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Abstract

Coral bleaching is the major threat to coral reefs worldwide. Coral reefs, as an essential part of
the marine ecosystem, are under severe threat from many sources, including high sea water
temperatures, solar irradiance and anthropogenic impacts such as nutrient enrichment, sewage
disturbance and others. Malaysian corals were affected during the global mass bleaching
events in 1998 and 2010 which caused bleaching and some mortality, but coral reef degradation
is also due to other causes. Mostly Peninsular Malaysia coral reefs are affected by agricultural
activities and human development causing sedimentation and nutrient runoff. To date, the
photosynthetic performance of Malaysian corals under such stresses is unknown, and
laboratory experiments were conducted to assess how some commonly occurring corals of that
region respond to stress factors. The objectives of this study were: (1) To record maximum
quantum yield of chlorophyll fluorescence (F./Fm) of coral species; Stylophora pistillata,
Montipora digitata and Seriatopora hystrikn treatments of stressors of high/ambient
temperature-light levels and high/ambient temperature-nitrate levels, (2) To record maximum
quantum vyield of chlorophyll fluorescence (Fv/Fm) of coral species in stress treatments of
combinations of high/ambient temperature-light levels and high/ambient temperature-nitrate
levels, (3) To differentiate changes in quantum vyield fluorescence among the three corals
species before stress, after stress and after 24-h recovery stage. Colours and paling were also
being examined by using CoralWatch Coral Health Chart. To achieve this, S. pistillata, M.

digitata and S. hystrixere exposed to: a) ambient (27°C, 200 !mol quanta m !"s!#), (b) high
light (27°C, 520 'mol quanta m !"sl#), (c) high temperature (30°C, 200 !mol quanta m!"s!#) and
(d) high temperature + high light (30°C, 520 !Imol quanta m !"s!#). In a further investigation,

the overnutrification factor was introduced: (a) ambient control (27°C, 2 'M NO 3!), (b) high



nitrate (27°C, 15 !'M NO 3!), (c) high temperature (30°C, 2! M NOz!), (d) high temperature +
high nitrate (30°C, 15 !M NO 3). 20 minutes of dark-adapted photochemical efficiency (Fu/Fm)
was measured using a pulse-amplitude-modulation (PAM) chlorophyll fluorometer (WATER-
PAM, Walz, Germany). Besides, here it includes the study of Reef Check data and relates it
with 50-km monitoring product of Degree Heating Week Coral Reef Watch for 2009 until 2011
in Peninsular Malaysia and East Malaysia to predict bleaching behaviours within Malaysian
waters. For the temperature-light stress treatments, there were significant decreases in
maximum quantum yield for all species, due to photoinhibition. The results show that S. hystrix
is susceptible to thermal stress. In temperature-nitrate stress experiments, it is suggested that
nutrient enrichment may not have a synergistic effect, and that high temperatures alone
significantly impact F./Fm values (three-way ANOVA, p>0.05) for all coral species. Slow
growing corals (S. pistillatg appear to cope better with the environmental changes than the
fast-growing corals (M. digitataand S. hystri}. This research helps understand the effects of
coral bleaching and nitrate stress and may be of value to researchers and managers of marine

parks in the Malaysian region to better understand coral health.
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Chapter 1

Introduction

1.1 Coralzooxanthellae relationship

Animal-algal endosymbioses are the combination of heterotrophic (animal host) and
autotrophic (algal symbiont) organisms into single functional units (holobionts) that contribute
substantially to coral reef productivity (Rowan, 1998). Hermatypic corals flourish in tropical
waters that are considered nutrient poor, a fact usually attributed to their symbiosis with
zooxanthellae (Jackson et al., 1989). Hermatypic corals are mainly responsible for the modern
reef formation that succeeds in oligotrophic waters (Hume et al., 2013). Zooxanthellae is a
general descriptive term for all symbiotic golden-coloured algae that live in animals, including
corals, sea anemones, molluscs and other taxa. Scleractinian reef building corals are also
referred to as zooxanthellate corals. Gymnodinoid dinoflagellates in the genus Symbiodinium,
known as zooxanthellae, is the dominant algae in symbiosis with marine benthic Cnidaria

(Goodson et al, 2001).

The host Cnidarians have a very simple two-tissue-layer body plan where they harbor the
symbionts intracellularly in vacuoles (symbiosomes) within cells in the inner or gastrodermal
tissue layer (Weis, 2008). Zooxanthellae exist in new corals from both asexual and sexual
production (Birkeland, 1996). For sexually-produced corals, the zooxanthellae are either
directly inherited from the parent or indirectly from the environment (Birkeland, 1996).
Zooxanthellae swallowed into the gastrovascular cavity of a new coral polyp are transported

into the gastrodermal tissues, where they begin to reproduce (Borneman, 2009). In asexually-



produced corals, the symbionts are directly transmitted in the coral fragments when forming a
new colony (Birkeland, 1996). A coral which produces zooxanthellae-free larvae, will acquire
new algal symbionts from its environment (Mieog et al., 2009). A few types of Symbiodinium
are taken up by these corals, and only one zooxanthellae type will become the dominant, while
others remain in low abundances (Mieog et al., 2009). Symbiodiniunctells are golden brown
due to the presence of light harvesting and photosynthetic pigments in their chloroplast (Weis,
2008). The zooxanthellae reside in specialized vacuoles within tissue cells in the gastrodermis
(Borneman, 2009). While this is the inner layer of cnidarian tissue, the zooxanthellae are
nonetheless still well within reach of light energy (Borneman, 2009). Healthy corals harbor
millions of Symbiodiniunper square centimeter of tissue and therefore have this same golden-
brown hue (Weis, 2008). Zooxanthellae occur at densities of between 0.5 and 5 million cm
coral and translocate 95% of their photosynthate to their coral host (Smith et al., 2004). The
symbiotic relationship consists of a cnidarian host providing a protective environment for the
zooxanthellae in its tissues. Coral-zooxanthellae symbioses are mutualistic because both
partners receive benefit from the relationship through nutrient exchanges (Stat et al., 2008).
The nutrient exchanges mean inorganic waste metabolites produced by the animal host (i.e
corals) are exchanged for organic nutrients fixed by dinoflagellates photosynthesis (Stat et al.,
2008). Symbiodiniunproduce photosynthetic carbon and the fixed carbon is transferred to the
animal host’s tissues. They also recycle the animal’s nitrogenous waste (Goodson et al., 2001).
The algae recycle the nitrogen by assimilating ammonia into essential amino acid, a valuable
compound to the host (Venn et al., 2007). The cnidarian host provides the zooxanthellae with
a protective environment within its tissues, provide carbon dioxide, ammonium, urea and

polyphosphates (Gustafsson et al., 2013).



Hermatypic corals flourish in tropical waters that are considered nutrient poor, due to their
symbiosis with zooxanthellae (Jackson et al., 1989). Zooxanthellae with efficient
photosynthetic performance are essential for the maintenance and growth of corals (Smith et
al., 2004). Many corals (stony corals and octocorals) depend on their symbiotic algae for
survival (Goulet 2006). Zooxanthellae have the capability of extracting nutrients such as
nitrate, ammonium and phosphate from the water (Zubinsky and Stambler, 1996). Scleractinian
coral symbiosis is also closely tied to the ability of the corals to deposit their calcium carbonate
skeletons that form the reef structure (Weis, 2008). The high productivity and diversity of coral
reefs is largely due to the mutualistic symbiosis between corals and zooxanthellae (Silverstein
et al., 2012). The zooxanthellae contain chlorophyll which depends on the sunlight energy to
build the amyloid assimilation product (Yonge, 1931). This brown unicellular algae
endosymbiosis is a dominant feature of coral reefs and they are proven to help the existence of

the coral reef ecosystem (Yonge and Nicholls, 1931; Rowan, 1998).



Figure 1.1: Schematic of coral tissue organisation. (A) General drawing of a coral polyp. (B)
Coral tissue layers and organisation of zooxanthellae within the gastrodermal cells. (C) Flux
of organic and inorganic nitrogen between the coral host and the zooxanthellae symbiont.

(Gustafsson et al., 2013)

The symbionts of zooxanthellae are diverse, and include the members of classes
Bacillariophyceae, Cryptophyceae, Dinophyceae and Rhodophyceae, and the most studied
ones are dinoflagellates (Rowan, 1998). Symbiodiniunoccur in a variety of hosts and most of
the cnidarians, found commonly in shallow subtropical waters (Baker, 2003). Among the
cnidarian species that contain Symbiodiniunare Anthozoa (i.e. anemones, scleractinian corals,
zoanthids, corallimorphs, blue coral, alcyonacean corals and sea fans) and some Scyphozoa

and Hydrozoa (Baker, 2003).



1.2 Coral holobiont and the role of different microorganisms in dictating

coral health and success.

The coral holobion is a group of organisms which associated with and within the host coral
animal (Rohwer et al., 2002). It is known to be distributed in the mucus, tissue and skeleton
parts of corals (Masse, 2018). According to Radecker et al. (2015), the coral holobiant includes
protozoans, fungi, archaea and bacteria. The mechanisms and interactions of coral and
holobionts can modify the corals response towards environmental issues such as ocean
acidification, ocean warming and euthrophication (Radecker et al. 2015). Radecker et al.
(2015) mentioned that the coral holobiont acts as the nitrogen assimilator in the coral’s
symbiotic relationship. The coral holobiont can adapt to changing environmental conditions
(Rosenberg et al., 2007). Rosenberg et al. (2007) thought that corals can be resistent to

pathogens from the holobiont.

1.3 Photosynthesis in symbiotic animals

Photosynthesis is a process of converting solar energy to chemical energy and is important to
our planet (Roth, 2014). Animals which have symbiotic algal cells contribute carbon dioxide
and water for the photosynthetic reaction and all substrates required for the photosynthetic
apparatus (Venn et al., 2007). Porifera (sponges) and Cnidaria (the hydroids, corals, sea
anemones and jellyfish) may harbor photosynthetic algae which fix carbon dioxide and release
oxygen (Venn et al., 2007). Symbiosis with zooxanthellae provide the host with photosynthetic
products, allowing the coral to bloom and grow in oligotrophic tropical seas (YYamashita et al.,
2014). Both zooxanthellae and the coral host are able to assimilate, reduce and involve into

their metabolism inorganic compounds of nitrogen and phosphorus from sea water (Venn et



al., 2008). The zooxanthellae take up CO, and bicarbonate from the sea water for their
photosynthesis process, and build the calcium-carbonated coral’s skeleton (Venn et al., 2008).
The coral host provide the symbiont with essential nutrients in a sunlit environment (Roth
2014). Zooxanthellae clades can differ in their functional responses to light, CO, and

temperature (Suggett et al., 2017).

1.4 Corals clade and temperature tolerance

Reef building corals contain autotrophic endosymbiotic algae (zooxanthellae) in their
gastrodermal cells (Muscatine and Cernichiari, 1969). Corals have a large surface area to
volume relationship to maximize captured light by multiple layers of zooxanthellae, (Venn et
al., 2008). From molecular DNA techniques, Symbiodiniunsp. are categorized into groups of
A, B, C and D (Dong et al., 2009). Biogeographically, Symbiodiniuntlades A, B and C are
common in the Caribbean oceans, and clades C and D are common to most corals in Indo-
Pacific waters (Dong et al., 2009). Symbiodiniunare genetically diverse, consisting of eight
major divergent lineages (clades A-H) (Wooldridge, 2010), while Baker (2003) reported only
clades of A-F. Each clade contains multiple subclades, strains or types (Jones et al, 2008). The
types of symbiont which are found in coral hosts is one of the factors that influence corals’
thermal stress tolerance (Fitt et al., 2005). There are eight major clades that have been recorded
among the symbiont Symbiodiniumsp. (Fitt et al., 2005 and Coffroth and Santos, 2005)
(Symbiodiniuntlades A, B, C, D, E, F, G and H), of which only four are related to reef-building
corals (Fitt et al., 2005). The clade types can be sympatrically functioning within individual
corals, for example; the genus Montastraeacorals in Caribbean contain clades A and B
dominated the exposed tops of coral colonies and clade C dominated the shaded sides of the

colony (Rowan et al., 1997). While a study by LaJeunesse et al. (2003) found that Stylophora



pistillata at 3m water depth contain SymbiodiniumC1. Brown et al. (2000) found that
Goniastera asperaan Indo-Pacific coral found on east and west surfaces had different of
temperature and solar radiation tolerance because of algal genotypic differences. These
distributions of Symbiodiniumpairings are usually correlating with temperature and solar

radiation (Coffroth and Santhos, 2005).

Figure 1.2: The phylogenetic relationships between the major clades of SymbiodiniumAll
clades except clades E and H are within scleractinian corals, which clades A, B, C, and are the

predominant symbionts with scleractinian corals (Coffroth and Santhos, 2005).

Coral reefs depend on symbiotic algae that function to restrict the outward flow of life-
supporting nutrients to the water column; corals and the zooxanthellae live by limiting the flow
of nitrogen and other essential nutrients to the nutrient ‘desert’ represented by tropical seas
(Hoegh-Guldberg, 1999). Corals reefs obtain the nitrogen for their growth, tissue repair, mucus

production, and reproduction (Badgley et al, 2006).

Certain zooxanthellae clades group differ in light harvesting and utilisation, their ecological
diversification (Suggett et al., 2017). Referring to Suggett et al. (2017), clades A to | are
different based on the divergence of small ribosomal subunit RNA, internal transcribed spacer

regions (ITS), choloroplast large subunit (cp23S) and cytochrome oxidase b (cob). For



example, 1TS2 type C3 is harboured by Acropora species which is known as highly stress

sensitive (Sugget et al., 2017).

1.5Coral bleaching

Coral bleaching can be defined through photoacclimation, where the response of zooxanthellae
numbers and the host coral colour (Suggett and Smith, 2011). Coral bleaching can also be
related with thermal stress; elevated ROS production by host tissues (Suggett and Smith, 2011).
Coral bleaching is defined sublethal stess which does not bring mortality and lethal bleaching
which resulted in coral mortalty (Suggett and Smith, 2011). However, it is common to see a

thermal anomaly, bleaching and mass coral mortality (Suggett and Smith, 2011).

The coral-zooxanthellae symbiosis is very sensitive to increases in temperature, and changes
as little as 1°C above the average summer maximum for sustained periods can lead to a
breakdown of the symbiosis (Mieog et al., 2009). The endosymbiotic dinoflagellate microalgae
are very sensitive to elevated water temperature and the thermal sensitivity of the symbiotic
algae of corals is an important physiological feature, because it is believed to be the underlying
cause of the phenomenon of coral bleaching (Jones et al., 2000). It has been accepted that the
impairment of the photosynthetic machinery of the zooxanthellae is the proximal driver of the
thermal bleaching response (Wooldridge, 2013), but the initial site of damage and early

dynamics of the impairment are not well studied.

Bleaching is a condition where the coral loses their algal symbionts and pigments, in response
to environmental stresses (Fitt et al., 2001) and the stress levels depend on the temperature,

exposure length and other environmental factors, such as light, salinity and also water motion.



Zooxanthellae loss effects corals because the symbionts supply 63% of the coral’s nutrients

(Banin et al., 2000).

High sea surface temperatures have been suggested as the primary cause of mass bleaching
events (Hoegh-Guldberg and Smith, 1989). Jones (2008) mentioned natural bleaching events
are usually caused by seasonal cycles in algal density, long warm summers which can stress
the corals and increase coral mortality. Irradiance is also considered as one of the main
environmental triggers of bleaching (Fitt et al., 2001). Light has been known as the important
key factor for the productivity, physiology and ecology of the coral-algal symbiosis (Roth,
2014). The symbiosis requires the right light quantity (photon flux) and quality (spectral
composition), combined with depth (mostly < 30 m) and skeletal structure, to ensure the
success of the photosynthesis process (Roth, 2014). Corals tolerate less than 2000 pmol

photons m? st at midday (Jimenez et al., 2012)

In an environment disturbed by especially elevated temperature or irradiance, the
Symbiodiniummay produce the reactive oxygen species (ROS) which may damage the
membranes and proteins of corals and later lead to ‘bleaching’ (Venn et al., 2008). When
‘bleaching’ occurs, there has been a breakdown of the symbioses, with the loss of algae
pigments or algal cells from the coral host. Bleaching conditions may lead the corals towards
growth reduction, slow reproduction, diseases, or in the worst condition, death (Venn et al.,

2008).

If coral bleaching incidences continue, they will result in a decrease in growth and
reproduction, and an increase in mortality rates for corals repeatedly bleached (Lesser, 1996).

Prolonged bleaching can lead to coral mortality and can devastate entire reefscapes



(Wooldridge and Done, 2009). In the laboratory, bleaching can be triggered by multiple factors:
extremes of temperature (heat and cold shock), high irradiance, prolonged darkness, heavy
metals and pathogenic micro-organisms (Douglas, 2003). When the bleaching is severe, the
symbiosis is unable to re-establish itself and the coral may die (Mieog et al., 2009). The
condition of temperatures higher than normal for an environment can affect the photosynthetic
mechanism of the symbiotic algae (Mostafavi et al., 2007). Environmental variables, such as
elevated sea temperature, solar radiation and reef depth give different susceptibilities for
individual coral species (Yee et al., 2008). Some coral species are more resistant than others to
environmental factors that cause bleaching and bleaching-related mortality (Stimson et al.,
2000). Differences in sensitivity of species to disturbance can lead to community shifts and
loss of coral reef diversity (Yee et al., 2008). Different species and genera which survived (or
not) the bleaching event are related to the characteristics of the host-symbiont associations in
those taxa. The host-symbiont association has been described as the rate of release of degraded
zooxanthellae, the density of zooxanthellae per square centimeter of coral surface area, and the
mitotic index of zooxanthellae (Stimson et al., 2002). Symbiont types were found to differ in
their photosynthetic response to light and temperatures, such as SymbiodiniunC- a symbiont
type in Acroporacoral on the Great Barrier reef, sensitive to heat stress (Jones et al., 2008),
and SymbiodiniunD which is heat stress tolerant (Jones et al., 2008). The characteristics of
the host-symbiont association also can separate corals based on their bleaching susceptibility,
such as Acropora spp. and Seriatopora hystridas high mortality, Montiporaas low mortality

and Poritesspp. a massive coral is characterized as the lowest mortality (Stimson et al., 2002).
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1.6 Coral Photoinhibition

Photoinhibition has been studied for over a century using biochemical, biophysical and genetic
methodologies (Adir et al., 2003), and the current understanding of photoinhibition is damage
primarily associated with photosystem Il (PSII), particularly with the increased loss of the D1
protein of the PSII reaction centre (Hoegh-Guldberg and Jones, 1999). Kok (1959) reported
that the damage ‘sustained’ to photosynthetic systems was measured originally as a long-
lasting decrease in photosynthetic rate (oxygen flux) at high irradiances. Osmond (1994)
reported that photoinhibition is measured as a reduction in photosynthetic efficiency (quantum
yield), also known as maximum rate of photosynthesis, under high-irradiance conditions. A
decade ago, there were two opinions on photoinhibition; (1) Focusing on photoinactivation
when excess excitation reached the PSII reaction center (Osmond and Forster, 2008); and (2)
focusing on regulatory processes in the antennae that reduced excitation transfer to PSII,

thereby achieving photoprotection (Osmond and Forster, 2008).

Photoinhibition is a physiological state of stress that occurs in all oxygen evolving
photosynthetic organisms exposed to too much light (Adir et al., 2003) causing a decrease in
the capacity of the photosystem to capture and process photons (Hoegh-Guldberg and Jones,
1999). Photoinhibition studies are synonymous with light-related decreases in measurements
of quantum yields (F./Fn) after periods of dark adaptation (Hoegh-Guldberg and Jones, 1999;
Bhagooli and Hidaka, 2004). In high light intensities, increasing light levels causing light
reactions to over-reduced and potentially harmful products such as oxygen free radicals are
produced (Hoegh-Guldberg, 1999). The oxygen free radicals will eventually lead to cellular

damage if it is not detoxified by several enzyme systems (Hoegh-Guldberg, 1999).
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Photodamage is recognisable as: (1) photosynthetically active light produces reactive oxygen
species (ROS) either by excessive reduction of Qa (the primary electron acceptor of PSII), (2)
by charge recombination between the acceptor side and the donor side of PSII (Murata et al.,
2007). When Qa becomes highly reduced (during light intensities above the photosynthetic
system needs), the rate of damage can exceed the rate of repair. PSII will lose its function and
the photosynthesis will decline (Smith et al., 2005). Photodamage not only occurs during high
light intensities, but also when light intensities are below those normally required to saturate
photosynthesis in conjunction with other factors such as elevated temperature, which limit the

ability of zooxanthellae to acquire and assimilate CO, (Smith et al., 2005).

The two independent mechanisms of PSII photoinactivations, acceptor and the donor side can
cause degradation and programmed turnover of the D1 protein. Donor side photoinhibition is
not occurring in cells related to coral bleaching (Smith et al., 2005). For acceptor side
inhibition, when there are high light intensities, the plastoquinone pool is reduced (Smith et al,
2005). The process will continue and involves the reaction center of chlorophyll, and singlet
oxygen, which later react with the D1 protein (Smith et al, 2005). The singlet oxygen might
damage PSII (Tyystjarvi, 2008) because it will react with D1 protein and triggering its
degradation (Smith et al., 2005). Under excess light conditions, D1 content has been found to

decrease in coral zooxanthellae (Smith et al., 2005).

Based on their recovery times, photoinhibition can be distinguished into two types; dynamic
and chronic photoinhibition (Garbunov et al., 2001, Bhagooli and Hidaka, 2004). Chronic
photoinhibition is associated with much more severe damage to PSII, recovers extremely
slowly, and is interpreted as photon damage (Garbunov et al., 2001). Chronic photoinhibition

has been observed under unfavourable environmental conditions, such as low or high
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temperature, limited CO. supply, or nutrient limitation (Garbunov et al., 2001). A few studies
suggest that a constant daytime exposure to high doses of visible and UV radiation can lead to
chronic photoinhibition, even at moderate temperatures (Garbunov et al., 2001; Winters et al.,

2003).

Dynamic photoinhibition is rapidly reversible within hours while chronic photoinhibition
might be reversible within days or irreversible (Garbunov et al., 2001). Dynamic
photoinhibition describes all reactions that decrease the efficiency of photosynthesis when
zooxanthellae are exposed to light. It is attributed to transient damage to the reaction centers
of PSII, recovers relatively rapidly and can serve as a photon protection mechanism (Garbunov
etal., 2001). Dynamic photoinhibition occurs over a diurnal irradiance cycle (Hoegh-Guldberg
and Jones, 1999). When there is decline in the photochemical efficiency during and/or after
exposure to high irradiance, in dynamic photoinhibition it is due to reversible processes such
as increase dissipation of absorbed light as heat (Winters et al., 2003). This type of
photoinhibition is also known as non-photochemical quenching, and it is an inhibition which
followed by photoprotection (Lesser, 2004). In chronic photoinhibition, when there is damage
to the PSII, D1 protein will degrade, but for dynamic photoinhibition, the excess absorbed light

energy will be controlled by carotenoids (Hanelt, 1998).

The underlying mechanisms involved in photoinhibition, which causes coral bleaching will be
a number of different mechanisms, depending on coral species (zooxanthellae ecotypes and
clades), physiological state and environmental conditions (Smith et al., 2005). Other than
thermal stress, host-symbiont associated organisms are also exposed to unfavorable

environmental conditions such as high salinity, low temperatures (Murata et al., 2007), high
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nutrients and sedimentation (Faxneld et al., 2010). Future studies should therefore be

conducted on how various stresses can affect photodamage and repair (Murata et al., 2008).
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1.7 Corals and Nitrogen

Nitrogenous nutrients, in surrounding coral reef waters, are usually extremely low in
concentration (Webb, 1975). But, elevation of inorganic N may influence the symbiont algae’s
density, division rate and also their release rates (Stimson and Kinzie, 1991) and any
disturbance of microbial nitrogen cycling may be linked to coral bleaching and disease
(Rédecker et al., 2015). Algal symbionts are highly dependent on nitrogen availability to
sustain primary productivity (i.e., photosynthesis) (Radecker et al., 2015) because they uptake
dissolved inorganic nutrients (DIN) from surrounding seawater in the form of ammonium
(NH4") and nitrate (NOs"). These nutrients are partially translocated to the host as amino acids
(organic nitrogen compounds) and the rest is stored or used in their metabolism activity

(Réadecker et al., 2015).

Besides global climate change, anthropogenic causes such as eutrophication, coastal
development, sedimentation and over-fishing are responsible for the decline in the health of
coral reefs (Wilkinson, 1999). Eutrophication on coral reefs was highlighted in the 1960s and
1970s, related to a case study in Kaneohe Bay, Hawaii where waters bloomed with
phytoplankton caused by sewage discharge (Szmant, 2002). In Australia, corals on the Great
Barrier Reef damaged by anthropogenic influences, included eutrophication, the situation
where nutrient levels have occurred through human activities (i.e. sewage discharge) (Bell,
1992). A study by Wear and Thurber (2015) recorded that sewage is one of the major causes
of coral reef degradation. Eutrophication may cause degradation of coral reefs and in time, the
coral community will be replaced by attached algae, seagrasses or filter feeders (Bell, 1992).
The water quality indicator for eutrophication that has been widely used is the concentration

of chlorophyll a (Bell, 1992). Eutrophication can lead to increased phytoplankton
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concentration, reduced light penetration to the symbiotic algae, and death due to smothering
phytoplankton (Bell, 1992). Eutrophication also can cause a rapid development of attached
algae which will compete with corals for space (Bell, 1992). Eutrophication was also found to
be the cause of reduction of coral growth rates and their larval settlement, in the inner to mid
Great Barrier Reefs lagoon (Bell, 1992). In Sanya Bay, China, rapid development of
aquaculture has caused eutrophication in the ocean, bringing about an increase in inorganic
nitrogen and phosphorus (Baohua et al, 2004). In the Caribbean region, it is found that
eutrophication is a significant contributor to the decline of coral calcification (Gardner et al.
2003), increasing coral disease rates (Bruno et al. 2003), coral-algal competition decreasing
coral reproduction and recruitment (Fabricius, 2005; Fabricius, 2011; Pastore, 2014).
Eutrophication and nitrification has been a problem in the Indo-Pacific region especially in the
vicinity of large human settlements (Szmant, 2002), with high levels of waste-water discharges
(sewage, run-off, groundwater seepage (Bell, 1992). Elevated nutrients can affect coral reef
health through direct physiological effects on the corals, such as increased susceptibility to
bleaching or disease mortality when there are increases in algal turf biomass and productivity
which declined the coral’s health (Szmant, 2002, Duprey et al., 2016). According to Baohua et
al. (2004), excessive inorganic nitrogen can result in coral bleaching, where 0.001 mmol/L
concentration of ammonia or nitrate had significantly increased the symbiotic algae expulsion.
Faxneld et al (2010) pointed out that corals exposed to multiple stressors (high temperature in
combination with low salinity and high nitrate) had caused mortality within 24h of exposure.
Laboratory or field experimental work on exposing corals to natural or anthrophogenically-
elevated nutrient concentrations can be undertaken to study the effects of nutrients on the

physiological corals (Szmant, 2002).
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Table 1.1: Laboratory studies of direct effect of nutrients on coral physiology in aquaria for

periods of a few weeks to months. The concentrations used were the magnitude higher that the

highest levels of measured on polluted coral reefs (Tomascik and Sander, 1987).

Studies by Nutrient Corals Duration Result
enrichment
Atkinson et al. 5 IM nitrate, 2 Hermatypic Higher long-term
1995 IM ammonium corals corals growth rates
and 0.6 M
phosphate
Snivdongs and +15 IM  Porites 8 weeks Increased cellular
Kinzie 1994 ammonium cylindrica chlorophyll a
McGuire and 10 IM  Porites 2-4 weeks  Decreased in
Szmant 1997 ammonium asteroides zooxnthellae C:N
ratios and calcification
Marubini and 1, 5and 20 'M Porites 4 weeks 25-50% decrease in
Davies 1996 nitrate porites and growth rate
Montastrea
annularis
Marubini and 5 !M nitrate Porites No effect on growth
Atkinson 1999 compressa Reductions in
calcification (with
decreased pH  of
seawater)
Ferrier-Pages et 20'M Stylophora 10 weeks Slow  recovery to
al. 2000 ammonium pistillata normal condition

2 'M phosphate
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The symbiotic relationship with nutrient recycling and a close relationship between trophic
levels have been the key to the ecological success of reef building corals (Smith et al, 2004).
Therefore, any factor that reduces the efficiency of this symbiotic relationship will have a major

effect on Scleractinian corals, consequently the coral reefs productivity (Smith et al, 2004).

1.7.1 Corals and Nutrient Enrichment

Coral reef degradation resulting from nutrient enrichment of coastal waters is of increasing
global concern. The effects of nutrients on coral reef organisms have been demonstrated in the
laboratory, rather than their actual effect on coral reef biota in situ (Koop et al., 2001).
Increasing urbanization of coastal areas, which are often associated with loss of forest and
coastal wetlands and increased intensive agricultural activities have led to an increase in the
rate of land runoff, loaded with sediment and nutrients from fertilizers which are then
discharged into coastal waters after heavy rains (Koop et al., 2001). Szmant (2002) reported
that NOAA had identified sources of ‘runoff stressors’, such as land cover conversion, land
clearing, fertilizer application, sewage leakage, effluent discharge, pesticide application,
industrial pollution, seafloor dredging and aquaculture discharge. Anthropogenic nutrient
enrichment is more likely to affect coral reefs closer to shore, within lagoons or embayment
(limited circulation and flushing), and reefs associated with larger land masses, especially near

significant human populations.

Coral reefs typically flourish in water that is oligotrophic (nutrient-poor). Coral reefs prone to
nutrient effects are usually exposed to other anthropogenic stressors than can make a reef more
susceptible to nutrient effects or cause symptoms similar to those expected from nitrification

(Szmant, 2002). Changes in nutrient concentrations in coral reef areas can fundamentally alter
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the food web in the ecosystems where a high concentration of nutrients promote the
proliferation of plankton, then can lower light transmission and slow the activity of symbiotic
algae living in coral tissues, thus slowing coral growth rates (Larsen and Webb, 2009). Szmant
(2002) stated that the elevated nutrients may also affect physiological interactions between
corals and their zooxanthellae by stimulating the cell division rates of the intracellular
symbionts. This might be similar to the findings of Muscatine et al. (1989), suggesting that the
availability of inorganic nitrogen (20 'm ammonium and 2 !m phosphate) can lead to
increased protein synthesis in zooxanthellae, and an increase in zooxanthellae numbers.
Nordermar et al. (2003) concluded that corals on nutrient-exposed reefs to +15!M for 14 days

may be more susceptible to periods of elevated temperature (34°C), illustrated by a decrease in
primary production rate of zooxanthellae. Marubini and Davies (1996) found that elevated
nitrate concentrations (1, 5 and 20!M) are responsible for the decline in calcification, in Porites
poritesand Montiporaannularis and by extrapolation, in the rate of growth of reefs as a whole.

A laboratory study showed a long-term effect (12 months) of inorganic nitrogen enrichment

(40 uM of NH4+ and 30 pM of NO3") on Stylophora pstillata and Acroporaspp., affecting

growth rates, chlorophyll a content and the zooxanthellae density (Yuen et al., 2008). Their
studies suggested that nutrient enrichment is not an only cause for coral reef degradation but

could result in synergistic impacts when corals are exposed to other environmental stressors.

1.8 Malaysian reefs

Wilkinson et al. (1993) reported that about 60% of corals in Southeast Asia are on the edge of
destruction and predicted that most of the reefs in the region will be eradicated within the next

40 years. Inthe last 20 years, high levels of development and land-use changes have been the
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major threats to coral reefs in the region of South East Asia (Burke et al., 2002), including
deforestation, constructions of roads, airports, building (tourist resorts are the main cause),
increasing sediment and nutrient loads in the coastal areas (Burke et al., 2002). Coral reefs in
marine parks (which are not always strict marine reserves) throughout Malaysia have also been
exposed to human impacts such as unsustainable fishing activities and effects of dive and

snorkelling sites (Mazlan et al., 2005).

Malaysia is composed of Peninsular Malaysia (Figure 1.3), Sabah and Sarawak (Figure 1.4),
located in the Coral Triangle of the Indo-Pacific region (Mazlan et al., 2005). Malaysia has one
of the largest continental shelf areas within the tropical world (Mazlan et al., 2005) and the
reefs in this area have a rich assemblage of marine life, including 76% of the world’s coral
species. Data on corals in Malaysia was recorded as early as 1970 but was not reported and

dispersed among institutions (Tun et al., 2004).
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Peninsular Malaysia

Figure 1.3: Location of coral reefs in Peninsular Malaysia (Longitude 100.113 Latitude 6.428)

(reefGIS.reefbase.org)

Sabah, East Malaysia

Sarawak, East Malaysia

Figure 1.4: Location of coral reefs in East Malaysia (Longitude 104.301 Latitude 1.345)

(reefGIS.reefbase.org)
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Malaysian corals were affected during the global mass bleaching events of 1998 and 2010
resulting in many bleached corals some of which recovered, but coral degradation followed.
Corals in Peninsular Malaysia and Eastern Malaysia were also degraded by sedimentation and
effluent discharges from the tourism areas (UNEP, 2007). Untreated sewage flows directly into
the ocean from the hotels, resorts and chalets in Redang, Tioman and Sibu-Tinggi Islands
(UNEP, 2007). Nutrient runoff from land use was reported as a significant threat to reefs in
marine parks all over Malaysia (Harborne et al., 2000), but at this time, Malaysian coral cover
was reported as in ‘good’ condition (52.8%) based on the ASEAN-Australia Living Coastal
Resources project, even though it has been reduced since the pre-1998 bleaching event

(Harborne et al., 1998).

Reef Check Malaysia has undertaken Reef Check survey monitoring on Malaysian coral health
since 2007 on several islands in Peninsular Malaysia; Tioman, Perhentian and Redang Island
(Hyde et al., 2013). By this methodology, reefs are monitored on a regular basis and any
changes may be detected providing warnings of environmental events or progressive
degradation (Hyde et al., 2013). This could give researchers and managers in Malaysia
information to initiate coral reef damage management actions, before the reefs become more
deteriorated (Hyde et al., 2013). As mentioned by Tun et al. (2004), Reef Check methods had
been applied in most countries in South East Asia for coral reef monitoring. Waheed et al.
(2015) recorded the hard coral species richness and benthic reef assemblages by following the
Reef Check substrate categories, and this study initiated conservation zoning plans for a
protected marine park. A similar coral survey was also conducted at Tun Sakaran Marine Park,
Sabah (East Coast of Malaysia), and reported coral decline and algal competition as a result of

observations of high densities of Stegastedamselfish (more than 200 per 100m?) (Montagne
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et al., 2013). Reef Check surveys identify ‘Indicator Species’ to determine the coral’s health in

situ (Hyde et al., 2013).

Between 2010 and 2012, Reef Check Malaysia (RCM) completed a series of reef
rehabilitations on Pangkor, Tioman and Redang Islands, Peninsular Malaysia, as one of the
initiatives to conserve coral reefs (Hyde et al., 2013). Reef rehabilitation programs are one
conservation initiative to slow the declination rates, and manage the recovery of coral cover

and its surrounding area (Hyde et al., 2013).

During the global bleaching event in 1997/1998, bleaching in Malaysian waters was mild and
only seen in parts of Sabah, East Coast of Malaysia (Wilkinson, 1998). 40% of coral colonies
in Layang-layang Island, Sabah were bleached in the 1998 event, but eventually recovered in
1999 (Waheed et al., 2015). In May 1998, 30-40% of corals in Pulau Gaya, Sabah, were
bleached at seawater temperature of 32°C (Pilcher and Cabanban, 2000). Overall, it is reported
that an increased temperature of 2-3°C above normal sea surface temperature was the cause of
the mass bleaching event (UNEP, 2007). Bleaching in Payar Island, Langkawi, West

Peninsular Malaysia, was first observed in 1995 (Jonsson, 2003).

However, in 2010, during the EI Nino event, half of the coral communities in Tioman, Redang
and Perhentian Islands were bleached and two-thirds were reported completely white (Tan and
Heron, 2011). 7.28% corals in Teluk Nyior (Park of Langkawi island) were recorded bleached
in 2010, but some recovered in 2011 and 2012 (BOBLME, 2014). There were less than 10%
of bleached corals found in parts of Eastern Malaysia during the 2010 ENSO (Tan and Heron,
2011). Guest et al., (2012) reported that during the 1998 bleaching event, Malaysian Acropora

and Pocillopora were unbleached but massive taxa such as Diploastreg massive Porites
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Montastraeaand Goniastreawere found to be badly bleached. This in contrast with the
hierarchy of taxa susceptibility (Acropora> bleaching susceptibility than Poritesand faviids)
(Guest et al., 2012). Due to this event, the Malaysian government took an action of closing all
Marine Park dive sites where damaged by more than 60% (Thomas and Heron, 2011) for the

corals to regenerate during recovery time (AFP, 2010).

24



1.8.1 Threats to corals in Malaysia

Figure 1.5: Location of islands in Malaysia

In Peninsular Malaysia, coral reef threats are development and tourism related; land-based
pollution, sewage pollution and boats, anchors impact (Reef Check Malaysia, 2016). Reef-
related tourism in Perhentian Island is valued at RM120 million, and threatened by the spread
of Nutrient Indicator Algae (NIA) on the reefs, caused by sewage pollution (Reef Check
Malaysia, 2012). Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD)
from water samples of the marine park, prove that the marine park is polluted with sewage
effluent (Reef Check Malaysia, 2012). In 1984, Malaysian creek waters had concentrations of
particulate organic nitrogen (PON), ranging from <10 to 131 !'M were found while dissolved

organic nitrogen (DON) were ranging between 20-50 !M (Nixon et al., 1984). Tioman water
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quality was found to contain high levels of coliform bacteria, indicated sewage pollution as
well (Reef Check Malaysia, 2012). Poor sewage infrastructure and inadequate sewage
treatment systems are the cause of similar issues of high NIA levels in Perhentian, Redang,
Tioman and Tenggol marine parks, Peninsular Malaysia (Reef Check Malaysia, 2012). Redang
Island waters were also to be found with sewage pollutants during surveys in 1995 to 2000
(Law et al., 2001). Sewage polluted marine water of Sibu-Tinggi Island in west coast of
Peninsular Malaysia was because of an undeveloped sewage treatment system (UNEP, 2007).
It was suggested to improve the existing systems and invest in a mobile septic tank de-sludging
facility to counter the sewage pollution problems in the problematic areas (Reef Check
Malaysia, 2012). In 2003, studies found bleached corals in Payar Island Marine Park, Langkawi
(west coast of Peninsular Malaysia), caused by high levels of phosphate and nitrate, from the
sewage pollution (Jonsson, 2003). Other than that, 50-70% corals in Langkawi were found to
be covered with sediment and almost 100% of dead corals were sediment-covered (Jonsson,
2003). The sedimentation was believed to be from the coastal area construction for a new
tourism destination (Jonsson, 2003). Reefs at Risk in Southeast Asia recorded that 23% of

Malaysian corals were affected by coastal development and sedimentation (UNEP, 2007).

In Sarawak, Eastern Malaysia, the reefs in the Miri area are threatened with sedimentations and
nutrient enrichment from sand mining activity from many rivers for the last three decades
(Pilcher and Cabanban, 2000). While in Sabah, tropical storm Greg in 1996 was the cause of
coral cover loss in Tunku Abdul Rahman Park (TARP), besides anthropogenic effects such as
fish bombing and pollution. Corals in TARP were also being affected by sedimentation and
nutrient-enrichment from the water draining in nearby town, Kota Kinabalu Bay (Pilcher and

Cabanban, 2000). Over-fishing and destructive fishing and also, the lack of MPA management,

26



are also the threats to coral reefs in East Malaysia. Reefs at Risk mentioned that 68% of

Malaysian corals were affected by blast and poison fishing (UNEP, 2007).

To date, Malaysian reefs exhibit a relatively high level for living coral (45.95%), degraded
from 2014 surveys which recorded 48.10% (Reef Check Malaysia, 2016). This percentage is
in “fair’ condition, based on the Coral Reef Health Criteria, developed by Chou et al. (1994),
as shown in Table 1.2. The Nutrient Indicator Algae (NIA) recorded by Reef Check Malaysia
(2016) was critical in parts of Sabah, with more than 30% algae domination amongst corals.
This condition can cause algae-dominated-reefs, meaning an unproductive coral reef
ecosystem (Reef Check Malaysia, 2016). This survey was done on several islands off
Peninsular Malaysia, covering both Marine Protected Areas and non-protected areas, and in

various parts of Sabah and Sarawak, East Malaysia waters.

Table 1.2: Coral Reef Health Criteria

Percentage of live coral cover Rating
0-25 Poor
26-50 Fair
51-75 Good
76-100 Excellent
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Peninsular Malaysia

Figure 1.6: Coral reef at risk in Peninsular Malaysia in 2011 (Longitude 100.113 Latitude

6.428) (reefGlIS.reefbase.org)

Sabah, East Malaysia

Sarawak, East Malaysia

Figure 1.7 Coral reef at risk in East Malaysia in 2011 (Longitude 104.301 Latitude 1.345)

(reefGIS.reefbase.org)
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1.8.2 Coral management in Malaysia

The Department of Marine Parks Malaysia (DMPM) has been responsible for the management
of marine resources for over 20 years in Peninsular Malaysia (Reef Check Malaysia, 2016).
Lack of awareness and information among the stakeholders are the weaknesses of the current
coral management practices in Peninsular Malaysia (Reef Check Malaysia, 2016). In
Perhentian Island specifically, the stakeholders; Besut District Department of Marine Parks
(Terengganu), entrepreneurs and tourists agreed on coral reef conservation through education,
awareness campaign, MPA protection and media co-operation for news (Saleh and Hasan,
2014). MPAs can help build coral reef resilience by supporting and enhancing factors of good
coral reef condition, biological diversity, connectivity and favorable local conditions
(Marshalls et al., 2006). Coral reef conservation and resources in Sabah state, Eastern Malaysia
is under the management of the Department of Sabah Fisheries, Sabah Parks and the Sabah
Ministry of Science, Tourism and Environment (Pilcher and Cabanban, 2000). Its conservation
management is limited by lack of trained personnel and low funds for MPA regulation
enforcement (Pilcher and Cabanban, 2000). Most countries in South East Asia are having
problems due to insufficient training for coral reef monitoring, with a range of 10-60 people in
every country (Tun et al., 2004). Malaysia needs to develop a coral reef database and
management data system of coral reef monitoring. This is because, there are many agencies,
organisations and institutions involved in data archival and analysis of coral reefs in Peninsular
Malaysia and East Malaysia, but no centralized data coordination (Tun et al., 2004). A coral
reef database for Malaysia would provide a background status to help access information for
emergencies such as coral bleaching events, post-tsunami and for assisting coral reef

management (Tun et al., 2005). Artificial reef projects, coral transplantation and coral culturing
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are among the efforts that have been made to conserve Malaysian reefs by many institutions,

including the Department of Fisheries Malaysia and corporate bodies (UNEP, 2007).

1.9 Scope of the thesis

This study aims to assess how corals common to Malaysia respond to environmental stress, in
particular elevated temperature, irradiance and nutrients, which are common factors affecting
corals around the nation’s coasts. These factors often occur in combination and therefore the

synergistic effects will be examined.

This study was guided by the overacrching hypothesis: Reefs in Malaysia have degraded due
to direct human impacts combined with global warming events. Live coral cover in all islands
in Malaysia is reducing because of synergistic effects of anthropogenic and climate change
factors. The reefs have shown only slow recovery from the 2010 bleaching event because there
are continuing problems with coastal development, tourism, pollution from sewage activities
and agricultural activities. Measured by widely used coral reef health criteria (Table 1.2), reefs
in Malaysia are in poor to fair condition, rather than fair to good condition to date, because of
the on-going anthropogenic impacts and uncontrollable global threats (climate change events).
There is need to build resilience in coral reefs, that is, the biological ability of the coral reefs
to recover from natural and human stresses. By knowing the resilience of coral species, and by
identifying resilient areas of reef, a management strategy can be build to contribute to future

coral reef recovery.

The main objective of this thesis is to provide baseline information on how environmental
change may affect Malaysian coral species and to provide an understanding of the resilience

of future coral populations. The goal was to examine the performance of a selection of typical
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corals from the region through their physiological parameters after synergistic stress.
Physiological parameters such as photochemical efficiency can indicate the key responses of
corals to stresses. Each coral species responds differently towards stresses, therefore there are
corals that can overcome the environment disturbances. Reef check data were also to look into
coral bleaching stressors in terms of real recorded data. Reef Check data were related with 50-
km monitoring product of Degree Heating Week Coral Reef Watch for 2009 until 2011 in

Peninsular Malaysia and East Malaysia.
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Chapter 2

PAM Fluorometer Techniguesand Coral Health

2.1 Introduction

After the bleaching events of Malaysian reefs of 1998 and 2010, the Department of Marine Parks
and various non-government organizations in Malaysia were alert to factors that can predict coral
bleaching such as sea surface water temperature, from bleaching alerts (NOAA, 2017) and Reef
Check field monitoring, where reef changes can be tracked by time (Chelliah et al., 2014).
However, according to Reef Check Malaysia (2008), Malaysia still lacks coral reef management

programs because of a paucity of information on the status and location of reefs.

Thus, this investigation is to study the photosynthetic performance of corals and the effects of
stress to help predict the risk of mortality from coral bleaching events. The aim is to provide a
baseline of the yield values in its ‘normal’ state and after-stress state which can be used to
monitor the health of the specific coral species in the natural environment. This will be achieved
by estimating the maximum quantum yield of three common Malaysian coral species and
recording their physical changes (paling and mortality) after temperature-irradiance stress
treatments and temperature-nitrate stress treatments. An outcome of this study is to understand
the maximum quantum yield of stressed corals in specific species and to produce an index of
quantum yield of healthy and bleached corals in Malaysia generally. By collecting this quantum
yield data, it will help researchers to understand the condition of some coral species in bleaching
events caused by temperature, light or nitrate stress in Malaysia. In Malaysia, there is little
documentation of maximum quantum yield of dark-adapted coral species, especially in coral

bleaching data (Abdul-Adzis et al., 2009). Photosynthetic performance will be assessed using a
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Pulse Amplitude Modulated (PAM) Flurometer, where photochemical efficiency is measured.
This chapter explains the background of chlorophyll fluorescence and PAM fluorometer

methodology.

2.2 Chlorophyll Fluorescence

Chlorophyll fluorescence is an indicator of photosynthetic energy conversion in higher plants,
algae and bacteria (Consalvey et al. 2005). To gain detailed information on the state of
photosystem Il (PSII), chlorophyll fluorometry is one of the most popular techniques in plant
physiology (Murchie and Lawson, 2013). Chlorophyll fluorescence arising from the chloroplast
thylakoid membranes exemplifies the primary processes of photosynthesis, such as light
absorption, excitation energy transfers and the photochemical reaction in PSII (Krauss and Weis,

1988).

Fluorescence is the re-emission of energy in the form of a photon (light) as an electron returns
to ground state from a single excited state (Cosgrove and Borowitzka, 2011). When the
chlorophyll molecule absorbs different wavelengths of light, it transforms energy by charge
separation, heat dissipation or resonance energy transfer (electron drops out of the excited state)
(Cosgrove and Borowitzka, 2011). In 1966, biological oceanography studies first used the
technique of chlorophyll fluorescence (Cosgrove and Borowitzka, 2011). Chlorophyll
fluorescence analysis is sensitive, non-invasive and a simple tool for studying photosynthesis,
biophysics, biochemistry and green plants physiology (Misra et al., 2012). There are five types
of fluorometers to measure chl-a fluorescence, depends on the type of study and suitability of

the photosynthetic systems. The types of fluorometer and its functions are shown in Table 2.1.
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Table 2.1: Types of fluorometer to measure chlorophyll a fluorescence depending on the type

of study and suitability of the photosynthetic systems.

Type

Function

Instrument

Pulse Amplitude
Modulation Fluorometer
(PAM)

Fast Repetition Rate
Fluorometer (FRR)

Fluorescence Induction and

Relaxation System (FIRe)

Pump and Probe

Fluorometer (PandP)

Stress assessment studies with marine plants Water-PAM,

and algae

Assess  photochemical  efficiency  of
photosystem Il (PSII) of zooxanthellae (Jones
etal., 1999).

Variable fluorescence characteristics of
phytoplankton

Evaluate primary productivity

Determines photosynthetic efficiency of
phytoplankton samples (Fv/Fm), to measure
the phytoplankton’s health (Raateoja, 2004)

To measure variable chlorophyll fluorescence
in photosynthetic organisms

Based on the Fast Repetition Rate
Fluorometry (FRRF) technique

It has been simplified on the electronic
circuitries and measurement, improved
optical design

More sensitive, reliable and the production
cost was reduced.

(Garbunov and Falkowski, 2004)

Active fluorescence methods use an artificial
light source to activate chlorophyll (Chl)

fluorescence.
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Induction
Fluorometer/ContinousExcit

ation Fluorometer

Quantum yield of fluorescence changes can
be controlled, measured with a weak probe
flash, is induced by an actinic (pump) flash.
in-situ technique (Kolber and Falkowski,
1993)

Can be used in a different levels of plant’s
trophic level, as well as in climatic and
hydrophysical characteristics (Antal et al.,
2001).

A continuous excitation fluorimeter s
designed to measure the Kautsky Induction or
Fast Chlorophyll Fluorescence Induction
(Kautsky and Hirsch, 1931)

The principle of Pulse-Amplitude-Modulation (PAM) is the fluorescence yield which depends
on the light conditions, gives a measure of photosynthesis process (Schreiber, 2004). The PAM
fluorometer is based on the technique of quenching analysis of modulated fluorescence by the
saturation pulse (Misra et al., 2012). It is a non-intrusive methodology for measuring
fluorescence yield in all physiologically conditions without damaging the plant sample
(Schreiber, 2004). PAM fluorometer has its own characteristics based on Schreiber (2004):

a)! For a dark-adapted sample (sample put in dark container for certain time in minutes), the

measuring light must be in a low state.

b)! For assessment of maximal fluorescence yield, the PAM fluorometer can detect the high

fluorescence excitement from the measuring light or the natural lighting, with a suitable

optical filter.

c)! It can give quick response to rapid changed in fluorescence yield of the sample during

dark-light and light-dark transitions.
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PAM fluorometry is used to measure the relative quantum yield of chlorophyll fluorescence by
applying light with constant saturation pulse amplitude (Schreiber, 2004). The quantum yield of
photosynthesis is a molar ratio between oxygen released or carbon assimilated to photons
absorbed in the process (Fig. 2.1) (lluz and Dubinsky, 2013). When the instrument excited a
light pulse, after the probe is put on the sample, the absorbed light energy will re-emit as
fluorescence (Schreiber, 2004). PAM fluorometry is used for chlorophyll fluorescence
measurements, in a process in which the chlorophyll molecules absorb the light energy for
photochemistry or where excess energy is lost as heat or re-emitted as light; an increase in one
process will cause a decrease in other process (Maxwell and Johnsson, 2000). To measure
chlorophyll fluorescence yield, the sample must be exposed to pulse-amplitude light of defined
wavelength and an amount of re-emitted light at longer wavelengths will be measured (Maxwell

and Johnsson, 2000).

In a dark-adapted sample illuminated with continuous light, the chlorophyll fluorescence
intensity will show changes, which are known as: fluorescence induction, fluorescence transient,
or Kautsky effect (Govindjee, 1995). The dark adapted technique is where a sample of plant
must be dark adapted to avoid ambient light interference (Fernandez-Jaramillo et al., 2012). In
this situation (dark-adapted sample illuminated with light), the fluorescence yield will increase
within seconds (<10-15 s') from minimal measurement (k) to a maximum measurement
(Fm). The differences between these yields is called various fluorescence (k) (Screiber, 2004;
Misra et al., 2012) and it is used as the maximum quantum yield of primary PSII photochemistry.
The fluorescence yield increment is a consequence of reduction of electron receptors in the
photosynthetic pathway, downstream of PSII (plastoquinone and Qa) (Maxwell and Jonsson,
2000). PSII contains pigments and proteins in the thylakoid membrane of chloroplasts which

can show its sensitivity towards any stresses (Fernandez-Jaramillo et al., 2012). PSII is the most
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vulnerable part of the photosynthetic system to light-induced damage (Maxwell and Johnson,
2000). When the sample is moved from a dark adaption into light, the fluorescence intensity will
be slowly decreased to avoid the adverse effects of excess light (Maxwell and Johnson, 2000).
The reaction centre of PSII is said to be ‘closed’, and the efficiency of photochemistry is reduced
(Maxwell and Johnson, 2000). This condition is known as non-photochemical quenching
which can cause the photoinhibition process (Misra et al., 2012). In a laboratory, a dark-adapted
value of Fn can be measured by full-night and 24h of dark adaptation, while in a field
experiments, pre-dawn value of F can be used as a reference point (Maxwell and Johnson,

2000). All the terms for chlorophyll fluorescence parameters were summarized in Table 2.2.

The process whereby the electrons are transferred from the reaction centre of PSIl to Qa
quenches fluorescence, is known as photochemical quenching(Baker, 2008). When the non-
photochemical mechanism functions, it is attributed to enhance thermal dissipation in the PSII
reaction centres themselves. This may lead to the reaction centre temporarily ceasing to operate
but it is not actually damaged (Garbunov et al., 2001). In photochemical quenching, Qa is
oxidized, thus it accepts the electrons from the photosystem Il reaction centre and the electrons
will pass along the photosynthetic electron transport chain (Jones et al., 1999). Because of that,
the process will produce oxidation of water, oxygen evolution, reduction of NADPH™* to
NADPH, membrane proton transport, ATP synthesis and reduction of carbon dioxide to
carbohydrate in the dark reactions of photosynthesis. In a situation where a photosynthetic
symbiotic animals or plants were given a high intensity and short duration flash of light, all PSII

reaction centres will close (Maxwell and Johnson, 2000).
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Table 2.2: Chlorophyll fluorescence parameters used in studies of PSII performance (Baker,

2008).
Parameter Definition Physiological relevance

F Fluorescence emission from dark- Information on photosynthetic
F’ or light-adapted, respectively performance.
Fo Minimal fluorescence from dark- Fluorescence level when Qa is maximally
Fo’ and light-adapted leaf, respectively oxidized (PSII centres is open)
Fm Maximal fluorescence from dark- Fluorescence level when Qa is maximally
Fm’ and light-adapted leaf, respectively  reduced (PSII centers closed)
Fv Variable fluorescence from dark- PSII performing photochemistry (Qa
F/’ and light-adapted leaf, respectively reduction)

Fu/Fm Maximum quantum efficiency of Maximum efficiency at which light

PSII photochemistry absorbed by PSII during Qa reduction

NPQ Nonphotochemical quenching Estimates the non-photochemical

quenching from F,, to F,, -Meaning the

heat lost from PSII

48



Figure 2.1 A schematic of photosystem Il and | within the electron transport chain (Hennige,

2009).
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Table 2.3 The increasing values of maximum quantum yield with depth from the surface water

including summer and winter values. For the pooled data, these differences indicate that light

and effect of nutrients can affect the quantum yields of photosynthesis (Dubinsky, 2013).

Maximum quantum

Locality Depth . Reference
yield
Sargasso Sea, Surface 0.003 Morel (1978)
Mauritania Surface 0.012
Pacific Ocean, Surface 0.004-0.01 Kishinoet et al.
South of Japan 10-20m 0.01-0.026 (1985)
70m 0.026-0.075
Gulf of Eilat, Surface 0.000025 Iluz (2008)
Israel. Winter. 80m 0.110
Gulf of Eilat, Surface 0.000870
Israel, summer. 80m 0.0266
Lake Kinneret, Surface 0.0025 Dubinsky and
Israel. Winter 3m 0.043 Berman (1981)
Lake Kinneret, Surface 0.0126
Israel. Summer 5-7m 0.06
Zooxanthellae in 0.001 Dubinsky et al.
hospice 0.125 (1984)

50



Dubinsky (2013) showed that maximum quantum yield cannot exceed 0.125 because the system
would need four electrons for the evolution of one molecule of oxygen from water. Different
regions, different depths, and different levels of lights on corals, showed different values of
maximum quantum yield (Dubinsky, 2013). Values of maximum quantum yield can increase
with depth from the surface to the deepest, as shown in Table 2.3. Morel (1978) recorded values
at the surface of Sargasso Sea (nutrient-replete conditions) and the highly productive
Mauritanian upwelling zone. Kishino et al. (1985) had found values increase at depth 70m (the
deepest samples) in south of Japan. In Lake Kinneret, studies observed increase from surface

with values 0.025 to 0.043 at 3 m depth (lluz and Dubinsky, 2013).

Dubinsky (2013) also mentioned that the maximum quantum yield is measured during light-
limited photosynthesis, where it is diagnosed by a linear relationship between photosynthesis
and photosynthetic photons density. The response of photosynthesis is linear at low levels of
radiation and saturates at high levels (Sharp et al., 1984). Different types of fluorometer give
different methods and techniques to measure maximum quantum yield. The submersible pulse
amplitude modulator (PAM) or Diving-PAM (Walz, Germany), uses saturating light pulse (0.8s,
>2000!'mol quanta m -2 s1) to measure its effective quantum yield readings and the change in
fluorescence ($F = Fm-Fo) is then used to calculate the effective quantum yield for under-natural
sunlight specimens (Adzis et al., 2009). Cosgrove and Borowitzka (2010) recorded maximum
theoretical values for Fv/Fr of ~0.65 for a single turnover saturation pulse and ~0.83 for multiple
turnover pulses. They also mentioned that Fv/Fm is a variable based on a few factors such as
between specimen taxa based on their pigment composition and cell structure, light, nutrient

status and temperature.
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Table 2.4 below shows the studies undertaken by researchers for effective quantum yield and

maximum quantum yield of marine organisms in Malaysia. Mostly of the studies were recorded

as effective quantum yield. Corals and anemone had found to have values of effective quantum

yield between 0.6 to 0.7.

Table 2.4 Effective and maximum quantum yield of marine organisms in Malaysia

Locations Organisms Effective Maximum References
quantumyield quantum yield
(Fv’/Fm’) (Fv/Fm)
Pulau Tioman, Corals 0.65 Adzis et al.
Pahang Acropora 0.7 (2012)
formosaand coral
Pocillophora
damicornis
Pulau Tioman, Sea anemone, 0.74+0.08 Khoo and
Pahang Heteractis Mazlan
magnifica (2013)
Pulau Tioman, Corals 0.70+0.05 0.70+0.20 Adzis et al.
Pahang Pocillophora 0.72+0.03 (2009)
damicornis
Pulau Renggis  Corals Acropora 0.64 + 0.096 Xin et al
formosa 0.67 + 0.096 (2013)
Pulau Pangkor 0.69 + 0.135
0.72 + 0.094
Shore  coastal Diatom  genera 0.325 +0.129 McMinn et al.
Penang Cocconeis (2005)
Fragilaria,
Paralia and
Pleurosigma
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2.3 Pulse Amplitude Modulated (PAM) Fluorometer

Pulse amplitude modulation, or PAM, fluorometry operates on a basic signal modulation in
which light is delivered in a series of signal pulses (Melbourne-Thomas, 2014). Biologists
usually use PAM fluorometry to assess the photosynthetic state through comparison of

photosynthetic rates based on fluorescence (Melbourne-Thomas, 2014).

Known to be a broader indicator of how plants respond to environmental change, PAM
fluorometry is also easy to use and a non-invasive instrument (Murchie and Lawson, 2013). A
user has to consider the type of measurement platform, instrument setting, timing of a period of
dark adaptation and the conditions under which the specimens are measured (Murchie and
Lawson, 2013). It is designed specifically to measure chlorophyll fluorescence yield at a high

degree of sensitivity (Melbourne-Thomas, 2014).

PAM fluorometry has been widely used to analyse photosynthetic performance for green plants
(Klughammer and Schreiber, 2008) and most kinds of photo-oxygenic algae (Ritchie and
Bunthawin, 2010). PAM fluorometers have been developed to enable measurements of single
cells through to the two-dimensional imaging of photosynthetic surfaces (Hill, 2008). PAM
fluorometers are found to be suitable to estimate photosynthetic efficiencies of coral
photosymbionts in vivo (Beer et al., 1998). Hill (2008) recorded that many versions of PAM
fluorometers have been used in coral-related research, such as Microscopy PAM, Water-PAM,
Microfibre-PAM, Mini-PAM, Diving-PAM and Imaging-PAM. PAM fluorometry can measure
the light photons that are emitted as far-red fluorescence (~750 nm) from a flash of blue

(~430nm) or red (~680nm) light (Ritchie and Bunthawin, 2010). All PAM fluorometers produce
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a series of modulated pulses of measured light microseconds in duration) which induce the

fluorescence excitation (Melbourne-Thomas, 2011).

Microscopy, Microfiber and Water -PAM differ from each other based on the colour type of
LED mounted on the instrument, each of which can measure different types of cells. The
MICROSCOPY-PAM, with a blue LED mounted as pulsed light source in an epifluorescence
microscope with the photomultiplier being mounted on top of the microscope ocular, can be
used for measurements at the level of single cells and chloroplasts (Walz, 1999). The
MICROFIBER-PAM, with a blue, green, yellow or red LED as pulsed light source and the
photomultiplier connected to a microfiber coupler, is used for small spot measurements down to
single cells in different tissue layers (Walz, 1999). The WATER-PAM, with an array of
measuring and actinic LEDs illuminating a water sample (e.g. from lakes, rivers, oceans) and
special optics collecting the fluorescence on the photomultiplier, is used for the assessment of
low levels of natural phytoplankton (Walz, 1999). The Mini-PAM has a Leaf-Clip Holder 2030-
B for specificall gaining measurements from whole leaves (Walz, 2000). Imaging-PAM
fluorometers are more recent versions of MAXI-, MINI-, MICRO- and MICROSCOPY with
Multi Control Unit IMAG-CM, allowing large scale samples and microscopically small samples

to be fluorescence imaged (Walz, 2005).

The WATER-PAM chlorophyll fluorometer was originally designed to measure plankton or leaf
samples exsitu. It is specialized for studying the unicellular algae, cyanobacteria, isolated
chloroplasts and protoplasts (Walz, 1999). The instrument has 3 kinds of emitter-detector unit:
cuvette version, fiber version and flow-through. For the specific purpose of this study to assess
the photosynthetic activity of phytoplankton in surface water, the fiber version was used. The

PAM-CONTROL Universal Control is similar to a MINI-PAM Chlorophyll Fluorometer, which
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is a highly portable device for exsitu studies (Waltz, 1999). The FIBER version probe is an
optical fiber, to examine the photosynthetic layers on submerged surfaces (Walz, 1999). For this
study, the Mini Quantum Sensor US-MQS/WB was used together with the WATER-PAM
FIBER version to achieve the objectives. For chlorophyll measurement, WATER-PAM
chlorophyll fluorometer is limited to the basis of the Fo level of a dark acclimated sample, which
is the maximum quantum yield measurements (Walz, 1999). Portable fluorometers can measure
photosynthetic performance in water, but unlike the Diving-PAM, Water-PAM’s portable
flurometer cannot be taken underwater and therefore have limited applications. A longer probe
was used during this study to conduct measurement on aquarium corals underwater being
accurately positioned on the surface of the coral nubbins to get the best fluorescence values. If
the optic fibre is positioned on the shaded parts of the corals, it will affect the results by giving
low values compared to well illuminated parts. The sensitive probe must be handled with care
during the measurement, being straight, steady and directly on the samples to get consistent
measurements. Before starting the experiments, various measurements of fluorescence yield
around the coral nubbins was done to get the best results. ThePAM fluorometer has mostly been
used for measuring stresses (Beer and Axelsson, 2004) and isthe only tool identified to measure

photosynthetic of marine macroalgae under in situconditions (Beet et al., 2010).

The key measurement by a PAM fluorometer is the proportion of photons of incident light that
drives the photochemistry of photosynthesis, which is known as effective quantum yield of
photosynthesis, Y) (Ritchie and Bunthawin, 2010). PAM fluorometers are made for practical
applications in ecophysiology with credibility of portability, tolerance of unfiltered sun light and
diagnostic techniques for stress induced changes (Schreiber et al., 2000). Standard PAM
fluorometery is non-invasive, using PIN-photodiodes to react as fluorescent detectors

(Schreiber, 1998). The fluorescence measurements can be made rapidly, and because of the
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portable nature of many fluorimeters, in situ (Baker, 2005). Nowadays, chlorophyll a
fluorescence measurements have been used commonly to examine photosynthetic performance
and stress in algae and plants, either through physiological or ecophysiological studies (Baker,
2008). This measurement is based upon the fluorescence properties of PSII, and that is essential

for understanding the processes involved in the light reactions of PSII (Consalvey et al., 2005).

The fluorometer utilises light emitting diodes to produce a series of saturating pulses as well as
actinic light, to determine the maximum and effective quantum yield (Fv/Fm); the parameters

for PSII photochemical efficiency.

A dark-adapted value of F./Fm is used as a sensitive indicator of plant photosynthetic
performance (Maxwell and Johnsson, 2000). The ratio of variable to maximal fluorescence in a
darkened sample is correlated to the quantum yield of photosynthesis and is a convenient
measure of the maximum potential quantum yield (Jones et al., 1999). To estimate the F./Fnm, the
value must need Fo and Fmn (Maxwell and Johnson, 2000). Background fluorescence, F, and
maximal fluorescence value, Fr can be attained by the fluorometer by darkening the sample, and
applies far-red illumination of wavelength >680nm for a few seconds (Maxwell and Johnson,
2000). Fm is where the photochemical efficiency is at maximum and the heat dissipation (excess
energy of photosynthesis) is at a minimum value (Maxwell and Johnson, 2000). It is used as a
quantitative measure of photoinactivation during coral bleaching (NOAA). The effects of coral
bleaching on fluorescence were recorded to be conducted in hours to days’ periods and under
extreme bleaching conditions but not long-term changes (Rodrigues et al., 2008). But, if there is
variability in fluorescence yield of many coral species, this can help research to predict long-
term coral resilience of bleaching situations (Rodrigues et al., 2008). In a study, Porites

compressand Montipora capitatashowed a decreased of Fv/Fm with 84% of control values,
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after 2 weeks’ exposure to temperature stress of 30.1+0.05°C. For the recovery stage, both coral
species showed different responses in the photochemical efficiency of zooxanthellae in the
normal quantum yield of PSIlI (Rodrigues et al., 2008). For Pocillopora damicornisin a
temperature and solar radiation stress experiment, the DIVING-PAM (Heinz-Walz, Effeltrich,
Germany) had recorded a reduced maximum quantum yield (below 0.4) from an average
quantum yield of 0.6 to 0.8 during medium and high solar radiation treatments (Barron et al.,
2010). During bleaching in Florida Keys, PAM fluorometer recorded damages of PSII of
Montastrea faveolatand Montastrea franskiduring elevated seawater temperature with a
significant declination of photosynthetic efficiency by depth (Warner et al., 1999). In a long-
term study of elevated temperature stress, photosynthetic efficiency (Fv/Fmratio) of M. annularis
and Agaricia agariciteswere found to be significantly decreased at high temperature of 32°C

and Agaricia lamarkiat 34°C (Warner et al., 1996).

2.4Variables Fluorescence

|

Variable fluoroescene may be affected by photoacclimation, nutrient status and pollutants (lluz
and Dubinsk, 2013). When photoinhibition happens, it also gives low guantum yields. High
irradiances can cause temporary and irreversible damages towards the photosynthetic apparatus
(Hluz and Dubinsk, 2013). Different light levels measurement of maximum quantum vyields
(Dubinsky et al., 1986). Nutrient limitations (nitrogen, iron and phosphorus) can lower quantum
yield (Iluz and Dubinsky, 2013). Variable fluorescence may also happen during light and dark
reactions of photosynthesis experiments, where there is fluctuating levels of CO, (Maxwell and
Johnson, 2000). Specialized leaf cuvettes or chambers can be used to fix this problem and the

fibre optic has to be put at 45-60° angle (Maxwell and Johnson, 2000).
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2.5AssessingCoral bleachingusing aPAM fluorometer

To monitor bleaching by using intrusive techniques involves removing coral tissue to extract the
symbiotic dinoflagellates to measure the algal density, pigment content and tissue biomass
processes (Fitt et al., 2001). Quantifying enzymes of chloroplast membranes is also one of the
intrusive techniques, to identify coral bleaching from oxidative stress (Fitt et al., 2001). PAM
fluorometry is an efficient non-intrusive alternative method of collecting data in situ and in
laboratory conditions for monitoring the physiology of symbiotic dinoflagellates during coral
bleaching conditions. An optimum photosynthesis efficiency, Fu/Fm value is 0.5-0.65, and
depends on species and the water depth (Fitt et al., 2001). For a dark-adapted sample of M.
digitataand S. pistillata,their Fv/Fn were valued between 0.65 to 0.7, which is typical for marine
algae (Jones and Hoegh-Guldberg, 2001). If there is a decline in FW/Fmvalues, it not only shows
the algal stress or dysfunction, but also can reflect the seasonal or daily variation of a normal
photosynthetic efficiency of a coral (Fitt et al., 2001). In coral species of M. digitataand S.
pistillata, Fv/Fm showed a decrease during morning to noon, but increased during afternoons,
demonstrating that there is a diurnal change in the quantum yields (Jones and Hoegh-Guldberg,
2001). The reduced fluorescence is caused by inhibition of the photo-oxidizing side of PSII
during the heat exposure (Warner et al., 1996). When a chlorophyll molecule is in high radiation,
there will be changes in the PSII reaction centre and a decline in the D1 reaction centre protein
(Warner et al., 1999). The quantum yield of PSII that is measured by a PAM fluorometer shows
the status of the photosynthetic activity and can be proportional to oxygen production or carbon
dioxide uptake (Warner et al., 1999; Jones and Guldberg, 1999). Photoinhibition resulted from
the energy excitation from PSII, damages on PSII or both (Jones and Hoegh-Guldberg, 2001).
Coral bleaching has been related to thermal stress which lead to photoinbition in zooxanthellae

(Bhagooli and Hidaka, 2004). The heat stress can cause chlorophyll fluorescence quenching,
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where photochemical (gP)and non-photochemical (qN)components in the photosynthesis
process are separated (Jones et al., 1998). When thermal and light stress occurs, there will be an
increase of the reactive oxygen species (ROS) by the zooxanthellae, which damage the D1
protein in PSII (Hennige et al., 2001). In Jones and Hoegh-Guldberg’s (2001) study, bleaching
S. pistillata showed bleaching signs after being exposed to high light alone, indicative of
photoinhibition of algal photosynthesis. Fluorescence analysis can detect different
photosynthetic efficiency at specific sites in a coral colony (Warner et al., 1999). For Montipora
annularisspecies, during a heat stress of 31.5°C, its fluorescent maximum quantum vyield at the
uppermost location of the colony were lower than the sides of the colony (Warner et al., 1999),

probably because there are fewer zooxanthellae in the growing regions

PAM fluorometry has become the efficient method of collecting data in laboratory conditions
and also in situ for the information on photosynthetic state of symbiotic algae (Fitt et al., 2001).
Warner (2005) mentioned that Fv/Fm is the most commonly used parameter for assessing stressed

corals, because it is easy to use and understand.

In laboratory studies, bleaching can occur due to synergistic factors such as high temperatures,
high irradiance, high temperatures and nitrates or phosphates (Zhu et al., 2004; Wiedenmann et
al., 2013); or t chemical cyanide poison (Jones and Hoegh-Guldberg, 1999; Douglas, 2003). By
studying the chlorophyll fluorescence of coral species with short-term experiments with different
temperature-irradiance and temperature-nitrate may provide information on the susceptibility of
species towards bleaching conditions. S. pistillatashowed a decrease of F./Fm at 26°C combined
with high irradiance but Platygyra ryukyuensisad shown its Fv/Fm reductions started at 32°C
and above, with all light exposures (520 and 110 !'mol quanta m  s**) (Bhagooli and Hidaka,

2004). Hennige et al. (2011) found the different results of chlorophyll fluorescence measurement
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of bleaching tolerated coral, Porites aseroids and bleaching sensitive coral, M. faveolata

indicative of their thermal tolerance capabilities.

The relationship between fluorescence and photosynthesis is based on energy conversion theory
and biophysical models (Parkhill et al., 2001). The portable PAM fluorometer) was used to
examine the photosynthetic efficiency of endolithic algae inhabiting the skeletons of the corals
under elevated treatments. The photosynthetic quantum yield of a plant or alga can most
basically be defined as the amount of photosynthesis at a certain irradiance (P;) per quanta of
light (photons) absorbed (I.) by the photosynthetic pigments (Saroussi and Beer, 2007). The
PAM was calibrated so that the settings (gain = 7, damp = 2, measuring intensity = 7) produced
initial fluorescence (Fo) of ~300-500 when a weak pulsed blue light was applied (3!s pulses of
a light emitting diode, LED, peak emission at 650 nm) to dark-adapted corals of both species. A
saturating pulse of bright white light (8000 !mol quanta m !"s!# PAR, 800 mspulse width) was
then applied to give the maximal fluorescence value (Fm). The ratio of variable fluorescence (Fv,
where Fy=Fm- Fo) to Fm in a dark-adapted sample (dark-adapted F./Fm) was used as a convenient
measure of the maximum potential quantum yield (Jones and Hoegh-Guldberg, 2001). Most
research uses the method of putting the corals in dark-adaptation for 20 min before F./Fm was
determined for an optimum maximum quantum yield (Fv/Fm). It is recommended to set the
distance (5mm) (Ferrier-Pages et al., 2007) between the sample and the optic fibre of the PAM
as constant for each sample so that accurate measurement of chlorophyll fluorescence can be

achieved (Bhagooli and Hidaka, 2004).
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2.6 Water-PAM fluorometer

The Water-PAM fluorometer measures parameters such as chlorophyll content and
photosynthetic activity of aquatic species, allowing for the optical probe to be immersed. Thus,
this study used the instrument to achieve the objectives. Basically, PAM units consist of three
major components; the PAM-CONTROL universal control unit, fluorescence emitter-detector
unit and WinControl Windows software for operation with a computer. The PAM-CONTROL
universal control unit is the largest component of the instrument, and runs the PAM
electronically. The fluoresence emitter-detector unit contains an array of LED diodes with red
(650-660nm) for fluorescence excitation, actinic illumination and saturation pulses. The PAM

can be controlled by a computer by using the WinControl Windows software.

To collect data for the Water-PAM fluorometer, the samples need to be dark-adapted before
placing the emitter-detector unit within 5 mm of the sample to get maximum quantum yield
measurement. Data is accepted in the control unit as saturation pulses or known as rapid light
curves (RLCs). The PAM unit is able to store around 5000 data lines. The logged data can be
transferred to computer via WinControl software as a ‘Report file’. The fluorescence emitter
unit that was used in this study is the Mini Quantum Sensor US-MQS/QB. To get started, the
PAM-CONTROL unit is connected to the Water-PAM emitter detector unit and is set at PM-
GAIN 15 and OUT-GAIN 2 which are the effective standard settings. After pressing the START
key, the saturation pulse is triggered and yield measurement can be measured. The display of the

PAM-control is shown in Fig. 2.2.
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1: 445F 1739M ..C
F: 448 745Y ..E ..L

Figure 2.2: Displayed parameters on PAM-CONTROL screen after START Kkey is pressed.

1 Number count for each time the START key is pressed
445F Fluorescence yield (F) measured briefly before the last saturating light pulse

triggered by START: 445 is the example based of the display screen above.

1739M Maximal fluorescence yield (= Fm or Fm’)

...C Temperature in degree Celsius

F: 448 Momentary fluorescence yield displaying small fluctuations
745Y Yield-parameter

..E Relative of electron transport (ETR)

..L Light intensity in terms of PAR

In this study, the yield parameter by the saturation pulse method was recorded as Fv/Fm,
maximum quantum yield, for the assessment of the photosynthetic performance of the

sample.
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Chapter 3

Experimental Corals and Their Maintenance in Controlled Laboratory Conditions

In the present study, three Indo-Pacific coral species were used for the stress experiments of
temperature-light and temperature-nitrate. Stylophora pistillata Montipora digitata and
Seriatopora hystrixcame from a sustainable source and were maintained in laboratory
conditions pre-experiments. This chapter explains the experimental coral species and how they

are maintained in the laboratory.

3.1 Coral Stylophora pistillata

Figure 3.1: Coral Stylophora pistillata
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Figure 3.2: Distribution map of S. pistillatain the world (www.coralsoftheworld.org)

Stylophora pistillatg[Esper, 1797) colonies can be found in the Indo-West Pacific, Red Sea and
the Gulf of Aden, the southwest and northwest Indian Ocean, the Arabian/Iranian Gulf, the
central Indian Ocean, the central Indo-Pacific, tropical Australia, southern Japan and the South
China Sea, the oceanic West Pacific and the Central Pacific (Veron, 2017). Fig. 3.2 above shows
the distribution of S. pistillataall around the world (brown label). In the South China Sea, they
can be found at 3-11m seawater depth (Hoeksema et al., 2014). S. pistillatais highly variable in
morphology and has a broad biogeographic range (Red Sea to western central Pacific)
(Keshavmurthy et al., 2012) and is common in most shallow water reef areas as well as in deep
water and lagoons (Ferrier-Pages et al., 1999). Its characteristics are branching with blunt-ended
branches, thick and submassive (Veron, 2017). Colour ranges from uniform cream, pink, blue
or green, depends on the light types they get (Veron, 2017). In Malaysia, S. pistillatawere
recorded abundantly in Pulau Tioman (Harbone et al., 2000). It has been the focus of coral
research over the last four decades (Keshavmurthy et al., 2012) and has been used in most
biological and physiological studies (Ferrier-Pages et al, 1999). Besides being identified as a
thermo-tolerant species (Franklin et al., 2004), Koren et al. (2008) mentioned that this coral

species recovered easily from experimental handling and breakage fragments, and so it is a
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suitable sample for a laboratory-conditioned experiment. Riegl and Velimirov (1991) also
mentioned a similar finding, even though S. pistillatais among species that suffer the most
amount of damage in the Red Sea, but they are relatively fast growing and can tolerate repeated

breakage.

3.1.1Stylophora pistillatavs temperature and light

Hoegh-Guldberg and Smith (1989) found that in a reduced salinity or elevated solar irradiance
condition, S. pistillata and S. hystrix displayed rapid expulsion of symbionts, but the
zooxanthellae density returned to normal during recovery time in 19 days. S. pistillatawas used
to examine the effects of increased light, increased temperature and combinations of increase
light and temperature by measuring photosynthetic efficiency; oxidative stress, cell viability and
the algae morphology in studies of Franklin et al. (2004). Under short-term thermal stress, the
coral’s DNA was damaged more than in the coral Porites cylindricalafter a stress of high
temperature; 32°C for 5 days (Fitt et al., 2009). Franklin et al. (2006) also proved that high light
and high temperature stress (31C (+1), 1,100 (x100) 'mol m 2 st may cause the mortality of the
symbionts within the coral. S. pistillatableached after dark stress, and recovered in 30 days after
being returned to a light condition (Koren et al., 2008). S. pistillatawas also found to adapt to a
reduced light intensity, by an increase in both of chlorophyll concentration and zooxanthellae
population density (Titlyanov et al., 2000). In the Red Sea, this scleractinian hard coral of the
shallow area, showed a lower maximum quantum vyield (F./Fm) than deeper growing ones
(Winter et al., 2003) and a study by Putnam et al. (2008) has proved that temperature may affect

settlement and physiology of the species coral larvae.
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Table 3.1:Summary of Stylophora pistillatacorals stress experiments of the latest references.

Coral species

Treatments

Results

Citations

S.pistillata and

reduced salinity or

Rapid expulsion of

Hoegh-Guldberg and

S. hystrix elevated solar zooxanthellae Smith (1989)
irradiance condition
S. pistillata combinations of measuring Franklin et al., 2004
increase light and photosynthetic
temperature efficiency; oxidative
stress, cell viability
and the algae
morphology
S. pistillata High temperature; DNA was less more  Fitt et al., 2009
32°C for 5 days than Porites
cylindrical
S. pistillata High temperature Coral symbionts’ Franklin et al., 2006
and high light; 31C  mortality
(1), 1,100 (+£100)
Imol m 2 st
S. pistillata Darkness stress Corals bleached and  Koren et al., 2008
recovered in 30 days
after returned to a
light condition
S. pistillata Reduced light Increased in Titlyanov et al., 2000
intensity chlorophyll
concentration and
zooxanthellae
population density
S. pistillata Shallow and deeper ~ Lower maximum Winter et al., 2003

water depth

quantum yield
(Fv/Fm) than the
deeper growing

ones.
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S. pistillata 23°C, 25°C Settlement and Putnam et al., 2008
(ambient), 29°C at physiology of the
light intensities of species coral larvae

150 mol photons m?  were affected.

st
S. pistillata High temperature; Reduction and less Bhagooli and
34°C recovery in Fv/Fm Hidaka, 2003
of isolated
zooxanthellae than
normal temperature
(28°C) under all
light conditions.
S. pistillata Light: 0, 110, 520, Paling and high Bhagooli and
1015 'mol quanta mortality. Hidaka, 2004
m2s?and

temperatures; (26,
32 and 34°C)

3.1.2Stylophora pistillatavs nutrients

S. pistillatawas found to respond significantly (by bleaching) towards excessive inorganic
nitrogen with the concentration of 0.001 mmol/L of ammonia or nitrate (Baohua et al. 2004).
But in a similar study, the nitrate enrichment of 2 IM did not significantly change the
zooxanthellae density or the photosynthesis rates for this specific coral species. Because the reef
ecosystem is low in inorganic nutrients, Grover et al. (2003) studied the nitrate uptake by S.
pistillata under high ambient nitrate concentration, high low nitrate concentrations, under
different light intensities and with and without high ambient ammonium concentrations. The
study found that the uptake of nitrate might be dependent on light intensities when corals are

taking up both ammonium and nitrate. High nutrient, high-PCO, water of the Waikiki Aquarium
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in Hawaii has supported growth of all the coral communities, including S. pistillata(Atkinson
et al., 1995). Wiedemann et al. (2012) suggested that increased levels of dissolved inorganic
nitrogen with limited phosphate concentrations can increase susceptibility to temperature and
light-induced bleaching. According to Yuen et al. (2008), in a long term studies of nitrate
enrichment effects on this specific coral species over 12 months, the survival rate, zooxanthellae
density and maximum quantum yield (Fv/Fm) showed that S. pistillatacan tolerate elevated
nutrient levels better than fast-growing Acroporaspp. S. pistillatais one of the species that were
used in this study to know its susceptibility towards high and ambient levels of nitrate combined

with high and ambient levels of temperatures.
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3.2 Coral Montipora digitata

Figure 3.3 Coral Montipora digitata
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Figure 3.4: Distribution of Montipora digitatain the world (www.coralsoftheworld.com)

Montipora digitata(Dana, 1846), belong to the Acroporidae family. Their colonies are digitate
or arborescent with anastomosing upright branches (Veron, 2017). The corallites are immersed
and small, especially in colonies from typical shallow water. The colours are pale cream or
brown, sometimes pink or blue (Veron, 2017) depending on type of irradiance they receive daily
(www.marinespecies.com). This species is found in Eastern Africa, Madagascar, Seychelles,
Mauritius, Chagos Archipelago, northern Maldives, western India, Sri Lanka, Myanmmar,
Thailand, Southeast Asia, Vietnam, southern Japan, Papua New Guinea, southwest to northeast
Australia, Solomon Islands, Vanuatu, New Caledonia, Palau, Micronesia, Marshall Islands and
Fiji (DeVantier et al., 2008). The map of Fig. 3.4 has shown the world’s distribution of this coral
species. One of its native countries is Malaysia (DeVantier et al., 2008). Toda et al. (2007)
mentioned that Montipora-Acroporasp. was the most common coral community on islands

along Peninsular Malaysia.

Montipora digitatais a life form colony which is branching and relatively fast-growing coral
species, but highly susceptible to environmental influences (Heyward and Collins, 1985;
Damayanti et al., 2011). Based on its branching morphology, M. digitata was found to be

unaffected by thermal and turbidity stresses on Okinawa Island between 1995 until 2009 (Hongo
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and Yamano, 2013). Li et al. (2008) found that branching species such as Montiporaspp. have
lower zooxanthellae density which makes them more susceptible to bleaching, than in massive
species such as Poritesspp. The bleaching susceptibility of coral taxa were based on the clade
of the Symbiodiniurrspp, referring to LaJeunesse et al. (2003). They found that M. digitata
which were considered as ‘bleaching-resistant’ carried Symbiodiniumspp. of C15, and
distinguished it from most montiporid symbioses that are thermal-stress-sensitive (LaJeunesse
et al.2003). Stimson et al. (2002) also reported on the bleaching survivor species of M. digitata
at Sesoko Beach and categorized it as a low mortality species, comparing the aspects of having
higher densities of zooxanthellae per square centimeter and a very low rate of release of degraded
zooxanthellae. Moreover, on bleaching susceptibility, in Kenya in 1993, the Montipora spp.
were the only genera that bleached completely (100% of the colony), while none of the Acropora
colonies were bleached (Souter and Liana, 2005). The study of Ward et al. (2000) in Heron
Island found that mass bleaching of 1998 affected the reproduction of corals of all Montipora
spp., including M. digitata. The bleaching had reduced the energy available to the coral because
it had lost a great amount of its symbiotic dinoflagellates. This coral species showed no bleaching
response and only minor photochemical changes in its symbiont, in a thermal and light stress
experiment at 33°C (Krueger et al 2015). This study compared the response of symbiont and
host enzymatic antioxidants in this tolerant coral (Krueger et al. 2015). Yakovleva and Hidaka
(2004) studied this coral species at 24°C and 31°C and high light (1200 !mol quanta m -?s'!) and
it showed that the species had significant reduction in photochemical efficiency (Fv/Fm) at both
temperatures. Bleaching is most pronounced in shallow waters and particularly affects fast-

growing species including Montiporaspp. (Jonsson, 2003).
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3.3 Coral Seriatopra hystrix

Figure 3.5 Coral Seriatopora hystrixor the experiments

Figure 3.6 Distribution map of Seriatopora hystrixn the world (www.coralsoftheworld.com)
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Seriatopora hystrixolonies form extensive stands which their branches are thin and tapered to
a point; hence they have a needle-like appearance. However, the thickness and length of the
branches depend on the wave action in their habitats (Veron, 2017). It can be found in the Indo-
West Pacific, Red Sea, Gulf of Aden, the southwest and central Indian Ocean, the central Indo-
Pacific, tropical Australia, southern Java and the South China Sea, the oceanic West Pacific and
the central Pacific and it is a native species in Malaysia, as shown in Fig. 3.6. (Hoeksema et al.,
2014). It is usually found in shallow tropical reef environments, especially intertidal reef flats
(Hoeksema et al., 2014). S. hystrixis can be found from 3-15 m and deeper from 18-20 m, in the
South China Sea (Titlyanov and Titlyanova, 2002) and it can form fields 1m across. (Hoeksema

etal., 2014).

Because it is geographically widespread; this coral is a suitable species to examine the processes
of ecological diversification and local adaptation of corals, as in the study of Bongaerts et al.
(2012). S. hystrixs known as a thermal-sensitive coral, as in Hoegh-Guldberg and Smith (1989),
the corals bleached rapidly when exposed to water temperature above 30°C, which had reduced
the expulsion rate of zooxanthellae up to 7-hour exposures. But the corals did not respond toward
reduced salinities and sudden increases in solar irradiance (Hoegh-Guldberg and Smith, 1989).
When looking at the effects of bleaching at the molecular level, S. hystrixmay acclimate to
fluctuating temperatures by increasing its capacity for photosynthesis (Mayfield et al. 2012).
The study was focused on the maximum dark-adapted quantum yield of PSII, Symbiodinium
MRNA and its growth after exposed to stable water temperature of 26°C and 6°C fluctuation
over a 12 h period for 7 days. This species had shown no significant differences of photosynthetic
quantum yield of shallow 1 m coral and deep 60m coral (Nir et al. 2011). In a study of examining
temperature effects on coral’s Fu/Fn, it is found that S. hystrixcorals had a reduction in Fv/Fm

during the exposures to temperatures of 22°C, 24°C, 26°C and 28°C (Zartler, 2012).
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3.4 Collection and Maintenance of the Corals

In this study, three hard coral species were used for the temperature-light and temperature-nitrate
stress experiments. Stylophorapistillata, Montipora digitataand Seriatopora hystrixhave
similar morphological structure but different levels of bleaching susceptibility. They were
chosen because of their high and moderate susceptibility to bleaching, fast growth, and
abundance in Malaysian waters (Mazlan et al., 2005; Loh et al., 2001). The corals nubbins of the
species were originally from Sustainable Sources Ltd, a coral supplier situated in York, United
Kingdom. The corals were cultured from mother colonies which were in captivity for at least
five years. The corals originated from a customs seizure of an illegal shipment from Indonesia,
and were maintained in Sustainable Sources culture facility under metal halide lighting (400w
lamp, 10 00K) for 8 hours daily, in artificial seawater of salinity between 32-36ppt and
temperatures range from 22.5 to 27°C. The corals were not specifically fed in their system (A.

Sharp, personal communication, December 1, 2015).

The corals were delivered by courier from York within 12 hours in a polystyrene box, with 3-5
coral nubbins in plastic bags, each filled with warm seawater for a few hours. After being
delivered, the corals were acclimatised by placing the plastic bags containing the nubbins into
aquaria for 10-15 minutes, to stabilize the water temperatures. Later, corals were put in a large
water bucket in their supplied water, to which aquarium tank water was added by dripping it
very slowly using a tube (Figure 3.7). The reason for doing this is to let the corals adapt and
adjust slowly to the new environment after being shipped. Even a short shipping time in a
container can cause the coral to be shocked. From time to time, the water in the bucket was
checked for its salinity, temperature and pH to see if the parameters match with the aquarium

tank. When done, the corals were transferred into the tank. For the first few weeks, the corals
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were placed at mid tank or lower levels, to keep away from direct light. Some corals excreted
mucus at the beginning but slowly adapted to the new surroundings. Mucus release is a defence

against a multitude of environmental stresses (Brown and Bythell, 2005).

Figure 3.7: Acclimation process for the delivered corals to a new aquarium environment, where
corals were put in a large water bucket, filled with the new tank water by dripping it very slowly

using a tube.
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All of the coral species were maintained in a 100-L aquarium tank with sea water flow-through
(3100 L/h), with fresh filtered seawater pumped directly from the Menai Strait. The water
temperature was 26-27°C, equivalent to the tropical sea ecosystem. Corals were exposed to light
intensity of 200 !'mol quanta m!"s!#, on a 10h light /14h dark cycle, under a metal halide (HQ}
TS 400W; Philips, France). Acrylic covers were used to reduce ultraviolet (UV) radiation, to
keep the corals at optimum light, to avoid radiation induced bleaching (Csaszér et al., 2010).
Tanks were cleaned once a week to remove algal growth. Corals were maintained under these
conditions prior to the experiments for 1 month for adaptation and stability in a new

environment.

Figure 3.8 Agquarium temperature control during maintenance conditions (day and night) in

which temperatures vary by up to 1 degree across a day.
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3.5Experimental tank system

An experimental tank system for this study was designed as in Figure 3.9. Before an experiment
started, the heater was set for a specific temperature in the experimental tanks (without putting
in the corals yet) and left to stabilise for 3 hours. The temperature in each tank was monitored

throughout the experiment to ensure that temperatures remained stable.

Figure 3.9 Diagram shows the tank system set up for both experiments in this study;
Experiment 1: high/ambient temperature and light stress treatments and Experiment 2:

high/ambient temperature and nitrate stress treatments for three coral species in a laboratory.
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For both experiments, the tank system consisted of 3 aquaria (50 | each) which were used for
each treatment as replicates (Figure 3.9). All experimental aquaria were aerated by spreader bars
to make sure the water was evenly heated. A strong powerhead pump was used in each aquarium

tank to circulate the water. In each aquarium, the coral pieces were placed randomly.

3.6 Coral Husbandary

Aquariums were cleaned by lightly scraping the tank glass every day to get rid of any nuisance
algae growth. A few snail Trochussp. were being kept together with the corals to control algae
and diatom blooms. Each week, corals were removed from the tanks for growth rate
measurement; white tips on the coral nubbins indicated that they are growing. Water quality was
checked daily (25-27°C temperature, less than 2ppm nitrate, 0.1 ppm phosphate and 7.7-7.9 pH)
and each week a 10 to 20% water partial change was undertaken. During the water changes,
corals were not handled to avoid stressing them, but rather the water was siphoned out by using
a pipe and the corals kept underneath the water surface throughout the water changes process.
Corals were not fed for the husbandry period. The use of water with correct parameters such as
salinity, temperature, pH and calcium are the basic concern to maintain healthy corals (Calado
et al., 2017). Water flow is an important environmental parameter that can influence the coral
quality (Kandorp and Kubler, 2001) and hence a good strong pump (3100 L/h 5W, model

NWA3000) was employed.
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Figure 3.1Q CoralWatch Coral Health Chart by CoralWatch.org.

For coral maintenance, the Coral Warch coral health chart was used to identify the healthiness
of corals by their colours (Coral Watch, 2008). The colour charts are based on the actual colours
of bleached and healthy corals (Coral Watch, 2008). Each of the colour squares on the chart
defines the concentration of symbionts contained in the coral tissue, which is linked to the coral’s
health (Coral Watch, 2008). This standardized colour reference card for corals (Figure 3.10), is
an inexpensive, user-friendly technique and can be used for rapid, wide-area assessment of
changing coral condition (from normal to bleaching state) without sacrificing the corals (Siebeck

et al., 2006); an important consideration here. In this study, the technique of comparing the coral
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nubbin colour with the coral health chart is based on Siebeck et al. (2006). For the daily coral’s
maintenance in this study, the health chart is held near the coral colony and matched with the
colour score (1-6). A consistent sampling strategy was used by taking measurements at distance
of 3cm from the coral’s tip, to avoid colour variations that can be usually found in and around
the axial polyp (Siebeck et al., 2006). The CoralWatch Coral Health Chart has a six-point scale
which changes in coral colouration (Coral Watch, 2008). A colour score difference larger than
2 score indicates a significant change in symbiont density and chlorophyll a content and thus
bleaching state (Siebeck et al., 2008). However, during the maintenance and coral colour check,
none of the corals showed a difference of 2 scores, which means the corals are maintained in
normal and healthy state throughout the maintenance period. In this study, S.pistillata exhibits
a colour scale of C1 to C6, and the healthy state of this coral species is recorded between score
C4-C5. While for M. digitataand S. hystrix their colour score is D1 to D6, and their normal
healthy colours are scoring as D4, D5 or D6. The average coral colour scale is shown in Figure

3.10, where average colour score for S. pistillatais C4, M. digitatais C5 and S. hystrixis C4.
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3.7 ThesisHypotheses

1.

3.!

The combined stressors of high-ambient temperature, and light and nitrate levels, may
decrease photosynthetic performance of corals measured by the maximum quantum
yield of chlorophyll fluorescence (Fu/Fm) for all the coral species of S. pistillata, M.

digitata and S. hystrix

I Changes in photosynthetic capacity of the corals species may be seen in the recorded

maximum quantum yield of experimented corals before and after stress. A decrease in
photosynthetic capacity can be caused by photoinhibition which interrupts the
photosynthetic activities for growth and energy flow.

Coral species may be changed in their physical appearance in terms of their pale
colouration and mortality level for highly susceptible corals like M. digitata and
thermal-sensitive corals like S. hystrix.The physical appearance changes are related to

the corals morphology.

3.8 ThesisObjectives

1.

2.!

To measure the photosynthetic performance of corals by recording maximum quantum
yield of chlorophyll fluorescence (Fv/Fm) in S. pistillata, M digitata and S. hystriin
stress treatments of (a) ambient (27°C, 200 !mol quanta m !"s!#), (b) high light (27°C,
520 !'mol quanta m !"s!l#), (c) high temperature (30°C, 200 !mol quanta m!"s!#) and (d)
high temperature + high light (30°C, 520 'mol quanta m !"s!#).

To record the maximum quantum yield of chlorophyll fluorescence (Fv/Fm) of coral

species; S. pistillata, M. digitata and S. hystrix stress treatments of (a) ambient (27°C,

200 !mol quanta m !"s!#), (b) high light (27°C, 520 'mol quanta m!"s!#), (c) high
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temperature (30°C, 200 Imol quanta m !"s!#) and (d) high temperature + high light (30°C,
520 'mol quanta m !"s!#); to assess the coral’s resilience towards the stressors.

3.! To differentiate changes in quantum yield fluorescence among the three corals species;
S. pistillata, M. digitata and S. hystridefore stress, after stress and after 24-h recovery
stage.

4.! To record the changes in physical appearance (paling and colour) of each coral species
before and after the stress treatments; to relate the Fu/Fm with the physical appearance

corals.
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Chapter 4

An analysis ofsurvey resultsof corals from Reef Check Malaysia ad NOAA

4.1 Introduction

This chapter investigates the historical pattern of coral bleaching events in 2009 until 2011 using
the Reef Check Malaysia database and NOAA Coral Reef Watch’s operational twice-weekly
global 50-km satellite coral bleaching monitoring products. This approach should reveal the
pattern of bleaching episodes of corals against the bleaching predictions and reports from remote

sensing data of NOAA.

Since 1990s, mass coral bleaching events has been reported. These events occur due to
anomalously warm ocean water and significantly contribute to degradation of coral reefs ecology
(Liu et al., 2014). Every ocean varies in their peak time of bleaching, for instance July until
September for northern Atlantic and Pacific Oceans, January until March for the southern
Atlantic and Pacific Oceans, April until June for the northern Indian Ocean and January until

April for the southern Indian Ocean (Liu et al., 2014).

The Reef Check data and relates it with 50-km monitoring product of Degree Heating Week
Coral Reef Watch for 2009 until 2011 in Peninsular Malaysia and East Malaysia. The hypothesis
of this work is that satellite data and in situ coral reefs substrate survey can be useful predicting

bleaching for Malaysian coral reefs.
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4.1.1Reef Check Malaysia

Since 2001, Reef Check Malaysia has been monitoring coral reefs to assess their health in
selected islands all over Malaysia (ReefCheck, 2009). Involving volunteer recreational divers
and marine scientists, Reef Check undertook 50 surveys in Peninsular Malaysia and 65 surveys
in various parts of Sabah and Sarawak, East Malaysia. By using the concept of ‘indicator
species’, data from the monitoring methodology helped scientists and managers to keep track of
the changes of reef health every year (ReefCheck, 2009). The “Indicator species” were the
marine organisms on the reef living amongst corals and were identified to provide information
on the coral reef’s health (Chelliah et al., 2014). The Reef Check surveys are conducted along
two depths of 3m to 6m and 6m to 12m. They set up a 100 m transect line, and four 20 m transects
were surveyed. There are four replicates per transect (8 per complete survey) for statistical data

analysis (ReefCheck, 2015).

The regular basic monitoring methodology can give early warning for any deleterious reef
changes (mostly by human impacts), and give opportunities to managers to carry out any
management actions to save the corals (Chelliah et al., 2014). Reef Check monitoring
methodology surveys can infer that the corals’ degradation was caused by varying levels of local

threats (such as tourism and destructive fishing methods).
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Table 4.1:The threats to corals and coral reefs in Malaysia in 2010

Western Coast of Eastern Coast of Sabah and
Threat Peninsular Malaysia  Peninsular Malaysia Sarawak

Fishing intensity 4 3 5
Fishing damage 3 3 5
Fish blasting 2 2 4
Gleaning 2 1 3
Boat scouring 2 3 4
Population pressure 4 3 4
Sedimentation 5 3 3
Domestic and

agriculture pollution ’ ° :
Industrial pollution 3 1 1
Oil spill 2 1 2
Disease and predation 2 4 3
Dredging 2 1 2
Coral mining 1 1 3
Tourist activities 1 2 2
Coral bleaching 1 1 1

Scale:

1 = none to rare; 2 = very low concentration; 3 = some damage; 4 = medium to high damage; 5
= very high, high stress, very damaging.

Source: Asian Development Bank, 2016.
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4.1.2NOAA Coral Reef Watch (NOAA CRW)

The NOAA Coral Reef Watch (CRW) program’s satellite data give the current reef
environmental  conditions to identify areas at risk of coral bleaching
(http://coralreefwatch.noaa.gov). CRW is a product of the U.S. National Oceanic and
Atmospheric Administration (NOAA) which uses satellites to record twice weekly 50-km
Bleaching Alert Area (https://coralreefwatch.noaa.gov/satellite/baa.php) based on sea surface
temperature (SST) monitoring. CRW is a long-term monitoring of physical environmental
conditions of coral reef ecosystems worldwide (Liu et al., 2013). These satellite thermal stress
monitoring products are a suite for predicting coral bleaching, including: SST, SST Anomaly,
Coral Bleaching HotSpots, coral bleaching DHW, Bleaching Alert Area, Virtual Stations and a
Satellite Bleaching Alert (SBA) email system (Liu et al., 2013). The data and satellite images

can be freely accessed online at: http://coralreefwatch.noaa.gov.

Satellite remote sensing gives synoptic views of worldwide oceans in near-real-time and can
monitor remote reef areas (NOAA, 2011). In 1977, NOAA had produced web-acessible, satellite
derived, global near-real-time nighttime sea surface temperature (SST) to alert on coral
bleaching condition and can also assess the bleaching intensity (NOAA, 2011). The SST product
is a twice-weekly night-time sea surface temperature field based on 50km resolution
measurements from the Advanced Very High-Resolution Radiometer (AVHRR) on a NOAA
polar orbiting satellite (NOAA, 2011). The 50-km resolution data are the average of multiple
temperature observations, weighted by distance from pixel center, out to a maximum of 150km

(NOAA, 2011).
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Degree Heating Weeks (DHW) indicate the accumulation of thermal stress that coral reefs
experienced over the past 12 weeks (NOAA, 2013). DHW generated satellite bleaching
warnings and alerts are a 12-week accumulated HotSpot which are greater than 1°C. It is
accumulated data for up to 3 months and the most current product update. Developed in 2000, it
shows that more than 1°C of seawater temperature, above the mean summertime maximum, can

cause thermal stress to corals, which possibly can lead to bleaching or mortality.

This chapter is to study the Reef Check data and relates it with 50-km monitoring product of
Degree Heating Week Coral Reef Watch for 2009 until 2011 in Peninsular Malaysia and East
Malaysia. The hypothesis of this work is that consist use of satellite data and in situ coral reefs

substrate survey can be useful predicting bleaching for Malaysian coral reefs.

4.2 Methodology

Reef Checks surveys involved 50 sites in Peninsular Malaysia and 47 in East Malaysia, which

involves main islands in Peninsular and four main islands in East Malaysia. The monitoring
surveys were conducted along two depth contours (3m to 6m and 6m to 12m depth). Transect
line of 100m is used where 20m transects are surveyed and separated by 5m. Four replicates per

transects are done and there are 8 per complete survey. List of surveys sites is listed in Appendix.

Two environmental variables to detect coral bleaching were examined for the islands around
Peninsular Malaysia and East Malaysia. (i) Sea Surface Temperature (SST) (ii) Degree Heating
Week Coral Reef Watch (DHW CRW). The Sea Surface Temperature (SST) database was
acquired from the Coral Reef Temperature Anomaly Database (CoORTAD) Version 5. CORTAD
Version 5 is approximately 4km resolution SST data on a weekly time scale from 1982 until

2012, from Pathfinder Version 5.2 (NODE, 2017). In this study, only 2010-2011 data were
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downloaded from CoRTAD, using Panoply and CoastWatch software. Panoply software plots
geo-referenced data compatible with NOAA CoRTAD datasets in format of netCDF,
THREDDS and HDF. CoastWatch software is a free software package for reading the satellite
data in HDF format as well. CRW’s SST anomaly is produced by subtracting the long-term mean
SST from the current value (NOAA, 2017). 2010-2011 data used a spatial resolution of 0.5
degree (50km), twice-weekly updated. The colour range of temperature anomalies displayed on
the SST anomaly charts is -5.0 to +5.0 jC. and the images of archived SST anomalies for 2010
and 2011 are available from the CRW website, along with the operational 0.5-degree monthly

mean SST climatologies (NOAA, 2017).

Coral bleaching Degree Heating Weeks (DHW) by NOAA Coral Reef Watch (CRW) are
accumlulated heat stress indicators of coral bleaching and death. Measured by Coral Bleaching
Hotspots greater than 1jC in 12-week period, it is a direct relation of the timing and intensity of
coral bleaching. It is a cumulative measurement of the intensity and duration of thermal stress
and the unit is jC per week. The scale is from 0 to 16;C —weeks (NOAA, 2017). DHW over
4;C-weeks can cause significant coral bleaching, over 8jC-weeks have been shown to cause
widespread bleaching and mortality (NOAA, 2017). Bleaching data between 2010 and 2011
were collated to evaluate the bleaching trend in Peninsular Malaysia and East Malaysia using

Annual Reef Check survey and SST-DHW from CoRTAD Version 5.
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Table 4.2: Coral bleaching thermal stress levels based on the current values of the NOAA CRW
operational 50-km Coral Bleaching HotSpot and Degree Heating Week (DHW) products

(www.noaa.gov)

Stress Level Definition Potential Bleaching Intesity
No Stress HotSpot! 0O No Bleaching
Bleaching Watch 0 < HotSpot <1
Bleaching Warning 1! HotSpotand 0 < DHW <4 Possible Bleaching

Bleaching Alert Level 1 1! HotSpotand 4! DHW <8 Bleaching Likely

Bleaching Alert Level 2 1! HotSpotand 8! DHW Mortality Likely

Data analysis

Reef check raw data were calculated the mean, standard deviation, standard error and were

analysed using One-way ANOVA for its statistical analysis. All data were checked for

assumptions of normality and homogeneity of variances.
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4.3 Results

4.3.1Survey analysis from Reef Check monitoring surveysin 2009 and 2010

Figure 4.1 Location of surveyed islands in Peninsular Malaysia, by Reef Check Malaysia.

Figure 4.2 Location of surveyed islands in Sabah, East Malaysia, by Reef Check Malaysia.
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Figure 4.3 Location of surveyed islands in Sarawak, East Malaysia, by Reef Gladaksia.
In 2009 and 2010, Reef Check had collected data from 50 survey sites in Peninsular Malaysia
(Figure 4.2) and 65 in East Malaysia (Figure 4.3 and Figure 4.4). This includes five main islands
off Peninsular Malaysia’s East Coast inside Marine Protected Areas, which are; Aur, Perhentian,

Redang, Tenggol and Tioman islands.

2009 surveys reported that at Perhentian Island, live coral cover (LCC) was found to be slightly
reduced by 1% from 2008 to 2009 records and ReefCheck (2009) reported that the reefs were
not under serious threat. New hard coral growth was observed at one site of Perhentian, Tanjung
Besi, (ReefCheck, 2009). For 2010, Lighthouse, Perhentian Kecil Island shows the highest Reef

Killed Coral (RKC) at 22.5%.
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In 2009, Redang Island, at the site of Paku Besar Island (off Long Beach), recorded 23% hard
coral lost and an increasing Nutrient Indicator Algae (NIA) level from 6.3% to 26.9% (from the
year 2006) (ReefCheck, 2009). In Tenggol island, hard cover increased from 34.4 % to 41.4%
and NIA declined from 2007 until 2009. In Tioman island, the reef condition improved on Pirate

Reef only — elsewhere the hard coral cover decreased by 15%.
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Figure 4.4: Percentage of substrate type (LCC = Live Coral Cover, CB = Coral Bleaching, NIA
= Nutrient Indicator Algae, RKC = Recently Killed Coral). The data were recorded during
surveys in islands of Peninsular Malaysia in 2010 (between May and July), by Reef Check

Malaysia.

Figure 4.4 shows the percentages of Live Coral Cover (LCC), Coral Bleaching (CB), Nutrient
Indicator Algae (NIA) and Recently Killed Coral (RKC) of surveyed islands in Peninsular
Malaysia in 2010. The list of the site locations is listed in Appendix Table C.1 and C.2. For
Peninsular Malaysia in 2010 there are recorded data on coral bleaching compared to 2009

surveys. There were 8 out of 23 site locations with recorded coral bleaching. Tanjung Besi of
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Perhentian Island had 85% of bleached corals during the mid June 2010 survey. They did not

state the cause of the bleaching in the data, but the 2010 massive coral bleaching event in

Malaysia started in mid-April to June (Reef Check, 2012). 75% of coral bleaching was recorded

in Pirate Reef, Tioman Island, one of the islands that had the worst bleaching event in June until

August 2010 (Reef Resilience, 2014).
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Figure 4.5 Percentage of substrate type (LCC = Live Coral Cover, CB = Coral Bleaching, NIA

= Nutrient Indicator Algae, RKC = Recently Killed Coral). The data were recorded during live

surveys in islands of East Malaysia in 2010 (between May and July), by Reef Check Malaysia.

In East Malaysia, for 2009, 65 surveys were conducted in Miri, Pulau Gaya, Kudat, Lankayan

and Semporna. Only in Miri, the corals were categorized as ‘good’ (60.5% live coral cover) but

in other places is “fair’ condition, based on the Coral Reef Health Criteria. High percentages of

Recently Killed Coral (RKC) (average 9%) was the main concern in Lankayan reefs, which

reported that Crown of Thorns predations is the cause for the RKC (Reefcheck, 2009).
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In 2010, there were records of coral damage by old dynamite fishing and heavy storm damage
in a few site locations (Cahaya Way, Coral Garden Mataking, Malohon, Old House Reef). The
highest NIA (20.6%) and RKC (7.5%) in 2010 survey is Lycia Garden, situated in Lankayan,

Sabah.

4.3.2Coral bleaching and Degree Heating Weekm Malaysia for 2009 and 2010

Raw data obtained from Reef Check Malaysia recorded the percentage of coral bleaching, and
this was examined along with the coral bleaching alert and degree heating weeks (DHW)
products of NOAA to place field observations in context provided by remotely sensed products.
2009 surveys reported low to high bleaching severity from June to September in the whole of
Malaysia. The massive coral bleaching event happened between May and July 2010 and
bleaching was recorded for Perhentian and Tioman islands in June 2010, by ReefCheck Malaysia
(Table 4.3). In Tioman Island, bleaching was 85%, live coral cover was 40%, no NIA was
detected on the substrate and 2.5% of recently killed coral was seen. For Tioman island bleaching

event, coral mortality was documented (Table 4.4).

For this study, Reef check survey data was correlated with NOAA CRW daily 50-km Sea
Surface Temperature (SST) product to identify the highest temperature in Perhentian and
Tioman island in June 2010 (Figure 4.6). The temperature was shown to cause bleaching in both
islands during the time. Even though the colour pixels were uniform all along the East Coast and
West Coast of Peninsular Malaysia; only two islands had coral bleaching during Reef Check
Survey data for 2010. Other islands such as Redang, Pangkor and others on the list of site
locations of this survey, were believed to have no bleaching event. However, Tan and Heron

(2011) reported that there were 54 surveys in Redang island (East Coast of Peninsular Malaysia)
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where bleaching was found as deep as 25 meters but none was recorded elsewhere. 75-90%
bleaching was reported in Tioman together with Tinggi and Sibu island, East Coast of Peninsular
Malaysia (Tun et al., 2010) which Tinggi and Sibu island were not listed as site location for this

survey.

CRW Degree Heating Week was extracted from CoRTAD datasets, for Perhentian and Tioman
islands during the June 2010 massive bleaching event (Figure 4.7). Perhentian island showed
10-12°C of DHW values and Tioman showed 5-9°C of DHW values. Both locations show DHW
values of more than 8°C-weeks, which indicated widespread bleaching and significant mortality

(NOAA, 2017).

Table 4.3 Reef Check Malaysia surveys in June 2010 had recorded bleaching corals in four

locations of Perhentian and Tioman islands.

Coral
Island Site location Bleaching
(%)
Perhentian D’lagoon 45
Lighthouse 5
Tanjung Besi 75
Tioman Pirate Reef 85
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Table 4.4 Recorded of mortality corals by species during 2010 mass bleaching event in Tioman

island.
Location and Coral species Percentage of coral
year mortality

Tioman island 2010 Porites 46%
Pocillopora 39%
Acropora 26%

Montipora 17%

Pavona 11%

Fungia 4%

Goniastrea 4%

Platygyra 2%

Perhentian island No record
2010
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Figure 4.6 Sea surface temperature (SST) for 50km target identifying the temperature in
Perhentian and Tioman island in June 2010 was 31°C, by the colour pixel on the image. This
image is from NOAA coral reef watch satellite sea surface temperature for 2010 annual

maximum composite, extracted from www.noaa.gov and Google Earth.
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Figure 4.7. CRW Degree Heating Week for Perhentian and Tioman islands during June 2010
massive bleaching event. Perhentian showed 10-12°C of DHW and Tioman showed 5-9°C of

DHW. This DHW values equivalent to the reported bleaching at these two locations.
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Table 4.5:Coral bleaching survey data in site locations in East Malaysia in 2009

vear . : Coral Bleaching Seawater
Site location . Coral type
Severity temperature

2009 Anemone, Miri Low and medium  Encrusting and 30;C
plate corals

Eve’s Garden, Miri Low Not mention 30;C

Unknown location, Miri High Encrusting and 30;C
plate corals

Siwa Reef, Miri Medium Encrusting and 29;C
plate corals

Sunday Reef, Miri Medium Plate corals 30;C

Santak Reef, Miri High Encrusting and 29;C
plate corals

Tukau Reef, Miri High Encrusting and 29;C

plate corals

For East Malaysia (Table 4.5), 2009 surveys reported low to high bleaching severity in site

locations in Miri Sarawak, which mostly affected encrusting and plate corals in 29-30°C water

temperature. It occurred during June until September 2009.

This bleaching data in Sarawak was consistent with the NOAA Coral Reef Watch (CRW) twice-

weekly 50-km satellite coral bleaching Degree Heating Week (DHW) product. For Sabah state

of East Malaysia, Reef Check Malaysia did not have any bleaching corals data for 2009.

However, from DHW NOAA, there is a purple colour dot in the satellite image, indicating DHW

of 14-16jC-weeks. Reef Check Malaysia may not have been completed for all locations in

Sabah.

123



Sabah

Sarawak

Figure 4.8 Satellite coral bleaching monitoring by Degree Heating Week metric by NOAA
Coral Reef Watch (http://coralreefwatch.noaa.gov/satellite) showing the arrow to blue dot in
Sarawak and circled purple dot in Sabah, East Malaysia. This image was consistent with the
Reef Check Malaysia coral bleaching 2009 survey data for Sarawak, but there was no bleaching

data recorded for Sabah.
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Figure 4.9 NOAA Coral Reef Watch annual maximum satellite coral bleaching Degree Heating
Weeks for June 2010. This map is zoomed onto the Malaysian map to show the maximum
Degree Heating Week during the 2010 mass bleaching event in Malaysia. Along the East Coast
of Peninsular Malaysia, the degree celcius colour pixel was blue to yellow (red box) (2-8°C) and

for East Malaysia, the degree celcius colour pixel was blue to dark green (2-4°C).

For East Malaysia, during the 2010 mass bleaching event, coral bleaching was recorded in Miri,
Lankayan and Mabul Island, where site location Sunday Reef (in Miri) recorded the highest
percentage of bleaching during May-July 2010 (Table 4.6). Figure 4.10 the trend between coral
bleaching at the surveyed sites with the data of nutrient indicator algae. For site location Siwa 4,
Sunday Reef, Kens Rock and Paradise, there is no recorded NIA but there is still coral bleaching

data. It means that the coral bleaching in the area did not affected by the nitrification.
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Table 4.6 Reef Check Malaysia surveys in May to July 2010 had recorded bleaching corals in

Miri and Lankayan (Sarawak) and Mabul in Sabah. Also recorded are the Live Coral Cover

(LCC), Nutrient indicator algae (N1A) and Recently killed coral (RKC) in surveyed sites.

Coral Live coral Nutrient Recently
Site location Bleaching cover indicator  killed coral
(%) (%) algae(%) (%)
Anemone, Miri 11 36 3 1
Eve’s Garden, Miri 3 18 6 8
Siwa 4, Miri 9 59 0 3
Siwa Penyu, Miri 11 62 3 0
Sunday Reef, Miri 21 55 0 5
Bimbo Rock, Lankayan 0.25 52.5 1.25 4.4
Froggie Fort, Lankayan 1 36 1.80 8.1
Kens Rock, Lankayan 1 48.1 0 17.5
Mels Rock, Lankayan 1 55.6 1.9 3.1
Paradise, Mabul 5 41.9 0 0
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Figure 4.10: The trend of nutrient indicator algae with coral bleaching data which were recorded

in surveyed sites in East Malaysia in 2010.

This Reef Check survey data was compared to environmental variables which are known to
induce coral bleaching; Sea surface temperature (SST), Sea surface temperature anomalies
(SSTA) and Degree Heating Week (DHW). Sea surface temperature anomalies (SSTA) in 2010
for Sabah and Sarawak (Figure 4.11) showed the CRW Sea surface temperature anomaly for
Miri, Lankayan and Mabul Island. It was between 0-2jC in July 2010. Bleaching is connected
to Thermal Stress Anomalies (TSASs) which are defined as areas where temperatures exceed by

1;C or more the climatologically warmest week of the year (NOAA, 2017).

Degree Heating Week 2010 was unclearly identified for Miri, Lankayan and Mabul Island during
the July 2010 massive bleaching event (Figure 4.11) even though there was a bleaching event
during the time period (from Reef check survey data). There was no report of coral mortality for

East Malaysian reefs during this event.
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Figure 4.11 Sea surface temperature anomalies (SSTA) in 2010 for Sabah and Sarawak, East
Malaysia, extracted from CoRTAD remote datasets and Google Earth to identify thermal stress.
CRW Sea surface temperature anomaly for Miri, Lankayan and Mabul Island was between 0-
2iC in July 2010. This NOAA Coral Reef Watch’s monthly composite is derived from the

corresponding data from all the twice-weekly periods that end in that month.
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Figure 4.12 CRW Degree Heating Week for Miri, Lankayan and Mabul Island during the July
2010 massive bleaching event. This image is from NOAA Coral Reef Watch Annual Composite
and Google Earth. Miri, Lankayan and Mabul Island were not clear identify the CRW-DHW in
NOAA Coral Reef Watch’s operational twice-weekly global 50-km satellite coral bleaching

monitoring products.
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The whole picture of DHW in Malaysia during the 2010 mass bleaching event (from May to
September 2010) is shown in Figure 4.13. The coral bleaching DHW indicated that the SST in
Malaysia started to increase in May 2010. DHW values of above 4°C-weeks exceeded the
bleaching threshold temperature of 1°C from June to August 2010. In September 2010, SST had
started to decline and later return to normal seawater temperature. In April 2010, none of the
bleaching threshold temperatures were detected in the satellite image but later in May 2010, blue
and green colour pixels can be seen in the Peninsular Malaysia map, with CRW DHW values of
0-2°C-weeks. In June 2010, the satellite image map shows CRW DHW values of >10°C-weeks,
which indicated Bleaching Alert Level 2, bleaching and coral mortality would be likely to
happen. This scenario continued until August 2010 but in September 2010, the NOAA satellite
image showed only CRW DHW values of 0-2°C-weeks. Figure 4.14 shows the DHW annual
composites for Malaysia from 2009 until 2011. Only in 2010 the DHW (Figure 4.14 b) exceeded

the bleaching threshold temperature of 1°C, with values of 4°C-weeks.
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Apr 2010 May 2010

June 2010 July 2010

Aug 2010 Sept 2010

Figure 4.13 NOAA'’S Coral reef watch coral bleaching Degree Heating Week (DHW) for
Malaysia between April and September 2010. The colour scale is defined by CRW DHW values

between 0 to 16°C-weeks.
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(a)

(b)

(©)
Figure 4.14 NOAA Coral Reef Watch’s operational twice-weekly global 50-km satellite coral
bleaching monitoring products — Degree Heating Week (DHW) annual composite for Malaysia.
From left to right; (a) DHW 2009, (b) DHW 2010 and (c) DHW 2011. This data is derived frorm

the corresponding data from all the twice-weekly periods that end in that year.
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4.3.3Sea surfacegemperature during coral bleaching in Malaysia for 2009 and 2010

From the raw data on the coral bleaching surveys by Reef Check Malaysia in 2009 and 2010,
the seawater temperature is shown in Figure 4.15 (East Malaysia survey data) for those sites
where data is available. This data was similar to the NOAA Coral Reef Watch’s operational
twice-weekly global 50-km satellite coral bleaching monitoring — mean sea surface temperature
for 2010 (Figure 4.16). This data shows that sea surface temperature of 29 to 31;C had caused
coral bleaching. All the site locations recorded bleaching corals in 2009 and 2010 (refer to Table

4.5 and 4.6).

Figure 4.15: Survey by Reef Check Malaysia in 2009 and 2010 recorded coral bleaching events
in East Malaysia. This table shows the seawater temperature which had caused bleaching at these
location sites (Anemone Reef, Eve’s Garden, Miri, Santal, Siwa Reef, Sunday Reef and Tukau

Reef).
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Figure 4.16 The NOAA Coral Reef Watch annual mean satellite nighttime sea surface
temperature from NOAA'’s operational twice-weekly global 50-km satellite coral bleaching
monitoring products for the year 2010. Sea surface temperatures around Malaysia (red arrow)

area was in the range of 29-31°C.

4.3.4Virtual stati ons in Mabul, Payar and Redang $land, Malaysia in 2010 and 2011

SST mean was analysed from Virtual Stations monitoring product, of Mabul Island, Payar Island
and Redang Island data of year 2009 and 2010. From Reef check survey data, there were
recorded coral bleaching in 2009 and 2010 throughout Malaysia. Using One-way ANOVA, SST
mean is significant to induce bleaching only for Payar and Redang island but not Mabul island
(p>0.05). During this seawater temperature, between 28-31jC, only Mabul and Redang island
had recorded coral bleaching throughout 2009 and 2010. For Mabul island, the Figure 4.17
shows that between May until middle October 2010, alert ‘bleaching watch” was recorded, with

SST of 29jC. Mabul island recorded 5% of coral bleaching during this period (from Reef check
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survey data). There was no Reef Check survey data for Payar island but from NOAA DHW
(Figure 4.18) shows bleaching warning, alert level 1 and 2 in April until June 2010. For Redang
island Virtual station (Figure 4.19), the 50-km SST is lower in January to April 2010 and 2011.
The highest 50-km SST was observed remotely during those two years from May until July
2010, when the SST reached approximately 31jC. This was during the 2010 mass bleaching

event. Later in August 2010, there was no further alert levels of bleaching.

Figure 4.17: Virtual stations data for Mabul island between 2010 and 2011. The SST value is
shown in the center graphs, and the vertical axis on the left. DHW is shown at the bottom of
graphs and vertical axis on the right. Bleaching thermal stress is color coded at the most bottom
of the graph box, categorized into five bleaching risk levels based on the Coral Bleaching

Hotspot and Degree Heating Week values.
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Figure 4.18 Virtual stations data for Payar island between 2010 and 2011

Figure 4.19 Virtual stations data for Redang island between 2010 and 2011.
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4.4 Discussion

4.4.1 Reef Check survey data and NOAA monitoring produst

From 2009 Reef Check data, high Recently Killed Coral (RKC) is possibly caused by the high
tourism activities during the peak season each year since this island had been gazetted as a
Marine Park in 1994 (Islam et al., 2013). Lighthhouse is a site location situated in Perhentian
Kecil, an island near Perhentian island. Perhentian Kecil is a backpacker destination with small
scale, locally owned chalets and a resort (Hamzah and Hampton, 2011) and Lighthouse is one
of the famous snorkeling and diving area for the tourists. Tourist arrivals in Perhentian island
was 90,000 in 2011, increased from 51,000 in 2004 (Department of Marine Park, 2012). Various
activities by marine tourism such as diving and snorkeling can impact coral health (Saleh and
Hassan, 2014). Poorly planned tourism development, ineffective sewage treatment and solid

waste disposal, are some of the factors that affected the Perhentian’s reef’s health (Essays, 2013).

A report by Reef Check (2009) mentioned that Perhentian Kecil island had poor treated sewage
problems from the chalets, which used septic tanks. The accommodation units have septic tanks
that emptied their sewage sludge into the sea during the monsoon period (November to January
every year) (Hamzah and Hampton, 2011). This might explain the highest Nutrient Indicator
Algae (NIA) (23.8%) recorded in the area of Lighthouse, Perhentian Island in 2010. The
presence of NIA is an indication of nutrient pollution in the water surrounding (Reefcheck,
2009). There was a study on the nitrogen and phosphorus nutrient along the coastal area in 2003,
which showed that land development of the island contributed to the rising nutrient level in the
coastal area of Perhentian (Chai, 2003). However, there was no water quality monitoring to

clarify the nutrient pollution cause and source during the surveys of 2009 and 2010.
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Tan (2013) reported that the excessive algae cover in 2011 in Perhentian island could not be kept
naturally under control by algae-grazing fish. A study by the Malaysian Environmental
Resources Management indicated that the sewage pollution in the tourist island was from eight
resorts (out of 13) that have systems which require maintenance and desludging (Tan, 2013).
From 2009 and 2010 surveys, high NIA was also reported in Redang island. The algae were
recorded as growing on dead corals and rocks, which disturb the process of new coral recruitment
(Tan, 2013). The Paku Besar site was nearby to the central tourist area on Redang Island, where
eight resorts are located, and it might be the reason for the increased NIA in the area. Redang
resorts have inefficient sewage systems and fertilisers were used for the resort’s landscapings
(ReefCheck, 2009). From the observation of the survey as well, there is a stream in the resort
area that had bad odours related to sewage pollution (Tan, 2013). However, Ali et al. (2015),
later concluded that the sewage contamination index clarified that Redang island was not
contaminated by sewage (from surface sediment collected at 0-5km shoreline in 10 sampling
stations around Redang island). Malaysia’s national sewerage company had suggested a
desludging operation is a better option than constructing a full-scale plant (limited water and
electricity supply, lack of flat land, resorts are far separated) (Tan, 2013). While in Tioman
island, coral degradation is probably due to run off from construction but generally the corals in

Tioman rated as ‘good’, according to the Coral Reef Health Criteria (Reef Check, 2009).

In East Malaysia, Miri’s reefs were reported to have been in poor condition since 2000, caused
by river sedimentation (Pilcher and Cabanban, 2000). The studies also discussed that there were
only 20-30% of live coral cover and the others were heavily covered with algae, indicative of
nitrate enrichment in the area (Pilcher and Cabanban, 2000). Other than climate change,
sedimentation, chemical pollution; indiscriminate fishing and ghost fishing nets also helped

create the algae-dominated reefs in Miri islands (Borneo Post, 2010). The bleaching severity of
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Miri’s reefs presumably is caused by anthropogenic impact, worsened by the warming events in
May to July 2010. Lankayan’s reefs also had a few bleaching corals. In 2009, there was a Crown-
of-thorns starfish (COTS) outbreak which resulted in high RKC cover in Lankayan (Reef Check,
2010). Corals in Lankayan were affected by the global warming and coral predation. Large scale
of COTS removal programmes was conducted successfully but it must be continued to reduce
numbers of this coral predator (Reef Check, 2010). While for Mabul island, there is no report of
other causes of coral damage. Lankayan has no island communities and the waters are not a
traditional fishing grounds (ReefCheck, 2011). In East Malaysia, the mass bleaching event
effected Porites Montiporaand Pachyserissp. but there was not much information on coral

bleaching in 2009 and 2010 in Peninsular Malaysia.

The twice-weekly 50-km satellite coral bleaching DHW product shows the accumulated thermal
stress which directly related to the timing and intensity of coral bleaching (NOAA, 2017). From
this study, SST and DHW NOAA data are consistent with Reef Check survey data for certain
areas in Malaysia, targeted locations by Reef Check Malaysia and also specific chosen Virtual
Stations by NOAA. The bleaching impacts can be seen very localized, not a regionally wide
bleaching event. The DHW NOAA in this study are only consistent with data bleaching of
Tioman, Redang island of Peninsular Malaysia and Miri island in East Malaysia. There is also
documentation providing bleaching data for Tioman (Guest et al., 2012) and Miri (Tan, 2013).
Tioman and Redang is located in East Coast Peninsular Malaysia, and Miri island is in the middle

part of East Malaysia.

The 2010 mass bleaching event can also be related to NOAA Coral Reef Watch Virtual Stations

which contains SST and DHW combined data from January 2010 to December 2011 in Mabul,

Payar and Redang Island. The virtual stations in Malaysia were only situated in these three
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islands. Mabul island is situated in East Malaysia, Payar island in West coast of Peninsular
Malaysia and Redang island is in East coast of Peninsular Malaysia. These three islands are
relevant to this study because they represent Malaysian waters. Personal communication with
Chelliah (2012), indicated that there was no bleaching event recorded by Reef Check surveys in
2011, which correlad with the NOAA Coral Reef Watch Virtual Stations data from early 2010

to end of 2011.

Surveys in 2010 only reported bleaching events in Tioman, Redang and Perhentian islands. 50%
of the corals in these three major islands were bleached, with two-thirds of those colonies were
completely white (Tan and Heron, 2011). From Reef Check survey data and other
documentations (Guest et al., 2012; Praveena et al., 2012; Tan, 2013), it appears that not all of
the Malaysian bleaching data from surveys and NOAA monitoring products are related to the
warming event. Reef Check (2010) reported that bleaching of corals in Redang island in 2009
was caused by white band disease, eventhough there were DHW values of bleaching and
mortality in the satellite images. In contrast, the values of the DHW observed in 2010 are
considered sufficient to cause bleaching-induced mortality for Tioman island. 25 weeks after the
mass bleaching event (April 2010) in Tioman island, Guest et al., (2012) reported coral mortality
in the specific area (Table 4.4). While for Miri island, even though there are bleaching records
by Reef Check surveys, the DHW values in 2009 and 2010 did not reflect a clear view of
bleaching in the exact location (by using longitude and latitude). As discussed earlier, Miri’s
reefs (Sarawak) were impacted by anthropogenic impact (fishing, pollution, algae-dominated
reefs) earlier before the mass bleaching event. The other state in East Malaysia is Sabah, and
80% of their coral reefs were damaged by overfishing and fish blasting scenarios (Yasin et al.,
1998). Islands in Sabah are far from land and out of the normal renage of enforcement operations,

caused them to be among the worst reefs in Malaysia (Praveena et al., 2012). While for Redang
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reefs, they were exposed to sewage pollution from resorts since before 2009. Tourism impact
was reported to be the major cause of coral reef degradation in Perhentian, Redang and Tioman
islands since 2008 (Chali, 2009). These reefs were not healthy enough during the global warming
catastrophe, and frequent short-term stress (1998, 2009 and 2010) with the continuous human

impact may lead to corals degradation for Malaysia in a long run.

4.4.2 Coral reef management in Malaysia

Higher sea temperatures and coral bleaching is a major threat to coral reef health, especially on
stressed corals impacted by the human threats in its environment. NOAA’s Coral Reef Watch
monitoring products publish satellite data on the coral bleaching indication and email the alerts
for a quick management strategy responses for all the bleaching areas. On the country scale,
continuous monitoring by the researchers and stakeholders should take place and actions plans
are required to respond to bleaching events. In Malaysia, the Coral Reef Bleaching Responsce
Commmittee (CRBRC) in the Department of Marine Parks Malaysia (DMPM) have published
a Malaysia Coral Reef Bleaching Response Plan as a guide for monitoring and managing future

mass bleaching events with the stakeholders.

There are gaps in coral reef studies in Malaysia which can be solved if there are continuous
collaborations between local and international researchers and research by local universities
(Praveena et al., 2012). Coordination of coral reef surveys by the institutions (government,
academia and NGOs) are required to (1) apply a standardized method because when there are
different surveys, the data is difficult to compare and analyse, (2) the data should be distributed

between involved institutions to create a proper coral database (Reef Check, 2011).
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Local threats on Malaysian reefs must be managed by community involvement, so that
survivability coral reefs can be built to withstand the future bleaching events (Reef Check, 2011).
Coral reefs in Malaysia are protected under (1) Environmental Quality Act 1974, (2) Fisheries
Act 1985, (3) Pesticides Act 1974, (4) Plant Quarantine Act 1976 and Customs (Prohibition of
Exports Amendment No. 4 Order 1993 (Praveena et al., 2012). Department of Marine Park
Malaysia, Department of Fisheries, local universities and international agencies have been
working on conducting regular monitoring at Marine Parks in Peninsular Malaysia, Sabah Parks
in Sabah’s marine parks and Sarawak Forestry Department together with Fisheries Department
in Sarawak. However, there is poor coordination and compilation of data from those authorities
resulting in no data centralization for data analysis or archiving for coral reefs in Malaysia
(Praveena et al., 2012). There are still gaps to be filled in the qualitative, quantitative and
biogeographical data on coral reefs communitites in Malaysia (Praveena et al., 2012). Studies to
understand effects of MPAs management on coral reefs health and impact on pollution on coral
reefs growth are needed. The Department of Marine Parks Malaysia is recommended to
recognize the threat posed by mass coral bleaching and take those actions which are applied in
well-established MPAs; (1) implement management plans to respond to mass coral bleaching,
and (2) build long term resilience (Reef Check, 2010). On the other hand, there must be a well
established legal system to reduce pollution, illegal and destructive fishing activities (Praveena
et al., 2012). But, according to Saad et al. (2012), marine water-quality monitoring near islands
is outsourced to the private sector and there are no published guidelines on quality assurance for

sampling, sample transportation, documentation or laboratory analysis.
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4.43 Thermal stress and Nutrification for Coral Susceptibility

Human activities in the coral reef ecosystem resulted in an elevated input of nutrients in the
waters which affected the corals (D’ Angelo and Wiedenmann, 2014). They discussed that nitrate
enrichment combined with heat and light stress water conditions might make the coral more
bleaching. It is said that elevated temperature is known to be the cause of mass coral bleaching
events, but enrichment inorganic nitrogen can give negative effects of thermal stress as well
(Serrano et al., 2017). A study by Fabricius et al. (2013) showed that nitrate alone had no
measurable effect on survival, bleaching and recovery in coral species. They found that nitrate

enrichment can worsen thermal stress on coral communities.

Earlier recorded in Naim (1993), hard corals which exposed to nutrient-enriched submarine
groundwater dishcharge, already dominated of algae were found bleached and died during the
hot season. The bleaching was said to be not caused by the increased temperature, but the
overgrowth of corals with algae had caused a physiological stress onto corals. Acropora
millepora and Montipora tuberculosawvent through reductions in maximum quantum yields,
lower survival and slower recovery after heat stress and nitrate-enriched treatments for 90 days
(Fabricius, 2013). A study by Miller (2013) found that Porites cylindricalin nutrient-enriched
waters showed rapid loss of symbiotic algae after exposed to heat stress, compared to control
samples. Wooldridge and Done (2009) also found that the combined effects of nutrient

enrichment and thermal stress give negative effect on coral’s health.

For this study, there is shown no data nutrient enriched waters caused the coral bleaching. the

data did not give any significant relationship between nutrient enrichment and coral bleaching.

reefcheck (2017) mentioned that after 2010 mass bleaching event, there was a substantial
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increasing data of coral recovery in 2011 and 2012. There is a report in Perhentian Island where
local impacts have been affecting the corals after bleaching event which worsen the corals

(Reefcheck, 2017).

As conclusion, there is need on managing strategies to improve water quality, so that it can
enhance the reef resilience, thus improve the thermal tolerance of coral species. From the
management perspective, it is recommended for them to manage number of tourists to reduce
physical damaged on most visited sites (Reefcheck, 2017). They said the corals that were

threatened by anthropogenic impacts can recover easily when bleaching stressors are removed.

4.5 Conclusion

Before the 2010 mass coral bleaching event in Malaysia, Malaysian reefs had gone through
1997/98 global event but it was a mild bleaching event there and occurred only in certain areas.
But in 2010, the coral bleaching was severe and widespread causing the government to take
action to shut down the islands from any activities. Malaysia had to undertake an effective
management strategy to protect the reefs from anthropogenic threats, so that the corals were
healthy enough to survive the warming event. Coral Reef Watch (CRW), a program under
NOAA Coral Reef Conservation Program, has been operating the coral bleaching thermal stress
monitoring using satellites for the coral reef communities worldwide. CRW’s operational
satellite data products such as Coral Bleaching Hotspots and Degree Heating Weeks, SST
measurements, bleaching alert area, Virtual Stations and Satellite Bleaching Alert email system;
provide the reef managers, researchers and stakeholders with important information so that they
can understand, predict and monitor the development of mass coral bleaching event (Liu et al.,

2013). Researchers and managers can use these products by targeting in situsurveys, collecting
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and manage bleaching data for before, during and after mass coral bleaching events. Predicting
coral bleaching by satellite data, routine coral reef monitoring by the Malaysian coral reefs
management and bleaching action plan response by the managers and governments; are

necessary to improve the reef environment resilience from human threats and climate change.
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Chapter 5

The Effect of Temperature and Irradiance on Photosynthetic Quantum Yield of Three

Scleractinian Corals

5.1 Introduction

Scleractinian corals contain a certain genus of symbiotic dinoflagellate algae, Symbiodiniunsp.,
which helps to provide the host with respiration gases and nutrients. When the zooxanthellae are
expelled from the corals, the coral symbiosis will effectively lose photosynthetic pigments, and
this will disrupt the symbiosis resulting in coral bleaching (Hill and Ralph, 2006). Global
warming is a significant threat to the future of coral reef ecosystems because coral bleaching is
related to elevated sea temperatures (Guest et al., 2012). Mass coral bleaching is caused by sea
surface temperature (SST) and has resulted in significant losses of corals in many parts of the
world (Hoegh-Guldberg, 1999). It is also caused by synergistic effects such as high solar
irradiation due to clear skies and periods of calm weather (Hoegh-Guldberg, 1999). The U.S.
National Oceanic and Atmospheric Administration (NOAA) Coral Reef Watch program has
developed a daily global 5-km product based on satellite observations to monitor thermal stress
on coral reefs (Liu et al., 2014). Significant coral bleaching may occur when Degree Heating
Week (DHW) values reach 4"C-weeks. If the DHW values reach 8"C-weeks, bleaching is
widespread and significant mortality will be expected (NOAA, 2017). When temperatures

exceed 1°C above the highest monthly mean temperature, it can cause stress to corals (Glynn

and D’Croz, 1990).
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Figure 5.1: Degree Heating Weeks (DHW) in Malaysia (Red box) during the mass bleaching

events in July 2010 (NOAA, 2017)

Hoegh-Guldberg and Jones (1999) found that raised sea temperature of 1-2°C and high solar
irradiance can cause coral bleaching resulting in mortality. Thermal-stressed bleaching is known
as the major cause for the loss of many of coral reefs (Smith et al., 2005) throughout the world
but the thermal tolerance and bleaching susceptibility of each coral is not the same, and can vary
greatly even within species (Borell, 2008). Based on Guest et al (2012), the severity of coral
bleaching is different in space and time and depends on the thermal stress magnitude (Kleypas
et al. 2008), irradiance levels (Hoegh-Guldberg, 1999; Winters et al., 2003), symbiont types
(Berkelmans and van Oppen, 2006) the species composition of the coral assemblage (Loya et
al., 2001; Marshall and Baird, 2000), and the thermal history of the site (Thompson and van

Woesik, 2009).
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