>0.05).

Symbiont density

The cell density of corals on the reef slope and flat was in the range of 4.55 x 10°
(£0.97 x 10°) to 11.84 x 10° (+3.88 x 10°) cells cm and 2.96 x 10° (+0.83 x 10°) to
6.84 x 10° (x0.69 x 10°) cells cm™, respectively (Fig. 7). However, there were no
significant differences between either sites or seasons (p>0.05).
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Figure 7. Symbiont density of P. acuta from reef flat and reef slope. Data represents Mean+SE
(n=4)

Chlorophyll a and ¢

The chlorophyll a of P. acuta corals on the reef slope ranged from 0.016 (+0.005) to
0.071 (x0.013) pg mm2 and on the reef flat ranged from 0.023 (£0.005) to 0.047
(£0.017) pg mm2 (Fig. 8a). While the Chlorophyll ¢, of corals on the reef slope ranged
from 0.006 (+0.002) to 0.014 (+0.002) pg mm and on the reef flat ranged from 0.005
(£0.001) to 0.039 (+0.031) ng mm2 (Fig. 8b). However, there were no significant
differences between either sites or seasons (p>0.05).
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Figure 8. Chlorophyll a (a) and ¢ (b) concentration of P. acuta from reef flat and reef slope.
Data represents Mean+SE (n=4)

Discussion
Coral diversity

This is the first study of the coral photosynthesis and reef ecosystem metabolism of
the southeast fringing reef of Phuket Island. The results showed more percentage cover
of live coral but but less coral genera on the reef flat than the reef slope, which might be
due to different levels of irradiance at different depths as suggested by Hughes et al.
(2015), who found that light is the main factor affecting coral growth and zonation. In
the present study the light intensity on the reef flat was noted to be double that on the
reef slope. Higher Shannon’s diversity indexes on the reef slope (2.67) suggested that
there was more coral diversity there than on the reef flat. This is due to differences in
physical parameters such as the sediment accumulation rate, light availability and depth,
which are limiting factors for different coral species (Kahng et al., 2019) with different
levels of resilience (Putnam et al., 2017). Slow growing massive corals, such as Porites
sp. and Goniastrea sp. can survive in conditions of air exposure (Meixia et al., 2008)
and demonstrate more tolerance to a changing environment (van Woesik et al., 2011).
In contrast, fast growing, branching species, such as Acropora sp. and Pocillopora sp.
(Al-Sofyani and Floos, 2013), prefer a limited range of temperatures (Williams et al.,
2017), but have a greater ability to adapt to higher sediment accumulation rates because
of their ability to self-clean (Duckworth et al., 2017). Consistent with Brown et al.
(1999), the results of the present study show that massive coral species dominate the
reefs because they are physiologically adapted to intertidal living. Moreover, Meixia et
al. (2008) showed similar results, finding that Porites lutea was the dominant species
with zonal characteristics with more coral species occurring on the reef slope than the
reef flat.

Ecosystem metabolisms

Ecosystem metabolism is a biomass indicator which reflects energy storage in coral
and the health of corals in each area, as well as how corals act as a carbon sink. The
factors which affect ecosystem metabolism in the ocean are the light intensity, the time
of day or year, the weather (Sathyendranath and Platt, 2001), adaptation of
phytoplankton, the temperature and the available nutrients. The main factor is light
intensity (Hughes et al., 2015) and that is usually correlated with depth.
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The NEM showed seasonal variation with higher metabolism in the dry season
(Appendix Table 2). When the light intensity data (measured with a HOBO data logger)
was compared, it was found that the reef flat had twice the light intensity of the reef
slope which led to a higher rate of metabolism. The lower light intensity on the reef
slope is caused by greater water depth reducing the light intensity (Kahng et al., 2019).
Irradiance is important for photosynthesis of symbiotic algae living with corals and
coral reefs metabolisms (lluz and Dubinsky, 2015) and affect dissolved oxygen which is
an indicator of coral reef metabolism (Camp et al., 2015). Moreover, the sediment
accumulation rate on the reef slope (11.76 g m2 d) was three times higher than that on
the reef flat (3.70 g m2 d'). A high sediment accumulation rate can reduce the light
intensity which is the main factor in zooxanthellae’s photosynthesis and ecosystem
metabolism (lluz and Dubinsky, 2015). Differences in sediment accumulation rates
depend on seasonal variation and weather (Browne et al.,, 2019). Furthermore,
biological characteristics such as the percentage of live coral cover, macroalgae and
cyanobacteria also affect the NEM. This study revealed that the reef flat had a greater
percentage of live coral cover, macroalgae and cyanobacteria than the reef slope which
led to a higher NEM.

The results of the present study were also broadly similar in respect of oxygen
evolution (130.79-867.41 mmol O, m2 d?) to those of Camp et al. (2015) who found
that the ecosystem metabolic activity (P, R and G) of three coral species, Mussismilia
harttii, Siderastrea cf. stellata and Porites astreoides were in the range of 43.2-158.4
mmol O, m?2 d!. Moreover, all the ratios of GEM to Re were higher than 1 indicating
that this ecosystem is autotrophic and that P. acuta is an important species in high
productivity coral reef ecosystems.

Photosynthesis efficiency

Seasonal or spatial variation in photosynthesis and the photosynthetic capacity of
corals have been observed in previous studies (Levy et al., 2004; Kuffner, 2005; Ulstrup
et al., 2011; Sawall et al.,, 2014). These variations occur due to changes in
environmental factors such as light intensity (lluz and Dubinsky, 2015), temperature
(Levy et al., 2004; Caroselli et al., 2015), salinity (Sandoval-Gil et al., 2012), sediment
accumulation rate (Rogers, 1990), water velocity (Lesser et al., 1994) and other
chemical factors (Redfield, 1958).

Browne et al. (2015) estimated the coral health of four common inshore reef corals in
response to seasonal and anthropogenic changes in water quality, and found that
temperature has the greatest influence on branching coral (P. damicornis). Moreover,
higher sedimentation rate and nutrient availability in the rainy season might affect coral
health and physiology (Brown et al., 1999).

The AF/Fn of P. acuta in this study showed spatial variation in both seasons
suggesting that coral on the reef slope has higher photosynthesis efficiency than that of
the reef flat since there is higher light intensity on the reef flat (ca. 600 umol photons
m? sty and this value exceeded the I« (Fig. 6e) at the same site leading to
photoinhibition in the reef-flat coral. While the light intensity on the reef slope (ca. 300
pmol photons m s't) was lower it was closer to the Ix than the light intensity on the reef
flat, which means that although photoinhibition still occurs, it is of less effect.
Therefore, the photosynthesis of symbionts on the reef slope is more efficient. Further,
when comparing between seasons, the results showed higher photosynthesis efficiency
for the coral on the reef slope in the wet season since the AF/Fn and Ik values were
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closer in the same season at each site. Moreover, diel variation of photosynthesis, which
is down-regulated by intense light in the afternoon (Hill and Ralph, 2005) also reduced
the AF/Fm in this study.

On the other hand, no significant difference of AF/Fn was noted on coral on the reef
flat in different seasons since the shallow water condition meant that only highly
tolerant corals can survive. This finding is consistent with that relating to Fv/Fm, which
showed the same pattern. F./Fm representing the photosynthetic capacity of
zooxanthellae and indicating coral stresses. When compared between seasons, the coral
on the reef flat showed no significant differences in respect of Fv/Fm. On the other hand,
the coral on the reef slope showed high variation between seasons with the Fv/Fm lower
than that on the reef flat in the wet season but higher in the dry season. This might be
due to the higher accumulation of sediment in the wet season. Sediment reduces the
light available to coral and increases coral stress which is reflected in the Fv/Fm (Zhao
and Yu, 2014). A Similar trend were was found for the symbiont density and pigment
content but these indices are not as sensitive as the Fv/Fm.

The initial slope (o) showed some spatial variation with the reef-flat coral o being
greater in both seasons. The results showed that the reef-flat coral had a greater ability
to harvest light and a higher photosynthetic ability, and these adaptations led to the reef-
flat corals higher photosynthesis efficiency. On the other hand, comparisons of
symbiont density and pigment content did not show any significant differences between
sites although the o values were different, indicating that the reef-slope corals were
exposed to an unsuitable environment which did not allow them to adapt and led to
photosynthetic stress.

The Ik is one of the main factors which can reveal the adaptation of coral (Zhao and
Yu, 2014). The present study found no significant difference in Ix due to the high
sediment accumulation rate on the reef slope (76.11 g m? d!) (Appendix Table 3) which
was three times as great as that on the reef flat (70.3 g m? d*) (Appendix Table 4) and
led to the corals being stressed. Sediment was one of many factors which reduced the
photosynthesis efficiently of the reef-slope corals, while the lower sediment
accumulation on the reef flat was more suitable and allowed the corals to adapt. The
reef-flat corals with better o adaptation were able to reduce their pigments and
zooxanthellae cells whereas the reef-slope corals did not do so and this resulted in the
finding of no significant differences between either sites or seasons in the Ik and
rETRmax indices.

The effect of sediment on zooxanthellae photosynthesis was demonstrated in Philipp
and Fabricius (2003) who showed that the AF/Fm and Fu/Fm respond to sediment
(79-234 mg cm™) and exposure time (0-36 hr) by being reduced. In addition, the
photosynthesis and adaptation of zooxanthellae are affected by depth. Mass et al. (2007)
revealed that the adaptation of Stylophora pistillata through a depth range of 5-65 m
produced a lower Re, Pmax, Ic and Ik as the depth increased. On the other hand, the o
increased with depth.

There is a limitation in using the Junior PAM (Walz GmbH, Effeltrich, Germany)
since it is not a submersible device. Therefore, photosynthetic measurements that are
not derived in situ might be in error, and this would affect the AF/Fm’ representing the
sensitivity to light intensity flux. Including dark adapted measurements before fitting
the RLCs which might lead to the opening of all the reaction centers which would affect
the Ik and rETRmax values, which in this study showed no significant differences
between either sites or seasons.
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Symbionts density and chlorophyll concentration

The photosynthesis data, zooxanthellae cell density and chlorophyll concentration in
the coral tissues were measured and the results produced no significant differences
between either sites or seasons. This might be due to photo-acclimation of the
zooxanthellae on the reef flat by reducing the numbers of cells and pigment (Cooper
and Ulstrup, 2009) while the zooxanthellae on the reef slope did not, which might be
due to the predominance of the Symbiodinium genotype (Hennige et al., 2009).

Cooper and Ulstrup (2009), who estimated the spatial wvariation in the
photophysiology of the zooxanthellae of P. damicornis, found that photoacclimation
occurred in both shallow and deep corals but via different mechanisms. Thus, to deal
with changes in irradiance, changes in symbionts such as the size and the location of
their zooxanthellae, the zooxanthellae density and the chlorophyll contents might have
occurred (Zhao and Yu, 2014). In addition, Frade et al. (2007) found a correlation
between the Symbiobinium genotype (clade) in the coral genus Madracis and the water
depth, with clade B7 being a generalist while clades B13 and B15 were restricted to
shallow and deepwater reef environments, respectively. There have also been found to
be differences in terms of the photoacclimation response for each genotype (Hennige et
al., 2009). Meanwhile, Philipp and Fabricius (2003) found that the cell density and
pigment concentration of zooxanthellae per coral surface area decreased with increased
amounts of sediment but the decrease was not as fast as those noted in the AF/Fn and
Fv/Fm.

The optimal zooxanthellae densities found in the present study were lower than those
found by Wooldridge (2016; 1-3 (x 10°%) cells cm™) and this might be due to the study
site being a marine attraction. Human activities, urban run off or wastewater could lead
to high nutrient concentrations in the water, which can lead to an increase in cell
density, pigment and maximum gross photosynthesis (Marubini and Davies, 1996).
However, the rETRmax, Ik, Symbiont density and pigment showed no significant
differences between sites or between seasons and this might be due to the better
adaptation of reef-flat coral demonstrated by the reduced number of cells and pigment
(Cooper and Ulstrup, 2009). Nevertheless, the environment on the reef slope was not
suitable to adaptation by corals.

The lack of any correlation between ecosystem metabolism and zooxanthellae
photosynthesis might be due to the assessment of ecosystem metabolism representing
all living things in the chamber that including coral, algae and plankton, whereas
photosynthesis was assessed based only on zooxanthellae.

Chambers

The design of the benthic chambers by which oxygen flux was measured described
above in Materials and Methods entailed the limitation that its chamber shape was more
suited to be deployed to collect data from branching or sub-massive coral or from coral
where the colony size was smaller than the chamber. On the other hand, the design of the
chamber was cost effective. Camp et al. (2015) used a flexible chamber to measure the
ecosystem metabolic activity (P, R and G) of three coral species, Mussismilia harttii,
Siderastrea cf. stellata and Porites astreoides. The results of that study produced values
which were broadly similar to those produced by the present study. Further, Olivé et al.
(2016) estimated the ecosystem metabolism using chambers in a seagrass meadow and
the results were also broadly in-line with those from the present study.
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Conclusion

An assessment of GEM, NEM and Re was conducted in a tropical coral reef at the
Southeast tip of Phuket Island, Thailand between June 2017 and January 2018. The
findings of this study suggest that coral diversity is a result of a combination of light
intensity, sediment accumulation, depth, other physical and chemical factors and
ecosystem metabolism is mainly driven by the number of organisms, the light
availability and depth.

Due to limitations of this chamber design, benthic oxygen flux chamber can estimate
only in ecosystem scale and be deployed only on branching corals. The design of the
chamber should be improved for measuring on various kinds of colony shape (e.g. plate,
massive and branching). Real-time data collection on dissolved oxygen, irradiance and
temperature inside the chamber could be developed.

This study provides a better understanding of how corals from different habitats
respond to changes in season and are more susceptible to bleaching. The data from this
study can be used for marine and coastal management and conservation.
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Table 1. Coral percentage cover at reef flat and reef slope for each genus. Data represents

APPENDIX

mean (+SE) (n=3)

families

genera

coral percentage cover % (SE)

reef flat reef slope
Poritidae Porites sp. 31.38 +(4.79) 5.05+(2.34)
Goniopora sp. 0.03 +(0.03) 0.03 +(0.03)
Faviidae Favites sp. 4.80 + (1.81) 0.88 +(0.08)
Goniastrea sp. 3.35+(0.78) 2.49 +(0.13)
Favia sp. 0.54 +(0.09) 0.91+(0.14)
Diploastrea sp. 0.29 + (0.20) 0.16 +(0.03)
Cyphastrea sp. X 0.63 +(0.22)
Fungiidae Fungia sp. 0.77 £(0.11) 1.33 +£(0.52)
Herpolitha sp. 0.51 +(0.28) 1.17 £ (0.50)
Podabacia sp. 0.19 +(0.14) 0.25 +(0.03)
Acroporidae Acropora sp. 0.76 + (0.62) 2.84 + (1.04)
Pacilloporiidae Pocillopora sp. 0.48 +(0.22) 1.17 +(0.18)
Agariciidae Pavona sp. 0.29 £(0.29) 0.22 £(0.08)
Pachyseris sp. 0.06 + (0.06) 0.35+(0.35)
Coeloseris sp. X 0.82 +(0.77)
Gardineroseris sp. X 0.09 + (0.09)
Merulinidae Merulina sp. 0.26 +(0.26) 0.57 +(0.27)
Hydnophora sp. 0.13+(0.13) 0.28 £(0.16)
Mussidae Symphyllia sp. 0.06 + (0.06) 0.54 +(0.18)
Lobophyllia sp. X 0.57 £ (0.36)
Oculinidae Galaxea sp. 0.03 £ (0.03) 0.38 +£(0.25)
Pectiniidae Pectinia sp. X 0.16 £ (0.16)
Mycedium sp. X 0.28 +(0.20)
Dendrophylliidae Turbinaria sp. X 0.06 + (0.06)
Dendrophylliidae Turbinaria sp. X 0.06 + (0.06)
Siderastreidae Coscinaraea sp. X 0.41+(0.41)

X = absent
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Table 2. Statistical indices of all parameters (Two-way ANOVA)

P Site Season Site*Season

arameters df F sig df F sig df F sig
GEM 1 0.005 0.943 1 0.878 0.356 1 | 0111 0.742
NEM 1 0.589 0.448 1 7.502 0.010%* 1 | 0.330 0.570
Re 1 0.066 0.799 1 0.026 0.874 1 | 0.014 0.907
Fv/Fm 1 0.664 0.417 1 4.587 0.034* 1 6.197 | 0.014*
AF/Fry 1 10.466 | 0.002* 1 3.539 0.062 1 | 0.025 0.874
rETRmax 1 1.072 0.308 1 0.091 0.765 1 | 0.002 0.968
Ik 1 0.000 0.986 1 1.135 0.295 1 | 0.243 0.625
Alpha 1 4.763 0.037* 1 0.621 0.436 1 | 0.382 0.541
Chla 1 0.255 0.617 1 0.679 0.416 1 | 0.055 0.816
Chl cz 1 1.266 0.269 1 1.595 0.216 1 1.396 0.246
cell density 1 2.433 0.129 1 0.090 0.766 1 1.361 0.252
Salinity 1 8.59 0.005* 1 62.427 | <0.001* 1 9.069 | 0.004*
Temperature 1 0.025 0.876 1 1.209 0.275 1 4521 | 0.037*
pH 1 0.001 0.976 1 23.016 | <0.001* 1 | 0.054 0.817
DO (mg/l) 1 0.613 0.436 1 15.682 | <0.001* 1 | 0437 0.511
DO (%) 1 1.621 0.207 1 0.060 0.807 1 1.790 0.185

*significant different

Table 3. Environmental parameters on reef slope from June 2017 to January 2018. Data
represents mean (+SE) (n=3)

- Sediment
Months S.(apllsnLlJt)y Tempoecrature pH DC;I [3/0 accumulation
( ) (mg ) ( 0) rate (g m-2d-1)
June | 32.00 (x0.00) | 31.13 (£0.14) | 8.11 (£0.01) | 7.09 (£0.09) | 95.67 (+1.12) X
July 34.00 (+0.00) | 30.00 (+0.00) | 7.26 (£0.00) | 7.19 (+0.14) | 95.03 (+2.00) | 15.86 (+8.16)
August | 32.99 (+0.03) | 31.35(+0.02) | 8.19 (+0.02) | 5.53 (+0.03) | 91.80 (+0.66) | 17.93 (+16.68)
October | 32.87 (£0.05) | 30.40 (£0.00) | 8.23 (0.01) | 5.73 (£0.23) |91.75 (£3.59) | 1.49 (+0.39)
December | 32.00 (£0.04) | 30.42 (+0.08) | 8.16 (+0.01) | 6.08 (+0.18) | 96.97 (+2.85) X
January | 31.90 (x0.03) | 29.10 (+0.03) | 8.17 (£0.00) | 5.60 (+0.17) |87.57 (+2.59) X
x = absent

Table 4. Environmental parameters on reef flat from June 2017 to January 2018. Data
represents mean (+SE) (n=3)

Months

Salinity
(PSU)

Temperature
(4 ®)

pH

DO
(mg/l)

DO
(%)

Sediment
accumulation
rate (g m2d?h

June
July
August
October
December
January

34.67 (+0.21)
34.00 (+0.00)
33.02 (+0.03)
32.80 (+0.04)
32.02 (+0.04)
31.92 (+0.03)

28.95 (£0.10)
29.33 (£0.22)
32.38 (£0.71)
31.03 (£0.19)
30.65 (£0.03)
29.80 (+0.20)

8.09 (+0.03)
7.25 (+0.00)
8.17 (+0.01)
8.29 (+0.09)
8.21 (+0.01)
8.13 (+0.02)

7.14 (£0.30)
6.99 (+0.31)
5.75 (£0.12)
5.67 (20.17)
6.03 (20.22)
6.46 (+0.37)

93.72 (£4.08)
93.08 (+4.14)
95.33 (+£1.93)
92.53 (£2.72)
96.38 (+3.46)
102.22 (+£5.97)

X
4.13 (£1.38)
4.63 (+1.54)
2.34 (£0.78)
X
X

X = absent
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