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Discerning the interacting effects of phytoplankton blooms and temperature
anomalies on the relationship between algal symbionts of the genus Symbiodinium
and their reef coral hosts in the Arabian Gulf

Dawoud Ajeel Sheail

Coral reefs are among the most threatened ecosystem worldwide, partly due to the
sustained and continuing effects of global climate change. The coral from the
Arabian/Persian Gulf (hereafter “the Gulf”) are exposed to several extreme environmental
factors. This thesis reports on the understanding of how local climate factors modulate the
tolerance of the algal symbionts to thermal stress in the Gulf. In situ measurements, remote
sensing data and meteorological variables were used as tools to determine anomalies and
trends of different environmental factors focusing on three regions within the southern
Gulf, Delma (latitude 24.5208/longitude 52.2781), Saadiyat (lat. 24.599/long. 54.4215)
and Ras Ghanada (lat. 24.8481/long. 54.6903) over the period from 1982 to 2015. A severe
bleaching event affected coral communities off the coast of Abu Dhabi, UAE in August
and September, 2012. In Saadiyat and Ras Ghanada reefs ~40% of the corals showed signs
of bleaching whereas, only 15% of the corals were affected on Delma reef. The work
presented in this thesis shows that, in spite of their proximity, there were differences in the
severity of local bleaching between the sites (Ras Ghanada=34.48 °C, Saadiyat=34.55 °C,
Delma= 35.05 °C). The result also suggests that phytoplankton density in Saadiyat durng
2012 bleaching event might have temporarily reduced certain nutrients, such as nitrate and
phosphate, below average levels leading to a reduced availability of these essential
nutrients to the corals. In the study regions, the seasonal chl-a cycle was characterised with



a summer maximum and a winter minimum. The results also show that positive anomalies
of dust are likely to be observed one to two months before the emergence of a
phytoplankton bloom. This study shows that the combination of satellite observations and
in situ measurements can help generate detailed insights into coral bleaching events. The
2010 bleaching event was accompanied by a phytoplankton anomaly that spread over a
wider Gulf area. The thesis highlights the needs of integrating different observation
platforms to establish an integrated monitoring water quality system in the Gulf, in

particular around coral reefs.
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year, extracted from MODIS-Aqua level 3 OCl images (4km resolution) from ocean

colour web site (www.oceancolor.com). The bar at the top of the figure indicates
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Figure 4.21. Chl-a concentration in Abu Dhabi between 2010 and 2015. Averages values
were calculated from the data corresponding to the month of September of each
year, extracted from MODIS-Aqua level 3 OCl images (4km resolution) from
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Figure 4.22. Coral bleaching thresholds from coral reef regions within the Arabian Gulf

region calculated as 1°C over the average summer from 33 years (1982-2015).

Showing different local bleaching thresholds, with the highest found at Delma

island (southern Gulf) and the lowest in the northern Gulf (Kuwait) and Gulf of
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Chapter 1: Introduction

1.1.Introduction

Coral reefs are among the most diverse and critically important marine ecosystems.
They are economically important to humanity (Spalding et al., 2001). Yet, climate change
threatens their survival, particularly due to the increase in episodes of coral bleaching that
are often followed by coral mass mortality (Riegl and Purkis, 2015a). Coral bleaching
refers to the loss of symbiotic algae (zooxanthellae) that live within the coral tissue, leaving
visible the pale white colour of the coral skeleton (Baker, 2001; Fitt et al., 2001; Douglas,
2003; Dubinsky and Stambler, 2010). Apart from extreme temperature fluctuation, other
factors such as phytoplankton blooms, local dust storms, water currents and turbidity can
modulate the coral susceptibility to bleaching (Bauman et al., 2013b; D’Angelo and
Wiedenmann, 2014a). In addition, biological factors, such as densities of microbes and
grazers play an important role in the health of the coral population and define their
susceptibility to climate change (Moriarty et al., 1985; Knowlton and Jackson, 2008; Riegl
et al., 2012a). About 30% of the Earth’s coral reefs are already severely damaged, and an
estimated 60% may be lost by 2030 (Hughes, 2003). However, it is difficult to give accurate
projections of climate change impacts on coral reef structure and function (Dawson et al.,
2011). Because many predictive models do not consider the capacity of corals to cope with
the changing environment and the effect of environmental factors other than temperature

remains insufficiently understood (Logan et al., 2014).



1.2. Thesis Hypothesis

Coral bleaching within an affected region is not always uniform, but often exhibits a
patchy distribution between centimetres to kilometers in scale (Berkelmans and Willis,
1999; Loya et al., 2001). Previous research studies (West and Salm, 2003; Baker et al.,
2008; Wiedenmann et al., 2013; D’Angelo and Wiedenmann, 2014a; Riegl and Purkis,
2015b) suggest that such variability may not only be the result of water temperature, but
also that other environmental conditions may modulate bleaching susceptibility. At the
present, there are not enough data to understand how environmental factors, such as
phytoplankton, nutrient concentrations, dust, wind and water currents are enhancing
bleaching susceptibility of corals in natural reef systems. The Gulf was chosen as a natural
laboratory for this research because of its distinct environmental extremes that exceed the
tolerance limits of most corals around the world (Sheppard, 1993; George and John, 2000;
Wilkinson, 2008). Furthermore, in situ data exists from this region that can be combined
with results from remote sensing. Therefore, the aim of this thesis is to discern how local
and global environmental factors modulate the thermal stress tolerance of algal symbionts

in reef corals and to test the central hypothesis:

“Concentrations of dissolved inorganic nutrients, modulated by phytoplankton

blooms, affect the bleaching susceptibility of reef corals in the southern Gulf.”

This research hypothesis was to be tested through identifying possible causes of local
differences in bleaching severity observed among coral communities in the southern Gulf

off the coast of Abu Dhabi. In situ measurements, remote sensing data and meteorological



variables were used to determine anomalies and trends of different environmental factors
surrounding three study regions off the coast of Abu Dhabi: Delma (lat. 24.5208/long.
52.2781), Saadiyat (lat. 24.599/long. 54.4215) and Ras Ghanada (lat. 24.8481/long.
54.6903). However, the central hypothesis is tested (chapter 3) only in Saadiyat study site

due to the availability of in situ nutrient and chl-a data.

1.3. Scientific background

1.3.1. Coral reefs

Corals are classified as members of the animal kingdom, under the phylum Cnidaria
(Latin term for “nettle organisms”), which includes also organisms such as jellyfish, sea
anemones, hydrozoans and corals (Claereboudt, 2006). Shallow water coral reefs are
among the most biologically diverse and productive ecosystems that are generally found
in tropical and subtropical regions (Connell et al., 1978). They provide coastal protection
as well as offering aesthetic, economic and cultural benefits (Connell et al., 1978; Ahmed
et al., 2007; Ahmed et al., 2007). There are four general types of coral communities,
fringing reefs, barrier reefs, atolls and platform reefs. All of these reefs types have
functional differences, and are connected to other ecosystems, such as mangrove forests,
seagrass beds, and the open ocean. Globally, approximately 0.1-0.5% of the seafloor is
covered by coral reefs (Spalding and Grenfell, 1997). The reef’s framework creates a three-
dimensional complex habitat that embraces a diversity of fishes and other reef organisms,
such as encrusting coralline algae, foraminifera, molluscs, and echinoderms (McAllister,
1991). The wide variety of mutualistic associations between the coral reef and the

surrounding biota are essential for reef health. But these are not as important as the



relationship between corals and their symbiotic algae of the genus Symbiodinium (Taylor,

1974; McAllister, 1991 Trench, 1993; Rowan, 1998) that are described below.

1.3.2. Relationship between the coral and its algal symbiont

A close look at coral polyps shows that most of the endodermal cells are harbouring
unicellular dinoflagellates of the genus Symbiodinium called “zooxanthellae” (Trench,
1979). These unicellular algae supply up to 95% of photosynthetic products, including
sugars, lipids, and amino acids to the coral host (Muscatine, 1990; Lesser, 2004). In return,
zooxanthellae obtain essential nutrients such as ammonium, phosphate, as well as carbon
dioxide from the metabolic wastes of the coral (Trench, 1979; Muller-Parker et al., 2015).
However, the symbiosis between corals and their zooxanthellae is sensitive to changes in
environmental conditions (Riegl et al., 2012a; Bauman et al., 2013b). This symbiosis
requires sufficient light and good water circulation, and can flourish best in water
temperature range of 25°-29° C and within a salinity range of 34-36 parts per thousand,
preferably with low nutrient and sedimentation loads (Moberg and Folke, 1999; Muller-

Parker et al., 2015a)

1.3.3. Environmental factors affecting the algal symbiont and the coral
host

A variety of environmental stressors can disrupt the coral’s symbiotic relationship
and cause bleaching due to the loss of zooxanthellae or their photosynthetic pigment (West
and Salm, 2003). Temperature has been identified as a major environmental factor

influencing the survival/capability of corals to thrive in a particular region. However,



additional environmental parameters, including phytoplankton presence, turbidity, water
currents, winds and dust are shown to be important factors affecting the survival of the
reefs (Kendall et al., 1985; Baker et al., 2008; Sheppard et al., 2010; Riegl and Purkis,
2012b; Bauman et al., 2013a; D’ Angelo and Wiedenmann, 2014a; Howells et al., 2016a).

These are discussed in turn below.

1.3.3.1 Water Temperature

Coral bleaching has been most frequently associated with elevated seawater
temperature and so global warming (Coles and Brown, 2003). Both field and laboratory
studies have established a causal link between temperature stress and bleaching (Hoegh-
Guldberg, 1999; Lesser, 2004; Bauman et al., 2013a). The first documented observations
of high temperature-related coral mortality was by Cary (1911) following several days of
hot, calm weather in the Dry Tortugas, Florida (in Mayer, 1914). Water temperatures
between 23-27°C are generally considered the normal range for coral growth (Coles and
Jokiel, 1978). But at temperatures between 30 to 32°C or above, damage to the
photosynthetic apparatus of symbiotic algae can occur (zooxanthellae) (Lesser et al., 1990;
Glynn and D’Croz, 1990). Photodamage can occur as a result of the malfunctioning of the
photosynthetic electron transport chain, along with a continued absorption of light energy.
This can lead to the increased production of reactive oxygen species (ROS), such as singlet
oxygen [*O;] superoxide radicals [O2 ], hydrogen peroxide [H20:], and hydroxyl radicals
[OH] (Lesser, 2004). These different types of ROS affect numerous cellular sites including
photosystem 11 and the primary carboxylating enzyme, Rubisco, in zooxanthellae (Lesser,

1996; 2006). However, there are protective mechanisms in the coral host that involves the



breakdown of these harmful active oxygen radicals, for example by the enzyme superoxide
dismutase (SOD) (Gardner et al., 2016). However, elevated levels of the active oxygen can
overpower the host defense system and consequently destabilize the symbiosis and result
in the loss of zooxanthellae (Muller-Parker et al., 2015b). Coral health is also affected
adversely at or below 18 °C (Porter et al., 1982). In laboratory experiments by Mayer
(1914), it was shown that temperatures between 13.3 °C and 15 °C for nine hours were
enough to cause mortality of Acropora species. Below 16 °C, coral metabolic activity and
feeding cease (Crossland, 1984). Therefore, this latter temperature is considered the long
term lower thermal limit for coral reef development (Jokiel and Coles, 1977; Coles and

Fadlalallah, 1991).

1.3.3.2 Phytoplankton Blooms

When conditions are favorable, such as optimal light, water temperature and
elevated levels of nutrients, phytoplankton cells divide rapidly and develop into a bloom
(Glibert et al., 2002; Landsberg, 2002). These blooms can potentially help corals to survive
temperature and light stress through blocking, absorbing and scattering radiation reaching
corals, (West and Salm, 2003; Maina et al., 2008). However, phytoplankton blooms are
undoubtedly a significant worldwide problem resulting in several negative impacts on a
broad range of marine organisms including coral reefs (Benito and Haag, 2004). For
example, these impacts can be through shading, toxin production, oxygen depletion and
nutrient alteration (Al-Ansi et al., 2002; Wiedenmann et al., 2013; D’Angelo and
Wiedenmann, 2014). About 300 (7%) of the estimated 3,400-4,100 phytoplankton species

have been linked to harmful algal blooms known also as red tides including diatoms,



dinoflagellates, silicoflagellates, prymnesiophytes, and raphidophytes (Theodore J
Smayda, 1997). An incident of bloom harmful shading was witnessed in the Red Sea
following the eruption of Mount Pinatubo in the Philippines during spring 1992. It was
caused by strong vertical mixing in the Gulf of Eilat (Agaba) resulting in increased supply
of nutrients to surface waters inducing a rapid algal bloom. This bloom resulted in thick
mats of filamentous algae covering broad sections of the benthic reefs causing extensive
coral death (Genin et al., 1995). Some phytoplankton blooms can grow so dense and
consequently affect the health of the benthic organisms through oxygen depletion.
Phytoplankton bloom occasionally use up all nutrients needed for their growth causing
some or even all of the bloom to die back temporarily. These phytoplankton then are
decomposed by microflagellates, protozoans, rotifers, and small crustaceans, which leads
to oxygen removal from the water body (Taft et al, 1980; Malone et al., 1988; Conley and
Malone, 1992; Theodore J. Smayda, 1997). Examples of these phytoplankton includes:
dinoflagellates Gonyaulax polygramma, Noctiluca scintillans, Scrippsiella trochoidea,
cyanobacterium Trichodesmium erythraeum (Hallegraeff, 1993). They usually develop in
summer, at low wind speeds, good light condition and sufficient nutrient levels (Glibert et
al., 2002). Several types of phytoplankton blooms can endanger marine organisms by
damaging and clogging their respiratory system (e.g. diatom Chaetoceros convolutus,
dinoflagellate  Gymnodinium mikimotoi, prymnesiophytes Chrysochromulina, C.
leadbeateri, Prymnesium parvum, P. patelliferum, raphidophytes Heterosigma akashiwo,
Chattonella antiqua) (Hallegraeff, 1993). Other phytoplankton species can release toxic

chemicals or inhibitory substances that can harm zooplankton, finfish, shellfish, coral,



birds, marine mammals and humans (Hallegraeff, 1993; Chattopadhyay, 2002; Roy et al.,
2007).

Elevated phytoplankton densities in a coral reef environment can alter the nutrient
balance surrounding the corals (Wiedenmann et al., 2013; D’Angelo and Wiedenmann,
2014). Phytoplankton can rapidly deplete nutrients in the water column, impacting the
entire benthic ecosystem (Furnas et al., 2005). Furthermore, phytoplankton might
temporarily reduce nitrogen compounds, phosphate below average concentrations, which
can result in a reduced availability of these essential nutrients for benthic corals
(Wiedenmann et al., 2013; D’Angelo and Wiedenmann, 2014). In coral reef waters,
Nitrate: Phosphorous ratios were found ranging from 4.3:1 to 7.2:1 (Smith et al., 1981;
Crossland et al., 1984; Furnas et al., 1995) which is lower than the known Redfield ratio
of 16:1, considered optimal to sustain phytoplankton growth (Redfield, 1958).
Consequently, many processes in coral reefs tend to be nitrogen limited (Furnas et al.,
2005). The limitations of these nutrients are known to disrupt the symbiotic relationship
and increase the susceptibility of zooxanthellae to external stressors and subsequently
promote coral bleaching (Wiedenmann et al., 2013; D’Angelo and Wiedenmann, 2014).
Phytoplankton load can also stimulate the proliferation of filter feeders and bioeroders that
can represent space competitors for corals or endanger their structural integrity (Fabricius
etal., 2012).
1.3.3.3 wWind

Wind impacts on coral reefs through wave action-inflicted mechanical damage,

deposition of aeolian dust, the resuspension of sediment, and water column mixing (Riegl

and Purkis, 2012; Islam, 2015; Sabine et al., 2015). Particularly, in arid climates, a strong



wind can pick up dust from the unprotected surfaces of desert regions, creating local dust
storms that subsequently deposit their contents downwind into the sea (Reynolds, 1993;
Hamza et al., 2011). Winds, above 8 m/s, are considered the most important mechanism
for wave-generating and water current flow strength (Clemens et al., 1991; Sheppard,
1993). They also cause intensive water column mixing, reaching to about 30 m, which
reduce stratification and resulting thermal stresses to benthic coral communities (Nishino

etal., 2015).

1.3.3.3.1 Dust storms

Most dust storms are generated in desert and semi-desert areas and transported
across local-to-global scales. The major global dust sources are the African and Asian
deserts, which is called the “dust belt” (Prospero et al., 1987, Arimoto et al., 1989; Pye,
2015). The dust belt comprises the Sahara Desert, arid and semiarid regions, Central Asia,

the Taklamakan and Gobi deserts in East Asia and the Arabian Peninsula (Figure 1.1; 1.2).

Sahara Desert

Figure 1.1. The major dust sources in the world, including the Sahara Desert, the Taklamakan and Gobi deserts in
East Asia and the Arabian Peninsula. Source: http://oceancolor.gsfc.nasa.gov.
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Figure 1.2. Dust fluxes to the world oceans based on studies that match satellite optical depth, /n situ concentration, and
deposition observations (Ginoux et al., 2001; Mahowald and Luo, 2003; Tegen et al., 2004). Source: Jickells, (2005).

Dust transport are strong most of the year, but during the summer season, dust
transport is the most intense. The winds in the North Sahara region are remarkably active
in summer, transporting strong bulk of dust, via vigorous wind systems that are found in
the middle troposphere, across the Mediterranean to Europe and the Middle East as well as
across the Atlantic to the Caribbean, Central and North America (Prospero, 1996).
Nonetheless, dust storm activity is also quite strong in the winter and spring in the sub-
Saharan region (Glantz, 1994). It has been shown that dust concentration can be corelated
with rainfall scarcity as it is interpreted by Prospero (1996), showing that the increase dust
is coincided with the increase droughtnes. Moreover, Asian dust has two large sources, the
Taklimakan and Gobi Deserts. The Asian dust has a strong impact on Asian atmospheric
radiation and air quality. Dust from the Gobi desert has the most attention from dust

observer and modeling researcher because it is located near large urban areas, such as
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Beijing, Seoul, and Tokyo (Park and In 2003; Gong et al. 2003; Uno et al. 2001; Wang et
al. 2000). During severe dust storms, dust from East Asia can be transported beyond the
continent, drifting over the Pacific ocean to the west coast of North America (Husar et al.,
2001; Tratt et al., 2001). The Arabian Peninsula, as well, is one of the largest desert areas
in the world, characterized by its arid conditions with a large areas of sand dunes, and
strong monsoon winds in spring and summer (March-August). It promote dust storms over
the Arabian Gulf area, more detailed background on the Arabian Peninsula dust storms will
be discussed in section 1.3.4.3.2 of this thesis.

Dust storms can transport huge amount of dust into the atmospheric boundary layer,
which is the region of the lower troposphere (from 50m-1000m) where the Earth's surface
is strongly influenced temperature, moisture, and wind through the transfer of air mass
(Kaimal and Finnigan, 1994). These large quantities of dust can cause air pollution, reduce
visibility, cause airports shutdown, and increase road traffics and aircraft accidents
(Morales, 1979; Hagen and Woodruff, 1973; Middleton and Chaudhary, 1988; Dayan et
al., 1991). Other environmental impacts of dust include crop damage and reduced soil
fertility, reduced solar radiation on the surface, which decreases the efficiency of solar
energy appliances. Dust storms can damaged telecommunications and mechanical systems,
increased respiratory diseases and other impacts on human health (Hagen and Woodruff,
1973; Mitchell, 1971; Fryrear, 1981; Bennion et al., 2007). Additionally, Shinn et al.
(2000) and Garrison et al. (2003), suggested that dust storms can transport anthropogenic
pollutants, synthetic chemicals, pathogenic microorganisms, and other toxic constituents
from land and deposited in the oceans. Dust storms can have a cooling effect during the

summer months, which benefits marine organisms, by blocking solar radiation reaching
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the water surface through ‘‘solar dimming”’ (Stanhill and Cohen, 2001; Al-Ghadban and
El-Sammak, 2005). However, some types of dust known as “absorbing aerosols”
characterised by heating effects to the atmosphere and subsequently to the water body by
absorbing solar radiation (Lau and Kim, 2006; Wang, 2013; Devara and Manoj, 2013).
These absorbing aerosols include desert dust and the anthropogenic black carbon (Devara
and Manoj, 2013). The black carbon aerosols are the dust particles containing black carbon
(BC), which is a strong absorber of sunlight, and are mainly anthropogenic (Wang, 2013).
It comes from a partial combusted fossil fuel or biofuel, and from the vehicle and industrial

emissions to biomass burning events (Lau and Kim, 2006; Wang, 2013).

1.3.3.3.1.1 Dust composition

The chemical composition of dust is dependent on the origin (Duce et al. 1976;
Arimoto et al. 1995; Perry et al. 1997; Hamza et al., 2011). Sahara and Asian dust consists
mainly of clay soil minerals such as quartz, illite, chlorite, kaolinite, plagioclase,
microcline, and calcite (Prospero 1981). In addition to some elements, such as iron,
manganese, cobalt, scandium, occur on Sahara dust particles in concentrations similar to
average crustal abundance. Whereas elements, such as selenium, mercury and lead,
accumulate at concentrations three times greater than mean crustal abundance (Duce et al.
1976). Detailed background on the Arabian Peninsula dust composition will be discussed
in section 1.3.4.3.1 of this thesis.

Several studies during the last decades have been concerned with the major
chemical element of atmospheric dust, and its effects on marine ecosystems (Prospero,

1996; Paerl, 1997; Guerzoni et al., 1999; Markaki et al., 2003; Jickells et al., 2005; Hamza,
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2008). Particularly the inputs of elements such as nitrogen (N), phosphorus (P) and iron
(Fe), which are essential for the biological activity of marine living organisms. According
to Martin (1990) these micronutrients are considered a source of ocean enrichment, which
can trigger either harmful or non-HAB phytoplankton blooms (Zhuang et al., 1992;
Arimoto, 2001; Anderson et al., 2002; Al-Shehhi et al., 2012). The nutrient input from the
Asian dust is reported to fuel phytoplankton productivity in the northern Pacific (Young et
al. 1991). Walsh and Steidinger (2001) linked African dust to the red tides developments
in the Gulf of Mexico. The nitrogen (N), phosphorus (P) and iron (Fe), elements are vital
to marine life overall, but iron is essential for all life on Earth and is particularly important
for oceanic plant nutrition in the oligotrophic waters, because atmospheric nitrogen cannot
be fixed, nor can chlorophyll be synthesized, or nitrate be reduced without it (Jickells,
1999). Dust deposition is thought to be the dominant source of iron in the photic zone of
the ocean (Duce and Tindale, 1991). Marine organisms have a variety of means for
acquiring iron that differ from those of terrestrial organisms (Butler, 1998). However, iron
has to be in the form of Fe (1), which is a biologically available and soluble species to
phytoplankton and other marine organisms in order for it to be beneficial (Garrison et al.,
2003). Dust from the African Sahara and Asian deserts is transported long distances in
extreme physical and chemical environmental conditions where the small particles are
exposed to high levels of solar radiation, multiple freezing cycles, and relatively acidic
conditions (Jickells, 1999). It has been suggested that during this atmospheric transport
iron is reduced through photoreduction from Fe (Ill) to Fe (Il), which is biologically
available and soluble iron (Graedel et al. 1986, Duce and Tindale 1991). Turner et al.

(1996), showed that iron deposition to the oceans leads to the biotic production of
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dimethylsulfide (DMS) and its release into the atmosphere. Subsequent oxidation of DMS
and formation of sulfate in turn produces sulfuric acid, which with atmospheric mixing
could increase the solubility of iron (in the form Fe [I11]) in the mineral aerosols. Sayadam
and Senyuva (2002), proposed that oxalate released by fungi in desert dust facilitates
photoreduction of Fe (I1). Moreover, Fe (Ill) can form a stable complexes with
siderophores, which are a small iron-chelating compounds secreted by microorganisms
such as bacteria and fungi, facilitating the uptake by microorganisms and phytoplankton
(Butler, 1998). Young et al. (1991) also suggested the smaller the dust particle, the longer
the residence time in the photic zone and therefore the greater the amount of iron that could

be released and made available for phytoplankton and microbes.

1.3.34 Water Currents

Water motion and currents are caused by variable combinations of tidal forcing,
wind stresses (barotropic) and/or density gradients (baroclinic) (Reynolds, 1993). Several
metabolic processes of coral and it symbionts are affected by current flow, probably due to
diffusion via mass-transfer-limited processes (Jokiel, 1978; Dennison and Barnes, 1988;
Patterson, 1992; Lesser et al., 1994; Nakamura and Van Woesik, 2001; Nakamura et al.,
2005). Water movement can influence the degree to which corals can tolerate elevated
temperatures and irradiance (Nakamura and Van Woesik, 2001; Nakamura et al., 2003).
Accelerated water motion resulting from a wind gust, can reduce the boundary layers
surrounding corals thus increasing mass transfer, which supports dissipation of heat and
the removal of toxic compounds from the corals (Nakamura et al., 2005). ROS radicals that

build up within corals during high temperatures and irradiance may damage adjoining
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tissue. They may become less concentrated during high current flow conditions (Nakamura
et al., 2005).

Strong water motion enhances the circulation caused by waves, tides, and currents
(Jokiel, 1978). Therefore, it can modify several important environmental parameters, such
as plankton, dissolved nutrients and gasses, seabed sediment, water clarity, substrate
stability, salinity and temperature, all which affect corals (Jokiel, 1978). Water motion
influences corals by controlling the rate of exchange of material across the interface
between the sea water and the coral tissue (Jokiel, 1978). It is now clear that high water
flow rates (50 to 70 cm s?) reduce bleaching susceptibility in corals (Nakamura and Van
Woesik, 2001; Nakamura et al., 2003). Therefore, abnormally high water temperatures
(26.22 to 33.65°C) coupled with low water flow (2 to 3 cm s1), can potentially cause coral
mortality (Nakamura and Van Woesik, 2001; Nakamura et al., 2003; Riegl and Purkis,

2012a).

1.3.4 The study region

The Gulf is a shallow, semi-enclosed water body, approximately 1,000 km in
length, 200-300 km wide and is relatively shallow (average 35m) (Sheppard et al., 1992).
The Gulf at its deepest point in the southeast region, reaches about 100 meters (Spalding
et al., 2002). It is surrounded by eight countries (Irag, Kuwait, Saudi Arabia, Bahrain,
Qatar, United Arab Emirates, Oman and Iran) (Figure 1.3). Seawater in the Gulf circulates
in a counter-clockwise direction. Oceanic water enters the Gulf through the Strait of
Hormuz and moves northwestward along the Iranian Coast. Then it moves southeastward

along the Saudi Arabian coastline, eastward passing along the United Arab Emirates
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(UAE), where it finally leaves the Arabian Gulf as deep water current through the Strait of
Hormuz (Hunter, 1983; Coles and Riegl, 2013). Although temperature has previously been
cited as the major environmental factor influencing corals around the region, additional
environmental parameters, including phytoplankton blooms, turbidity, water currents,
winds and dust are shown to be important (Kendall et al., 1985; Baker et al., 2008;
Sheppard et al., 2010; Riegl and Purkis, 2012b; Bauman et al., 2013a; D’Angelo and
Wiedenmann, 2014; Howells et al., 2016a). This makes the Gulf a valuable area to study

the effect of environmental factors on the survival of coral communities.

Figure 1.3. Countries surrounded the Arabian Gulf. Including: Irag, Kuwait, Saudi Arabia, Bahrain,
Qatar, United Arab Emirates, Oman and Iran. Source: https://lance3.modaps.eosdis.nasa.gov.
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1.3.4.1 Water Temperature

Gulf corals are routinely exposed to annual ranges of water temperature that exceed
the temperature extremes for other reefs in the world (Sheppard, 1993). Water temperature
fluctuations can exceed 20°C throughout the year. Corals in the Gulf are regularly exposed
to water temperatures reaching 32-33 °C during summer (Sheppard et al., 1992; Coles,
2003; Sheppard et al., 2010b) (Figure 1.4). Since corals adapt to the temperature of their
local environment, Gulf corals can endure temperatures up to 35°C for a limited amount of
time (Riegl and Purkis, 2012a). Bleaching thresholds vary among and within different
regions of the Gulf (Berkelmans, 2009). The thermal threshold for coral bleaching in coral
reefs of the southern Gulf is considered to be 35.5°C (Riegl and Purkis, 2012a; Shuail et
al., 2016), and is between 33.5 °C to 34 °C in the northern Gulf (Kavousi et al., 2014).

Reef development in the Gulf is patchy and shows the best growth in the offshore.
However, the increasing frequency, severity and diversity of disturbances are likely to
cause marked shifts in community composition (Bauman et al., 2014). After the 1996/1998
temperature anomalies, six species of Acropora species disappeared mainly from the
shallow areas of Dubai (Riegl, 1999a). The more resilient taxa, Faviids and Porites are now
achieving spatial dominance in most mid-depth areas (>3m), shifting the nature and overall
structure coral reef communities of the southern Gulf (Sheppard et al., 2010b). A new

species of Symbiodinium (Symbiodinium thermophilum) has been identified in Porites

corals and other anthozoan species in the southern Gulf (Hume et al., 2015; D’ Angelo et

al 2015; Hume et al., 2016).
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Figure 1.4. Sea surface water temperatures (SST) of the world during the summer period of 2010, 2011
and 2012. Show that the Arabian Gulf SST reaching 32-34 °C regularly during the summer period. Source:
https://oceancolor.gsfc.nasa.gov/cgi/I3
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1.3.4.2 Phytoplankton blooms

Over the last several decades algal blooms have been recorded from almost all areas
of the Gulf (Al-Yamani et al., 2000). Countries throughout the Gulf have experienced an
escalating trend in the incidence of problems termed ‘harmful algal blooms’’ (HABs)
(Zhao and Ghedira, 2014a; Abuelgasim and Alhosani, 2014). Three harmful algal blooms
have been witnessed in Kuwait during 1999, 2001 and 2017 (Al-Yamani et al., 2000; Heil
et al., 2001, Al-Enezi, 2017). All of these incidents coincided with a massive mortality of
both mariculture and wild fishes, the HAB species were Karenia selliformis and
Prorocentrum rathymum (Al-Yamani et al., 2000; Heil et al., 2001). A possible cause of
this event may be attributed to the deteriorating water quality through the rise in nutrient
levels around fish cages and the discharge of approximately 30,000 m? of untreated sewage
water into Kuwait Bay (Sheppard et al., 2010b). Other bloom events in the Gulf have been
reported from Abu Dhabi, Dubai, Ajman, Fujairah, Iran and Oman during August 2008—

May 2009 (Sheppard et al., 2010b) (Figure 1.5).
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Figure 1.5. Bloom events occurs in the Arabian Gulf during 2008. have been reported from Abu Dhabi, Dubai, Ajman,

Fujairah, Iran and Oman during August 2008—May 2009. The picture of the right is MODIS-Aqua 1km resolution image
showing remote sensed chl-a levels during August 2008 during the algal bloom event. Source
https://oceancolor.gsfc.nasa.gov.



This bloom changed the water colour and coincided with wide spread fish and coral
deaths, threatening coastal tourism and blocking desalination plant water intakes (Richlen
et al., 2010). The main species causing the bloom is Cochlodinium polykrikoides (Naser,
2014). Moreover, several fish-kill incidents have been recorded, in the South Mussafah
channel since 1998 (EAD, 2008). Water quality analyses have routinely shown that the
Mussafah South Channel (southern Gulf, UAE) is impacted by nutrient enrichment, low
DO concentrations in bottom waters, and phytoplankton blooms throughout the year (EAD,
2008). These outbreaks have increased over the past decade and are likely associated in
part with the eutrophic conditions caused by discharges into the marine environment (EAD,

2015) (Figure 1.6).
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Figure 1.6. HAB incidents outbreaks since 2002 in Abu Dhabi. HAB have increased since 2002, according to
observation and subsequent sample analysis by the MWQ Team. Source: EAD marine water quality report 2014.
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1.3.4.3 Wind patterns

The Gulf’s wind circulation patterns are mostly affected by the Indian Ocean
monsoon, which is one of the Earth’s most dynamic interactions between atmosphere,
ocean, and continents (Clemens et al., 1991; Reynolds, 1993). In the Arabian Gulf, two
well documented, weather phenomena include the Shamal and Kaus winds (Perrone, 1979;
Murty and El-Sabh, 1984; Reynolds, 1993; Thoppil and Hogan, 2010a; Riegl and Purkis,
2012a; Apel et al., 2015). The Shamal blows from a northwestern direction, and brings
some of the strongest winds to the region (Chao et al., 1992; Riegl and Purkis, 2012a). This
is particularly apparent during winter when it has a rapid and abrupt onset and reaches
speeds of up to 100 km/h (John et al., 1990). The Shamal wind is formed because of the
orographic control surrounding the Gulf, including the Taurus and Pontic mountains of
Turkey, the Caucasus mountains of Iran, and the Hejaz mountains of the Arabian Peninsula
together with the Tigris-Euphrates Valley (Perrone, 1979). A southwesterly wind known
as Kaus often precedes the Shamal and increases in intensity as the Shamal-bearing cold
fronts approach (Vishkaee et al., 2012). Kaus is strong on the eastern side of the Gulf
adjacent to the Zagros mountains in western Iran. Like the Shamal it has the potential to
generate high wind reaching up to 62-74 km/h (Murty and EI-Sabh, 1984; Riegl and
Purkis, 2012a).

Both the Kaus and the Shamal winds are considered to be equal to Caribbean
hurricanes in the impacts on reef-building corals (Kendall et al., 2003; Shinn, 1973;
Fadlallah et al., 1995). Some of these impacts are the deposition of dust, water current
modification and water mixing (Riegl and Purkis, 2012). These winds can pick up dust and

sand from the unprotected surfaces of the desert regions around the Gulf, which is blown
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up into the atmosphere creating dust storms in both southeasterly and northeasterly

direction (Reynolds, 1993; Hamza et al., 2011).

1.3.4.3.1 Dust storms in the Arabian Peninsula

The Arabia Peninsula is among the major sources of dust storms worldwide
(Zender, 2003; Hamza, 2008; Hamza and Munawar, 2009, Jish Prakash et al., 2014). There
are up to 15 to 20 dust storms per year, which may affect all aspects of human activity and
natural processes in this region. Dust storms in the north are more frequent in spring, while
they occur mainly in summer (May-August) along the southern parts (Jish Prakash et al.,
2014). The estimated sediment deposition in the Arabian Gulf during sandstorm events is
around 60 to 200 x 10° tonnes/year (Riegl and Purkis, 2012b). This region has been
severely under-sampled and there are few available in-situ observations, and very few
international research campaigns have been conducted in this area compared with the
Sahara and the Asian deserts. The major dust sources are the Tigris and Euphrates Rivers,
the alluvial plain in Iraq and Kuwait, and the Ad Dahna and the Rub Al Khali deserts

(Figure 1.7) (Kutiel and Furman, 2003; Shao, 2008).

Figure 1.7. Major dust sources in the Arabian Peninsula. Including the Tigris and Euphrates Rivers, the alluvial
plain in Irag and Kuwait, and the Ad Dahna and the Rub Al Khali deserts. Source:
https://lance3.modaps.eosdis.nasa.gov.
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The peak of dust storm activity is reached usually during day time, when intense
solar heating of the ground generates turbulence and local pressure gradients (Middleton,
19864a, 1986b). Dust emitted from southern Iraq, Iran and the eastern Arabian Peninsula
was mainly deposited in the Persian Gulf and the Arabian Sea. Dust emitted from the
western coast of the Arabian Peninsula was mostly deposited in Red Sea (Jish Prakash et
al., 2014). In an analysis done by Hamza et al. (2011), on the dust composition along the
UAE coasts, during an intensive dust storm documented in summer 2009, showed that
Silica and calcium were the major chemical elements in the samples, accounting for a
combined 60-80%. The analysed results also show high percentages of iron (2-18 %),
aluminum (2-8%), magnesium (2-10%), and sulphur (0.5-7%) along the samples station in
the UAE. These elements are essential nutrients for phytoplankton growth and activity in
the marine environment if they exist in a soluble form (Graedel et al. 1986; Duce and
Tindale 1991; Young et al., 1991; Garrison et al., 2003).

The solubility of iron compounds and other trace metals in the marine environment
is known to be dependent on the sediments acidity, in that the binding capacity of sediments
decreases at acidic pH allowing mineral dissolution (Parekh et al., 2004; Jickells et al.,
2005). Both rainwater and photochemical reactions have the potential to be of great
importance in dissolving elements carried by dust storms over the Arabian Gulf. Rain water
in the Gulf area is scarce, however, as a consequence of intensive sulfur rich oil production,
mixing with high sulphur concentrations in the atmosphere may make the rain water acidic
enough to dissolve other minerals such as iron (Walker and Brimblecombe, 1985). On the
other hand, light intensity in the Arabian Peninsula is high enough to promote

photochemical processes at the sea surface micro-layer (Sayadam and Senyuva, 2002;
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Almazroui et al., 2012). Khan et al., (2002), shows that the Arabian Gulf highly productive
body of water, reflected through the efficient assimilation of nutrient by primary producers.
Despite the limited freshwater sources (Hamza and Munawar, 2009), the Arabian Gulf
ecosystem appears to receive additional nutrients inputs, especially Fe, P and N, from other
sources. One of these extra sources could be the upwelling of waters charged with dissolved
nutrients derived by recycling of marine sediments (Kampf and Sadrinasab, 2006). Another

source is surely the annual dust and aerosol deposition onto its waters (Hamza, 2008).

1.3.4.4 Water circulation

A cyclonic circulation develops in the central Gulf, and dissociates into 3—4
cyclonic eddies called the Iranian Coastal Eddies (Thoppil and Hogan, 2010b). These
eddies might be necessary for coral and other planktonic larva transportation from Iran to
the southeastern Gulf (Riegl and Purkis, 2012c). When the water flow reaches Shatt El
Arab, it increases in density due to cooling and evaporation, becoming dense enough to
sink and flow southeast toward the Strait of Hormuz where it exits as a bottom current with

a velocity of about 10 cm/s (Figure 1.8) (Hunter, 1982; Sheppard et al., 2010a)

W

Figure 1.8. General water circulation in the Arabian Gulf.
Adopted from Riegl and Purkis, 2012.
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1.3.5 Coral diversity in the Southern Gulf (Abu Dhabi)

Abu Dhabi, located at the southern margin of the Arabian Gulf, is the largest
emirates of the United Arab Emirates (UAE). It covers about 226,000 km? of the territorial
seas of the United Arab Emirates (Purser and Seibold, 1973). A variety of habitats occurs
in the marine and coastal environment of Abu Dhabi. These include sand dunes, beaches,
seagrass beds, mangrove stands, tidal inlets and coral reefs (Environment Agency, 2008).

Coral reefs are among the UAE’s most diverse habitats and are beneficial for
fisheries and coastal protection. The shallow coastal waters of the Abu Dhabi Emirate
encompass an abundance of fringing and patch reefs harbouring coral taxa, such as
Acropora, Porites, Platygyra and faviids (George and John, 2000). Both patch reefs and
fringing reefs dominate shallow waters between 1-4m depth in the coastal areas. Branching
corals, mainly Acropora species, are found in these areas, with an underlayer of Porites,
Platygyra, and smaller faviids. At depths of about 6-8m, species of the dendrophylliid coral
Turbinaria are often seen, particularly when the reefs meet the surrounding sand (Kinsman,
1964; George and John, 1998 & 2000; Sheppard and Loughland, 2002; Burt et al., 2011).
Coral reefs in the region are rarely found at depths greater than 10m (George and John,
1998).

Knowledge about the diversity and changes in the coral reefs of Abu Dhabi in the
last decades is enhanced by the first coral habitats map in the southern Arabian Gulf. The
outcome of using both Landsat satellite imagery and ground-truthing (Zanter, 2005). The
habitat map was prepared during 2005 as a collaboration among the biodiversity
management of Abu Dhabi (Marine Sector), Dolphin Energy, the World Wildlife Fund

(WWEF), Emirates Wildlife Society (EWS), and the National Coral Reef Institute (NCRI).
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The map highlights some of the most important coral reefs around the islands and banks of

Abu Dhabi Emirate and Qatar's harbour (see http://uae.panda.org). It shows the species

density of coral reefs in the Gulf that had already been affected by three temperature-related
bleaching events in 1996, 1998 and 2002 (Riegl, 2002; Sheppard and Loughland, 2002;
Riegl, 2003). As a result, Abu Dhabi’s coral population was reduced from 90% to about
22%. Acropora species were most affected in the area and six of them went locally extinct.
Thus the total number of coral species in the region was reduced from 34 to 27 species
(Riegl, 2002).

Coral reefs have suffered consecutive bleaching events in 2009, 2010, 2011 and
2012 (Riegl and Purkis, 2015a). These have increasingly reduced overall cover by 10% in
2009, 20% in 2010, 20% in 2011 and 15% in 2012 (Riegl and Purkis, 2015a). Acropora
species have suffered almost 100% mortality in western Abu Dhabi including Delma, and
overall 60-80% mortality in eastern Abu Dhabi (Saadiyat and Ras Ghanada) (Riegl and
Purkis, 2012b). Other species, such as Montipora, Pocillopora, Goniopora, fungiids,
agariciids, oculinids, alcyonaceans and hydrozoans were notably absences from the UAE

fauna.

1.3.6 Coral bleaching events in the Gulf

Coral reef bleaching events reported in the Gulf are considered to be driven mainly
by water temperature anomalies, the frequency of which has increased since the early
1980s. The frequency and scale of coral bleaching events in the Gulf during the past few
decades have been studied thoroughly (Shinn, 1976; Sheppard et al., 1992; Riegl, 2002;

Sheppard, 2003), Detailes of these reports are available online in various databases
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maintained by agencies such as the World Fish Center (www.worldfishcenter.org), NOAA

(www.noaa.gov), and Great Barier Reef Marine Park Authority (www.gbrmpa.gov.au).

1964

The first coral mortality event in the Gulf was reported by Shinn (1976) around the
Qatar coastlines. The paper presents the result of onshore transect surveys from the eastern
and northern part of the peninsula, extending to a depth of approximately 7.6m. The initial
survey in May 1965 was followed by further studies in 1965 and 1966. In 1965, the studied
areas contained dead Acropora communities covered with soft green and brown algae as
well as encrusting coralline algae. The mortality of these corals appeared to have been the
result of an unusually severe Shamal wind, which had occurred during the previous year
(1964). The wind started on January 19", 1964 and reached full force on January 20" at
around 65 k/h velocity. The water temperature at 18 m depth was 14.1 °C, and the air
temperature was 0.5 °C, which was the lowest temperature ever recorded in Qatar.
However, after an 18-month period from May 1965 to September 1966, the small Acropora
colonies, 1-2 cm in height, were found attached to the dead coral branches and other hard
substrates. By September, 1966 abundant Acropora colonies ranging in height from a few
centimeters to around 20 cm were found. Shinn (1976) concluded that these newly growing
corals constituted a population that had grown from coral larvae transported from distant
sources of living coral such as Halul Island and the reefs near Bahrain Island, which were

the closest source available.
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1981

According to Holt-Titgen (1982), a second coral mass mortality occurred near Jebel
Ali in Dubai between July 1979 and February 1981. In fact, 1980 had the highest positive
summer water temperature anomaly of the period 1969-1987 was followed by a cold
winter, and subsequently by an even hotter summer in 1981. In this event, the majority of
Acropora species was affected. The primary cause of this event was probably the

fluctuation of a hot summer followed by a cold winter (Riegl and Purkis, 2012a).

1988

A series of cold fronts passing over the western Arabian Gulf, in Saudi Arabia from
Manifa area to Tarut Bay (Coles and Fadlalallah, 1991b) from December 1988 to March
1989 produced the longest period of sustained low water temperatures ever recorded in any
coral reef area around the Gulf. Water temperatures reached 11.4 °C on 19-20 January at
Manifa area, and 12.0 °C on 19 January at Tarut Bay. Water temperatures stayed below 16
°C for 62 days at Manifa compared to 35 days in Tarut.

Severe mortality at those sites was restricted to Acropora and Platygyra, whereas
severe stress was observed in most species, such as Porites lutea, Psammocora contigua,
Pavona varians, Coscinarea monile, Leptastrea purpurea, Cyphastrea micropthalma,
Favia pallida, F. speciose, F. favus, Farites pentagona, and Tubinaria crater (Coles and

Fadlalallah, 1991b).
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1996

In 1996, an abnormally elevated water temperature was recorded in the UAE, reaching
35°C, southern Gulf (Riegl, 1999b). It was the most severe mass mortality in the Arabian
Gulf region and the world widespread event ever recorded (Riegl and Purkis, 2012a). This
coincided with a large El Nino event, switching over to a strong La Nina in mid-1998
(Wilkinson, 1998). Positive water temperature anomalies in the Gulf started in April and
lasted until September 1996. During June, July, and August the anomalies reached 1.5-2.5
°C above normal (Riegl, 2002). The water temperature reached 35°C, which is about 2°C
above the normal maximum in that region. About 95% of Acropora community bleached
at Abu Dhabi and Dubai, mainly between Jebel Ali and Ras Hasyan. Six species of
Acropora disappeared after the mass mortality, including Acropora pharaonis, Acropora
horrida, Acropora valenciennesi, Acropora arabensis, Acropora florida, and Acropora
valida. The dominant populations left were poritid and faviid species (Riegl, 1999b). Only
one viable population of Acropora clathrate remained in the region, found 30 km east of
Abu Dhabi, in Deira Corniche, Dubai. Other coral communities that survived the event
were distributed in deeper water, such as Pseudosiderastrea tayamai, Porites mayeri and
Coscinarea monile (Riegl, 1999b). The overall species richness in the UAE went from 34
to 27 species, and healthy coral cover was reduced from 90% to about 26% (Riegl, 1999;
Riegl, 2002).

The 1996 bleaching event was not restricted to the UAE, but affected also the Kingdom
of Saudi Arabia, Bahraini, Oman, Madagascar, parts of the Great Barrier Reef, parts of
Indonesia and the Philippines, Taiwan, Palau, French Polynesia, Galapagos, Bahamas,

Cayman Islands, Florida, Bermuda, and Brazil coastlines (Wilkinson, 1998; Goreau et al.,
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2000). However, across certain areas of the world such as the Red Sea, southern Indian
Ocean, eastern Andaman Sea, most of Indonesia, large parts of the Great Barrier Reef, most
of the central Pacific and many parts of the southern and eastern Caribbean, bleaching was
less pronounced or even insignificant (Wilkinson, 1998; Goreau et al., 2000).

Along the Bahrain and Saudi Arabia coastline over 90% of the same species also
bleached (Wilkinson, 1998). Acropora species, considered to be most temperature

sensitive, had been the dominant habitat forming coral in this area (Coles, 2003).

1998

The Gulf was not only affected by a temperature anomaly in 1996 but also in 1998. In
UAE, coral cover was further reduced from 26% to 22% (Riegl, 2002). However, in 1998
the Gulf did not experience coral bleaching and mortality comparable to the Indo-Pacific
coral systems. Seawater temperature exceeded 34°C for 14 continuous weeks, and reached
36°C for three weeks in August 1998 when bleaching started (Riegl, 2002; George and
John, 2000). This unusual rise in sea surface temperature was the greatest since 1870
(Sheppard and Rayner, 2002) and it also coincided with a severe EL Nifio- La Nifia event
during late 1997 and early 1998, which was the largest of this type ever recorded
(Wilkinson, 1999, 1998; Goreau et al., 2000; Sheppard and Loughland, 2002b; Sheppard,
2003). Although in most regions Acropora was the most affected species. Only small
populations of Acropora survived in the UAE at Ras Ghantoot, Deira, and Sir Abu Nuair
(Riegl, 2003). Massive Porites lutea and Siderastrea savignyana colonies had the highest
spatial extension and did not suffer bleaching during either 1996 or 1998 events (George

and John, 1999, 2000; Goreau et al., 2000; Riegl, 2002). In 1998, bleaching was also
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documented in Madagascar, Tanzania, Kenya, Comores and Reunion. No bleaching was

recorded in South Africa (Wilkinson, 2004).

2002

During summer 2002, water temperature reached 37 °C in the southern Gulf area (Jebel
Ali and Ras Hasyan in Dubai). This event, which may have also been linked to the Pacific
El Nifio/Southern Oscillation (ENSO) (Riegl, 2003), had only negligible effects on the
remaining coral communities in the area (Riegl, 2003). Acropora sp. bleached at Jebel Ali
and Ras Hasyan, but not at Sir Abu Nuair, whereas most Porites lutea, Porites solida, and
Porites lobata bleached. However, all of these species had fully recovered by November
2002 (Riegl, 2003; Coles and Riegl, 2013), possibly as a consequence of their previous
exposure to extreme temperatures in 1996 and 1998 (Riegl, 2002, Coles and Brown, 2003).
This scenario is supported by the adaptive hypothesis, according to which reefs that
recovered from stress might show an increased resistance to subsequent bleaching events

likely due to changes in coral symbiont communities (Baker, 2001; Baker et al. 2002)

2007

According to Foster et al. (2012), seawater temperature in August 2007 reached 37 °C
in Qatar and Abu Dhabi. Still, only mild bleaching was observed in these areas, In contrast,
corals, mainly Acropora, in Iran were suffered notable bleaching and subsequent mortality

in that year (Baker et al., 2008; Shuail et al., 2016).
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2008

Extreme-temperature-related bleaching events were absent during 2003-2009. In fact,
coral species, such as faviids and Porites spp. showed strong signs of recovery in between
2002 and 2010 (Riegl and Purkis, 2012a). However, reports have documented two
bleaching events that were linked to environmental factors other than temperature. The first
event was caused by a harmful algal bloom (HAB) that was sustained from August 2008
to May 2009 (Richlen et al., 2010). It resulted in mass mortality of corals, such as
Pocillopora and Acropora sp., as well as of wild and farmed fish in the area (Bauman et
al., 2010). It also stopped the operation of most desalination plants in Oman and the UAE
(Richlen et al., 2010). News from the Emirates Diving Association (EDA) also reported
95% damage to coral reefs in the Dibba Marine Protected Zone in Fujairah (Landais, 2009).
This harmful algal bloom was related to the dinoflagellate species Cochlodinium
polykrikoides, the first time this species was reported in the region (Naser, 2014). The
western parts of the Gulf, including Dubai and the Abu Dhabi Emirates, did not witness

any coral bleaching related to this bloom (Riegl et al., 2012).

2009

During the summer of 2009, a second bleaching event, unrelated to temperature
anomalies, occurred in Abu Dhabi. It was driven by diseases, which caused an overall
mortality of about 10% of the corals (Riegl and Purkis, 2015b). The event started from
May and persisted till September, but the onset of the event occurred in the last week of

August or early September (Riegl and Purkis, 2015b).
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2010

In the summer of 2010, corals in the Arabian Gulf were influenced by prolonged
exposure to temperatures between 33°C and 36°C (Riegl et al., 2011; Guest et al., 2012;
Riegl and Purkis, 2015a). From the beginning of August, bleaching was observed in eastern
Abu Dhabi and Qatar, where local temperatures reached 36.4°C (BuTinah, Abu Dhabi) and
36.1°C (Fasht el Hurabi, Qatar) (Riegl et al. 2012). In Abu Dhabi most coral species
including P. harrisoni and A. downingi, and D. pallida bleached (Riegl and Purkis, 2015a).
According to the observations of Riegl et al. (2011), Acropora sp. colonies had a bleaching
percentage of 70% and 50-90% mortality from disease outbreak. Porites sp. colonies had

60% bleaching. 15-18% of the massive and encrusting Porites, Cyphastrea, Favia, Favites,

and Platygyra colonies bleaching ranged from 15 to 80%. Coscinaraea, Turbinaria,
Anomastraea had 50 to 100% bleaching. The overall mortality was specific to the Acropora
species in the western Abu Dhabi (Dalma, Bu Tinah, Al Heel), which suffered almost 100%
mortality. In contrast only 60 to 80% mortality of Acropora was witnessed in eastern Abu
Dhabi (Ras Ghanada) (Bernhard and Riegl et al., 2012; Coles and Riegl, 2013).
Considerable numbers of Acropora and Porites were able to withstand the thermal
stress and had recovered by the end of September (Riegl and Purkis, 2012a). Mortality
coincided with the occurrence of a coral disease known as White Syndrome (WS) disease,
a growing threat to coral reef ecosystems (Riegl et al., 2012a). WS is responsible for the
demise of a significant number of coral reefs worldwide, such in the Great Barrier Reef
(Kvennefors and Blackall, 2007). The occurrence of such a coral disease in this year might

have possibly been related to the temperature stress (Riegl and Purkis, 2015a). Comparable
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incidents have also been reported in the Great Barrier Reef, the Florida Keys and the

Caribbean region (Bruno et al., 2007, Brandt and McManus, 2009, Eakin et al., 2010).

2011

Bleaching occurred across the eastern Abu Dhabi region in summer 2011, from August
to November, along with a new major disease outbreak, known as the Black Band Disease
(BBD). This resulted in significant mortality for all corals in this area (Riegl et al., 2012).
Moreover, similar to 2010, this BBD outbreak coincided with high water temperature that
reached 35-36 °C for six consecutive weeks (Coles and Riegl, 2013). Overall, there was
20% decline of total cover in the southern Gulf (Riegl and Purkis, 2015a). It is important
to note that the occurrence of BBD and WS was new in the southern Gulf region (Korrubel
and Riegl, 1998) and it affected several species including Acropora downingi, A. clathrata,
A.pharaonis, A. valida , Favia pallida, F. speciosa, Platygyra daedalea, P. lamellina,
Cyphastraea microphthalma and Dipsastrea pallida (Riegl and Purkis, 2012a; Riegl and

Purkis, 2015a).

2012

A severe bleaching event affected the coral population off the coast of Abu Dhabi, UAE
between August and September 2012 (Riegl and Purkis, 2015a; Shuail et al., 2016; Howells
et al., 2016a). In the southern Gulf (Abu Dhabi), the corals experienced a higher number
of warm days (about 20 days of temperature above 35 °C) than the remaining Gulf sites
(Howells et al., 2016a). In the Oman Sea, summer temperatures rarely exceeded 33 °C, and

no bleaching was observed in 2012 (Howells et al., 2016a). According to Shuail et al.
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(2016), coral communities in the western parts of Abu Dhabi had less relative heat stress
than in the eastern regions. Specifically, coral communities endured 16 days above local
thresholds in Ras Ghanada reefs and 15 days in Saadiyat reefs. In contrast, in Delma Island
reefs, the temperatures were higher than the local bleaching threshold for only 10 days. In
Saadiyat and RasGhanada reefs ~40% of the corals showed signs of bleaching, while only
15% of the corals were affected on the Delma reef (Shuail et al., 2016). The 2012 event
caused the least decline (15%) in the southern Gulf, but the cover was already low due to

the back to back bleaching events (2009, 2010, 2011 and 2012) (Riegl and Purkis, 2015a).

2017

Following the 2012 event, there were no records of bleaching in the southern Gulf
until summer 2017, a severe coral bleaching witnessed in August 2017 on nearshore reefs
in Qatar, Bahrain, and all nearshore reefs along the coast of the UAE. More severe impacts
appear to be experienced towards eastern parts of Abu Dhabi city, with >95% coral
bleaching, >70% coral mortality, than towards the west (30-40% bleaching in Delma
island). The normally stress-tolerant Porites seem to have been hardest mortality in Abu

Dhabi, with >90% of Porites now dead at Saadiyat reef (Burt and Wiedenmann, 2016).

1.4 Study sites

This study will focus on the coral communities at three sites in the southern Gulf in
Abu Dhabi Emirate. The sites are Delma (latitude 24.5208/longitude 52.2781), Saadiyat
(lat. 24.599/long. 54.4215) and Ras Ghanada (lat. 24.8481/long. 54.6903) (Figure 1.9).

These sites were selected for their coral cover and their pronounced difference in their
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bleaching patterns during 2012 bleaching event (Shuail et al., 2016). The majority of the
coral communities in these sites were composed of four common families, poritids, faviids,

acroporids, and siderastreeids (Burt et al., 2011; Foster et al., 2012).

[ >3
L 26
RasGhanjda
Saadiyat
Delma k:’ % - 24
(s %
UAE Oman
L 22
50 52 54 56

Figure 1.9. Study sites in UAE (Abu Dhabi) are Delma (lat. 24.5208/long.
52.2781), Saadiyat (lat. 24.599/long. 54.4215) and Ras Ghanada (lat.
24.8481/long. 54.6903).

1.4.1 Delma

Delma is a diapiric island found offshore the west of Abu Dhabi coastal area,
surrounded by remnants of incipient coral fringes (Ben-Romdhane et al., 2016). Coastal
modification has affected several extensive reef areas around the island. For example,
Delma airport, which is located on the eastern coast of the island, lies on top of a fringing
reef. However, the tidal areas yielded large suitable areas for coral framework development
(Riegl and Purkis, 2012a). Delma is one of the islands that is located southeastern of the
Qatar peninsula. This area is known to have an overall higher water temperature than the

eastern parts of the Gulf, which is more exposed to winds (Sheppard and Loughland,
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2002b). It is mostly dominated by more resilience species such as nodular Porites, faviids
and Platygyra spp, with Acropora being rare or completely absent (Riegl and Purkis,

2012b; Shuail et al., 2016).

1.4.2 Saadiyat

Saadiyat is a 27 km? island 500m off the coast of Abu Dhabi. According to Foster
et al. (2012), it is moderately populated with live coral cover ranging from 12.5 to 16.9
corals per m?. However, this region is threatened by a major coastal development and
discharges from industrial facilities including power generation, iron and steel works,
which are concentrated in Industrial Cities Abu Dhabi (ICADs), Mussafah Industrial Area

and Khalifa Industrial Zone Abu Dhabi (KIZAD) (EAD, 2015).

1.4.3 Ras Ghanada

Ras Ghanada is a headland, extending out into the water, located near the border
with Dubai, about 90 kilometres northwest Abu Dhabi. It has one of the largest and yet
least impacted high-diversity habitats in the UAE (Sheppard et al., 2010). Around this
headland, there are mangroves, seagrass beds and an extensive coral reef, more than 24
corals per m? (Sheppard et al., 2010; Foster et al., 2012). Despite the nearby coastal
construction at the Khalifa Port and Industrial Zone (KPI1Z), coral reefs remain in good

health.
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1.5 Reference sites

Other coral reef regions of the Gulf were analysed for comparative purposes,
including remote sensed sea surface temperature (SST) and meteorological data. These
areas include Kuwait, the Kingdom of Saudi Arabia (KSA), Bahrain, Qatar, Iran and the

Gulf of Oman (Figure 1.10).
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Figure 1.10. Reference sites around the Arabian Gulf. Including: Kuwait, the Kingdom of Saudi
Avrabia (KSA), Bahrain, Qatar, Iran and the Gulf of Oman.

1.5.1 Kuwait

Kuwait's coral reefs are located mostly in its southern part and around some
offshore islands, mainly the islands of Kubbar, Qaru and Um Al-Maradim (Hodgson and
Carpenter, 1995; Rezai et al., 2004). Coral communities are found as patches of fringing
reefs and the most dominant species are Porites harrisoni, Acropora arabensis and A.

downingi (Rezai et al., 2004). There are considerable impacts on these reefs from various
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human activities, such as overfishing, solid waste disposal, such as paper, glass, metal and
plastic containers, and widespread anchor damage (Wilkinson, 2008). These reefs were
also among those most directly impacted by the oil spills from the Gulf War (Downing and
Roberts, 1993). The reefs in Kuwait are exposed to a very heavy load of particles due to

the shallow water environment and input from the Shatt Al-Arab (Wilkinson, 2004).

1.5.2 Kingdom of Saudi Arabia (KSA)

Corals along the Saudi coastline are mostly limited to small patch reefs between
Ras Al-Mishab, Saffaniyah and Abu Ali, and between Abu Ali and Ras Tanura (Wilkinson,
2008). The most extensive and diverse reefs are around 6 offshore islands, particularly Jana
and Karan. However, bleaching and mortality has impacted the majority of the live corals
around these sites (Rezai et al., 2004). For example, around Karan Island, the population
of the healthy corals was 33% in 1992, but declined to 23% in 1994 and 1% in 1999 after
the Gulf-wide mass mortality in 1996 and 1998 events. Corals at Abu Ali island, which is
part of Jubail area in the Eastern Province of KSA, also suffered about 99% mortality.
None of the colonies of the extensive Acropora communities on the eastern of the peninsula

were found alive in 1999 (Rezai et al., 2004).

1.5.3 Bahrain

Coral reefs in Bahrain are mainly distributed around the northern and eastern
coastlines. Including Fasht Al Adhom; west Fasht Al Dibal; Khwar Fasht; north Jabari;
Fasht Al Jarim; Samahij; and Abul Thama (Rezai et al., 2004). Following widespread

mortality in 1996 and 1998, coral cover in Bahrain is very low. The only population of
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living coral in Bahrain surrounds Abul Thama, a small raised area surrounded by 40 m

deep water, about 72 km north of the main island (Wilkinson, 2008).

1.5.4 Qatar

The best coral growth conditions for Qatar are on its northern and eastern coasts,
while the western coast is subject to extremes of temperature and salinity (Wilkinson,
2008). The best coral growth is found on the offshore islands, including Halul Island.
However, the island contains oil and gas marine terminals and is subject to notable human
impacts (Wilkinson, 2008). There has been very high coral mortality in the past 10 years
from bleaching and human impacts. For example, several Acropora and Porites beds east
of Doha suffered nearly 100% mortality in 1996 and 1998 (Spalding et al., 2002). Before
1998, there was heavy siltation from the construction of a breakwater and land reclamation
for the new Doha International Airport that severely stressed these communities (Rezai et

al., 2004).

1.5.6 Iran

Fringing reefs are known to occur along parts of the mainland and particularly
around some of the offshore islands, including Kharg, Kharko in the northern coast, and
Kish and Qeshm Islands in the southern region (Wilkinson, 2008). Around 35 coral species
have been documented surrounding Hormuz Island (Rezai et al., 2004). Anthropogenic
impacts are found in the main industrial areas in the northwest and around Kish and Qeshm
(Rezai et al., 2004). These include sedimentation and pollution, together with solid waste

and anchor damage (Spalding et al., 2002). Around Kish Island, algal overgrowth of corals
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in the late 1990s was attributed to increased nutrient levels (Mohammadizadeh et al., 2013).
The narrow waters around the Straits of Hormuz are among the busiest tanker lanes in the

world, representing an ongoing threat to the southernmost reefs (Rezai et al., 2004).

1.5.7 Oman

The Omani shoreline is around 1700 km, and the healthiest coral areas are found
along the Musandam Peninsula, Daymaniyat Islands, the Gulf of Masirah, Dhofar coast,
and Al Hallaniyat Islands (Rezai et al., 2004). Around 107 species of reef-building corals
have been documented in the Gulf of Oman, and an additional 20 species occur on Oman’s
Arabian Sea coast (Claereboudt, 2006). The most common species along the Omani coasts
are Montipora sp., Porites sp. Pocillopora sp. and Acropora sp. The impact of the 1998
bleaching event Oman’s corals was minor, the most affected area was the southern Oman,
along the Arabian Sea coast, 95% of the more sensitive species (Acropora) showed
partially bleaching symptoms. No mortality had been witnessed further north of the

Arabian Sea coast or in Gulf of Oman (Coles, 2003).

1.6 Remote sensing as a monitoring tools for coral reef environment

Remote sensing is defined as the collection of information about an object without
making physical contact with it (Schowengerdt, 2006). Remote sensing covers
measurements using the electromagnetic spectrum characterising the properties of a
landscape (Barrett and Curtis, 1992). Over the years remote sensing techniques have
extended to provide the capability of measuring the entire electromagnetic spectrum

(Colwell, 1983). Different sensors can be used to collect unique information about the
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properties of the Earth’s surface layers. For example, measurements of reflected solar
radiation give information on albedo, which is the fraction of energy reflected from the
Earth’s surface back into space (Brest and Goward, 1987). Thermal sensors measure
surface temperature, and microwave sensors measure the properties of soil or snow surface
(Engman and Gurney, 1991). The challenge for the user is to interpret these remotely
sensed properties in a way that can be used for effective management and monitoring.

The potential of remote sensing applications to deliver essential information has
been highlighted by many researchers (Franz et al., 2005; Liu et al., 2014, Pettorelli et al.,
2014; Blondeau-Patissier et al., 2014; Zhao and Ghedira, 2014; Sahay et al., 2014). There
is clearly an urgent need to access global, long-term, reliable information on spatial and
temporal fluctuations in the distribution of direct and indirect environmental and
anthropogenic pressures to the biological environment. This is particularly true for coral
reefs ecosystems. As mentioned in the previous sections, mass mortality of coral
populations in the Gulf has increased in frequency and severity over the last two decades,
leading to the demise of the overall population density as well as coral species diversity
(Riegl and Purkis, 2012b; Riegl and Purkis, 2015a). Several environmental factors are
shown to be responsible for this deterioration in coral reef conditions, such as thermal stress
and phytoplankton blooms (Riegl et al., 2012a; Riegl and Purkis, 2012b; Bauman et al.,
2013a; Bauman et al., 2013b; D’Angelo and Wiedenmann, 2014).

Since the late 1970s, a variety of operational satellite sensors and algorithms have
been developed to fulfill the requirements of coral reef managers and researchers
(Bernstein and Stevens, 1986; Blondeau-Patissier et al., 2014). Spatial resolutions across

all satellite sensors range from 50 cm to 100 km, with either daily, monthly or annual
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information available for several sensors. Some of the widely used ocean colour sensors
for the ocean biological activity are Coastal Zone Colour Scanner (CZCS), the Sea-viewing
Wide Field-of-view Sensor (SeaWiFS) and two Moderate Resolution Imaging
Spectroradiometers (MODIS-Aqua and MODIS-terra).

The first ocean colour data set derived from a spaceborne sensor was provided by
the Coastal Zone Color Scanner (CZCS), onboard the National Aeronautics and Space
Administration (NASA) Nimbus-7 spacecraft, (Hovis et al., 1980). It had five near infrared
bands (443, 520, 550, 670, and 750 nm), and one thermal infrared band (10.5-12.5 pum).
The satellite was in a sun-synchronous orbit with ascending node near local noon with a
ground resolution of 825 m (Hovis et al., 1980). Feldman et al. (1989), were able to provide
the first monthly global maps of the photosynthetic pigment (chlorophyll a) from this
sensor. Following the success of CZCS, NASA launched an additional ocean colour
capable sensors, the Sea-viewing Wide Field-of-view Sensor (O’Reilly et al., 1998; Wang,
1999; Stumpf et al., 2003). The SeaWiFsS is a multi-spectral radiometer, synchronising the
Earth’s equator daily during the noon time (12:00) from August 1997 until December 2010
(O’Reilly et al., 1998; Franz et al., 2005). SeaWiFS views the planet’s surface in eight
spectral bands covering the visible and near-infrared (NIR) range from 400-900 nm. It has
a global area coverage (GAC) resolution of 4.5km.

Another ocean color sensor MODIS instrument is currently on both the Aqua
(MODIS-aqua) and Terra (MODIS-terra) platforms of the Earth Observing System (EOS).
MODIS-terra was launched in December 1999 into a daily sun-synchronous orbit at 10:30
am, but it begins its operation from February 2000. MODIS-aqua platform was launched

in May 2002 into a daily sun-synchronous orbit at 13:30 MODIS-Aqua has been in
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continuous operation since June 2002 to the present (Alexandridis et al., 2009). Both
MODIS sensors measure radiance in 36 spectral channels covering the range from 400 nm
to 14.4 um, supporting land, ocean, and the atmosphere. The bands of primary interest to
ocean colour applications are the nine channels covering the spectral range from 400-900
nm. Both platforms (SeaWiFS and MODIS) collect data over a wide swath of a pixel
resolution ranging from 1 km for SeaWiFS and from 250 m, 500 m to 1km for MODIS
(Hu et al., 2001; Franz et al., 2005; Zhang et al., 2006; Gregg and Casey, 2007).

The remote sensing tool is considered a primary source of information for the
monitoring of abiotic conditions, such as temperature, winds, rainfall and bathymetry
(Kidder and VVonder Haar, 1995; Rees, 2013; Martin, 2014). Biotic factors, as well, can be
acquired from the several ocean colour sensors, such as detection, mapping and monitoring
of phytoplankton blooms (Al-Yamani et al., 2006; Mol et al., 2007; Nezlin et al., 2007).

The above-mentioned ocean colour sensors are designed to retrieve the spectral
information of the upwelling radiance above the sea surface that is referred to as the water-
leaving radiance or Lw (A). This radiance can be used to estimate a number of geophysical
data parameters, such as the concentration of chlorophyll a, which is the direct proxy for
phytoplankton biomass (Cullen, 1982; Alexandridis et al., 2009). Chlorophyll-a (chl-a)
global distribution (Figure 1.11) of shows that the rich chl-a areas are located along the
coasts and continental shelves, mostly because of a strong nutrient supply (Rabalais et al.,
1996). Moderate chl-a concentrations are found along the equator in the Atlantic and
Pacific regions, which is caused by the upwelling of deep, nutrient-rich, cool waters from
the divergence of the ocean water masses along the equator (Lyle et al., 1992). Moderate

chl-a are also found in the subtropical convergence zone, where cool, nutrient-rich sub-
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Antarctic water masses mix with warm, nutrient-poor subtropical waters (Butler et al.,

1992).

Chlorophyll a concentration (mg / m?)

Figure 1.11. Examples of Chl-a satellite images from the MODIS-Aqua sensor showing the average global distribution
of chl-a during September 2012. Showing rich chl-a areas along the coasts and continental shelves. Moderate chl-a
concentrations are found along the equator in the Atlantic and Pacific region, and in the subtropical convergence zone
(red circle). Source: http://oceancolor.gsfc.nasa.gov .

Over the past decades, most of the research in algorithm development was driven
by the need for accurate retrievals of chl-a concentrations in open and coastal ocean waters
from ocean color data. The empirical blue—green (440-550 nm) spectral band-ratios are the
most common types of ocean color algorithms used for chl-a retrievals, because most of
the phytoplankton absorption occurs within this visible spectrum region (Gordon et al.,
1983; Feldman et al., 1984). However, most reflectance band-ratios are designed for global
applications over optically deep ocean waters and the use of visible wavelengths can be
unreliable in coastal waters (Odermatt et al., 2012). The blue—green (440-550 nm) of the
spectrum region become less sensitive to changes in chl-a concentrations due to the

increase in the concentrations of color dissolved organic matter (CDOM) and total
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suspended matter (TSM) (Bowers et al., 1996). Additional limitations in the use of the
blue—green ratios are regional differences in optical properties. In other words, the
generalized global characteristics of some algorithms can be inapplicable in some of the
world’s ocean regions (Claustre and Maritorena, 2003; Volpe et al., 2007). Thereby,
development of more sophisticated atmospheric corrections and constituent retrieval
algorithms, are required for both improved retrieval accuracy for water quality variables
and algal bloom detection in coastal ocean waters.

However, different strategies can be used to overcome these limitations and
improve the quality of retrieved ocean colour information, such as the comparison of field
data with in situ or ground-truth measurements. In the Arabian Gulf, there has been an
increase in peer-reviewed publications on the study of phytoplankton using ocean color
satellite data. Data Acquired from SeaWiFS and MODIS by Alsahli, (2007) were used as
input to models for predicting ocean chlorophyll concentrations in the Kuwait coastal
waters. The author showed that in situ chl-a measurements above 2.0 mg/m= in Kuwait
Bay (10m max depth) had a good match with satellite chl-a, whereas in the southern coastal
area, all in situ chl-a concentrations exceeding 1.20 mg/m had a good relationship with
satellite chl-a. The accuracy of assessment of phytoplankton biomass based on remote
sensed chl-a can be limited by vertical distribution of phytoplankton (Nezlin et al., 2010).
In the Gulf, vertical profiles of phytoplankton are characterized by low concentration in
the upper 5-10 m layer (Sheppard, 1993; Subba Rao and Al Yamani, 1998), which may
result in underestimating of total phytoplankton biomass from remote sensed chl-a. Nezlin
et al. (2010) analysed the chl-a seasonal variability in different regions of the Arabian Gulf,

and showed that in the deeper parts of the open Gulf water (50-80m deep) chl-a is

46



charachterised by winter maximum (1-1.5 mg/m) and summer minimum (0.6-0.9 mg/m"
%), while shallow coastal regions had a higher concentration with a minimum chl-a in spring
(0.7-1.5 mg/m™) and the maximum in late summer and autumn (1.5-3 mg/m3).

The aim of this thesis is to combine a suite of remote sensing data and in situ
measurements to establish long-term trajectories in environmental conditions in the Gulf
to identify anomalies prevailing during recent coral bleaching events. These data sets will

be used to test the central hypothesis of this thesis as defined in section 1.1.
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Chapter 2: Local bleaching thresholds established by remote sensing
techniques vary among reefs with deviating bleaching patterns during the
2012 event in the Arabian/Persian Gulf

Abstract

A severe bleaching event affected coral communities off the coast of Abu Dhabi, UAE
in August/September 2012. In Saadiyat and Ras Ghanada reefs ~40% of the corals showed
signs of bleaching. In contrast, only 15% of the corals were affected on Delma reef.
Bleaching threshold temperatures for these sites were established using only day time
remotely sensed sea surface temperature (SST) data recorded by MODIS-Aqua. The
calculated threshold temperatures varied between locations (34.48 °C, 34.55 °C, 35.05 °C),
resulting in site-specific deviations in the numbers of days during which these thresholds
were exceeded. Hence, the less severe bleaching of Delma reef might be explained by the
lower relative heat stress experienced by this coral community. However, the dominance
of Porites spp. that is associated with the long-term exposure of Delma reef to elevated
temperatures, as well as the more pristine setting may have additionally contributed to the

higher coral bleaching threshold for this site.

This chapter is based on the publication: Shuail, D., Wiedenmann, J., D'angelo, C., Baird,
A.H., Pratchett, M.S., Riegl, B., Burt, J.A., Petrov, P. and Amos, C., 2016. Local
bleaching thresholds established by remote sensing techniques vary among reefs with
deviating bleaching patterns during the 2012 event in the Arabian/Persian
Gulf. Marine pollution bulletin, 105(2), pp.654-659 — Appendix A
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2.1. Introduction

Warm water coral reefs are among the most productive and biologically diverse
ecosystems on Earth. Many of these reefs are in decline due to the impact of a variety of
global and local stressors (Sheppard, 2003, Baker et al., 2008, Logan et al., 2014, van
Hooidonk et al., 2013, D'Angelo and Wiedenmann, 2014). Among them are heat stress
episodes during which temperatures exceed a regional threshold and induce the breakdown
of the coral/alga symbiosis which manifests as coral bleaching (Baker et al., 2008, Goreau
and Hayes, 1994). The globally highest bleaching thresholds are found among corals of the
southern Arabian/Persian Gulf, hereafter IRSA (Inner ROPME Sea Area) where they
survive peak temperatures above 35 °C (Coles, 2003; Sheppard et al., 1992). However,
these corals can fall victim to bleaching. Coral bleaching linked to unusually warm
temperatures has been shown to affect the IRSA at least since 1996 contributing to the loss
of coral cover (Riegl and Purkis, 2015; Riegl, 2002). The variability of bleaching
susceptibility between among different species resulted in shifts of the coral community
structure in the aftermath of bleaching events in the IRSA (Riegl and Purkis, 2015).

According to Riegl et al., (2011) and Riegl and Purkis, (2012), coral bleaching was
observed in summer (August-October) 2010. In this year a positive SST anomaly of 1-3°C
was witnessed over the Gulf region with the maximum heat found in the southern part of
the Gulf, particularly Abu Dhabi and Qatar offshore island, reaching an hourly maxima of
36.4°C in Abu Dhabi and a daily average of 35.72°C in Qatar (in situ measurements), which
exceeded the long-term summer means by 2.5°C. The 2010 bleaching event showed that
Gulf corals bleach when daily mean temperatures remain above 34°C for a total of 8 weeks

(Abu Dhabi 67 days, Qatar 57 days) during which more than 3 weeks are spent above 35°C
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(Abu Dhabi 23 days, Qatar 33 days). These values exceeded, not only considerably higher
than for corals within the Indo-Pacific and Caribbean generally, but the highest ever
recorded (Hoegh-Guldberg et al., 2007; Berkelmans, 2009).

The IRSA is a shallow basin at high latitude and the thermal properties of the
waterbody respond quickly to local factors. Rapid cooling by winds (Thoppil and Hogan,
2010; Cavalcante et al., 2016) or preferential heating/cooling in shallow areas or regions
protected by headlands is common (Riegl and Purkis, 2012). Correspondingly, small scale
excursions of thermal stress with consequent variation in the severity of coral bleaching
and mortality events have been observed. A severe bleaching event recorded in 2007 off
the Iranian coast (Baker et al., 2008) was absent or had negligible impact in the south-
eastern IRSA. Bleaching was observed in 2013 in Qatar, but not in eastern Abu Dhabi (B.
Riegl pers. obs.). In general, coral stress events in the northern IRSA (Iran) often do not
coincide with those in the southern IRSA, and the Western IRSA (Kuwait, KSA, Bahrain)
appears to have suffered fewer, or at least differently-timed, events than the south-eastern
IRSA. Hence, strong regional variability in the frequency and severity of bleaching events
seem to be characteristic for the region. Bleaching events are frequently characterized by
high variability. On an individual level, the within-colony bleaching response can strongly
vary depending on light exposure (Coles and Jokiel, 1978; Brown et al., 1994; Hoegh-
Guldberg, 1999). Further variability can also arise from the bleaching susceptibility of
different zooxanthellae clades/species (Baker, 2001; Pettay et al., 2015). Among them, the
year-round prevalent algal partner of corals in the southern IRSA, Symbiodinium
thermophilum, can be considered to be one of the most thermo- tolerant symbionts

(D'Angelo et al., 2015; Hume et al., 2015). Marked regional variability is commonly

51



encountered during bleaching events and may be caused by small-scale water-dynamics
and flow patterns (Nakamura and Van Woesik, 2001; Davis et al., 2011), by greater
adaptation/ acclimatization due to previous stress episodes (Brown et al., 2002; Guest et
al., 2012) or by differences in the species assemblage of the affected sites (Marshall and
Baird, 2000). The onset of bleaching is often not synchronous across several, even nearby,
reefs and neither is the severity or the effects of bleaching (Baker et al., 2008). Additional
stressors, such as the disturbance of the nutrient environment, can have significant impacts
on bleaching susceptibility (Wiedenmann et al., 2012; D'Angelo and Wiedenmann, 2014).
In this context, the mean water column productivity, besides mean temperatures, was the
best predictor of the variability of coral reef recovery across the Indo-Pacific (Riegl et al.,
2015). Also, local adaptions to environmental factors other than temperature can have
strong influences on the temperature tolerance of corals. D'Angelo et al. 2015, have shown
that IRSA corals are characterized by a pronounced local adaptation to the high salinity of
their habitat and that their superior heat tolerance is lost when they are exposed to normal
oceanic salinity levels (D'Angelo et al., 2015). Global warming will expose the world's reef
to positive temperature anomalies with increasing frequency (Logan et al., 2014). The
prerequisite for knowledge-based coral reef management that aims to regionally mitigate
the effects of climate change is a thorough understanding of how local factors modulate
the response to temperature stress. Therefore, | set out to identify the causes for local
differences in bleaching severity observed among coral communities in the southern IRSA
off the coast of Abu Dhabi. Since remote sensing platforms offer valuable tools to

reconstruct environmental conditions prevailing during coral reef disturbance events
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(Andrefouét et al., 2014), we used satellite data to establish the local bleaching thresholds

in the study sites.

2.2. Materials and methods

2.2.1. Measuring SST using remote sensing products

The SST (°C) data was extracted from the Aqua\Terra Ocean Colour 3 (OC3)
Moderate Resolution Imaging Spectroradiometer (MODIS) imagery downloaded from the
NASA ocean colour data website (http://oceancolor.gsfc.nasa.gov/) and by the Regional
Organization for the Protection of the Marine Environment (ROPME) archived in Kuwait.
MODIS data are recorded by two instruments. The first is integrated in the Terra satellite
(MODIS-Terra), launched in December 1999. The second instrument is installed on the
Agua satellite (MODIS-Aqua), and was launched in May 2002. Both satellites are in sun
synchronous orbits: Terra crosses the equator in a descending node at 10:00, and Aqua
crosses in an ascending node at 12:00 noon. Satellite imagery was used for the periods
between February 2000 to December 2014 (MODIS-Terra) and from July, 2002 to
December, 2014. (MODIS-Aqua). Level-2 images were used for which the sensors were
calibrated, geo-located with atmospheric corrections and bio-optical algorithms had been
applied. Temperatures were determined for 1 km? areas covering the study sites, the highest
spatial resolution provided by the MODIS product. Images were analyzed using the
SeaWIiFS Data Analysis System (SeaDAS) software program Version 7.2 and VISAT
BEAM software Version 4.10.3. Images in which the SST signal was affected by cloud
cover or high amounts of dust in the air were excluded from the analysis. The time of

recording of the respective imagery was extracted from file names.
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2.2.2. Reconstruction of daily temperature maxima in situ

In situ water temperature timeseries were recorded at ~7 m depth for the Saadiyat and
Delma sites using Hobo temperature loggers (Tempcon, UK) at hourly intervals from
January to December 2013. Using this data set and data from August 2014, typical daily
temperature variations were calculated by averaging the corresponding hourly values for
the last week of August, commonly one of the hottest weeks of the year. This temperature
record revealed considerable variations of the temperature over the course of the day with
temperatures differing by >0.25 °C between the early morning hours and the daily

temperature maximum at ~17:00 (Figure. 2.1).
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Figure 2.1. In situ temperature data recorded in hourly intervals at
~7m depth at the Saadiyat site. The graph shows the average
temperatures and standard deviations calculated from the values
obtained for the last week of August from the years 2013 and 2014.

2.2.3. Reconstruction of daily temperature maxima using remote sensing
data

The recording times of the analyzed MODIS Terra and Aqua imagery show
considerable deviations due to the different flight paths of the satellites. Terra data were
recorded between 09:30-11:45 (median 10:50) whereas Aqua images were taken in the

period 12:05-14:20 (median 13:50). The Terra data provided values that can be ~0.15 °C
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below the daily SST maximum due to their early recording time. By contrast, MODIS Aqua
records close to the in situ temperature maximum and its data are therefore best suited to
reconstruct the SST of the IRSA. To verify this method, we selected >250 pairs of MODIS-
Aqua values and corresponding in situ measurements (14:00 data points), from days
distributed over all seasons of 2013. Then, the corresponding temperature values were

plotted against each other and the coefficient of determination (R?) for a linear regression

fit was calculated (Figure. 2.2).
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Figure 2.2. MODIS-Aqua data and the corresponding in situ temperature. Values were plotted against each
other and the coefficient of determination (R?) for a linear regression fit was calculated. Equations are given
in the graphs.
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2.2.4. Calculation of bleaching threshold temperatures

The MODIS-Aqua SST data set was used to calculate the local threshold
temperature of coral bleaching, defined as the temperature 1 °C higher than the highest
monthly mean temperature (Glynn and D'Croz, 1990). Since the SST peaks are mostly in
August in the southern IRSA (Figure. 2.3), we used this period to determine the highest 4-
weekly mean temperature using the Aqua data set for the years 2002 to 2014. However,
since temperatures are also high in the first two weeks of September, the period from15th

August to 15th September was analyzed for comparison.

2.2.5. Field surveys

Coral communities were surveyed at three sites in the southern IRSA in UAE,
Delma (lat. 24.5208/long. 52.2781), Saadiyat (lat. 24.599/long. 54.4215) and Ras Ghanada
(lat. 24.8481/long. 54.6903) (Figure. 2.4). At each of these sites, bleaching was recorded
along three replicate transects during the period from 17th to 19th September 2012.
Transects were arranged radially around a central origin, extending for 10 m with 120
degrees separating each transect. Corals were classified to genus level on the basis of Veron
(2000), with taxonomic updates from Budd et al. (2012). The genus of juvenile corals (>5
cm diameter) within a 1 m wide band were included in the dataset. The analysis of adult
corals was restricted to Platygyra spp. and Porites spp. as these corals were represented in
large numbers in all sites. Porites spp. were represented by species with massive growth

forms (Porites cf. lutea, lobata and harrisoni). Underwater color scales were used to assign

the degree of bleaching to three categories: 1) Bleached: The whole colony was white, 2)

Partially bleached: Larger parts of the colony (>20%) lost their normal colour and 3)
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Unbleached: The colonies showed their typical variety of colours. Chi-square statistic (x)
was used to test whether the percentage of bleached, partially bleached and non-bleached

coral colonies recorded in August 2012 in Delma, Saadiyat and Ras Ghanada was region-

specific.

1
<0.2m im 4m 20m

Figure 2.4. Study sites and bathymetric map of the southern IRSA. Numbers identify the three study sites:
(1) Delma, (2) Saadiyat and (3) Ras Ghanada. The map was constructed using Sea-viewing Wide Field-of-
view Sensor (SeaWiFS) Ocean Color Data provided by NASA Ocean Biology (OB.DAAC). Gray-level
scale defines the depth in meters.
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2.3. Results

2.3.1. Local temperature thresholds of coral bleaching

Using the MODIS Aqua data, the local threshold temperatures for coral bleaching
(defined as 1 °C above the long-term average of the mean temperature of the 4 hottest
weeks of each year) was calculated for the time period 2002—-2014. Comparably high
threshold temperatures were obtained for the 4 weeks of August and for the period from
the 15th of August to the 15th of September, signifying the length of time over which IRSA
corals are exposed to elevated temperatures (Table 2.1). My analysis revealed marked
differences in the local temperature history of the study sites which are reflected in
bleaching threshold temperatures ranging from 34.48 °C (Ras Ghanada) over 34.55 °C
(Saadiyat) to 35.05 °C (Delma) (Figure. 2.5; Table 2.1). In summer 2012, the number of
days during which temperatures exceeded 35.05 °C was comparable for the three sites
(Figure. 2.5a). Around Delma reef, temperatures above 34.48 and 34.55 °C were recorded
more frequently than for the other two sites within the same time period. However, due to
the site-specific deviations of the bleaching threshold temperatures, the three locations
showed considerable differences in the number of days during which their regional
thresholds were exceeded (Figure. 2.5b). Specifically, coral communities had to endure
above-threshold temperatures for 16 days in Ras Ghanada reefs and for 15 days in Saadiyat
reefs. In contrast, in Delma Island reefs, the temperatures were higher than the local
bleaching threshold for only 10 days (Figure. 2.5a). Also, the period of time between the
first and the last day at which the threshold temperatures were exceeded was longer in

Saadiyat and Ras Ghanada (~60 days) compared to Delma (~25 days). These data suggest
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that similar relative heat stress levels were experienced by corals in Saadiyat and Ras
Ghanada and that these were higher than in Delma.

Other methods of measuring coral thermal thresholds were used by Riegl and
Purkis, 2012) (Method of Berkelmans (2002a, b)) in the southern Gulf area, particularly in
the offshore islands of Abu Dhabi (Ras Ghanada, Al Heel, Delma and Bu Tina). These
measurements have suggested that temperature threshold for the Gulf corals are between
35.7 and 36.0°C, above which bleaching is triggered. A mean bleaching curve was also
evaluated by the author and shows that corals are likely to bleach if they are exposed to
more than 3 weeks at daily mean temperatures at or above 35°C and between 8 and 9 weeks
at or above 34°C (Riegl and Purkis, 2012). These thermal thresholds differences between
this study and Riegl and Purkis, (2012), might be due to either the difference in the type
of data used to construct the thermal thresholds, between the remote sensed data (1km
resolution), which is used in this thesis, and the in situ logger used by Riegl et al., (2011)
and Riegl and Purkis, (2012). Or due to the difference in the length of the time series used
in the measurements of both studies. Riegl et al., 2011 and Riegl and Purkis, 2012 used an
in situ logger’s timeseries from 2007 to 2010, while in this study I used a timeseries from

2002 to 2014 to construct the coral thermal threshold.

Table 2.1. Calculated bleaching threshold from the remote sensed, MODIS-Aqua, SST for the
hottest weeks of the year. including all August (first row) and 15-August to 15-September, compared
to other studies in the same region (Riegl et al., 2011).

Delma  Saadiyat Ras
Ghanada

Bleaching threshold temperature
(remote sensed SST) 34.99°C  34.55°C  34.37°C
(1-31 Aug. 2002-2014)

Bleaching threshold temperature
(remote sensed SST) 35.05°C  34.53°C  34.48°C
(15 Aung.-15 Sep. 2002-2014)
Bleaching threshold temperature
(in situ) 35.72°C
(1-31 Aug. 2007-2010)Riegl et al., 2011)
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Figure 2.5. Variations in heat stress exposure during the 2012 bleaching event in the southern IRSA reconstructed from
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Figure 2.7. Representative photographs of corals from the bleaching categories used in this study. (Image credits:

J. Wiedenmann).
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2.3.2. Site-specific severity of the 2012 bleaching event

Three coral reef sites in the southern IRSA was surveyed to document the bleaching
event that took place in August/September 2012. The three sites revealed pronounced
differences in the abundance of genera and genus richness of juvenile corals (Figure. 2.6a).
The overall abundance of juveniles was similar in Saadiyat and Ras Ghanada and numbers
were higher than in Delma. Species richness of juvenile corals decreased from Ras
Ghanada to Saadiyat and Delma, with Porites spp. becoming increasingly dominant.
Similarly, the number of adult Porites spp. and Platygyra spp. recorded along the transects
was higher in Ras Ghanada and Saadiyat than in Delma (Figure. 2.6b).

Within the sites, corals of the same taxonomic group were affected to variable degrees
by bleaching, ranging from unaffected to partially bleached and completely bleached
(Figure. 2.7). Partially bleached corals lost their pigmentation often in the upper, most
light-exposed parts of the colonies. In Ras Ghanada and Saadiyat reefs, >40% of the

analyzed corals (juvenile and adult Porites, adult Platygyra) were affected by bleaching

(Figure. 2.7; Table 2.2). An exception where juvenile Porites among which no partially
bleached individuals were encountered in Ras Ghanada and the overall percentage of
colonies showing signs of bleaching was accordingly lower. In all analyzed groups,
between 20 and ~30% of the corals were completely bleached in Saadiyat and Ras
Ghanada. By contrast, the corals in the Delma site were less affected and no more than
15% of the corresponding groups showed signs of bleaching. For both species, statistical
analysis identified the lower bleaching severity in Delma as a significant site-specific effect
(Table 2.2). Similar bleaching levels were observed for the combined numbers of recorded

juveniles from other species (Figure. 2.6). It has to be noted, however, that the data for
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Delma reef need to be considered with caution due to low number of non-Porites spp.

juveniles encountered in this site.
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Table 2.2. Statistical analysis of site-specific differences in bleaching susceptibility. %2 = Chi-square value,
df = degrees of freedom, P-value <0.05 indicates that the recorded proportion of bleached, partially bleached

and non-bleached colonies is significantly dependent on the region.

Juven;l:-pPorites Bleached | Partially bleached | Non bleached Total
Dalma 4 0 31 35
Saadiyat 15 5 27 47
Ras Ghanada 6 0 16 22
Total 25 5 74 104
¥ =12.42867066. df = 4. P-value = 0.014437
Adult Porites spp. | Bleached | Partially bleached | Non bleached Total
Dalma 0 3 19 22
Saadivat 23 22 56 101
Ras Ghanada 5 8 11 24
Total 28 33 86 147
y* =10.75273216, df =4, P-value = 0.029497
Juveml;ap?’atyg) 7@ Bleached Partially bleached | Non bleached Total
Dalma 0 0 12 12
Saadivat 10 7 17 34
Ras Ghanada 14 10 31 55
Total 24 17 60 101
¥t =9.659601028, df =4, P-value = 0.046569
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Table 2.3. Numbers of adult Porites spp. and Platygyra corals recorded along the transects in the different study

sites.
Corals Delma | Saadiyat | Ras Ghanada
Porites sp. (adults) | o 101 24
(Porites cf. lobata / lutea / harrisont)
Platygyra sp. (adults) 12 34 55
Total (adults) 34 135 79

Table 2.4. Numbers of juvenile corals recorded along the transects in the different study sites.

Delma Saadiyat Ras Ganada

Species bli{n[:;ed Bleached giq e :1:11::1 bl::fao:ll;ed Bleached g le :111::1 blle\-::lll;ed Bleached g:: ;;11::1
Porites 31 4 0 27 15 5 16 6 0
= }{’F:’]i':ﬁ}"“ 0 0 0 4 3 0 8 8 0
Cyphastrea 1 0 0 2 0 2 5 7 0
Platygyra 0 0 0 0 0 0 3 3 1
Turbinaria 0 0 0 0 3 0 1 3 0
Coscinaraea 0 0 0 1 3 0 0 3 0
Leptastrea 0 0 0 2 0 0 0 0 0
other 1 0 0 0 0 0 0 0 0
Total 33 4 0 36 24 7 43 30 1

*The genus Favia was replaced by Dipsastrea by: Budd, A.F., Fukami, H., Smith, N.D., Knowlton, N. 2012, Taxonomic classification
of the reef coral family Mussidae (Cnidaria: Anthozoa: Scleractinia). Zoological Journal of the Linnean Society 166, 465-529.

2.4. Discussion

Three sites in the IRSA region were studied regarding their experience in different
levels of bleaching during the 2012 bleaching event. The purpose of this study is to
establish potential causes for the patchiness of bleaching that is frequently observed during
mass bleaching events. Bleaching levels for two common taxa, Porites spp. and Platygyra
spp., were analyzed. Additionally, we recorded the site-specific degree of bleaching among
juvenile Porites spp. and other less abundant corals. Reefs in Saadiyat and Ras Ghanada
were severely affected by bleaching whereas corals in Delma showed little or no signs of
bleaching despite their relatively close geographic proximity and exposure to a comparable

temperature regime in August—September 2012. This trend was comparable for all the
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monitored species and developmental stages. Since light exposure is known to promote
heat-stress mediated bleaching (Coles and Jokiel, 1978; Brown et al., 1994, 2002; Hoegh-
Guldberg, 1999; Fitt et al., 2001), the observation, that partial bleaching of adult colonies
was frequently found in the upper part of the colonies, suggests that light stress was also
influential in 2012 bleaching event. In Ras Ghanada, a higher percentage of adult Porites
spp. showed signs of bleaching compared to juveniles from the same taxon. This
observation is in line with previous studies that found juvenile corals to be less affected by
bleaching than adults (Mumby, 1999; Nakamura and Van Woesik, 2001; Loya et al., 2001).
However, this trend was not observed in the other sites where comparable numbers of
adults and juveniles suffered from bleaching.

A possible explanation for the different bleaching susceptibility across the three study
sites is that the local bleaching threshold of ~35 °C at Delma reef is ~0.5 °C higher than in
the other sites. Consequently, the corals experienced less relative heat stress, indicated by
the smaller number of days during which the local bleaching threshold was exceeded. Still,
the threshold temperature was exceeded for 10 days at Delma with little effect on the corals,
setting this site among the most temperature tolerant reefs of the world (Riegl et al., 2011).
The resilience of Delma reef is further underlined by the fecundity of its corals in the
aftermath of the 2012 bleaching event which was significantly higher compared to those
from Saadiyat and Ras Ghanada reefs (Howells et al., 2016). Previous observations from

elsewhere found massive Porites spp. to be among the taxa with a high survival rate after

bleaching events (Loya et al., 2001; Sheppard and Loughland, 2002). Therefore, the
dominance of massive Porites spp. at Delma (Burt et al., 2011) that is reflected by the

species composition of juvenile corals presented in this study, may be considered as an
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additional potential reason for the exceptional heat tolerance of this reef site (Marshall and
Baird, 2000; Loya et al., 2001). Also, the history of increased temperature stress levels in
Delma may have increased the bleaching threshold of the community by a long-term
selection of more resilient genotypes and/or acclimatization of corals (Brown et al., 2002).
Furthermore, Delma reef is situated ~50 km off the coast in a relatively pristine
environment whereas the other two sites are under the direct influence of a densely
populated urban area and intense coastal construction (Sale et al., 2011; Van Lavieren et
al., 2011). Since the water quality, in particular the nutrient levels, can affect bleaching
thresholds (Wooldridge, 2009; Wiedenmann et al., 2012; D'Angelo and Wiedenmann,
2014), the influence of the water chemistry at the different sites should be investigated as

another potential cause for the observed differences in their bleaching tolerance.

2.5. Conclusions

Different bleaching threshold temperatures and the composition of the coral
communities at the study sites offer likely explanations for the “patchiness” of the 2012
bleaching event in the southern IRSA, but other parameters such as the water quality and
light stress should also be considered. Our results suggest that the bleaching threshold of
the Porites-dominated Delma site is only 0.5 °C higher than in the more diverse Saadiyat
and Ras Ghanada sites. Hence, a long-term increase of the mean temperature of the hottest
weeks in the same order of magnitude may lead to a considerable loss of coral diversity in

the latter reefs.
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Chapter 3: The role of temperature, phytoplankton, and nutrients on
the 2012 coral bleaching event in Abu Dhabi

Abstract

Coral communities off the coast of Abu Dhabi, UAE were affected by severe bleaching
in 2010, 2011, and 2012. These events were assessed considering fluctuations in
phytoplankton biomass (chl-a), temperature stress (SST) and nutrient availability,
including nitrate, phosphorus, iron and silicate, to assess primary causes of the algal
symbiosis breakdown and subsequent bleaching. These analyses were undertaken only in
Saadiyat study sites due to in situ (nutrient and chl-a) data availability. The period of
analysis (2009-2015) includes both bleaching and non-bleaching years. The thermal
methods used in this period (number of days above threshold, DHD and HR) gave a
significant prediction of the onset of bleaching in Delma, Saadiyat and Ras Ghanada. The
number of days above local threshold results suggest that a coral bleaching event, of a
severity comparable to that of 2012 was expected in the summer of 2015. While the DHD
and HR results do not uphold the year 2015 to be a bleaching year, particularly in Saadiyat
and Ras Ghanada. However, in 2015 coral bleaching did not occur in any of the study sites.
The bleaching events in 2010 and 2012 coincided not only with local elevated temperature
but also with high concentrations of chl-a (reaching 4.66 mg/mq) in the water. It is then
possible that in these two years, both environmental factors contributed to triggering a
bleaching response. In the summer of 2015 a lower intensity of chl-a (0.8 mg/m®) was
detected. The result also indicate that phosphorous levels were completely depleted from
the water body in the summer of 2012. While in 2015, the concentrations of 100-350 pg/L
of this element were detected during the same period. The depletion of phosphorus might
be attributed to the rapid assimilation by phytoplankton in 2012. Thus, it is reasonable to
suggest that the absence of phosphorus in the water during the summer months of 2012
might have promoted coral bleaching in response to the elevated temperature.
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3.1. Introduction

Coral reefs are critically important marine ecosystems. They are declining due to
climate change and numerous forms of anthropogenic impacts (Hoegh-Guldberg et al.,
2007). A variety of environmental stressors including extreme water temperature,
phytoplankton blooms and turbidity can disrupt the symbiotic relationship between the
zooxanthellae and the coral host. For example, extreme water temperature, phytoplankton
blooms, and turbidity, which consequently lead to coral bleaching (Hoegh-Guldberg, 1999;
Wiedenmannetal., 2012; Bauman et al., 2013; D’ Angelo and Wiedenmann, 2014; Kavousi
et al., 2014). The resulting phenomenon is known as coral bleaching since after the loss of
symbiotic algae (zooxanthellae) the white skeleton is visible through the coral tissue.

Corals in the southern Gulf region thrive under exceptionally high water
temperature fluctuations (Burt et al., 2008), characterised by exceptionally hot conditions
during summer (reaching 35°C), and cold temperates during winter (18°C) (Coles and
Fadlalallah, 1991; Richlen et al., 2010). These temperature extremes surpass the tolerance
limits of most corals in the world (30-32°C) (George and John, 2000; Sheppard and
Loughland, 2002). Coral in the Gulf can survive daily summer temperature of 34 to 35°C
for several weeks, and display the highest documented bleaching thresholds (Riegl et al.,
2012; Shuail et al., 2016). However, since the 1980’s, the Gulf has experienced significant
heat-related coral bleaching events: For example, during the major El Nifio Southern
Oscillation (ENSO) events of 1996 and 1998 that affected coral reefs worldwide (Goreau
et al., 2000, Wilkinson, 2000, Riegl, 2003, Al-Rashidi, 2009). More recently, back-to-back
mortality events in the Gulf (in 2009, 2010, 2011 and 2012), have been caused by bleaching
and disease and have altered the community structure of the reefs, particularly in the

southern Gulf (Riegl and Purkis, 2015a).
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Other factors that have been linked to coral reef degradation are phytoplankton and
eutrophication (Benito and Haag, 2004; Wiedenmann et al., 2013; D’Angelo and
Wiedenmann, 2014). In coastal waters, anthropogenic eutrophication can increase the
concentration of dissolved inorganic nutrients, such as ammonium, nitrate and phosphate
(Brodie et al., 2011). The enrichment with elevated amount of dissolved inorganic nitrogen
(DIN) and phosphate can trigger phytoplankton growth in the water (Davis et al., 2015).
Phytoplankton eventually deplete, either dissolved inorganic nitrogen (DIN) or phosphate
from the water body (D’Angelo and Wiedenmann, 2014). Imbalanced levels of DIN to
phosphate can increase the susceptibility of the reef corals to suffer stress. Wiedenmann et
al. (2013) have shown that increased levels of DIN combined with limited phosphate
concentrations could result in an increased susceptibility of corals to temperature and light-
induced bleaching. High concentrations of DIN in the water is known to increase
zooxanthellae cell density in the coral body, which results in phosphate starvation
particularly when the phosphate availability is low (Wiedenmann et al., 2013; D’ Angelo
and Wiedenmann, 2014; Rosset et al., 2017).

Since 1999, several algal blooms have been recorded in the Gulf (Heil et al., 2001;
Richlen et al., 2010; Naser, 2014). The first algal bloom event was documented in Kuwait
coastal waters during summer 1999, which resulted in massive fish mortality (Heil et al.,
2001). The most recent incident was reported in the southern part of the Gulf between
August 2008 and May 2009. This bloom, caused mainly by Cochlodinium polykrikoides,
changed the water colour and coincided with widespread fish and coral mortality,
threatening coastal tourism and blocking the water intakes of desalination plants (Richlen

etal., 2010; Naser, 2014).
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The aim of the present work was to test the hypothesis that phytoplankton blooms
can change the balance of nutrients in the coral environment, thereby increasing the
susceptibility of corals to heat stress and subsequent bleaching. Remote sensing tools were
used to calculate the concentration of chlorophyll-a (chl-a) and thus estimate the
phytoplankton density in the southern Gulf area, Abu Dhabi. The data was complemented
by in situ measurements of nutrients (phosphorus, nitrate, iron, and silicate) provided by
the Environmental Agency Abu Dhabi (EAD). The thermal stress during bleaching and
non-bleaching years is determined by the analysis of remote sensed sea surface temperature
(SST) (Shuail et al., 2016). The heat stress were tested in two ways: 1) as the number of
days exceeding a local threshold, and 2) the degree heating days, which Maynard et al.,
(2008) and Riegl and Purkis, (2012) have shown to be a useful thermal stress indicator.
The period of analysis ranged from 2009 to 2015, and include both bleaching and non-
bleaching years. The documented coral bleaching events in Abu Dhabi were assessed
considering fluctuations in phytoplankton biomass (chl-a), temperature stress (SST) and
nutrients availability to assess primary causes of the breakdown of the algal symbiosis and

subsequent bleaching.

3.2. Material and methods

3.2.1. Study sites

Coral communities were surveyed at three locations in the southern Arabian Gulf area
in UAE, Delma (lat: 24.5208%long: 52.2781°), Saadiyat (lat: 24.599%long: 54.4215°) and

Ras Ghanada (lat: 24.8481°long: 54.6903°) (Shuail et al., 2016). Detailed information
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about the survey areas and site-specific severity of the 2012 bleaching event are found both

in the introductory chapter of this thesis and in Shuail et al., (2016).

3.2.2. Thermal stress analysis

Local bleaching thresholds and the cumulative thermal days exceeding the local
bleaching threshold during the 2012 bleaching year were presented in Chapter 2 of this
thesis (Shuail et al., 2016). In this chapter, the accumulation of thermal stress was
calculated during 2009 to 2015 using three stress indices; these are the ‘degree heating
days’ (DHD) and the heating rate (HR). Specifically, DHD is the summed positive
deviations of the daily SST (Theating) from the local long-term mean summer temperature

(LMST).

DHD =X (T

heating

- LMST)

According to Maynard et al., (2008), the DHD, shows mild bleaching responses at sites
that incurred 60 or less DHD. DHD of 61 to 100 would show a moderate to severe
bleaching categories (mild, moderate and severe bleaching is described in Figure 2.7, p61).
HR would prompt a mild bleaching response to sites that experienced values below
between 1.7, moderate between 1.7-2.4, and severe bleaching above 2.4. Daily summer
temperatures from 15" July to 15" September over the study period (2009-2015) were used
according to published papers (Maynard et al., 2008 and Riegl and Purkis, 2012). The
LMST was calculated as the SST average of 15" August to 15" September from 33
summers including 2015 (1982-2015). The LMST for Delma=33.79°C, Saadiyat=33.55°C

and Ras Ghanada=33.33°C. According to Maynard et al., (2008), DHD does not

73



differentiate between a broad range of heat stresses. For example, three weeks at 1°C above
the local LMST has similar results as one week at 3°C. For this reason, heating rates (HR),
which is the DHD divided by the number of days in which Theating have exceeded the LMST,
were calculated for each study site during the same study period (2009-2015). In other
words, the HR is the rate at which DHD have accumulated throughout the summer. The
DHD and the HR were used according to published papers (Maynard et al., 2008 and Rieg|
and Purkis, 2012), and were used by the ReefTemp application, which was developed
specifically to monitor conditions conducive to coral bleaching on the Great Barrier Reef

and Coral Sea (http://www.bom.gov.au/environment/activities/reeftemp/reeftemp.shtml).

SST anomalies were also calculated for all stidy sites, during the period of 2009-2015, but
only Saadiyat SST anomalies were included in this chapter to compare it with the in situ
measurments, which is obtained only from Saadiyat site.

The SST data (in °C) from 2002 to 2015 was extracted from the Moderate Resolution
Imaging Spectroradiometer onboured Aqua platform (MODIS-Aqua). Images of the sea
SST were the standard level-2 (netCDF4) downloaded from the NASA ocean color data
website (http://oceancolor.gsfc.nasa.gov/), and by the Regional Organization for the
Protection of the Marine Environment (ROPME) archived in Kuwait. These level-2 images
were calibrated and geolocated with  atmospheric  corrections  applied
(http://oceancolor.gsfc.nasa.gov/cms/format/12nc.html). Temperatures were determined
for 1 km? areas covering the study sites, which is the highest spatial resolution provided by
the OC3 MODIS product. The 1 km? resolution help in detecting temperature variability
on reefs at local scales (Maynard et al., 2008). Images were analyzed using the SeaWiFS

Data Analysis System (SeaDAS) software program Version 7.2. Images in which the SST
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signal was affected by cloud cover or high amounts of dust in the air were excluded from
the analysis. The SST data prior to the availability of MODIS-Aqua in 2002 were collected
from the daily Level 4 SST analysis from the Group for High-Resolution Sea Surface
Temperature (GHRSST). This dataset is produced daily with 4 km spatial resolution using
the access server of the Pacific marine environment laboratory (https://podaac-
tools.jpl.nasa.gov/las/Ul.vm). This product uses optimal interpolation data (Ol) from the
Advanced Very High-Resolution Radiometer (AVHRR). For the validation of the data
from MODIS-Aqua, in situ water temperature measurements were used as described
previously (Shuail et al. 2016). AVHRR SST data were matched with the in situ
temperature data from the EAD, spanning days distributed over all seasons of 2009. A
linear regression coefficient with the root mean square error (RMSE) was calculated for
the AVHRR data and the in situ (Figure 3.1a). AVHRR SST and MODIS-Aqua SST were
also compared during a three years period, from 2003-2005, to calculate the RMSE and the

R? (Figure 3.1b).

3.2.3. Remote sensing analysis of chlorophyll-a

Remote sensed chlorophyll-a concentrations (chl-a mg/m™) in the surface water of
Saadiyat area were acquired from MODIS-Aqua from January 2009 to December 2015.
The MODIS-Aqua platform was launched in May 2002 into a daily sun-synchronous orbit
at 12:00 p.m. and it has been in continuous operation from June 2002 to the present (Franz
et al., 2005). The sensor measures 36 spectral channels covering the range from 400 nm to
14.4 um, supporting land, ocean, and atmosphere. The bands of primary interest to ocean

colour applications are the nine channels covering the spectral range from 400-900 nm
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(Behrenfeld et al., 2008). Daily images were retrieved from NASA ocean colour data

website (http://oceancolor.gsfc.nasa.gov/) with a spatial resolution of 1 km. The image

format was the standard Ocean color (OC) level-2 (netCDF4), as it is generated from the
MODIS standard atmospheric correction algorithm developed by NASA.

Data was examined within an average area of 5x5 pixel for MODIS-Aqua centered
at Sadiyaat study site using SeaDAS v.7.2. The 5x5-pixel region of interest was used to
minimize the consequences of residual miss-registrations (Cannizzaro and Carder, 2006).
MODIS-Aqua Chl-a values were matched with the in situ chl-a provided by the Abu Dhabi
EAD. Both values were plotted to examine the differences between the two data sets and

to calculate the simple linear regression coefficient (R?) and the RMSE (Figure 3.1c).

3.2.4. In situ and meteorological data measurements

In situ water temperature data of Saadiyat sites from 2009 to 2013 were obtained
as discussed in chapter two of this thesis (Shuail et al., 2016). Monthly in situ chl-a and
nutrient values (phosphate pg/l, nitrate pg/l, iron pg/l and silicate pg/l) were acquired from
the Abu Dhabi EAD, marine water quality program MWQMP, from January, 2011 to
December, 2015. The MWQMP has set a recommended thresholds levels for the chl-a (0.7
pa/l), Nitrate (220 ug/l), and phosphorus (150 pg/l), exceeding these values would indicate
a potential public health issue (EAD, 2015). The MWQMP monitoring has 20 stations
distributed throughout the territorial waters of the Emirate. The selected site in this chapter
is located offshore Saadiyat Island site (lat. 24.533°N/long. 54.285°E) due to nutrient
availability data. Detailed laboratory sampling methods used by the MWQMP have been

previously published (EAD, 2014, 2015). Air temperature, wind and horizontal visibility
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data were obtained from Abu Dhabi International Airport, which is near the Saadiyat site,

from 2009-2015 through the Weatherspark Beta database (https://weatherspark.com/).

Weatherspark utilises the data from NOAA site (wWww.noaa.gov).

36

a)

34 A

32 A

30 A

28 A

26 A

AVHRR SST°C

24 A o pilhe
el A y = 0.8753x+ 3.0664

R?=0918
e *
RMSA= 1.4
20 . . . . :
20 23 26 29 32 35 38

22 A

= 1b)

34

32 A
30 A
28 A
26 A

MODIS-Aqua SST °C

24

22 y=0.947x+ 1.2429
R?=0.958

RMSE=1

20 A

18 T T T
18 23 28 33 38

AVHRR S5T°C

=
=)
L

MODIS-Aqua Chl-a mg/m?
o [
o) )
L ]

y=0.8954x+0.1611

R?=0.9187
o * RMSE= 0.12
0.4 ; . r
0.4 0.8 1.2 16 2

fn situ Chl-a2 mg/m?3

Figure 3.1. Remote sensing data comparison at Saadiyat site. Including a) AVHRR SST with in
situ water temperature, b) MODIS-Aqua SST with AHVRR SST, ¢) MODIS-Aqua chl-a with
the in situ chl-a.
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A Pearson correlation was run to assess the relationship in between the remote
sensed chlorophyll, in situ nutrients and the meteorological data. The Pearson
correlation is a measure of the strength and direction of the relationship that exists

between two continuous variables.

3.3.Results and discussion

3.3.1. Regression analysis of the remote sensing data

Linear regression along with RMSE was used to compare parameters estimated by
remote sensing, such as SST and chl-a with the in situ water temperature and chl-a
measurement. The regression coefficient for the AVHRR with the in situ measurements
shows an R?=0.918 and RMSE=1.4, indicating that the differences between the two data
sets are minor (Figure 3.1a). The results also show a strong positive regression coefficient
between both AVHRR and MODIS-Aqua SST, R?= 0.958, with RMSE=1 (Figure 3.1b).
Additionally, the comparative analysis of MODIS-Aqua chl-a and the in situ chl-a values
from Abu Dhabi EAD is also reveals a regression coefficient R?= 0.9187, RMSE=1.2

(Figure 3.1c).

3.3.2. Thermal stress during bleaching and non-bleaching years

As temperature stress is a primary cause of mass coral bleaching on the global scale
(Muscatine et al., 1989, Szmant, 2002, Wooldridge, 2009), we tested the impact of
increased temperatures stress and the influence of eutrophication on corals in Abu Dhabi.
The number of days exceeding the local thresholds, the DHD and the HR, established by

remote sensed data, were used as three parameters to quantify thermal stress during the

78



period 2009-2015 in all study sites. The air temperature from Abu Dhabi airport was also

used as a reference to the environmental conditions during the study period.
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Both the degree heating days (DHD) and the number of days above thresholds methods
show similar profile during the study period (2009-2015) (Figure 3.2a, b). In 2009, the
local threshold was exceeded for only three days and one day in Saadiyat and Ras Ghanada
respectively, whereas it remained below that value at the Delma reefs. Likewise, the DHD
was lower in Delma (0.65) and Ras Ghanada (0.19), followed by Saadiyat (2.44). The HR
also shows negligible values at Delma (0.16), Saadiyat (0.2) and Ras Ghanada (0.06). In
agreement with these results, a bleaching event that was observed in the region in the
summer of 2009 was reportedly the consequence of a disease outbreak that lasted until
November-2009 and was not related to a thermal stress (Riegl and Purkis, 2015).

During the back-to-back bleaching events (2010, 2011 and 2012), the three thermal
parameters (number of days above threshold, DHD and HR) gave a notable prediction of
the onset of bleaching during this period. In the summer of 2010, when the bleaching events
were observed, the number of days above the local threshold shown a better predector of
bleaching severity than DHD and HR, as it recorded 25 days in Delma, 24 in Saadiyat, and
22 in Ras Ghanada, representing the highest values during the study period (Figure 3.2a).
These results are in aggreement with Riegl and Purkis, (2012b), as the western parts of Abu
Dhabi (Delma, Bu Tinah and Al Heel) suffered 20% mortality higher than the eastern Abu
Dhabi (Ras Ghanada) in this year. The DHD and HR only showed an increase of thermal
stress at Delma sites reaching DHD=29.7 and HR=0.7, but there is only a slight increase
in Saadiyat, and there was no significant temperature stress in Ras Ghanada.

During the summer of 2011, Delma and Ras Ghanada showed relatively lower counts
of days exceeding the threshold (8 and 6 days, respectively) compared to Saadiyat (18

days). As determined by the three methods all sites experenced lower thermal stress than
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in 2010. During the 2012, bleaching event, coral communities were exposed over 10 days
to temperature above the local threshold in Delma, whereas this value increased to 15 days
in Saadiyat, and 16 days in Ras Ghanada (Shuail et al., 2016). In agreement with the data,
both DHD and HR show increased thermal stress for Delma (DHD=39.11, HR=0.83),
Saadiyat (DHD=39.5, HR=0.76) and Ras Ghanada (DHD=44, HR=0.8). DHD and HR
values below 60 and 1.7 respectvly is consedered to show only a mild bleaching reponce
as obsered by Maynard et al. (2008) through the ReefTemp application on the Great Barrier
Reef (GBR) and in the Coral Sea. However, in this study DHD between 14-43 and HR
between 0.4-0.8 predicted major bleaching events at the three study sites. These deviations
in DHD and HR between this study and Maynard et al. (2008) may be related to the species
composition between the GBR and the southern Gulf and the overall ecosystem.

Coral mortality in 2010, 2011 and 2012 has been suggested to be linked to heat stress
and subsequent disease outbreak, causing a persistent decline in coral cover in the southern
Gulf (Riegl and Purkis, 2012, Guest et al., 2012, Riegl and Purkis, 2015, Riegl and Purkis,
2015a; Shuail et al., 2016). A low level of heat stress was indicated by all valuation
methods in 2013 and 2014 in the three sites (Figure 3.2). This supports the suggestion that
during the summer of 2013 strong winds may have caused cooling of shallow waters,
consequently reducing the severity of the summer heat (Riegl and Purkis, 2015b). This
strong wind may have reduced the air temperature of the Abu Dhabi Emirate, as observed
in Figure 3.3a where the air temperature anomalies in this year reached -2.4°C below the
summer average.

In 2015, the number of days exceeding the bleaching threshold in Delma, Saadiyat, and

Ras Ghanada were high and comparable to years in which bleaching was recorded (in
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particular 2010 and 2012 (Figure 3.2a). Also, the calculated DHD and HR showed that in
2015 the thermal stress was elevated at the Delma reefs (DHD=81.1, HR=1.05), with a
noticeable increase also in Saadiyat (DHD=20.1, HR=0.6) and Ras Ghanada (DHD=17.31,
HR=0.75) (Figure 3.2b). However, the increase in DHD and HR levels in Saadiyat and Ras
Ghanada was lower that the levels observed in 2012 (Saadiyat 2012: DHD=39.48
HR=0.76; 2015: DHD=20.14 HR=0.59) (Ras Ghanada 2012: DHD=43.92, HR=0.8; 2015:
DHD=17.31, HR=0.75). Air temperature of Abu Dhabi airport, along with the MODIS-
Agua SST in Saadiyat site (3.3 a&b), indicates clear positive anomalies during the summer
years in which bleaching events are documented (2010, 2011 and 2012), and negative
anomalies in the summer of non-bleaching years (2009, 2013 and 2014) (Figure 3.3 a&b).
Both SST and air temperature showed a positive anomaly during summer in 2015, when
compared to the summer temperatures of other bleaching years. Taken together these
results suggest that a coral bleaching event, of a severity comparable to that of 2012 was
expected in the summer of 2015. However, in this year coral bleaching did not occur in
any of the study sites (Burt, J.A. and Wiedenmann, J 2016, pers. com.).

There are several possible explanations for this result. First, the coral community in
Delma is known to be dominated by Porites spp. This genera is known to contain species
of corals that are more heat tolerance than those more prevalent in other location in Abu
Dhabi (Hume et al., 2013). The representation of Porites in Delma might actually be the
consequence of the demise of less resistance species in previous bleaching events (2010,
2011, and 2012), and further supported by the recovery and growth of the thermal tolerant
taxa during the non-bleaching periods in 2013 and 2014 (Shuail et al., 2016). Historical

bleaching events in this region may have also induced acclimatization and adaptation of
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the coral community by incorporation of more thermally tolerant symbionts (Maynard et

al., 2008).
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Figure 3.3. Characteristics of environmental condition in Saadiyat reefs between 2009 and 2015. Including
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3.3.3. Interannual anomalies of remote sensed chl-a

Three summer chl-a anomalies were observed between 2009 and 2015 in Saadiyat area
(Figure 3.3 ). The first two occurred in the summers of 2010 and 2012 (>1.5 mg/m?), and
both coincided with the bleaching events in those years. Particularly in September 2012
when chl-a was higher (4.6mg/m?®) than the average monthly value by >1.8 mg/m?. In those
two years, the SST also presented positive anomalies during the summer (2010: Aug=
Sep=, 2012: Aug= Sep= )(Figure 3.3b). Therefore, the bleaching event in 2010 and 2012
coincided not only with locally elevated temperature but also with high concentration of
chl-a in the water. It is then possible that in these two years, environmental factors
contribute to the triggering of a bleaching response. In agreement with the hypothesis, in
the summer of 2015 when high temperature stress did not result in a visible bleaching of
the coral communities in Saadiyat, a lower intensity (0.8 mg/m®) of chl-a was detected
(Figure 3.3c). Increased concentration of chl-a might be an indicator of the development
of phytoplankton blooms, which may have several impacts on coral reefs, including
shading, release of toxins, oxygen depletion, and alteration of the water chemistry (Al-Ansi
etal., 2002, Furnas et al., 2005, Fabricius et al., 2013, Wiedenmann et al., 2013; D’ Angelo

and Wiedenmann, 2014).

3.3.4. Comparative analysis of environmental condition in Saadiyat reefs

in 2012 and 2015

A comparison of environmental parameters (SST, chl-a and nutrient conditions)
between the bleaching year of 2012 and the non-bleaching year of 2015 was conducted to

evaluate potential reasons for the different bleaching responses of the same coral
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communities and comparable levels of heat stress. The monthly mean SST of 2012 and
2015 showed comparable values throughout the seasons. In contrast, during 2012 chl-a
reached a maximum monthly average of 3.91 mg/m?® during August and 4.66 mg/m? in
September. These high values persisted for approximately four months (Figure 3.4b), and
was ~1-2 mg/m? higher than the chl-a measured during the same period in 2015. These

findings indicates differential impact to the reefs during 2012 as compared to 2015.
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Figure 3.4. Comparative analysis of environmental parameters in Saadiyat in 2012
and 2015, a) monthly mean SST, b) Monthly mean chl-a mg/m?. Symbols show
average values calculated from 15 data points determined per months in each year.
Error bars represent the standard deviation.

85



300

250

Nitrate pg/L

Iron pg/L

200

150

100

50

80

70

60

50

40

30

20

10

W2012
2015

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Silicate pg/L

Phosphat

450

400

1000
900
800
700
600
500
400
300
200
100

b)

m2012
2015

Jan Feb Mar Apr Mav Jun Jul Aug Sep Oct Nov Dec

d)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3.5. Comparative analysis of environmental parameters in Saadiyat in 2012 and 2015, a) monthly
mean SST, b) Monthly mean chl-a mg/m®. Symbols show average values calculated from 15 data points
determined per months in each year. Error bars represent the standard deviation.

Table 3.3. Pearson correlation analysis between the in situ nutrients (nitrate, phosphate, iron, silicate), remote sensed
chl=a (Saadiyat), meteorological visibility and wind. The underline correlation coefficient values (r) are significant with

p<0.05.

Chl-a Iron MNitrate  Phosphate Silicate  Visibility Wind
Chl-a 100% 1% -27% -18% 8% -9% -30%
Iron 1% 100% -8% 1% 17% 7% -11%

Nitrate -27% -8% 100% 11% -4% 11% 9%
Phosphate -18% 1% 11% 100% 2% 0% -6%
Silicate 8% 17% -49% 2% 100% 10% -18%
Visibility -9% 7% 11% 0% 10% 100% -35%
Wind -30% -11% 9% -6% -18% -35% 100%

86



Nitrate levels in the water during 2012 were lower than in 2015 throughout the
summer period (Error! Reference source not found.a). This may indicate the
consumption of this macronutrient by the high phytoplankton densities that was estimated
due to the high chl-a levels. The pearson correlation in table 3.1 also show that nitrate has
a significant nigative correlation (-27%) with the chl-a (Table 3.1). This result further
support the association between the increase in phytoplankton biomass and the
consumption of nitrate levels. Nitrate plays a major role in the physiological functiong of
phytoplankton cells, including its photosynthetic efficiency and the ability to react to
different environmental stresses (Parkhill et al., 2001). Therefore, high phytoplankton
biomass in the water column may lower the nitrate levels, thereby imposing an additional
stress to the corals that require this nutrient for optimal biological mechanisms (D’ Angelo
and Wiedenmann, 2014).

Phosphorous levels were completely depleted from the water body in the summer
period (Aug-Sep-Oct) of 2012 (Error! Reference source not found.b). This is in stark
contrast with the concentrations of 100-350 pg/L of this element that were detected during
comparable time period in 2015. Table 3.1 shows that phosphorus has a negative
relationship (r = -18%) with chl-a, but this correlation was weak and insignificant. The
depletion of phosphorus might, as in the case of nitrate, be attributed to the rapid
assimilation by phytoplankton in Saadiyat area in 2012, and would have direct
consequences for the physiological functioning and heat tolerance of corals. Previous
findings have shown that phosphate starvation results in a lower capacity of coral to

respond to heat and light induced bleaching (Wiedenmann et al., 2013). Suggested cellular
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mechanisms behind this process involve changes in lipid composition of the algal
photosynthetic membrane that result from the shift from nutrient-limited to phosphate-
starved condition. Thus, it is reasonable to suggest that the absence of phosphorus in the
water during the summer months of 2012 might have promoted coral bleaching in response
to the elevated temperature.

Iron, an element that can control the rates of phytoplankton productivity and biomass
in the ocean (Coale et al., 1996; Martin et al., 1994). It was markedly higher during most
of the seasons of 2012 as compared to 2015. This increase in iron may be attributed to the
increase in wind speed that occur during the first three months of the year 2012 (figure
3.6d), which may induce water mixing and potentially triggering the development of algal
blooms during 2012 in Saadiyat (Error! Reference source not found.c). According to
Garrison et al., (2003) wind induced mixing could increase the solubility and the
bioavailability of iron. The increased concentation of Iron during the summer period could
be attributed also to aeolian dust storm inputs, which is generally more frequent during
spring and summer months (Kutiel and Furman, 2003). The meteorological wind speed
and visibility in Figure 3.6a &b, seem to be in consistence with the finding observed by
Kutiel and Furman, (2003). It shows that there is a notable decrease in the visibility during
March and July (Figure 3.6a), which is coincided with an increase in wind speed from Feb
to August. The Pearson correlation analysis (Table 3.1), also shows a significant negative
relationship (r =- 35%) between wind and visibility. These results agree with the hypothesis
presented by Martin (1990), who suggested that aeolian dust transport is a major ocean

fertilization process.
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compared to 2015 (Error! Reference source not found.d). The dissolved silicon (in the
form of orthosilicic acid or "silicate™) in natural waters has commonly been assumed as a
limiting factor for phytoplankton growth, particularly in the case of diatoms, which require

silicon for their shell formation (Paasche, 1973; Brzezinski and Nelson, 1995, Dugdale et

The dissolved silicate levels were also higher during summer months of 2012,

al., 1995, Wong and Matear, 1999).
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3.4. Conclusion

This chapter present a detailed characterisation of environmental conditions in coral
reef waters off Abu Dhabi, UAE, between 2009 and 2015. The analysis of three parameters,
DHD, HR and the number of days above a local threshold, were used to quantify heat stress
during episodes of bleaching. As the comparison of heat stress levels in 2012 and 2015
revealed, elevated temperatures are not sufficient to predict local bleaching events. The
assessment of other environmental factors suggests that phytoplankton blooms might
temporarily reduce certain nutrients, including nitrate and particularly phosphorus, below
average levels from the water body. This modification of the local physiochemical
conditions of reef water can then act in combination with heat stress to trigger coral
bleaching.

Identifying different monitoring methods to detect environmental stressors remains
an urgent challenge for the conservation and management of coral reefs worldwide.
Remote sensed monitoring techniques could help to meet these challenges by enabling
more widespread and continous monitoring programs. This case study shows how the
combination of satellite observations and in situ measurements can help to understand the
causes of coral bleaching events. It also highlights the needs of integrating different

platforms to establish a monitoring system for adverse water quality events.
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Chapter 4: Long-term changes in the environmental factors

surrounding coral reef sites in Abu Dhabi

Coral bleaching and mortality events during the period from 1983 to 2015 strongly
affected the coral community structure off the coast of Abu Dhabi, UAE. The
environmental conditions associated with these events were analysed using satellite
observation and meteorological data. Long-term series of phytoplankton (chl-a), sea
surface temperature (SST), aerosol optical thickness (AOT), water current speed
(WCS), diffuse attenuation coefficient (Kq490), air temperature, horizontal visibility,
wind speed (WS) and precipitation were acquired and used to characterised the
bleaching in the study Delma Island, Saadiyat Island, and Ras Ghanada. The
environmental conditions observed around the time of most bleaching events were
characterised by dry weather, relatively calm winds and low water currents in addition
to elevated air and water temperatures. Notable shifts in the long-term condition include
changes in the aerosol regime that started after the 1996 and 1998 EI Nifio events and
shows an apparent intensification of dust storms over the Abu Dhabi area. This increase
in dust content in the atmosphere may have been caused by the scarcity of rainfalls and
the increase in the wind speed in the region. The dust has the potential to deposit macro
and micronutrients in the water and can be considered in addition to anthropogenic
nutrient enrichment as a cause of the increasing frequency of phytoplankton blooms
after the year 2000. The 2012 phytoplankton bloom has likely resulted in a disturbance
of the nutrient environment of the coastal sites, rendering the corals more susceptible
to heat stress. In addition, the higher deposition of aeolian dust may have resulted in
the introduction of pathogens that might have contributed to the increasing prevalence

of coral diseases that has been reported from 2009 onwards.
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4.1 Introduction

In recent years, various forms of environmental changes, including elevated water
temperature and algal blooms, have impacted coral reef communities in the Arabian Gulf,
affecting the symbiotic relationship of corals and leading to coral bleaching (Burt et al.,
2008; Bauman et al., 2010; Burt et al., 2011; Burt, 2014; Zhao and Ghedira, 2014). Elevated
water temperature has been listed as the major cause of coral bleaching and mortality
around the world (Coles and Jokiel, 1978; Glynn and D’Croz, 1990; Sheppard et al., 1992;
Baker et al., 2008a; Riegl and Purkis, 2015a). The application of remote sensed SST is
widely used around the world as a monitoring tool in estimating and analysing water
temperature (Brown et al., 1994; Sheppard, 2003; Logan et al., 2014). In the Arabian Gulf,
monitoring water temperature is important because the survival of coral communities is
threatened by increased frequency of temperature-related bleaching events (1996, 1998,
2002, 2010, 2011 and 2012) (Riegl and Purkis, 2015a). The consequences of temperature-
mediated bleaching events has been varied in the Arabian Gulf, with conditions that have
resulted in coral mortality in some regions showing no effect on corals in others (Riegl,
2003; Baker et al., 2008b; Sheppard et al., 2010a; Bernhard M Riegl and Purkis, 2012b;
Shuail et al., 2016). This variation may be explained either by the interaction of several
environmental factors that can mitigate heat stress or by the adaptation of the corals to their
local temperature patterns (Riegl and Purkis, 2012b). It is therefore critically important to
establish the differences in local bleaching thresholds among different regions of the
Arabian Gulf.

However, a number of other environmental factors can affect coral and their

resilience under the impact of temperature stress. Phytoplankton blooms, for instance,
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constitute another potentially global threat to coral reefs , as they can impact corals through
shading, toxin production, oxygen depletion and alteration of the nutrient balance (Sand-
Jensen and Sendergaard, 1981; Landsberg, 2002; Chang et al., 2005; Wiedenmann et al.,
2013; D’Angelo and Wiedenmann, 2014; EAD, 2015). Since phytoplankton blooms
became more abundant over the last decade in Abu Dhabi (EAD, 2015), monitoring is
crucial both in coastal and offshore areas of Abu Dhabi. Since the late 1970s, a wide variety
of operational satellite sensors and algorithms have been developed to monitor both biotech
and abiotic environmental factors (Hovis et al., 1980). Several ocean colour sensors, such
as Coastal Zone Colour Scanner (CZCS) the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) and the Moderate Resolution Imaging Spectroradiometers (MODIS), are
capable of mapping and monitoring phytoplankton blooms (Alexandridis et al., 2009).
They are designed to retrieve the spectral information of the upwelling radiance above the
sea surface that is referred to as the water-leaving radiance or Lw (A). This radiance can be
used to estimate the concentration of chlorophyll a (chl-a), which has been, since the first
chl-a global maps were published, widely used as phytoplankton bloom indicator (Feldman
etal., 1989; Franz et al., 2005; Blondeau-Patissier et al., 2014a; see chapter 3 in this thesis)

Coastline changes and development in Abu Dhabi can influence many intertidal
habitats and the overall benthic environment in the region (Sheppard, 1993). Hence,
measurements of water clarity can be used to characterise study sites and evaluate whether
the increased particle load and potentially associated changes in nutrient levels can be
linked to the incidence of phytoplankton blooms. Changes in water clarity can be quantified
by measuring the diffuse attenuation coefficient Kq (A) (where A is the light wavelength in

free space) of the spectral solar downward irradiance (Jerlov, 1976; Kirk, 1994). In ocean
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colour remote sensing the diffuse attenuation coefficient (Kq) at A = 490nm is estimated
from an empirical algorithm based on the relationship between Kq(490) and the blue-to-
green ratio of water-leaving radiance (Austin and Petzold, 1986). It is used to determine
the turbidity in the selected sites that serve as an indicator of water clarity (Jerlov, 1976;
Kirk, 1994; Wang et al., 2009).

In addition to nutrient enrichment through natural and anthropogenic mechanisms
such as upwelling or coastal run-off, dust deposition is considered a triggering factor for
phytoplankton blooms through the enrichment of the water body with micronutrients, such
as iron (Zhuang et al., 1992; Arimoto, 2001; Anderson et al., 2002; Al-Shehhi et al., 2012).
Dust storms are known to be frequent and extreme in the Arabian Gulf, reaching up to 15
to 20 dust storms per year (Kutiel and Furman, 2003) due to the geographical localisation
of the Gulf between extensive desert areas (latitudes 24-30°N) (Reynolds, 1993). This vast
arid land surrounding the Arabian Gulf (Africa and Asia) is one of the major sources of
aeolian dust in the world (Husar et al., 1997). As reported by Kukal and Saadallah (1973),
dust storms can reduce the atmospheric visibility of the affected areas to less than 55m in
the Arabian Gulf. As suggested by Shinn et al. (2000), dust storms can also potentially
transport anthropogenic pollutants, synthetic chemicals, pathogenic microorganisms, and
other toxic constituents from land to be deposited in the oceans. According to Underwood
(2015), A 2011 study released by the Centre for Naval Warfare Studies, US Naval War
College, Rhode Island, found that dust particles tested in Kuwait and Iraq carried very high
levels of metals and microbial matter. This study isolated more than 147 different types of
bacteria species, including some that showed antibiotic resistance. The isolated samples

include the drug resistant Staphylococcus aureus (methicillin-resistant Staphylococcus
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aureus or MRSA), malaria-causing Neisseria meningitidis and Acinetobacter baumannii, a

superbug linked to severely injured soldiers. However, there are lack of direct evidence to
support Shinn et al. (2000) hypothesis in the Arabian Gulf.

Moreover, there are only four types of coral diseases found in the Arabian Gulf
(white band disease (WBD), black band disease (BBD), yellow band disease (YBD) and
pink spot and line disease), compared to the other parts of the world, such as the Caribbean
basin where there are over 30 coral disease found (Riegl and Purkis, 2012a). These coral
diseases have been potentially linked with thermal anomalies and coral bleaching (Miller
et al. 2006; Miller et al. 2009; Bruckner and Hill, 2009). For example, most thermal
anomalies and bleaching events in the southern Gulf (e.g. 2010, 2011 and 2012) have being
followed immediately by disease outbreaks (Riegl and Purkis, 2015b).

Aerosol optical thickness (AOT) of SeaWiFS and MODIS-Terra satellite sensors
and the horizontal visibility at Abu Dhabi airport are used in this chapter as indicators of
aeolian dust dynamics surrounding the study sites and potential correlation with
phytoplankton blooms. The AOT is a measure of the extinction of the solar beam by dust
particles (Chu et al., 2002; Wang and Christopher 2003; Nezlin et al., 2010). The AOT
is unit-less number related to the amount of aerosol in the vertical column of atmosphere
over the observation location (Lau and Kim, 2006; Wang, 2013; Devara and Manoj, 2013).
Abu Dhabi airport’s horizontal visibility also served as a direct proxy of dust intensity in
the atmosphere. Wind speed and wind angular direction were also acquired in this study
from Abu Dhabi Airport. Wind speed is known to be a major factor in dust transport, water
current and water vertical mixing, which all play a vital role in stimulating phytoplankton

blooms (Arimoto, 2001; Nezlin and Li, 2003; Nezlin et al., 2007; Nezlin et al., 2010; Zhao
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and Ghedira, 2014). The water motion resulting from wind gusts has been shown to be
beneficial to coral reefs during temperature stress, by thinning boundary layers and
accelerating mass transfer (Baker et al., 2008b). It helps in heat dissipation and the removal
of toxic oxygen radicals from the water column (Woesik and Koksal, 2006; Baker et al.,
2008b). The most significant wind phenomenon in the Arabian Gulf is the ‘Shamal’ wind.
The Shamal (meaning "North" in Arabic), is blown from the Northwester of the Arabian
Gulf (Kendall et al., 2003). Although it happens both in winter and in summer seasons, but
the winter Shamal has a slightly greater speed, which reaches up to 100 km/h (John et al.,
1990). All these environmental factors may direct negative impact on the Gulf coral
communities or may affect them through the effect of potentially causally linked
phytoplankton blooms. Therefore, it is important to study all these environmental factors
in greater detail to determine exactly how, and to what extent, they are related to the
increased frequency of coral bleaching witnessed in the last decades.

The purpose of this study is to use remote sensing tools to analyse patterns of
environmental factors that are prevalent during documented coral bleaching event in the
southern Gulf region (Abu Dhabi). In this work, satellite data, including sea surface
temperature (SST), chlorophyll a (chl-a), water current speed (WCS), diffuse attenuation
coefficient (Kq490) and aerosol optical thickness (AOT), were determined for each region
in Abu Dhabi and for control regions elsewhere in the Gulf. These parameters
complemented by the analysis of meteorological data, air temperature (AT), horizontal
visibility (HV), wind speed (WS) and precipitation obtained from ground measurements,
to obtain a comprehensive picture of the environmental conditions in the Southern Arabian

Gulf.
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4.2 Material and methods

4.2.1 Study sites

The Arabian Gulf is a shallow semi-enclosed water body located within the arid
region of the Middle East between latitudes 24 ° and 30 ° N and longitudes 48 © and 56 ° E.
The Arabian Gulf is bordered by Iran and seven Arab countries, namely, Iraq, Kuwait, the
Kingdom of Saudi Arabia (KSA), Bahraini, Qatar, Oman, and the United Arab Emirates
(UAE) (Figure 4.1) (Robinson and Brink, 2006). The three selected sites are, Delma,
Saadiyat, and Ras Ghanada, which are located within the coastal area of the Abu Dhabi
Emirate, in the UAE (Purser and Seibold, 1973). These sites were selected based on their
coral communities and the difference in their bleaching patterns (Foster et al., 2012). The
majority of the coral communities in these sites were composed of four common families,
poritids, faviids, acroporids, and siderastreids (Burt et al., 2011; Foster et al., 2012). The

three sites were thoroughly discussed in the introductory chapter of this thesis.

Figure 4.1. Countries surrounded the Arabian Gulf. Including: Irag, Kuwait, Saudi Arabia, Bahrain,
Qatar, United Arab Emirates, Oman and Iran. Source: https://lance3.modaps.eosdis.nasa.gov.
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4.2.2 Environmental data acquisition

Several environmental factors were used to characterise the environment
surrounding the coral reefs of each selected region of this study. These parameters are: 1)
Satellite observations, including SST, chl-a, water current speed (WCS), diffuse
attenuation coefficient (K¢490) and aerosol optical thickness (AOT). In addition to 2)
Meteorological data, including air temperature, horizontal visibility, wind speed (WS) and
rainfall precipitation. These environmental factors are considered, solely or in interaction
with other factors as potential drivers of coral bleaching events documented in the southern

Gulf region (Abu Dhabi) (Table 4.1).

Table 4.4. Summary of properties and sources of environmental data used in this study.

Spatial Time

Data product Satellite/model . Web site
resolution Scale

Sea surface temperature (°C) AVHER 4 km 1983-2001  podaac-tools.jpl.nasa.gov
Sea surface temperature (°C) MODIS-Aqua 1 km 2002-2015  hittps://oceancolor.gsfc.nasa gov
Chlorophyll (mg/m?) SeaWiF§ 45km 1997-2001  https://oceancolor.gsfc nasa gov
Chlorophyll (mg/m?) MODIS-Aqua 1km 2002-2015  https://oceancolor gsfe nasa gov
Water current speed (m/sec) OSCAR 111 km 1992-2014  http://oceanmotion.org
Light attenuation coefficient (K4490) SeaWiFs 111 km 1997-2001  https://giovanni gsfc nasa gov
Light attenuation coefficient (Ka490) MODIS-Aqua 111 km 2002-2015  hittps://giovanni gsfc nasa gov
Aerosol optical thickness (AOT) SeaWiFs 111 km 1997-2001  https://giovanni gsfc nasa gov
Aerosol optical thickness (AOT) MODIS-Aqua 111 km 2002-2015  hittps://giovanni gsfc nasa gov
Air temperature (*C) Abu Dhabi Airport NA 1983-2015  weatherspark com
Visibility (km) Abu Dhabi Airport NA 1983-2015  weatherspark com
Wind speed (m/sec) Abu Dhabi Airport NA 1983-2015  weatherspark.com
Precipitation (mm) Abu Dhabi Airport NA 1983-2015  weatherspark com
Dipole mode index ("C) Stateoftheocean NA 1983-2015  stateoftheocean.osmc.noaa gov
El Nino Southern Oscillation (°C) Stateoftheocean NA 1983-2015  stateoftheocean osmc.noaa gov

4.2.2.1 Chlorophyll-a

Remote sensed chl-a data were analysed from the three selected sites in Abu Dhabi
Emirate. Chl-a images were obtained by the Sea-Viewing Wide Field of View Sensor
(SeaWiFS), from September 1997 to February 2009 and the Moderate Resolution Imaging
Spectroradiometer (MODIS) Aqua, from July 2002 to December 2015. Both satellites are

known as ocean colour sensors that are designed to retrieve the spectral information of the
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upwelling radiance above sea surface (water-leaving radiance or Lw (X)). This radiance
can be used to estimate a number of geophysical data parameters, such as the concentration
of chl-a (Franz et al., 2005).

SeaWIFS is a multi-spectral radiometer, crossing the earth’s equator on a daily basis
at noon time, and collecting data since August 1997 (O’Reilly et al., 1998). SeaWiFS views
the land in eight spectral bands covering the visible and near-infrared (NIR) range from
400-900 nm. It has a global area coverage (GAC) resolution of 4.5km (Gregg and Casey,
2007). This sensor is considered one of the best tool available to study the planet’s
biological activity and response to the changes in the environment parameters. However,
the OrbView-2 spacecraft that carried the SeaWiFS instrument stopped communicating
with Earth-based data stations in December 2010. Therefore, MODIS-Aqua sensor, which
has been in operation since June 2002 to the present, was used in this chapter. It has a daily
orbit around the earth passing over the equator from south to north in the afternoon (from
12:00 13:30). The overlapped chl-a values during the period from July 2002 to February
2009 of each satellite (SeaWiFS and MODIS-Aqua) were plotted against each other, and
the coefficient of determination (R?) for a linear regression fit was calculated to increase
the confidence in the comparability of the data.

MODIS sensors measure radiance in 36 spectral channels covering the range from
400 nm to 14.4 um, to support land, ocean, and atmospheric measurements. The bands of
primary interest to ocean colour applications are the nine channels covering the spectral
range from 400-900 nm. Both SeaWiFS and MODIS are scanning radiometers, collecting

data over a wide swath with a pixel resolution of approximately 1-km x 1-km at the
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minimum view angle. Both missions design to operate for global observation on a daily

basis (Alexandridis et al., 2009).

4.2.2.2 Seasurface temperature (SST)

Relevant SST data are presented in chapter two of this thesis, within the analysis of
the seasonality and interannual variation for the three study sites. The SST data utilised in
the present work is a long-term merged data-set from the Very High-Resolution
Radiometer (AVHRR) and MODIS-Aqua (1983-2015). According to Marcello et al.
(2004), the current SST algorithms applied to Advanced AVHRR and MODIS (Aqua and
Terra) can estimate SST with an accuracy of about 0.6°C, which is acceptable for many
marine applications. Both chl-a and SST were analysed at the three selected sites in Abu

Dhabi (Delma, Saadiyat, and Ras Ghanada).

4.2.2.3 Aerosol optical thickness (AOT)

Aerosol optical thickness (AOT) at 550nm of SeaWiFS and MODIS-Aqua obtained

from NASA’s Giovanni website (http://giovanni.gsfc.nasa.gov/), was used to measure dust

concentration in the atmosphere (Chu et al., 2002; Wang and Christopher 2003; Nezlin et
al., 2010). Both sensor’s data sets were Level 3 (meaning: the variable is mapped on
uniform space-time grids (Parkinson et al., 2006) and had 1°x1° (~111 km?) spatial
resolution. The dust storms are relevant to this study due to their impact on SST and the
radiation budget of the atmosphere (Kaufman et al., 2002). Dust storms also carry
micronutrients, which are considered a source of ocean enrichment, which can trigger the

development of either HAB or non-HAB, especially the iron element (Zhuang et al., 1992;
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Arimoto, 2001; Anderson et al., 2002; Al-Shehhi et al., 2012). Shinn et al., (2000) and
Garrison et al., (2003), suggested that dust storms can transport anthropogenic pollutants,
synthetic chemicals, pathogenic microorganisms, and other toxic constituents from land to
be deposited in the oceans. 2, Figure 4.2 shows examples of Near-Real-Time Images of
dust storms trajection in the Gulf, matched with images of MODIS AOT at 550nm (1°x1°)
obtained from Giovanni website (http://giovanni.gsfc.nasa.gov/). The Near Real-Time
Images were obtained from Rapid Response imagery from the Land, Atmosphere Near
Real-time Capability for EOS (LANCE) system
(https://lance3.modaps.eosdis.nasa.gov/cgi-bin/imagery/realtime.cgi) operated by the
NASA/GSFC/Earth Science Data and Information System (ESDIS) with funding provided

by NASA/HQ.

4.2.2.4 Water current speed (WCS)

The monthly current speed profiles (1992-2014) in each region were examined
using the data available  from NASA  Ocean Motion  website

(http://oceanmotion.org/html/resources/oscar.htm). This site utilizes the 1°x1° (~111 km?)

spatial resolution Ocean Surface Current Analyses Realtime (OSCAR) provided on global
grid approximately every five days, from 1992 to December 2014, with daily updates and

near-real-time availability (http://www.esr.org/oscar_index.html). Water motion has

important control over reef corals in various ways. It enhances the circulation caused by
waves, tides, and currents. It can modify several important environmental factors, such as
plankton, dissolved nutrients, and gasses, sediment, water clarity, substrata, salinity, and

temperature (Jokiel, 1978). It is required to ensure the necessary supply of oxygen and
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nutrients to the corals (Kinsman, 1964). It appears to influence corals by controlling the
rate of exchange of material across the interface between the sea water and the coral tissue

(Jokiel, 1978).

\ United Arab Emirates 4/

{‘

0.0 0.2 0.4 0.6 0.8 1.0
AOT (unitless)

Figure 4.2. Samples of a major dust storms passing over the Arabian Gulf in the right panel
(source: https://lance3.modaps.eosdis.nasa.gov/), matched with MODIS-Aqua AOT (111km?
resolution) in the left panel (source: giovanni.gsfc.nasa.gov).
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It is now clear that high water flow rates reduce bleaching susceptibility in corals
(Dennison and Barnes, 1988; Nakamura and Van Woesik, 2001). Therefore, abnormally
hot and humid summers with very low wind speed and low water flow, most probable
cause coral mortality.

Due to the relatively low resolution (1°x1°= ~111 km?) of AOT acquired through
Giovanni website and the water current speed from OSCAR, and the fact that Saadiyat and
Ras Ghanada are only ~30 km apart, two regions were selected to examine the variability
of this parameter. The first region is centered at Delma (lat:24.5208°N/long: 52.2781°E)
and the second is centered between both Saadiyat and Ras Ghanada (Lat: 24°42°11.8N,

Long: 54°31°06.0E).

4.2.2.5 Water turbidity

Water clarity was estimated from remote sensed data using the downwards
irradiance of light diffuse attenuation coefficient, Kq (1), at the blue-green band ~ 490 nm
(Ka490) (Lee et al., 2005). The Kg490 was retrieved from SeaWiFS (9 km pixel resolution)
and MODIS-Aqua (4 km pixel resolution) using the Giovanni website

(http://giovanni.gsfc.nasa.gov/). The Kq490 is the rate at which light intensity at 490 nm is

attenuated with depth, as is directly related to the presence of scattering particles in the
water column, either organic or inorganic, and thus it is an indication of water clarity

(Wang et al., 2009).
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4.2.2.6 Meteorological data

Meteorological data were obtained from different airports within the Arabian Gulf

region, including Abu Dhabi, Bahrain, and Kuwait through the weatherspark Beta database

(https://weatherspark.com/). The data acquired include air temperature (degrees celsius),
horizontal visibility (km), wind speed (m/sec), wind direction (angular mean) and
precipitation  (count per day). Although the data is sourced from
NOAA, weatherspark facilitates its accessibility. These data were used to analyse the
weather and correlate the overall climate conditions in the southern Gulf to the remote

sensed parameters studied in this chapter over the study regions.

4.2.2.7 Dipole mode index (DMI) and the EI Nifio Southern Oscillation

(ENSO)

Finally, both the dipole mode index (DMI) and the El Nifio Southern Oscillation
(ENSO) anomaly indexes were used as a reference to the overall environmental trends and
interannual variations. The DMI is a representation of the intensity of the Indian Ocean
dipole 10D calculated as the anomalous SST gradient between the western equatorial
Indian Ocean (50E-70E and 10S-10N) and the southeastern equatorial Indian Ocean (90E-
110E and 10S-ON). It is acquired from the state of the ocean climate

(http://stateoftheocean.osmc.noaa.gov).

The ENSO is known to be among the strongest natural phenomenon affecting the
global climate system (Glantz et al., 1991). ENSO anomalies were obtained from NOAA
National Weather service/climate prediction center

(http://www.cpc.ncep.noaa.gov/products/analysis monitoring/). NOAA calculates it as
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three-month running mean of ERSST.v4 SST anomalies in the Nifio 3.4 region (5°N-5°S,

120°-170°W), based on centered 30-year base periods updated every five years.

4.2.3 Regression analysis of the remote sensed data

A simple linear regression between remote sensed SST and the in situ water
temperature for MODIS-Aqua and AVHRR platforms in Abu Dhabi is presented in
Chapters 2 and 3 of this thesis (Figure 2.3&3.1). The simple linear regression is a statistical
method used to study relationships between two continuous (quantitative) variables, and
its regression coefficient (R?) indicates the differences between these variables. For
MODIS-Aqua the regression coefficient shows an R?=0.96 in Saadiyat and R?= 0.97 in
Delma. This indicates that the differences between the MODIS-Aqua SST and the in situ
values are small in both Saadiyat and Delma sites. For AVHRR, the linear regression with
the in situ data shows a strong coefficient R?>= 0.918, with RMSE=1.4. Additionally,
AVHRR was matched with the corresponding SST values from MODIS Aqua that also
reveals a satisfactory regression coefficient R?= 0.958, RMSE=1. The MODIS SST data
were also matched with the air temperature acquired from the Abu Dhabi airport ground
measurements, which shows again a strong regression relationship result R?= 0.927,
RMSE=7.

As detailed in chapter 3 of this thesis, the values of chl-a estimated from the analysis
of MODIS Aqua data, were also matched with the in situ data using the simple regression
analysis. The analysis showed a strong regression coefficient R=0.918. In this chapter, a 1-
pixel value (4.5km) of SeaWiFS chl-a were matched an average of 5x5-pixel for MODIS

Aqua (to accommodate the spatial difference) centered at the survey location (Sadiyaat).
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The chl-a values of each satellite were plotted against each other and the coefficient of
determination (R?) for a linear regression fit was calculated.

In this chapter, AOT at 670nm for SeaWiFS (1998-2010) and at 667nm for
MODIS-Aqua (2002-2015) were merged in order to extend the time-series of these
parameter. Likewise, the K¢490 data extract from SeaWiFS (1998-2010) and MODIS-
Aqua (2002-2015) were merged. The overlapping period from both satellites was
compared using simple linear regression and the root-mean-square-error (RMSE). The
extended time series will help us cover most of the bleaching events that occurs in the

Southern Arabian Gulf (1998, 2002, 2010, 2011 and 2012 major bleaching events).

4.2.4 Seasonality and interannual anomalies

Seasonal variations of all previously mentioned variables were analysed from their
climatologies, calculated for their monthly averages. To examine interannual variability,
seasonal anomalies were extracted for each parameter by subtracting their respective
climatic monthly values. chl-a, WCS, AOT, and the Kq490 were examined for the time
period from September 1997 to December 2015. In the case of SST, the extended time
series from January 1982 to December 2015 were used. The meteorological variables,
including air temperature, visibility, wind speed, and precipitation, were analysed from
January 1983 to December 2015.

Descriptive statistics and one-way ANOVA tests were conducted to discern
differences in the remote sensed parameter between the three locations. The Tukey post
hoc analysis was used to reveal putative significant differences between the sites. The

overall yearly variation in the time series for each parameter was fitted to a fourth order

106



polynomial trend. A Pearson correlation was run to assess the relationship between the
remote sensed parameters, and between the remote sensed parameters and the
meteorological data. The Pearson correlation is a measure of the strength and direction of

association that exists between two continuous variables.

4.2.5 Cross-correlation analysis

Cross-correlation analysis measure the movement and the proximity of alignment
among two different time series (Bracewell, 1986; Nikolay P. Nezlin and Li, 2003). This
proximity is expressed as a lag time and a correlation coeffect between the two variables,
and the maximum correlation has zero time-lag. This will explain how each parameter
patterns correlate with the chl-a patterns. The cross-correlation analysis will be performed
on SST, turbidity (Kq490), aerosol optical thickness (AOT), current speed and wind speed
against chl-a (phytoplankton bloom) patterns, which will help in understanding which
factor is more likely to be the main driver of the phytoplankton development in the region.
The cross-correlation analysis in this chapter is based on the monthly average of each

parameters, for example one time-lag is equal to one month.

4.2.6 Regional coral bleaching thresholds

Coral bleaching threshold is defined as 1°C higher than the highest monthly mean
temperature in a given region (Glynn and D’Croz, 1990). The local bleaching thresholds
were calculated for the study sites in Abu Dhabi and are presented in Chapter 2 (Shuail et
al., 2016a). To compare these thresholds to the Arabian Gulf region, we calculated the

bleaching threshold for six other coral reef areas in the Arabian Gulf (Figure 4.3). These
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are Kuwait (Qaru Island: lat: 29° 2'49.22"N long: 48°30'53.76"E), Saudi Arabia (Abu Ali
Island: lat: 27°14'10.30"N long: 49°44'9.03"E), Bahrain (offshore Manama area: lat:
26°19'27.51"N long: 50°357.19"E), Qatar (Halul Island: lat: 25°40'20.71"N long:
52°21'4.23"E), Oman (Musandam Peninsula: lat: 26°14'25.16"N long: 56°34'38.06"E) and
Iran (Siri Island: lat: 25°58'14.45"N long: 54°36'17.05"E). These locations were selected
according to their coral reef areas (Rezai et al., 2004), and the extended SST data-set from

1982 to 2015 was used in this analysis.
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Figure 4.3. Study sites in the Arabian Gulf. A) Kuwait (Qaro island), b) Saudi Arabia (Abu Ali island) (KSA),
C) Bahrain, D) Qatar, E) Delma, F) Saadiyat, G) Ras Ghanada, H) Iran, and I) Oman.
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4.3 Result and discussion

4.3.1 Regression analysis of the remote sensed data

The regression analysis between the remote sensed platforms, MODIS-Aqua and
SeaWiFS, showed a high regression coefficient R?=0.9, RMSE=0.016 for the diffusion
attenuation coefficient (K4490), and R?= 0.85, RMSE=0.105 for the AOT, and R=0.92,
RMSE=0.19 for the chl-a (Figure 4.4). These results justify that a continuous time series

can be assembled from the data of both satellites.

4.3.2 Seasonal variations

4.3.2.1 Chlorophyll-a

Chl-a concentrations in the Gulf varied widely, ranging from the monthly average
of 0.12-23.7 mg/m? in the northern parts of the Gulf (Kuwait), to 0.43-0.67 mg/m? in the
Gulf of Oman (ROPME, 2012). The analyses show that the monthly chl-a concentration in
the study sites, over the study period (1997-2015) ranges from 0.33-3.88 mg/m?® in Delma,
0.78-3.87 mg/m? in Saadiyat, up to 0.91-5.15 mg/m?® in Ras Ghanada (Table 4.2). The
annual 18 years average is 1.17 mg/m® in Delma, 1.82 mg/m? in Saadiyat and 1.75 mg/m?
in Ras Ghanada. Chl-a concentration was ~0.5 mg/m? higher in Saadiyat and Ras Ghanada
than in Delma (Figure 4.5). These differences between the regions were statistically
significant (one-way ANOVA test, F(2, 657) = 94.350, p <0.001. Delma (M =1.17, SD =
0.52), Ras Ghanada (M = 1.76, SD = 0.57) and Saadiyat (M = 1.82, SD = 0.55)). Further
analysis with the Tukey post hoc test revealed that chl-a values in Delma were significantly
lower than in Saadiyat and Ras Ghanada, (-0.58, 95% confidence interval (CI) [-0.71, -

0.46]), (p <0.001). The higher chl-a concentration in Saadiyat and Ras Ghanada as
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compared to Delma could be explained by their proximity to the coastal area, which can

potentially introduce different anthropogenic factors that may increases water productivity.
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Figure 4.4. Validation of data obtained by remote sensing analysis of a) diffusion attenuation (K4490),
and b) Aerosol optical thickness (AOT) at 550nm, ¢) chlorophyll-a (chl-a).

Table 4.5. Descriptive statistics for the environmental parameters in Delma, Saadiyat and Ras Ghanada obtained by
remote sensing analysis.

Delma Saadiyat Ras Ghanada
Mean Min Max Range| Mean Min Max Range| Mean  Min Max Range
Chl-a (mg/m3) | 1.17(x0.5) 0.33 3.88 3.56 | 1.82(x0.5) 0.78 4.66 3.87 | 1.75(x0.6) 0.91 5.15 4.24
SST (°C) 27.17(£5.1) 17.6 36 184 | 27.5(=4.7) 18.3 353 17 | 27.6(=4.5) 18.7 34.8 16.2
WCS (m/sec) |0.10(=0.03) 0.04 0.22 0.18 [0.12(%0.03) 0.06 0.24 0.18 |0.12(=0.03) 0.06 0.24 0.18
AOT (unitless) | 0.46(=0.2) 0.2 1.33 1.13 | 0.44(=0.2) 0.15 1.01 0.87 | 0.44(=0.2) 0.15 1.01 0.87
K 490 (m1) |0.11(=0.03) 0.06 0.23 0.18 |0.12(%0.05) 0.04 0.47 0.43 |0.12(+0.04) 0.06 0.26 0.2
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Table 4.3. Descriptive statistics for the meteorological parameters in Kuwait airport, Bahrain airport and Abu Dhabi
airport.

Kuwait Bahrain Abu Dhabi
Mean Min Max Range| Mean  Min Max Range| Mean  Min Max Range
Air temp. (°C) |33.11(%10.1) 144 47.3 33 |30.15(=6.9) 15.7 404 24.7 |34.04(=6.6) 20.8 454 24.6
Visibility (km) 8.5(x1.1) 43 15 11 |10.35(=1.2) 63 133 7 9.6(x1.2) 6.1 13.6 175
Wind speed (m/s) | 7.44(=1.16) 0.5 104 10 |7.43(x1.01) 1.17 104 9.2 | 7.14(=0.7) 54 954 4
Precipitation (mm)| 0.52(=0.67) 0 3.6 3.6 | 043(=0.7) 0 48 43 02(=04) 0 27 2.7

Coastal impacts in Abu Dhabi include wastewater discharge, surface runoff,
fertilizers from landscape maintenance and agriculture as well as other water-related
activity and can potentially introduce excess nutrients into the marine environment
(Sheppard et al., 2010b). Other factors that may increase productivity in the coastal sites
are the industrial facilities, including power generation, iron and steel works, and several
other sectors, which are concentrated in Industrial Cities Abu Dhabi (ICADs), Mussafah
Industrial Area, and Khalifa Industrial Zone Abu Dhabi (KIZAD). Effluent discharges
from industrial facilities may introduce excess nutrients, sediments, heavy metals, and
other potentially toxic chemical contaminants into waterways thereby altering the
chemistry levels of the water. Phytoplankton blooms that can develop from this nutrient
loading and nutrification can also deteriorate the water quality in this area. Abu Dhabi
Environmental Agency has reported an increase in the frequency of HAB incidents in Abu
Dhabi during the last decade (EAD, 2015). Abu Dhabi water monitoring program also
indicate that Mussafah Channel, which is close to Saadiyat reef, is impacted by nutrient
enrichment, low DO concentrations in bottom waters and phytoplankton blooms

throughout the year.
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The seasonal patterns of chl-a were similar among sites (Figure 4.5), characterized
by a summer maximum and a winter minimum in all locations. This finding matches those
of Moradi and Kabiri (2015) who shows a gradual increase of chl-a starting from April,
reaching the highest values in late summer (August/September) and start declining from
the end of September through to its minimum for Saadiyat and Ras Ghanada in March, and
for Delma in April each year. According to Nezlin et al. (2007), the northern river plumes
(Shutt al-Arab) constitute the main nutrient-rich waters sources in the Arabian Gulf. In
agreement with our findings, the seasonality of chl-a in the Gulf is characterised by summer
maximum and winter minimum (Moradi and Kabiri, 2015). However, the study area is not
under the direct influence of the northern river plumes, which suggest that different factors
may control the seasonal chl-a fluctuation (Nezlin et al., 2007; Moradi and Kabiri, 2015).
The seasonal patterns of the remote sensed chl-a in Abu Dhabi are well matched with the
in situ chl-a measured by the environmental agency of Abu Dhabi (Figure 3.1 in chapter 3

of this Thesis).
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Figure 4.5. Comparing chl-a climatology obtained by MODIS-Aqua in
Delma, Saadiyat and Ras Ghanada. Symbols shows average values during
1997-2015, error bars display standard deviation.

112



4.3.2.2 Diffusion attenuation coefficient (K4490)

The seasonal patterns of both Kg490 (Figure 4.6) and chl-a (Figure 4.5) are
comparable, showing similar maximum and minimum climatology in all three sites. The
Kq490 difference between the three study sites was significant (one-way ANOVA test (F
(2,657) =10.839, p <0.001). The Tukey post hoc analysis revealed that both Saadiyat and
Ras Ghanada was significantly more turbid (Kq490) than Delma (0.009, 95% CI [0.0008,
0.0177]), (p =0.028). The elevated Kq490 in the coastal study sites (Saadiyat and Ras
Ghanada), can be, as discussed above, due to their close proximity to the coastal discharges
that induce nutrification (chl-a), which in turn reduces water clarity. This results further
confirms the hypothesis of Sharifinia et al. (2015), which considered chl-a as one of the
main components that contribute to turbidity in aquatic ecosystems. Water clarity is not
only affected by phytoplankton, but also by the impact of coastal development, as well as
the overall benthic environment in the region (Sheppard, 1993). Particularly the large-scale
developments near coral reefs areas, such as Khalifa Port may have consequences on the
surrounding coastal and offshore ecology. Khalifa Port is a large port in the UAE, dredged
between 2008 and 2010, and is in the vicinity of the Ras Ghanada coral reefs. The
resuspension plumes of dredged material might have exerted a direct impact on the
surrounding seabeds. However, a Marine Infrastructure Impact Assessment (MIIA) was
undertaken to analyse and minimise the influence of the port on the surrounding marine
environment (Cole and Broderick, 2007). The MIIA reported values of 20 mg/l (= 35
NTU), in areas of total mortality of the coral reef (Bots, 2013), resulted in several

unplanned work stoppages at Khalifa Port.
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Figure 4.6. Comparing the diffusion attenuation coefficient (K4490) climatology
obtained by MODIS-Aqua in Delma, Saadiyat and Ras Ghanada. Symbols show average
values during 1997-2015, error bars display standard deviation.

4.3.2.3 Seasurface temperature (SST)

The seasonal variability of SST is characterized by a distinct seasonal cycle with
minimum SST in winter and maximum in summer (Figure 4.7), with no significant
difference between the sites, F (2, 657) = 0.459, p = 0.632. However, Delma site is slightly
cooler in winter (17.6 °C) and warmer in summer, reaching 36 °C, with a higher SST range
(18.4 degrees) than Saadiyat (17 degrees) and Ras Ghanada (16.2 degrees). The summer-
winter differences, as seen in Abu Dhabi are remarkably high, and much greater than the
Red Sea area, which has a range of 12.5°C in the northern and only 8°C in the central Red
Sea (Sheppard, 1993).

SST has a moderate positive correlation with chl-a (Delma=38%, Saadiyat=45%,
and Ras Ghanada=39%) and K4490 (Delma=42%, Saadiyat=52%, and Ras Ghanada=55%)
in all sites (Table 4.4). The cross-correlation analysis in table 4.7 also shows that a lag time
of only one month exists between SST and chl-a with a r value between 60% to 75% in all

study sites. These correlation results may indicate an association between phytoplankton
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and water temperature in this region, and this association occurs within one-month period.

This idea is supported by the fact that certain cellular processes in phytoplankton are

temperature dependent, and their biological rates accelerate exponentially with the increase

in temperature (Reynolds, 1984). For example, the bloom-forming cyanobacteria

Oscillatoria sp., dominating most of the algal blooms around Abu Dhabi coastal, was also

reported during extreme summer temperature event (EAD, 2015). This species is known

for its wide range of temperature adaptability and achieves maximum growth rates at

temperatures of 35-40°C (Miami et al., 1983; Robarts and Zohary, 1987).
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Table 4.4. Pearson correlation between the remote sensed parameter in Delma, Saadiyat and Ras Ghanada

seewes Delma

- == Saadiyat

— RasGhanada

Jan I Febl Mar' Apr I Mavl Jun I Jul ' Aug I Sep l Oct ‘Nou IDec
Figure 4.7. Comparing the sea surface temperature (SST) climatology
obtained by MODIS-Aqua in Delma, Saadiyat and Ras Ghanada. Symbols
show average values during 1997-2015, error bars display standard
deviation.

Delma Saadiyat RasGhanada

3%
40%
-3%

100%
14%

Chl-a SST WCS AOT Ka490|Chl-a SST WCS AOT Ka490|Chl-a SST WCS AOT Ka490
Chl-a |100% 38% 0% 20% 57% |100% 45% 1% 6% 64% |100% 39% -1%
SST | 38% 100% 2% 10% 42% | 45% 100% 17% 37% 52% | 39% 100% -5%
WCS | 0% 2% 100% -21% 15% | 1% 17% 100% -3% 17% | -1% -5% 100%
AOT | 20% 10% -21% 100% -6% | 6% 37% -3% 100% 10% | 3% 40% -3%
K490 | 57% 42% 15% -6% 100% | 64% 52% 17% 10% 100% | 60% 55% 0%

60%
55%
0%
14%
100%
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Table 4.5. Pearson correlation between the meteorological data from Abu
Dhabi airport

Meteorological data correlation (Abu Dhabi Airport)
Air Temp Visibility Wind Spd. Precipitation
Air Temp 100% -38% 51% -49%
Visibility -38% 100% -32% 20%
Wind Spd. 51% -32% 100% -1%
Precipitation | -49% 20% -1% 100%

Table 4.6. Pearson correlation between the meteorological data and the environmental parameters obtained
by remote sensing in Delma, Saadiyat and Ras Ghanada.

Delma Saadiyat RasGhanada
Air Visib. WS Precip.|Air Temp. Visib. WS Precip. |Air Temp. Visib. WS Precip.
Chl-a | 28% 1% -19% -23% 46% 9% 8% -21% 41% -4% 4% -22%
SST | 96% -27% 44% -47% 97%  -28% 51% -46% 97%  -27% 50% -46%
WCS | 2% 4% 12% 1% 15% 12% 13% 2% 15% 12% 13% 2%
AOT | 14% -32% 35% 3% 40%  -40% 44% -5% 40%  -40% 44% -5%
K490 | 35% -8% 0% -20% 54% 1% 5% -29% 51% -6% 1% -34%

Table 4.7. Cross-correlation analysis between of the environmental parameter against the chl-a in all
study sites. R is the correlation coefficient.

DELMA SAADIYAT RAS GHANADA

VARIAELE Lag R Lag R Lag R
55T 1 75% 1 70% 1 60%
TURBIDITY (K490) 0 60% 0 65% 0 60%
AEROSOL (AOT) 5 30% 2 45% 2 45%
WIND (WS) 2 -56% 2 -46% 2 -45%
WATER CURRENT 1 10% 1 25% 1 15%

4.3.2.4 Water current speed (WCS)

The seasonal cycle of water current speed (WCS) was different among the sites
(Figure 4.8). As mentioned in the methodology, because of the low resolution acquired
(1°x1°) from the source, the analysis were divided into two areas (Area 1= Delma (western
Abu Dhabi), and Area 2= Saadiyat/Ras Ghanada (eastern Abu Dhabi)). Overall, the water
flow along Abu Dhabi’s coastal area is characterized by moderate currents at a magnitude

of 0.5 m/s with different directions (Bots, 2013). The result of this study, however, shows
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much less current speed values (Figure 4.8), which may be related to the low acquired
resolution that averages the entire selected regions. Moreover, there was a significant
different in the WCS between area 1 (Delma) and area 2 (Saadiyat/Ras Ghanada), F(2,
621) =17.630, p <0.001. Delma (M = 0.10, SD = 0.03), Saadiyat/Ras Ghanada (M = 0.12,
SD = 0.03). Tukey post hoc analysis showed that Saadiyat/Ras Ghanada have a
significantly greater average speed than Delma (-0.02, 95% CI [-0.02, -0.01], p <0.001).
The overall highest peak was seen in June, and another similar increase was observed in
January followed by a decreasing slope reaching the minimum in April/May. In Delma,
the overall fluctuations were different yet slightly lower. It shows that the maximum peak
is seen in January and the minima were during March and May.

A weak, but significant, positive relationship was observed between WCS and
turbidity (Kq490) in Delma (15%) and Saadiyat (17%) (Table 4.4), which might be due to
the relationship between water mixing and currents (Krissek, 1993). Furthermore, the WCS
has a significantly lower positive correlation coefficient (r=17%) with the SST only in
Saadiyat. This relationship may not be directly related to temperature, since the main water
current drivers in the Gulf are a combination of wind stress, tides, surface buoyancy fluxes,
freshwater runoff and water exchange through the Strait of (Hormuz Reynolds, 1993,
Thoppil and Hogan, 2010a), which will be discussed later in this chapter. The WCS did
not show any relationship with the chl-a, even at the coastal study sites (Saadiyat and Ras
Ghanada), where the water stream proved to be faster and good mixing can be expected.
The cross-correlation analysis (Table 4.7), in the other hand, a one month time-lag between
water currents and the chl-a, with an increased correlation coefficient toward the coastal

areas (Delma= 10%, Saadiyat=25% and Ras Ganada= 20%). This indicate that the increase
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of phytoplankton (chl-a) could be related to an increase in water currents/mixing within

one-month period.
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Figure 4.8. Comparing the climatology of water current speed obtained by OSCAR
in Delma area and Saadiyat/Ras Ghanada area. Symbols show average values
during 1992-2014, error bars display standard deviation.

4.3.2.5 Aerosol optical thickness (AOT)

Similar to the WCS, we divided the study regions to analyse the AOT that is
obtained with low resolution 1°x1°. The seasonal cycle of AOT was almost equal in all
sites (Figure 4.9), and it did not show any significant difference between regions, F (2,
657) = 2.460, p =0.086. Delma (M = 0.46, SD = 0.02), and Saadiyat/Ras Ghanada (M =
0.44, SD = 0.02) show an annual AOT maximum in July, followed by a steady declining
slope reaching the minimum seasonal value in winter (November-January) in both
locations (Figure 4.9). These results are consistent with the higher frequency (15-20 dust
storms) of dust storms during spring and summer months in the Arabian Gulf (Husar et al.,
1997; Kutiel and Furman, 2003). Dust is known to have a cooling effect on the earth surface

through blocking solar radiation, which has been referred to as the ‘‘solar dimming’’ effect
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(Stanhill and Cohen, 2001; Al-Ghadban and EI-Sammak, 2005). However, the findings
here suggests that period of frequent dust events coincides with significant heating months
in the region (Figure 4.7 & 4.9). This may explain the positive correlations between dust
(AOT) and SST, specifically at Saadiyat and Ras Ghanada (r=37% and r=40%,
respectively).

The overall seasonal cycle of dust (AOT) is relatively similar to that of chl-a
(Figure 4.9 & 4.5). The maximum annual peak for AOT was in July-August, whereas that
of chl-a was in August-September, which is reflected in the significant positive correlation
at Delma site (r=20%) (Table 4.4). Moreover, cross-correlation results in table 4.7 also
shows that there was a two-month lag between AOT and chl-a, indicating that dust input
may trigger the development of algal blooms within a two months period. These results
would support John Martin (1990) hypothesis, which suggested that aeolian dust transport
is a major ocean fertilization process. The estimated sediment deposition in the Arabian
Gulf during sandstorm events is around 60 to 200 x 10° tons/year (Riegl and Purkis, 2012b).

The chemical composition of dust depends on the origin. The Gulf is located
between the latitudes 24-30°N (Reynolds, 1993), and this vast arid land surrounding the
Arabian Gulf (southern Iraq, Iran and the eastern Arabian Peninsula) is one of the primary
sources of aeolian dust in the world (Husar et al., 1997). Hamza et al. (2011), showed that
silica and calcium were the major chemical elements of dust storms in the UAE coastal
areas, accounting for a combined 60-80%. The author also shows a high percentage of iron
(2-18%), aluminum (2-8%), magnesium (2-10%), and sulphur (0.5-7%). These elements
are essential nutrients for phytoplankton growth and activity in the marine environment if

they exist in a soluble form (Graedel et al. 1986; Duce and Tindale 1991; Young et al.,
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1991; Garrison et al., 2003). Most of these elements are important to marine life overall,
but iron is essential for all life on earth and is particularly important for oceanic plant
nutrition because atmospheric nitrogen cannot be fixed, nor can c chl-a be synthesized, or
nitrate be reduced without it (Jickells, 1999). The solubility of iron compounds and other
trace metals in the marine environment is known to be dependent on the sediments acidity,
in that the binding capacity of sediments decreases at acidic pH allowing mineral
dissolution (Parekh et al., 2004; Jickells et al., 2005). Both rainwater and photochemical
reactions have the potential to be of great importance in dissolving elements carried by dust
storms over the Arabian Gulf. Rain water in the Gulf area is scarce, however, as a
consequence of intensive sulfur rich oil production, mixing with high sulphur
concentrations in the atmosphere may make the rain water acidic enough to dissolve other
minerals such as iron (Walker and Brimblecombe, 1985). On the other hand, light intensity
in the Arabian Peninsula is high enough to promote photochemical processes at the sea

surface micro-layer (Sayadam and Senyuva, 2002; Almazroui et al., 2012).
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Figure 4.9. Comparing the climatology of Aerosol optical thickness in Delma and
area, Saadiyat/ Ras Ghanada area. Symbols show average values during 1997-2015,
error bars display standard deviation.
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In contrast, not all aeolian dust is beneficial to the marine environment.
Anthropogenic pollutants, synthetic chemicals, pathogenic microorganisms, and other
toxic constituents are likely to be picked up through dust storms and deposited in the oceans
(Shinn et al., 2000) and Garrison et al. (2003). Pathogenic microorganisms can be related
to the outbreak of known coral disease. (Smith et al., 1996; Richardson, 1997; Richardson,
1998; Kushmaro et al., 2001; Patterson et al., 2002; Riegl, 2002; Weir-Brush et al., 2004).

In the Arabian Gulf, coral diseases are seasonal, with a higher frequency in the
summer months (Riegl et al., 2012; Riegl and Purkis, 2015b). Outbreaks have been
detected before mass mortality, such as in the 1996-1998 (Riegl, 2002), or after a bleaching
event, for example in 2010, 2011 and 2012 (Riegl and Purkis, 2015a). It might be possible
that this seasonality could be linked to the annual maximum of AOT in the region.

The AOT table 4.4, shows a weak, but significant, positive correlation with
turbidity (Kq490). This association may be attributed to the dust-inputs in the region that
increase light attenuation in the water column. Dust inputs in the Arabian Gulf range
between 60—200x10° tons a year, which is considered high compared to the other area of

the world (Sheppard et al., 2010b).

4.3.2.6 Air temperature

The overall air temperature climatology was very similar in different regions
around the Arabian Gulf, showing a temperature increase from late February, reaching a
maximum value in August, followed by a gradual decline from September to January
(Figure 4.10). Kuwait reported the highest air temperature among the airports, and its
seasonal maximum was reached in July, which can be due to the shift of the Subtropical

Jet Stream northward and the buildup of the ridge of high pressure at the 500 hPa level
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(Nasrallah et al., 2004). Abu Dhabi Airports follows the same temporal pattern. The lowest
summer average among the locations was measured at Bahrain Airport.

There was a robust resemblance between air temperature and SST seasonal cycles
seen in both Figure 4.7 & 4.10. This was reflected in the strong positive relationship
between air temperature and SST in all sites (Delma=96%, Saadiyat=97%, and Ras
Ghanada=97%) (Table 4.6), indicating that the long-term SST in Abu Dhabi is primarily
driven by the surrounding air temperature. Thus, air temperature is considered an important
regional driver for the seawater temperature in the area. Due to the strong correlation of
these two environmental parameters air temperature shows a comparable positive

relationship with chl-a, dust (AOT) and turbidity (K¢490) in all study sites.
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Figure 4.10. Comparing air temperature climatology from Abu Dhabi, Kuwait and
Bahrain airports. Symbols show average values during 1983-2015, error bars display
standard deviation.
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4.3.2.7 Horizontal visibility

The horizontal visibility around the Gulf has a seasonal summer minimum around
July and a winter maximum, mostly during November-January (Figure 4.11). This result
is likely to be related to the dust climatology (AOT) pattern in the region. In other words,
high aerosol content (AOT) in the atmosphere during the summer months (Figure 4.9) is
possibly associated with low visibility during the same period in Abu Dhabi (Figure 4.11).
The correlation between visibility and AOT (Table 4.6), shows a significant negative
correlation in both regions (Delma= -32%, Saadiyat/Ras Ghanada= -40%). The
atmospheric impairment in visibility is caused by dust was also reported by McTainsh,
(1980); Kavouras et al., (2009) and Esmail et al. (2016). The pattern of visibility in Abu
Dhabi and Bahrain is approximately similar. In contrast, Kuwait has slightly shifted

visibility minimum (Figure 4.11) that is seen during June.
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Figure 4.11. Comparing horizontal visibility climatology from Abu Dhabi, Kuwait and
Bahrain airports. Symbols show average values during 1983-2015, error bars display
standard deviation.
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4.3.2.8 Wind speed and direction

The best documented weather phenomenon in the Arabian Gulf is the “Shamal ”
(Perrone, 1979; Reynolds, 1993; Thoppil and Hogan, 2010a; Riegl and Purkis, 2012a; Apel
et al., 2015), which brings some of the strongest winds to the region. This wind is formed
because of the orographic control surrounding the Gulf. The Taurus and Pontic mountains
of Turkey, the Caucasus mountains of Iran, and the Hejaz mountains of the Arabian
Peninsula together with the Tigris-Euphrates Valley (Perrone, 1979). It forms a northwest-
southeast axis that strongly influences the tracks of extra-tropical storms to a southeasterly
direction (Reynolds, 1993). The wind speed (WS) climatology (Figure 4.12) shows a slight
difference between the selected northern (Kuwait and Bahrain) and the Southern (Abu
Dhabi) region of the Arabian Gulf. Kuwait and Bahrain had a pronounced maximum peak
in June and minimum values during the November-January period. The highest peak in
Wind speed of those northern part of the Gulf may be related to the summer Shamal, which
starts from early June through July from the northern Arabian Gulf towered the southern

regions (Reynolds, 1993).
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Figure 4.12. Comparing wind speed climatology from Abu Dhabi, Kuwait and
Bahrain airports. Symbols show average values during 1983-2014, error bars
display standard deviation.
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Abu Dhabi WS seasonality was characterised by an extended period of high winds
throughout February-August period, which is likely related to both summer and winter
Shamal’s. The wind speed is slightly reduced from February to August, indicating that the
winter Shamal is slightly stronger than the summer Shamal. According to Thoppil and
Hogan (2010b) the Shamal winds are predominant throughout the year, and are slightly
stronger in winter (November-February) (=5 m/s™) than in summer (June-September) (~ 3
m/s1). The wind speed then declines sharply from late August to reach its lowest values in
November-January each year

Furthermore, an inverse relationship was observed between seasonal wind speed
(Figure 4.12) and visibility (Figure 4.11) with higher wind speeds coinciding with a lower
visibility during in all seasons of the year. Additionally, wind speed shows a significant
negative correlation with visibility (-32%) and a significant positive relationship with dust
(AOT) (Delma=35% Saadiyat/Ras Ghanada=44%). Therefore, the increase in wind speed
can be related to the increase in dust (AOT). Figure 4.11 shows that Kuwait has its lowest
visibility values in June. This was clearly explained by the wind speed climatology, in
figure 4.12, indicating that this reduction in visibility can be related to the strong winds
observed in June in Kuwait. The cross-correlation analysis shows a negative cross-
correlation coefficient between wind and dust with a two-months’ time-lag in all study site
sites. This indicate that a low wind speed in correlated with a high chl-a/phytoplankton
production within two-months period.

The findings suggests that the seasonal wind direction in Abu Dhabi (Figure 4.13),
is characterised by southwestern winds during winter and early summer seasons (January-

July), and northeastern winds during late summer (August-October). The latter, which
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blows from the human-impacted land towards the water, may increase dust particle,
thereby introducing additional nutrients in coastal waters and stimulating phytoplankton
growth during summer (Singh et al., 2008). In addition, anthropogenically-derived,
absorbing aerosols in the atmosphere increase during summer. These originate particularly
from industrial facilities along Abu Dhabi coastal area, such as power generation, iron and
steel works, which are found within the Industrial Cities Abu Dhabi (ICADs), Mussafah
Industrial Area, Khalifa Industrial Zone Abu Dhabi (KIZAD). Thus, increasing these

absorbing aerosols frequency during summer (July-September).
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Figure 4.12. Comparing wind speed climatology from Abu Dhabi, Kuwait and
Bahrain airports. Symbols show average values during 1983-2014, error bars display
standard deviation.
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4.3.2.9 Precipitation

The seasonal precipitation patterns, depicted in figure 4.14, show that, in all region,
the minimum average rainfall per day is recorded during the summer months, between
June-September, whereas highest peaks are seen in the winter, from November to April.
These patterns are in agreement with previous reports for this area (Reynolds, 1993; Riegl
and Purkis, 2012a). The vegetation-free lands that are caused by insufficient rainfall in
summer will leave the sand particles unstabilised. Consequently, these particles will be
easily picked up by the accelerated summer winds and blown into the atmosphere, creating
dust storms that account for the general reduction in the visibility in various regions of the
Gulf (Figure 4.12 & 4.14). This provides a putative explanation for the positive relationship
between precipitation and visibility (20%) (Table 4.5). Precipitation has a significant
negative correlation coefficient with air temperature (-49%), which is possibly reflecting
the inverse seasonality patterns of both variables in the region, as the higher rainfall

frequency coincided with lower air temperature and vice versa.

1.5
-
=
=1.0
=
=
=]
s
=
i=
o]
R=Ti
(&
=
a.
o AU Dhabi
- W ait
=s2+ese Bahrain
0.0 T T T

Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 4.14. Comparing precipitation climatology from Abu Dhabi, Kuwait and
Bahrain airports. Symbols show average values during 1983-2015, error bars display
standard deviation.
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4.3.3 Interannual anomalies

At the interannual scale, all parameters anomalies have been derived from their
monthly average. They show a strong seasonal cycle with year-to-year variability during
the 18 year period of the remote sensing data, in addition to 32 years of meteorological
data. There were five major bleaching events recorded during that period (1998, 2002,
2010, 2011 and 2012), which are highlighted in red lines across all interannual anomalies
in Figure 4.7-4.11). Based on the coral bleaching events at all the sites, the long-term
interannual anomalies of the environmental data were divided into three transitions periods.
The first period from 1996 to 2002, was characterised by an overall dominance of SST
anomalies coinciding with three major bleaching events (1996, 1998 and 2002). The first
two abnormal heating periods are strongly linked to El Nifio events (Figure 4.19), which
caused an overall increase in the air and water temperatures (Figure 4.15, 4.16, 4.17, 4.18
& 4.19).

Two major Gulf wide bleaching events during the summers of 1996 and 1998, were
reported (Wilkinson, 1998; Wilkinson, 1999; Goreau et al., 2000; Sheppard and
Loughland, 2002; Bernhard M Riegl and Purkis, 2012b; Riegl and Purkis, 2015a).
Temperatures >2 °C above the seasonal average were detected during August/September
1996 and 1998 in all sites. During 1996, about 95% of Acropora community bleached at
Abu Dhabi and Dubai, mainly between Jebel Ali and Ras Hasyan, and over 90% of this
taxon also bleached along the Bahraini and Saudi Arabia coastlines (Wilkinson, 1998b).
This event resulted in a drop in the total number of coral species, (from 34 to 27) and the

percentage of cover (from 90% to about 26%, Riegl, 1999; Riegl, 2002).
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Figure 4.15. Long-term anomalies of environmental parameters in Delma site, calculated from remote sensing data.
Including a) temperature, b) chl-a, c) water current speed, d) attenuation coefficient (Kq4490), and f) aerosol optical
thickness (AOT). The vertical red lines indicate the bleaching events, the broken line curves display a fourth order
polynomial trend. The equations and R? values of the regression curves obtained are shown in each graph.
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Figure 4.16. Long-term anomalies of environmental parameters in Saadiyat site, calculated from remote sensing
data. Including a) temperature, b) chl-a, ¢) water current speed, d) attenuation coefficient (Kq490), and f) aerosol
optical thickness (AOT). The vertical red lines indicate the bleaching events, the broken line curves display a fourth
order polynomial trend. The equations and R? values of the regression curves obtained are shown in each graph.
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Figure 4.17. Long-term anomalies of environmental parameters in Ras Ghanada site, calculated from remote sensing data.
Including a) temperature, b) chl-a, c) water current speed, d) attenuation coefficient (Kq490), and f) aerosol optical
thickness (AOT). The vertical red lines indicate the bleaching events, the broken line curves display a fourth order
polynomial trend. The equations and R? values of the regression curves obtained are shown in each graph.
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Figure 4.18. Long-term meteorological anomalies in Abu Dhabi a) SST values calculated by remote sensing
analysis at Saadiyat site, b) air temperature, c) visibility, d) wind speed, and e) precipitation. The vertical red
lines indicate the bleaching events, the broken line curves display a fourth order polynomial trend. The equations
and R? values of the regression curves obtained are shown in each graph.
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Figure 4.19. Temperature parameters related to the ENSO and Indian ocean dipole anomalies. a) Long term temperature
anomalies of El Nifio—Southern Oscillation (ENSO) in the Nifio 3.4 region (5°N-5°S, 120°-170°W) extracted from the NOAA
national weather service (http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears). b) Dipole Mode

index (DMI), which represents the Indian Ocean Dipole (IOD), extracted from the state of the ocean climate
(http://stateoftheocean.osmc.noaa.gov).
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During 1998, bleaching was even more severe than 1996. According to George and
John (2005), water temperature surpassed 34°C for 14 successive weeks in Abu Dhabi and
ranging around 36 °C for three weeks. As a consequence, coral cover was further reduced
from the remaining 26% to 22%. The EL Nifio-La Nifia event of 1998 was the largest ever
recorded and affected coral reefs worldwide (Figure 4.19) (Wilkinson, 1998; Riegl, 1999;
Riegl, 2002; Sheppard and Loughland, 2002).

The third period of anomalously high temperature was throughout the seasons of
2002, as indicated by the SST and air temperature anomalies in Figure 4.18 a & b, and in
all the study sites (Figure 4.15a, 4.16a & 4.17a). However, the findings of this study show
that the SST and air temperature in this bleaching event were less severe than the previous
in 1996 and 1998 EI Nifio-related events (Figure 4.18 a & b). Temperature of 1°C above
the normal monthly average was measured during August in that year, affecting both SST
and air temperature (Figure 4.18 a & b). Additionally, positive anomalies in SST and air
temperature were seen in the early summer months (May, June, and July) (Figure 4.18 a &
b). The highest SST has been observed in May at Saadiyat and Ras Ghanada with 1.2 °C
and 1.4 °C above the long-term average, respectively. The maximum air temperature
anomalies in Abu Dhabi airport were seen in May (+2.35 °C), June (+1.1 °C), and July
(+1.23°C).

These values slightly deviate from previous studies which have suggested that
during the summer of 2002, SST anomalies ranged from +2 to 2.5 °C (Riegl, 2003).
However, these high temperatures were recorded mainly in Jebel Ali and Ras Hasyan. This
high temperature had only minor effects on the remaining coral communities in the area,

including Acropora and Porites, and mortality was low. In fact, the affected corals had
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fully recovered by November of that year (Riegl and Purkis, 2009; Coles and Riegl, 2013).
The high survival rate was perhaps possible because these communities had become
adapted to the elevated temperatures due to previous exposure to extreme temperature
fluctuation in 1996 and 1998 (Riegl, 2002, Coles and Brown, 2003). Alternatively, the
moderate severity of the heating event, in addition to the dimming effect of the dust seen
from the analysis of the interannual anomalies (Figure 4.18 a, b, ¢) may have increased
resilience. Additionally, Figure 4.18d shows that wind speeds in the period between 1996-
2002 were relatively high, with an increased frequency of positive anomalies throughout
the relevant time period. These strong winds may explain the similar increase in the water
current speed within the same period. This has been argued to be beneficial to coral reefs,
through the thinning of boundary layers and acceleration of mass transfer, which inturn
supports dissipation of heat and the removal of toxic oxygen radicals (Woesik and Koksal,
2006; Baker et al., 2008b). However, in August 2002 (when bleaching actually occurred),
the water current flow was weak. This situation may further increase the probability of
bleaching by reducing the ability of corals to remove toxins that could accumulate in the
tissue (Baker et al., 2008b).

Furthermore, chl-a and turbidity (Kq490) results did not show any prominent peaks
during any of the three bleaching events, indicating that phytoplankton/eutrophication did
not play a role in these episodes. Accordingly, there were no reports of any algal blooms
observed in any of the study sites in this period. It is possible that the increased water
currents motion may have played a role in preventing phytoplankton blooms (Woesik and

Koksal, 2006; Baker et al., 2008b).
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High water motion affects reef corals in various ways. It enhances the circulation
caused by waves, tides, and currents. It can modify several environmental factors, such as
plankton, dissolved nutrients and gasses, sediment, water clarity, salinity, temperature, all
of which influence coral physiology (Jokiel, 1978). It is now clear that high water flow
rates reduce bleaching susceptibility in corals. Therefore, abnormally hot and humid
summer with very low wind speed and low water flow are the most probable cause of coral
mortality (Riegl and Purkis, 2012a) during these years.

The increased wind speed during 1996-1998 (Figure 4.18d) was expected to
increase the AOT and in turn reduce the visibility in the region. However, the results for
AOT in each site and the horizontal visibility in the area, indicate a dominance of an
abnormal clear sky condition throughout this period, which may have increased light stress
and the warming of the reef's water during the 1996 and 1998 bleaching events. These
unexpected findings may be related to the increased precipitation peaks in this period,
which may helped stabilise the loose sand particles in land areas surrounding the study
sites and thereby prevented the formation of Aeolian dust.

The second period between 2003-2009, was defined by a significant shift in the
visibility from clear weather (positive anomalies) during 1983-1998, to more aerosol-
contaminated weather (negative anomalies) (Figure 4.18c). This shift may be caused by
the increased wind speed, which coincided with higher recorders of AOT peaks,
particularly during the 2004-2009 period (Figure 4.15e, 4.16e & 4.17¢). This reduction in
visibility, together with increased wind speed and AOT frequency, may explain the overall
reduction in the temperature (air and water, Figure 4.18a & b) following the 1996-1998 EI

Nifio event (Figure 4.19) until 2009. This was also reflected by the apparent negative trend
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seen in both SST and air temperature on the same time scale (Figure 4.18a & b). The results
in this chapter indicates that chl-a anomalies, particularly during 2003-2009, show an
increase in frequency and magnitude in all sites. Moreover, the long-term anomalies result
also shows an increased anomaly rates in the turbidity (kq490) results during the same
period (2003-2009), which may be linked to the phytoplankton abundance in the waters.
Another possible explanation for this increase may be attributed to the dust inputs
(fertilization load), which possibly triggers phytoplankton growth by the excess nutrient
deposition from the land (Hamza et al., 2011).

Furthermore, extreme-temperature-related bleaching events were absent during
2003-2009, which was clearly due to the aforementioned continuous reduction of air and
water temperature in that period (Figure 4.18a & b). In fact, species like Faviids and Porites
showed strong signs of recovery between 2002 to 2010 (Riegl and Purkis, 2012a).
However, scientific reports have documented two bleaching events that were linked to
other environmental factors other than temperature. The first event was caused by a strong
harmful algal bloom (HAB) that was sustained from August 2008 to May 2009 (Richlen et
al., 2010). Although this bloom caused immense coral damage and fish kills along the UAE
and Oman’s coastal areas (Richlen et al., 2010), coral bleaching was not witnessed in Abu
Dhabi but was mainly observed in the eastern areas of the Gulf, along with the east coast
of the UAE to Fujairah and Oman. This was consistent with the chl-a maps shown in figure
4.20. The bloom was restricted to the eastern offshore waters of Abu Dhabi, with less
impact on the coastal study sites. In contrast, the second bleaching event, during the
summer of 2009, also affected Abu Dhabi. This event was driven by diseases, lasted from

May to September, and caused an overall coral cover reduction of about 10% (Riegl and
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Purkis, 2015a). The meteorological data along with the AOT determined for each site
(Delma, Saadiyat, and Ras Ghanada), may help, to some degree, in explaining the reasons
behind this event. The results show an abnormal reduction in visibility that continued
through 2008-2009 period, which was overlapped with two large and continued peaks of
high dust load (AOT) in the sites. Both low visibility and increase AOT anomalies may be
linked to the increase in wind speed during the same period (Figure 4.18d). It is reasonable
to assume that these unusual dust events may have carried pathogens in the ocean.
According to Riegl and Purkis (Riegl and Purkis, 2015a), mortality was mainly caused by
white band disease (WBD). The pathogen of this disease was isolated and identified by
Denner et al. (2003), as a new genus of gram-negative bacteria, which they considered as
one of the dust-associated bacteria. Therefore, dust might have helped to trigger this event
(Garrison et al., 2003). The third period of the long-term anomalies can be defined for the
period from 2010 to 2015. A close inspection of the interannual anomalies suggests that
the weather at this time was extremely stressful to all marine habitats. It was characterised
by a positive trend in the air and water temperature (Figure 4.18a and b). Significant chl-a
anomalies were seen, particularly in the coastal sites (Saadiyat and Ras Ghanada) during
August/September in both 2010 and 2012 reaching approximately 2 mg/m? above average
(Figure 4.16b, 4.17b). The phytoplankton bloom (represented by the increase in chl-a
concertation) that coincided with the 2012 bleaching event was restricted to the coastal
areas around the highly urbanised region of Abu Dhabi (Figure 4.21). Delma, situated
offshore, was not affected by the bloom and also escaped bleaching. This finding could
suggests that the anthropogenic introduction of nutrient might have promoted the

development of the phytoplankton bloom and the associated bleaching event
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chl-a (mgm*-3)

0.45

Figure 4.20. Chl-a concentration in Abu Dhabi between 2002 and 2009. Averages values were
calculated from the data corresponding to the month of September of each year, extracted from MODIS-
Aqua level 3 OCI images (4km resolution) from ocean colour web site (www.oceancolor.com). The
bar at the top of the figure indicates the minimum and maximum colour scale of chl-a concentration.
The area where a phytoplankton bloom occurred in 2008 is marked with a black lined oval.
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chl-a (mg m*-3)

Figure 4.21. Chl-a concentration in Abu Dhabi between 2010 and 2015. Averages values were calculated
from the data corresponding to the month of September of each year, extracted from MODIS-Aqua level 3
OCI images (4km resolution) from ocean colour web site (www.oceancolor.com). The bar at the top of the
figure indicates the minimum and maximum colour scale of chl-a concentration.

140


http://www.oceancolor.com/

Furthermore, the horizontal visibility in Abu Dhabi continued to deteriorate during
2010-2015 with a clear dominance of negative anomalies and a negative trend throughout
the period. This reduction in visibility might have occurred due to the increased frequency
of strong winds, showing a positive trend through this period (Figure 4.18d). This stressful
environment, prevailing since 2010, may explain three back-to-back bleaching events,
which occurred in 2010, 2011 and 2012. These events were thoroughly documented in the
literature (Riegl et al., 2011; Bernhard M Riegl and Purkis, 2012b; Riegl et al., 2012; Coles
and Riegl, 2013; Riegl and Purkis, 2015a; Shuail et al., 2016b).

The first episode, in the summer of 2010, occurred when the Arabian Gulf was one
of the warmest regions in the world’s ocean and corals habitats were influenced by
prolonged exposure to temperatures between 33°C and 35°C (Riegl et al., 2011). As
mentioned in Chapter 3, the thermal threshold in the study sites was exceeded for 25 days
in Delma, 24 for Saadiyat and 22 days for Ras Ghanada mostly during August. All of the
Acropora species were bleached in Abu Dhabi except in Ras Ghanada, where the bleaching
was about 60% (Coles and Riegl, 2013). In addition, bleaching in this year was followed
by significant mortality even for stress tolerant coral genera, particularly Favids (Coles and
Riegl, 2013).

Most of the corals were able to recover by the last week of September. The findings
indicate that the daily average SST in this year reached maxima of 35.46°C in Delma,
36.12°C in Saadiyat and 35.32°C in Ras Ghanada. Comparable values were reported by
Riegl et al. (2012), where the average daily temperatures in Abu Dhabi reached 35.48°C
and 35.72°C in August and the monthly mean was 34.44°C in Delma, 34.04 °C in Saadiyat

and 33.97 °C in Ras Ghanada. These findings were also consistent with the data obtained
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by Riegl et al. (2012), who indicated that the maximum SST was 34.45 °C in Abu Dhabi,
which significantly exceeded the thermal tolerance range (25-29°C) for other coral reefs
in the world (Buddemeier and Wilkinson, 1994).

Nonetheless, in the summer of 2010 chl-a shows some considerable peaks,
specifically during August/September (Anomalies in Delma= 2mg/m?, Saadiyat=
1.7mg/m?, and Ras Ghanada 1.3mg/m?). These positive peaks coincided with a similar
increase in the light diffusion attenuation (K¢490) seen, in particular, at Saadiyat and Ras
Ghanada (Figure 4.15d, 4.16d, 4.17d). This increase in chl-a and water turbidity can be
attributed to the apparent increase of aeolian dust deposition during this period. Figure 4.7e,
4.8e, 4.9¢, show the higher positive anomalies of AOT during summer 2010, that were also
confirmed by the negative anomalies in the meteorological visibility illustrated in Figure
4.1c. These changes in the environment during 2010, including extreme water temperature
(>36°C), phytoplankton growth, and increased dust deposition, might have affected not
only the corals susceptibility to bleaching but also their health by reducing its resistance to
infections (Rosenberg and Ben-Haim, 2002; Riegl et al., 2012). After the 2009 WBD
mortality event in Abu Dhabi, the frequency of coral diseases had increased (Riegl and
Purkis, 2015a). In the aftermath of the 2010 bleaching event, the same disease (WBD) was
found again among corals in the UAE (Riegl et al. 2012). Above 30% of all corals in Abu
Dhabi were found to show WBD symptoms (Riegl et al., 2012). Also, the mortality of
Acropora sp. from coral diseases ranged from 50 to 90% (Coles and Riegl, 2013).

Moreover, the environmental conditions in the region has continued to deteriorate
since the 2010 event. One year later, in summer 2011, another abnormal increase in the

SST during August/September was detected, (Figure 4.15a, 4.16a, 4.17a) (1°C above
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average). These summer peaks coincided with a bleaching event (Riegl and Purkis, 2012b;
Riegl and Purkis, 2015b) and with a positive anomaly in air temperature corresponding to
an abnormally warm year. Horizontal visibility was also low, which is indicated by the
continuous negative anomalies seen in Figure 4.18c. In comparison to 2010, chl-a peaks
were absent in 2011, which may suggest that phytoplankton had a negligible effect on the
coral environment in this year. The mortality in this year was similar to 2010, caused by
bleaching and subsequent disease. The disease outbreak (black-band disease (BBD))
resulted in a significant reduction in all species particularly in eastern Abu Dhabi areas
(Coles and Riegl, 2013; Riegl and Purkis, 2015b).

In the following year 2012, a third consecutive bleaching event was recorded in
Abu Dhabi. A large positive anomaly peaks in SST (Delma=0.82°C, Saadiyat=0.92, and
Ras Ghanada=1.2 °C), and air temperature (1.2 °C) during August of that year, compared
to summer 2011 (Figure 4.18a & b). Coral decline recorded by Riegl and Purkis, (2015b)
was 15%, but the coral cover was already low as a result of the bleaching episodes in 20009,
2010, and 2011 (Chapter 2 if this thesis, Shuail et al. (2016)). Bleaching affected >40% of
corals in Saadiyat and Ras Ghanada, and 15% in Delma. Increased water temperatures, in
summer 2012 (Figure 4.15b, 4.16b, and 4.17b), overlapped with the largest chl-a anomalies
seen in the entire time series (~2-2.7mg/mq), particularly in the coastal sites (Saadiyat and
Ras Ghanada) (Figure 4.21). This may indicate an earlier nutrient enrichment to the water
body. The effects of nutrient enrichment and eutrophication beyond certain limits can
influence the physiological performance of the coral individual and ecosystem functioning
(Cooper et al., 2008). Nutrient enrichment can also contribute to the spread and severity of

coral diseases (Bruno et al., 2003), as aspergillosis and yellow band disease, which has
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become common in the Arabian Gulf since 1998 (Korrubel and Riegl, 1998). Kuta and
Richardson, (2002) statistically confirm the relationships between the black band disease
and both increase in water temperature and nutrient enrichment, which is possibly the
typical case seen in the summer of 2012 in the Gulf. In fact, the black band disease was
indeed seen along with the abundance of cyanobacteria around coral habitats in the
aftermath of 2012 bleaching event in Abu Dhabi (Riegl and Purkis, 2015b).

According to the Abu Dhabi environmental agency monitoring reports, the highest
number of HAB reports (about 28) around the coast of Abu Dhabi were in 2012 (EAD,
2015) (Figure 1.6 in chapter 1). Phytoplankton growth can alter the nutrient balance
surrounding the coral habitats (D’ Angelo and Wiedenmann, 2014), consequently affecting
the functioning of the coral symbiosis (Wiedenmann et al., 2013). Accordingly, the
depletion of phosphate from the water during three consecutive summer months (August,
September, and October) in 2012 has likely facilitate bleaching due to phosphate starvation
of the corals (See chapter 3 of this thesis)

No positive temperature anomalies were detected throughout the summer months
of both 2013 and 2014 (Figure 4.15a, 4.16a, & 4.17a). Similarly, there were no abnormal
chl-a peaks seen in this period, compared to 2010 and 2012. It is interesting to note that in
all six bleaching events along the time-series occurred during a low wind speed conditions
(Figure 4.18d), which may have facilitated the increase in water temperatures above
tolerance levels for local coral reefs. In contrast, the unusual increase in wind speed in the
summers of 2013 and 2014, may explain the reduction of SST and air temperature in these

years (Riegl and Purkis, 2015b). Additionally, the visibility in both years (2013 and 2014)
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showed considerable larger negative anomalies than any other summer along the time scale
since the 80’s (Figure 4.18c), which may add up to the solar dimming effect in the region.
High positive anomalies of SST were again measured in May 2015 (Delma=3.4°C,
Saadiyat=1.5 °C and Ras Ghanada=1.4 °C) (Figure 4.15, 4.16 & 4.17). In August of that
year, the month during which bleaching would have been expected, the peaks were lower,
particularly at Saadiyat and Ras Ghanada (0.18 °C and 0.22 °C, respectively). The monthly
average was also low in Saadiyat=33.8 °C and Ras Ghanada=33.6 °C. In Delma, the
monthly mean 35.28°C was higher than in Saadiyat and Ras Ghanada. Moreover, in Delma
area, the positive anomaly in August (1.5 °C) was even higher than the corresponding
values measured during the back-to-back bleaching events (2010=1.0 °C, 2011=0.62 °C
and 2012=0.82 °C). Although coral reefs in Delma were impacted by high thermal stress in
2015, no bleaching was observed. This might have been due to the dominance of heat
tolerant massive Porites spp. Within the coral communities at this site. This may, in turn,
be the result of the back-to-back bleaching events (2010-2011-2012) resulting in the
relative loss of more traditional taxa, plus the recovery and growth of this thermal tolerant
genotype in Delma during the non-bleaching years in 2013-2014 (Shuail et al., 2016a).
Alternatively, the past bleaching/recovery events may have induced adaptation of the coral
community in that region towards the more thermally tolerant symbionts (Maynard et al.,
2008).
In agreement with the SST data, air temperature obtained from Abu Dhabi airport
shows continuous positive peaks during the summer period, and the highest anomaly was
seen in July=2.6 °C /August=2.0 °C period. Visibility was low during the whole year in

2015, and overlapped with positive AOT anomalies (Figure 4.18c), likely due to a high
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frequency of dust storms in the region (Figure 4.15e, 4.16e, 4.17¢). Wind speed was also
high in 2015, specifically during August/September (Figure 4.15d, 4.16d, 4.17d). While
there were no records of rainfall during this period (Figure 4.18e). Taken together, these
results suggest that higher wind speed, along with the low precipitation conditions may
result in greater than normal dust transport over the region. These dust storms may have
then triggered the development of phytoplankton growth observed in summer of 2015, as
seen by the positive anomalies in chl-a, particularly in Saadiyat and Ras Ghanada (Figure
4.16b & 4.17b). However, as discussed in chapter 3 of this thesis, the levels of dissolved
in organic nutrients, in particular, phosphate, remained high compared to the bleaching
year 2012. Therefore, the corals may have been more resilient towards the comparable

temperature stress.

4.3.4 Coral bleaching thresholds

It has been documented that coral reefs in the Arabian Gulf are living outside the
thermal range of the typical tropical reef, with temperatures in te Gulf ranging from 14°C
to 36°C. (Shinn, 1976; Sheppard, 1993; Sheppard et al., 2010a; Riegl and Purkis, 2012b).
Coral bleaching thresholds for most tropical areas lie between 30-33°C, whereas in the
Gulf they can reach up to 34-35°C (Coles and Riegl, 2013; Shuail et al., 2016).
Furthermore, significant bleaching and mortality in the Southern Gulf are actually observed
when temperatures reach or exceed a threshold of 34°C for more than three weeks (Riegl,
2002 Riegl and Purkis, 2012b). However, recent analyses of long-term SST patterns in
three different location on the coast of Abu Dhabi have shown that the bleaching threshold

might also vary among specific sites within a region (Shuail et al., 2016a). In agreement
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with that observation, the long-term SST values calculated over 32 years (1983-2015)
indicated differences in the local bleaching thresholds across different regions within the
Gulf (Figure 4.22). The lowest values were recorded in the northern parts of the Gulf,
including Kuwait (33.06 °C) and ascending to 33.76 °C in KSA, and 34.41 °C in Bahrain.
The highest bleaching threshold among the other selected coral habitats in the Gulf was
found in the southern Gulf, in Delma site 35.05°C (Abu Dhabi) (Shuail et al., 2016a). The

thresholds were relatively lower in the southeastern areas of the Gulf, in Iran 34.05°C and

Oman 33.41°C.
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Figure 4.22. Coral bleaching thresholds from coral reef regions within the Arabian Gulf region
calculated as 1°C over the average summer from 33 years (1982-2015). Showing different local
bleaching thresholds, with the highest found at Delma island (southern Gulf) and the lowest in
the northern Gulf (Kuwait) and Gulf of Oman.
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4.3.5 Conclusion

The results presented in this chapter illustrates the environmental setting that
characterise the habitats of corals in the southern Arabian Gulf over 33 years period. In
general, the environmental conditions observed at the exact months of most bleaching
events was characterised by dry weather (no rainfall) with an abnormal increase in
temperature (air and water), relatively calm wind and slow water currents. The first three
bleaching events in the studied time scale (1996, 1998 and 2002), were associated with
extreme water temperature, related to EI Nifio (Figure 4.19). Afterwards, there was a shift
in the aerosol properties indicating an elevated level of dust deposition over the Abu Dhabi
area. The shift started after the 1996, 1998 EI Nifio events (Figure 4.19), which may have
been facilitated by the scarcity of rainfalls and the increase in wind speed in the region.
Since then, new factors were introduced to the complexity of possible causes of coral
mortality, such as coral diseases and algal blooms, which may be related to the dust
transport and deposition. These conditions were observed during the coral mortality events
in during 2009, 2010, 2011 and 2012. The present information calls for continued
monitoring of coral reef areas in the Gulf to generate a better understanding the complexity
of the ecosystem factors that may affect coral survival.

Finally, the comparison of remotely sensed data and in situ measurements is
recommended for future monitoring activities in Arabian Gulf, including time series of

water temperature, phytoplankton, and nutrient dynamics and their annual variability.
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Chapter 5: Summary, conclusions and future research

5.1. Summary and conclusions

Climate change threatens to increase coral mass mortality and accelerate the decline
of reefs through coral bleaching. The aim of this thesis was to understand how
environmental factors such as phytoplankton blooms modulate the thermal tolerance of the
algal symbionts in reef corals in the Gulf. For this purpose, local differences in bleaching
severity observed among coral communities in the southern Gulf off the coast of Abu
Dhabi were compared and related to the accompanying environmental conditions such as
SST, phytoplankton density, wind, dust, water current (WC), diffuse attenuation
coefficient (Kq490), aerosol optical thickness (AOT). In addition to the meteorological
data, which include air temperature, horizontal visibility, wind speed and precipitation in
the Southern Arabian Gulf, Abu Dhabi, UAE.

The key conclusions of this study are:

e Differences in the local bleaching temperatures thresholds and the composition of the
coral communities at the study sites offer likely explanations for the “patchiness” of
the 2012 bleaching event in the southern Gulf area. The result of this analysis suggests
that the bleaching threshold of the Porites-dominated Delma site is only 0.5 °C higher
than the thresholds in the more diverse Saadiyat and RasGhanada sites. Hence, a long-
term increase in the mean temperature of the hottest weeks in the same order of
magnitude may lead to a considerable loss of coral diversity in the latter reefs.

e Ground-truthing of SST and chlorophll-a data acuired by remote sensing techniques
with data provided by in situ measurements revealed that remote sensing is a versatile

tool to monitor these environmental parameters in coral reef areas in the southern Gulf.
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In particular, remote sensing analysis of the number of days above the local bleaching
thresholds temperature was helpful in hindcasting past bleaching events in the southern
Gulf. Notably, bleaching did not occur in 2015, despite bleaching thresholds being
exceeded in the study sites for a comparable length of time as compared to the
bleaching year 2012.

A key difference between the years 2012 and 2015, in Saadiyat study site, was in the
phytoplankton density at the time of the annual temperature maximum. The high chl-a
levels in the water detected by remote sensing analysis were accompagnied by unusual
drop in nitrate and phosphate levels in 2012. In particular, phosphate levels were
undetectably low in the weeks before and during bleaching. In contrast, the chl-a levels
were lower in 2015 and the concentration of dissolved organic nutrients were
accordinly higher. These findins suggest that the lack of phosphate, likely caused by
the phytoplankton bloom, may have rendered the coral more susceptable to thermal
bleaching in 2012.

The environmental conditions observed around the time of most bleaching events were
charachterised by dry weather (no rainfall), relativly calm wind and water currents, in
addition to an unusal increase in temperature (air and water). The notable shift in the
aerosol reading that started after the 1996 and 1998 EIl Nifio events, shows an apparent
intensification of dust storms over the Abu Dhabi area. This increase in dust content in
the atmosphere may have been caused by the scarcity of rainfalls and the increase in
the wind speed in the region. Dust could possibly deposit macro and micronutrients in
the water, initiate phytoplankton blooms and effect the thermal tolerance of reef corals

through the disturbance of their nutrient environment.
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In summary, these findings improve the understanding of the role of water temperature

and phytoplankton in altering the water chemistry and enhancing the bleaching

susceptibility of reef corals. Furthermore, the findings of this thesis suggest that change-

related factors such as altered wind and rainfall patterns in addition to anthropogenic

nutrient enrichment have the potential to promote phytoplankton blooms and associated

risk of coral bleaching.

5.2 Recommendations for future work

The findings of the present study call for future work on possible causes for local

differences in bleaching severity among coral communities and to explore opportunities to

mitigate the risk of coral bleaching through local management action.

long-term monitoring of the environmental factors enhancing coral bleaching through
remote sensing is recommended for other parts of the Gulf where coral bleaching is
witnessed, such as Kuwait, KSA, Bahrain, Qatar, and Oman. In particular, a continued
assessment of daily SST and chl-a levels using the MODIS satellite data is advisable
for different coral reef regions in the Gulf. The daily monitoring of these parameters
can potentially be evolved in an early warning system with the aim to alert decision
makers in the Gulf region about undesired trends in climate and water chemistry
parameters.

The results of chapter 2 togather with recent studies by in the Coral Reef Laboratory at
the University of Southampton (Wiedenmann et al., 2013 and D’Angelo and
Wiedenmann, 2014; Rosset et al., 2017) have shown how levels of dissolved nutrients

and phytoplankton in the water column can influence the capacity of corals to resist
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bleaching during periods of elevated summer temperatures. further understanding of
the involved mechanisms and refinement of techniques on how to monitor them
(remote sensing vs. ground measurements) is desirable to optimise environmental
monitoring programs and use them more efficient in predicting environmental
conditions that endanger coral reefs.

Further work is recommended to evaluate the potential to reduce the risk of bleaching
by the reduction of nutrient enrichment of coral reefs waters through the management

of coastal run-off and sewage disposal.
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A severe bleaching event affected coral communities off the coast of Abu Dhabi, UAE in August/September, 2012.
In Saadiyat and Ras Ghanada reefs ~40% of the corals showed signs of bleaching. In contrast, only 15% of the corals
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during which these thresholds were exceeded. Hence, the less severe bleaching of Delma reef might be explained
by the lower relative heat stress experienced by this coral community. However, the dominance of Porites spp.
that is associated with the long-term exposure of Delma reef to elevated temperatures, as well as the more pris-
tine setting may have additionally contributed to the higher coral bleaching threshold for this site.

Coral reefs Crown Copyright © 2016 Published by Elsevier Ltd. This is an open access article under the CC BY license
Zooxanthellae (http://creativecommons.org/licenses/by/4.0/).
Symbiodinium
Global change
1. Introduction cooling by winds (Thoppil and Hogan, 2010; Cavalcante et al., 2016) or

Warm water coral reefs are among the most productive and biologi-
cally diverse ecosystems on Earth. Many of these reefs are in decline due
to the impact of a variety of global and local stressors (Sheppard, 2003,
Baker et al., 2008, Logan et al., 2014, van Hooidonk et al., 2013,
D'Angelo and Wiedenmann, 2014). Among them are heat stress episodes
during which temperatures exceed a regional threshold and induce the
often fatal breakdown of the coral/alga symbiosis which manifests as
coral bleaching (Baker et al., 2008, Goreau and Hayes, 1994). The globally
highest bleaching thresholds are found among corals of the southern
Arabian/Persian Gulf, hereafter IRSA (Inner ROPME Sea Area) where
they survive peak temperatures above 35 °C (Coles, 2003; Sheppard
et al,, 1992). However, also these corals can fall victim to bleaching and
coral bleaching linked to unusually warm temperatures has been
shown to affect the IRSA at least since 1996 contributing to a substantial
loss of coral cover (Riegl and Purkis, 2015; Riegl, 2002). The variability of
bleaching susceptibility observed among different species resulted in
shifts of the coral community structure in the aftermath of bleaching
events in the IRSA (Riegl and Purkis, 2015).

The IRSA is a shallow basin at high latitude and therefore, the thermal
properties of the waterbody, respond quickly to local factors. Rapid

http://dx.doi.org/10.1016/j.marpolbul 2016.03.001

preferential heating/cooling in shallow areas or regions protected by
headlands is common (Riegl and Purkis, 2012). Correspondingly, small-
scale excursions of thermal stress with consequent variation in the se-
verity of coral bleaching and mortality events have been observed. A se-
vere bleaching event recorded in 2007 off the Iranian coast (Baker et al.,
2008) was absent or had negligible impact in the south-eastern IRSA.
Bleaching was observed in 2013 in Qatar, but not in eastern Abu Dhabi
(B. Riegl pers. obs.). In general, coral stress events in the northern IRSA
(Iran) often do not coincide with those in the southern IRSA, and the
Western IRSA (Kuwait, KSA, Bahrain) appears to have suffered fewer,
or at least differently-timed, events than the south-eastern IRSA.
Hence, strong regional variability in the frequency and severity of
bleaching events seem to be characteristic for the region.

Bleaching events are frequently characterized by high variability. On
an individual level, the within-colony bleaching response can strongly
vary depending on light exposure (Coles and Jokiel, 1978; Brown
et al., 1994; Hoegh-Guldberg, 1999). Further variability can also arise
from the bleaching susceptibility of different zooxanthellae clades/spe-
cies (Baker, 2001; Pettay et al.,, 2015). Among them, the year-round
prevalent algal partner of corals in the southern IRSA, Symbiodinium
thermophilum, can be considered to be one of the most thermo-

0025-326X/Crown Copyright © 2016 Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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tolerant symbionts (D'Angelo et al., 2015; Hume et al., 2015). Marked
regional variability is commonly encountered during bleaching events
and may be caused by small-scale water-dynamics and flow patterns
(Nakamura and Van Woesik, 2001; Davis et al., 2011), by greater adap-
tation/acclimatization due to previous stress episodes (Brown et al.,
2002; Guest et al., 2012) or by differences in the species assemblage of
the affected sites (Marshall and Baird, 2000). The onset of bleaching is
often not synchronous across several, even nearby, reefs and neither is
the severity or the effects of bleaching (Baker et al., 2008). Additional
stressors, such as the disturbance of the nutrient environment, can
have significant impacts on bleaching susceptibility (Wiedenmann
et al,, 2012; D'Angelo and Wiedenmann, 2014). In this context, the
mean water column productivity, besides mean temperatures, was the
best predictor of the variability of coral reef recovery across the Indo-
Pacific (Riegl et al,, 2015). Also, local adaptions to environmental factors
other than temperature can have strong influences on the temperature
tolerance of corals. D'Angelo et al. have shown that IRSA corals are char-
acterized by a pronounced local adaptation to the high salinity of their
habitat and that their superior heat tolerance is lost when they are
exposed to normal oceanic salinity levels (D'Angelo et al., 2015). Global
warming will expose the world's reef to positive temperature anomalies
with increasing frequency (Logan et al., 2014). The prerequisite for
knowledge-based coral reef management that aims to regionally miti-
gate the effects of climate change is a thorough understanding of how
local factors modulate the response to temperature stress. Therefore,
we set out to identify the causes for local differences in bleaching sever-
ity observed among coral communities in the southern IRSA off the
coast of Abu Dhabi. Since remote sensing platforms offer valuable

tools to reconstruct environmental conditions prevailing during coral
reef disturbance events (Andréfouét et al., 2014), we used satellite
data to establish the local bleaching thresholds in the study sites.

2. Material and methods
2.1. Measuring SST using remote sensing products

The SST (°C) data was extracted from the Aqua\Terra Ocean Color 3
(0C3) Moderate Resolution Imaging Spectroradiometer (MODIS) imag-
ery downloaded from the NASA ocean color data website (http://
oceancolor.gsfc.nasa.gov/) and by the Regional Organization for the
Protection of the Marine Environment (ROPME) archived in Kuwait.
MODIS data are recorded by two instruments. The first is integrated in
the Terra satellite (MODIS-Terra) and launched in December, 1999.
The second instrument is installed on the Aqua satellite (MODIS-
Aqua), and was launched in May, 2002. Both satellites are in sun-
synchronous orbits: Terra crosses the equator in a descending node at
10:00, and Aqua crosses in an ascending node at 12:00 noon. Satellite
imagery was used for the periods between February, 2000 to December,
2014 (MODIS Terra) and from July, 2002 to December, 2014. (MODIS
Aqua). Level-2 images were used for which the sensors were calibrated,
geo-located with atmospheric corrections and bio-optical algorithms
had been applied. Temperatures were determined for 1 km? areas cov-
ering the study sites, the highest spatial resolution provided by the
MODIS product. Images were analyzed using the SeaWiFS Data Analysis
System (SeaDAS) software program Version 7.2 and VISAT BEAM soft-
ware Version 4.10.3. Images in which the SST signal was affected by

Fig. 1. Bathymetric map of the southern IRSA. Numbers identify the three study sites: (1) Delma, (2) Saadiyat and (3) Ras Ghanada. The Map was constructed using Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) Ocean Color Data provided by NASA Ocean Biology (OB.DAAC). Gray-level scale defines the depth in meters.
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Table 1
Calculated bleaching threshold temperatures for the hottest weeks of the year.
Delma Saadiyat Ras Ghanadah
Bleaching threshold temp. a
(01-31 Aug, 2002-2014) 3499 34,55 3437
Bleaching threshold temp. 3505 3453 3448

(15 Aug.-15 Sept. 2002-2014)

@ Highest values for each site are underlined.

cloud cover or high amounts of dust in the air were excluded from the
analysis. The time of recording of the respective imagery was extracted
from file names.

2.2. Reconstruction of daily temperature maxima in situ

In situ water temperature timeseries were recorded at ~7 m depth
for the Saadiyat and Delma sites using Hobo temperature loggers
(Tempcon, UK) at hourly intervals from January to December, 2013.
Using this data set and data from August 2014, typical daily temperature
variations were calculated by averaging the corresponding hourly
values for the last week of August, commonly one of the hottest
weeks of the year. This temperature record revealed considerable vari-
ations of the temperature over the course of the day with temperatures
differing by >0.25 °C between the early morning hours and the daily
temperature maximum at ~17:00 (Supplementary Fig. 1).

2.3. Reconstruction of daily temperature maxima using remote sensing data

The recording times of the analyzed MODIS Terra and Aqua imagery
show considerable deviations due to the different flight paths of the sat-
ellites. Terra data were recorded between 09:30-11:45 (median 10:50)
whereas Aqua images were taken in the period 12:05-14:20 (median
13:50). The Terra data provide values that can be ~0.15 °C below the
daily SST maximum due to their early recording time. By contrast,
MODIS Aqua records close to the in situ temperature maximum and its
data are therefore best suited to reconstruct the SST of the IRSA. To
verify this method, we selected >250 pairs of MODIS-Aqua values and
corresponding in situ measurements (14:00 data points), from days
distributed over all seasons of 2013. Then, the corresponding tempera-
ture values were plotted against each other and the coefficient of deter-
mination (R?) for a linear regression fit was calculated (Supplementary
Fig. 2b-c).

2.4. Calculation of bleaching threshold temperatures

The MODIS-Aqua SST data set was used to calculate the local thresh-
old temperature of coral bleaching, defined as the temperature 1 °C
higher than the highest monthly mean temperature (Glynn and
D'Croz, 1990). Since the SST peaks are mostly in August in the southern
IRSA (Supplementary Fig. 2), we used this period to determine the
highest 4-weekly mean temperature using the Aqua data set for the
years 2002 to 2014. However, since temperatures are also high in the
first two weeks of September, the period from 15th August to 15th Sep-
tember was analyzed for comparison.

2.5. Field surveys

Coral communities were surveyed at three sites in the southern IRSA
in UAE, Delma (latitude 24.5208/longitude 52.2781), Saadiyat (lat.
24.599/long. 54.4215) and Ras Ghanada (lat. 24.8481/long. 54.6903)
(Fig. 1). At each of these sites, bleaching was recorded along three rep-
licate transects during the period from 17th to 19th September, 2012.
Transects were arranged radially around a central origin, extending for
10 m with 120 degrees separating each transect. Corals were classified
to genus level on the basis of Veron (2000), with taxonomic updates
from Budd et al. (2012). The genus of juvenile corals (<5 cm diameter)
within a 1 m wide band were included in the dataset. The analysis of
adult corals was restricted to Platygyra spp. and Porites spp. as these
corals were represented in large numbers in all sites. Porites spp. were
represented by species with massive growth forms (Porites cf. lutea,
lobata and harrisoni). Underwater color scales were used to assign the
degree of bleaching to three categories: 1) Bleached: The whole colony
was white, 2) Partially bleached: Larger parts of the colony (>20%) lost
their normal color and 3) Unbleached: The colonies showed their typi-
cal variety of colors.

Chi-square statistic (¥?) was used to test whether the percentage of
bleached, partially bleached and non-bleached coral colonies recorded
in August 2012 in Delma, Saadiyat and Ras Ghanada was region-specific.

3. Results
3.1. Local temperature thresholds of coral bleaching
Using the MODIS Aqua data, the local threshold temperatures for

coral bleaching (defined as 1 °C above the long-term average of the
mean temperature of the 4 hottest weeks of each year) was calculated
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Fig. 2. Variations in heat stress exposure during the 2012 bleaching event in the southern IRSA reconstructed from MODIS-Aqua imagery.a) Number of days during which the site-specific
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Fig. 3. Site-specific composition of the coral community. a) Total number of juvenile (species indicated in the panel legend) and b) adult (Porites spp. and Platygyra spp.) corals recorded
along the transects in the three study sites.

for the time period 2002-2014. Comparably high threshold tempera- time over which IRSA corals are exposed to elevated temperatures
tures were obtained for the 4 weeks of August and for the period from (Table 1). Our analysis revealed marked differences in the local temper-
the 15th of August to the 15th of September, signifying the length of ature history of the study sites which are reflected in bleaching

non-bleached partially bleached bleached

o

Porites spp. (cf. lutea) Porites spp. (cf. harrisoni)

Platygyra spp. (cf. daedalea)

o

Fig. 4. Representative photographs of corals from the bleaching categories used in this study. (Image credits: ]. Wiedenmann).
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threshold temperatures ranging from 34.48 °C (Ras Ghanada) over

34.55 °C (Saadiyat) to 35.05 °C (Delma) (Supplementary Fig. 2, Table 1).

In summer 2012, the number of days during which temperatures
exceeded 35.05 °C was comparable for the three sites (Fig. 2a). Around
Delma reef, temperatures above 34.48 and 34.55 °C were recorded more
frequently than for the other two sites within the same time period.
However, due to the site-specific deviations of the bleaching threshold
temperatures, the three locations showed considerable differences in
the number of days during which their regional thresholds were
exceeded (Fig. 2b). Specifically, coral communities had to endure
above-threshold temperatures for 16 days in Ras Ghanada reefs and
for 15 days in Saadiyat reefs. In contrast, in Delma Island reefs, the tem-
peratures were higher than the local bleaching threshold for only
10 days (Fig. 2). Also, the period of time between the first and the last
day at which the threshold temperatures were exceeded was longer
in Saadiyat and Ras Ghanada compared to Delma. These data suggest
that similar relative heat stress levels were experienced by corals in
Saadiyat and Ras Ghanada and that these were higher than in Delma.

32, Site-specific severity of the 2012 bleaching event

We surveyed three coral reef sites in the southern IRSA to document
the bleaching event that took place in August/September 2012. The
three sites revealed pronounced differences in the abundance of genera
and genus richness of juvenile corals (Fig. 3a). The overall abundance of
juveniles was similar in Saadiyat and Ras Ghanada and numbers were
higher than in Delma. Species richness of juvenile corals decreased
from Ras Ghanada to Saadiyat and Delma, with Porites spp. becomingin-
creasingly dominant. Similarly, the number of adult Porites spp. and
Platygyra spp. recorded along the transects was higher in Ras Ghanada
and Saadiyat than in Delma (Fig. 3b).

Within the sites, corals of the same taxonomic group were affected
to variable degrees by bleaching, ranging from unaffected to partially
bleached and completely bleached (Fig. 4). Partially bleached corals
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Fig. 5. Site-specific severity of bleaching. Comparison of the percentage of the total
numbers of juvenile and adult Porites spp. colonies and other species affected by bleaching.

lost their pigmentation often in the upper, most light-exposed parts of
the colonies.

In Ras Ghanada and Saadiyat reefs, >40% of the analyzed corals
(juvenile and adult Porites, adult Platygyra) were affected by bleaching
(Fig. 5). An exception were juvenile Porites among which no partially
bleached individuals were encountered in Ras Ghanada and the overall
percentage of colonies showing signs of bleaching was accordingly
lower. In all analyzed groups, between 20 and ~30% of the corals were
completely bleached in Saadiyat and Ras Ghanada. By contrast, the
corals in the Delma site were less affected and no more than 15% of
the corresponding groups showed signs of bleaching. For both species,
statistical analysis identified the lower bleaching severity in Delma as
a significant site-specific effect (Supplementary Table 3).

Similar bleaching levels were observed for the combined numbers of
recorded juveniles from other species (Supplementary Fig. 3). It has to
be noted, however, that the data for Delma reef need to be considered
with caution due to low number of non-Porites spp. juveniles encoun-
tered in this site.

4. Discussion

We studied three sites in the IRSA that experienced different levels
of bleaching during the 2012 bleaching event with the purpose to estab-
lish potential causes for the patchiness of bleaching that is frequently
observed during mass bleaching events. Bleaching levels for two com-
mon taxa, Porites spp. and Platygyra spp., were analyzed. Additionally,
we recorded the site-specific degree of bleaching among juvenile Porites
spp. and other less abundant corals.

Reefs in Saadiyat and Ras Ghanada were severely affected by
bleaching whereas corals in Delma showed little or no signs of bleaching
despite their relatively close geographic proximity and exposure to a
comparable temperature regime in August-September, 2012. This
trend was comparable for all the monitored species and developmental
stages.

Since light exposure is known to promote heat-stress mediated
bleaching (Coles and Jokiel, 1978; Brown et al, 1994, 2002;
Hoegh-Guldberg, 1999; Fitt et al., 2001), the observation, that partial
bleaching of adult colonies was frequently found in the upper part of
the colonies, suggests that light stress was also influential in 2012
bleaching event.

In Ras Ghanada, a higher percentage of adult Porites spp. showed
signs of bleaching compared to juveniles from the same taxon. This ob-
servation is in line with previous studies that found that juvenile corals
were less affected by bleaching than adults (Mumby, 1999; Nakamura
and Van Woesik, 2001; Loya et al., 2001). However, this trend was not
observed in the other sites where comparable numbers of adults and
juveniles suffered from bleaching.

A possible explanation for the different bleaching susceptibility
across the three study sites is that the local bleaching threshold of
~35 °C at Delma reef is ~0.5 °C higher than in the other sites. Conse-
quently, the corals experienced less relative heat stress, indicated by
the smaller number of days during which the local bleaching threshold
was exceeded. Still, the threshold temperature was exceeded for
10 days at Delma with little effect on the corals, setting this site
among the most temperature tolerant reefs of the world (Riegl et al.,
2011, 2012). The resilience of Delma reef is further underlined by the fe-
cundity of its corals in the aftermath of the 2012 bleaching event which
was significantly higher compared to those from Saadiyat and Ras
Ghanada reefs (Howells et al., 2016). Previous observations from else-
where found massive Porites spp. to be among the taxa with a high
survival rate after bleaching events (Loya et al., 2001; Sheppard and
Loughland, 2002). Therefore, the dominance of massive Porites spp. at
Delma (Burt et al., 2011) that is reflected by the species composition
of juvenile corals presented in this study, may be considered as an addi-
tional potential reason for the exceptional heat tolerance of this reef site
(Marshall and Baird, 2000; Loya et al.,, 2001). Also, the history of
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increased temperature stress levels in Delma may have increased the
bleaching threshold of the community by a long-term selection of
more resilient genotypes and/or acclimatization of corals (Brown
et al,, 2002). Furthermore, Delma reef is situated ~50 km off the coast
in a relatively pristine environment whereas the other two sites are
under the direct influence of a densely populated urban area and in-
tense coastal construction (Sale et al.,, 2011; Van Lavieren et al., 2011).
Since the water quality, in particular the nutrient levels, can affect
bleaching thresholds (Wooldridge, 2009; Wiedenmann et al., 2012;
D'Angelo and Wiedenmann, 2014), the influence of the water chemistry
at the different sites should be investigated as another potential cause
for the observed differences in their bleaching tolerance.

5. Conclusions

Different bleaching threshold temperatures and the composition of
the coral communities at the study sites offer likely explanations for
the “patchiness” of the 2012 bleaching event in the southern IRSA, but
other parameters such as the water quality and light stress should also
be considered. Our results suggest that the bleaching threshold of the
Porites-dominated Delma site is only 0.5 °C higher than in the more di-
verse Saadiyat and Ras Ghanada sites. Hence, a long-term increase of the
mean temperature of the hottest weeks in the same order of magnitude
may lead to a considerable loss of coral diversity in the latter reefs.
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Supplementary table 1: Numbers of adult Porites spp. and Platygyra corals recorded
along the transects in the different study sites.

Corals Delma | Saadiyat | Ras Ghanada
Porites sp. (adults)
(Porites cf. lobata / lutea / harrisoni) 22 101 24
Platygyra sp. (adults) 12 34 55
Total (adults) 34 135 79

Supplementary table 2: Numbers of juvenile corals recorded along the transects in

the different study sites.

Delma Saadiyat Ras Ganada

Species | o | Bleached | T | bibarted | Beached | ERTEY | ibarhea | Bleached | TR
Porites 31 4 0 27 15 5 16 6 0
Dzﬁf\;‘;ffa 0 0 0 4 3 0 18 8 0
Cyphastrea 1 0 0 2 0 2 5 7 0
Platygyra 0 0 0 0 0 0 3 3 1
Turbinaria 0 0 0 0 3 0 1 3 0
Coscinaraea 0 0 0 1 3 0 0 3 0
Leptastrea 0 0 0 2 0 0 0 0 0
other 1 0 0 0 0 0 0 0 0
Total 33 4 0 36 24 7 43 30 1

*The genus Favia was replaced by Dipsastrea by: Budd, A.F., Fukami, H., Smith, N.D., Knowlton, N. 2012, Taxonomic classification
of the reef coral family Mussidae (Cnidaria: Anthozoa: Scleractinia). Zoological Journal of the Linnean Society 166, 465-529.
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Supplementary Table 3. Statistical analysis of site-specific differences in bleaching

susceptibility.

Juven;i;epPorltes Bleached | Partially bleached | Non bleached Total
Dalma 4 0 31 35
Saadiyat 15 5 27 47
Ras Ghanada 6 0 16 22
Total 25 5 74 104
¥> = 12.42867066, df = 4, P-value = 0.014437
Adult Porites spp. | Bleached | Partially bleached | Non bleached Total
Dalma 0 3 19 22
Saadiyat 23 22 56 101
Ras Ghanada 5 8 11 24
Total 28 33 86 147
¥? = 10.75273216, df = 4, P-value = 0.029497
Juveml:pl;latygyra Bleached | Partially bleached | Non bleached Total
Dalma 0 0 12 12
Saadiyat 10 7 17 34
Ras Ghanada 14 10 31 55
Total 24 17 60 101

¥* = 9.659601028, df = 4, P-value = 0.046569

¥? = Chi-square value, df = degrees of freedom, P-value < 0.05 indicates that the recorded proportion

of bleached, partially bleached and non-bleached colonies is significantly dependent on the region.
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Supplementary Figure 1: SST data. (a) In situ temperature data recorded in hourly intervals
at ~7m depth at the Saadiyat site. The graph shows the average temperatures and standard
deviations calculated from the values obtained for the last week of August from the years 2013
and 2014. The arrows indicate the median time when the MODIS-Terra and -Aqua satellites
record the IRSA region. (b-c) MODIS Aqua data and the corresponding in situ temperature
values were plotted against each other and the coefficient of determination (R?) for a linear
regression fit was calculated. Equations are given in the graphs.



—
O
Rl
—_
(=
~—

g
p—
—1
==
1
—
e — ]
—‘:?—I
|
I
T—r
ﬁ‘:?’J.
I

Temperature (°C)

Temperature (°C)
. N
—

.
| f i ” [ * ﬁ\'
, [ ( '

15
Delma

* Saadlyat

—
2]
—

Temperature {°C)

B
=]
h

iZ_’f‘!‘ﬁ‘ ‘mf 1
it | }}V /bq H«’ I IF) lY{)

Ras Ghanada

154

2002 2004 2006 2008 2000 2012 2014 2002 2004 | 2006 2008 2010 | 2012 2014

Year

Year

2002 2004 2006 2008 2010 2012 2014
Year

Supplementary Figure 2: Time series of regional SST in the southern IRSA. SST values
were obtained from MODIS-Aqua imagery from 2002-2014 for (a) Delma, (b) Saadiyat and
(c) Ras Ghanada. The local bleaching thresholds (Delma: 35.05°C, Saadiyat: 34.55°C and
Ras Ghanada: 34.48°C) are indicated by horizontal dashed lines.
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study sites. Numbers are provided in Supplementary table 2.
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