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Preface 

When we started the studies on marine biodiversity and ecosystems from the 1980s to the early 
1990s, coral reefs composed of Acropora spp. and other hermatypic corals thrived like thick 
bushes along the coasts of the Ryukyu Archipelago in southern Japan. Although the outbreak of 
the crown-of-thorns starfish was reported there in the 1970s, to the best of our knowledge, no 
one had attempted a rapid survey of coral reef coverage around 1990. Without detailed analysis, 
it was difficult to identify specific scientific significance in the measurement of coral coverage. 
However, coral reefs have been diminishing due to the rapid economic growth of countries 
around the East China Sea during that period. 

Ichiro Takeuchi started his career as a marine environmental scientist by studying the natural 
history of amphipod crustaceans inhabiting macro-algal and seagrass communities in central 
Japan. In addition, he has been studying the behavior of anthropogenic chemicals in shallow-
water ecosystems since the mid-1990s. Since the 1990s, he joined several field surveys to study 
amphipod crustaceans from Maine on the east coast of the USA to Lützow-Holm Bay in 
Antarctica. In most of these surveys, he collected the amphipod crustaceans by directly 
observing the specific habitats of these invertebrates using SCUBA diving. In particular, field 
surveys at New Caledonia and along the east coast of Australia from Lizard Island, Queensland 
to Jervis Bay, New South Wales have enabled him to recognize the various intense anthropo-
genic pressures on the shallow waters along the coasts of East Asia around the East China Sea. 
Ichiro Takeuchi acknowledges the late Dr. Jim Lowry, Dr. Penny Berents, and Dr. Bertrand 
Richer de Forges for their invitation to participate in field surveys and various discussions on 
natural history and anthropogenic impacts on shallow water ecosystems. These experiences led 
him to shift his main research focus to the anthropogenic impacts on Acropora spp., which is 
one of the most declined hermatypic corals in East Asia, from the mid-2010s. 

Hideyuki Yamashiro, who was born and grew up in Okinawa, started studying corals at 
University of the Ryukyus, Japan. He began to focus on mushroom corals (solitary Fungiidae), 
especially skeletal dissolution by coral itself and phototaxis, under the late Dr. Kiyoshi 
Yamazato and Dr. Moritaka Nishihira. Over more than 40 years, he experienced coral degra-
dation processes around Okinawa Island caused by land-based overdevelopment, repeated 
predation by crown-of-thorns starfish, and mass mortality due to severe bleaching events in 
1998 and later. His interests turned to coral infectious diseases in 1998 and coral-killing 
sponges from late 2010, which have emerged and spread over time throughout coral reefs in 
Japan. 

Various recent reports, including the IPCC, have mentioned the possibility that corals will be 
replaced by algae and sponges under climate change and various anthropogenic impacts in the 
near future. Thus, we sometimes feel that we are living witnesses to drastic changes in coral 
reefs in the Ryukyu Archipelago, East China Sea, and around the world. Even in such a difficult
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era, we hope that the present book contributes in several ways to the conservation of coral reefs 
in East Asia. Finally, we would like to thank editors of SpringerNature, for their help and 
encouragement. 

vi Preface

Matsuyama, Ehime, Japan Ichiro Takeuchi 
Motobu, Okinawa, Japan Hideyuki Yamashiro 
14 October 2022
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Introduction: The Relevance of Anthropogenic 
Factors to Coral Reef Conservation in the Coastal 
Areas of the East China Sea 

1 

Ichiro Takeuchi 

Abstract 

Although human activities on the Earth are geologically 
recent phenomena, the variety, scale, and impact of these 
activities are so great that they have led to our present era 
being termed the Anthropocene. The rapid economic 
growth of East Asia since the 1960s pushed the countries 
around the East China Sea to be the most economically 
active regions in the world, along with Central Europe. 
Thus, in addition to climate change, various anthropo-
genic pressures such as coastal development, plastic 
run-off, nutrients, and anthropogenic chemicals are 
thought to have been extensive, particularly around the 
East China Sea. As a result, coral reefs in the East China 
Sea are thought to have been exposed to various anthro-
pogenic impacts earlier than reefs in other parts of the 
world. 

Keywords 

Anthropocene · Anthropogenic Impacts · Coastal 
Environments · East China Sea · Eastern Asia 

1.1 Age of the Anthropocene 

Scleractinian coral reefs emerged approximately 65 million 
years ago (Ma) in the early Paleogene and developed into 
coral reefs with extant form and function by the early Neo-
gene, approximately 24 Ma (Bellwood et al. 2017; Williams 
and Graham 2019). 

Although various human activities on Earth are geologi-
cally recent phenomena, the variety and extent of those 

actions are transforming terrestrial surfaces and changing 
the chemical composition of the atmosphere, which has led 
us to refer to the present as the Anthropocene Epoch (Lewis 
and Maslin 2015). Human impacts on the environment 
surged in the mid-twentieth century as a result of rapid 
increase in water consumption and fertiliser application; this 
period is known as the Great Acceleration (Monastersky 
2015). The 1950s marked by extraordinary escalation in 
energy consumption and productivity due to the increase in 
human population have been proposed as the beginning of 
the Anthropocene (Syvitski et al. 2020). Starting from the 
mid-1960s, which marks the period of notable economic 
progress for in Japan (Abegglen 1970), China, and major 
East Asian countries, including Korea, the per capita GDP 
steadily grew from 1960 to 1994 at the average rate of over 
4% (Collins and Bosworth 1996). East Asia was considered 
the only region in the developing world where living 
standards have been catching up to those of industrial 
countries (Collins and Bosworth 1996). Currently, East 
Asian countries bordering the East China Sea, along with 
Central Europe, are among the regions with the highest 
economic activities globally (Takeuchi 2004) (Fig. 1.1).
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1.2 Present Status of Anthropogenic 
Impacts on Earth 

The global mean surface temperature (GMST) increased by 
0.87 °C in 2006–2015 relative to that in 1850–1900 (IPCC 
2018). Without strong and urgent mitigation initiatives to 
drastically decline greenhouse gas emissions by 2030, global 
warming will surpass 1.5 °C in the following decades, 
driving irreversible loss of most ecosystems on the Earth 
(IPCC 2018). The increase in water temperature will cause 
various biotas to relocate to higher latitudes and the emer-
gence of novel ecosystems; however, reef ecosystems, such 
as kelp forests in temperate regions and coral reefs in tropical 
regions, are relatively less able to migrate and will experience

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_1&domain=pdf
mailto:takeuchi@agr.ehime-u.ac.jp
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high mortality rates and loss of dominant biota (IPCC 2018). 
The oceans have absorbed approximately 30% of the anthro-
pogenic carbon dioxide, leading to a decrease in pH, known as 
ocean acidification (IPCC 2018). Climate change due to 
anthropogenic activities has already affected many weather 
extremes worldwide (IPCC 2021). The increase in global 
surface temperature is projected to exceed 1.5 °C and 2 °C 
in the twenty-first century unless significant reductions in 
greenhouse gas emissions are realised in the coming decades 
(IPCC 2021). The increase in temperature of 1.5 °C has 
caused bleaching and long-term degradation of approximately 
70–90% of coral reefs worldwide, and further rise in tempera-
ture of 2.0 °C will affect 99% of the reefs (IPCC 2018). 
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Fig. 1.1 GDP (2019) in US dollars per square kilometre. GDP values 
of each country are based on IMF (https://www.imf.org/external/ 
datamapper/NGDPD@WEO/OEMDC/ADVEC/WEOWORLD 

accessed on 12-September-2021). The area of each country is based on 
“the country area” in FAO (http://www.fao.org/faostat/en/#data/RL/ 
visualize accessed on 06 September 2021)

Anthropogenic mass, mainly comprising concrete, 
aggregates, bricks, asphalt, and metals, has doubled approxi-
mately every 20 years, and it is estimated to surpass the 
present global living biomass (approximately 1.1 tera tons) 
in 2020 ± 6 (Elhacham et al. 2020). With the development of 
various industrial and agricultural activities, the number of 
anthropogenic chemicals registered in the Chemical 
Abstracts Service increased from 20 million in 2002 to 
156 million in 2019 (Escher et al. 2020). Of these, over 
350,000 chemicals and mixtures of chemicals have been 
registered for production and use (Wang et al. 2020), and 
approximately 400,000 are somewhat regulated in interna-
tional markets (Lara-Martín et al. 2020). 

Plastics are widely used in various industry sectors, 
including packaging, toys, textiles, household items, elec-
tronics, automotive, and construction, with a record global 
production of over 350 million tons per year (Wiesinger et al. 

2021). Thus, countries worldwide are struggling to manage 
the current volume of plastic waste accumulated in freshwa-
ter and marine ecosystems from the poles to the deep ocean 
(Borrelle et al. 2020). The plastic outflow from Asian rivers is 
estimated at ~93,000 metric tons (MT) year-1 , accounting for 
69% of the global outflow (Mai et al. 2020). The amount of 
plastics flowing into the East China Sea from the Yangtze 
River is estimated at ~17,000 MT year-1 , which is the largest 
amount released by any of the world’s rivers (Mai et al. 
2020). Of the more than 10,000 chemicals potentially used 
in plastic production as plastic monomers and additives, more 
than 2400 substances are considered to potentially meet at 
least one of the criteria of persistence, bioaccumulation, and 
toxicity in the European Union (Wiesinger et al. 2021). 
Approximately half of them are not regulated in the most of 
the world (Wiesinger et al. 2021). 

Agricultural activities occupy 37.5% of the land area on 
earth, with an average of 35.6% of land area being used for 
agriculture in Organisation for Economic Co-operation and 
Development (OECD) countries (Sud 2020). The land use by 
agricultural sectors provides a range of benefits, including the 
production of food, fodder, and fibre, input for industry, and 
various ecosystem services (Sud 2020). Although nutrient 
inputs in the agricultural sector are necessary for maintaining 
crop growth, nutrient loss from agricultural land is consid-
ered a significant source of pollution for freshwater and 
coastal ecosystems (Carpenter et al. 1998; West et al. 
2014). Approximately 48% to 60% of nitrogen and phospho-
rus inputs are estimated to exceed the recommended amounts 
for 17 major crops worldwide (West et al. 2014), with China,

https://www.imf.org/external/datamapper/NGDPD@WEO/OEMDC/ADVEC/WEOWORLD
https://www.imf.org/external/datamapper/NGDPD@WEO/OEMDC/ADVEC/WEOWORLD
http://www.fao.org/faostat/en/%23data/RL/visualize
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India, and the USA together accounting for approximately 
64% to 66% of excess nitrogen and phosphorus globally 
(West et al. 2014). 
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Fig. 1.2 Pesticide usage (2019) per square kilometre of agriculture 
land. Pesticide usage is based on FAO (http://www.fao.org/faostat/en/ 
#data/RL/visualize accessed on 06-September-2021). Among countries 
with relatively small areas, countries with high pesticide usage 
(>10.0 kg/ha) include Bermuda, 210.8 kg/ha; Samoa, 55.8 kg/ha; 

Tonga, 36.7 kg/ha; Trinidad and Tobago, 21.7 kg/ha; Saint Lucia, 
19.7 kg/ha; Maldives, 19.4 kg/ha; Barbados, 16.9 kg/ha; Bahamas, 
12.7 kg/ha; Seychelles, 12.1 kg/ha. These countries are located in 
tropical coral reef areas of the Pacific, the Indian Ocean, or the 
Caribbean Sea 

The coastal region of the East China Sea has the highest 
frequency of pesticide use in the world. Among OECD 
countries, pesticide sales per 1000 ha of agricultural land 
area in 2013–2014 were fairly high in Japan and Korea, 
both recorded at 11.7 tons, followed by the Netherlands at 
5.8 tons and Belgium at 4.9 tons (Sud 2020). According to 
recent Food and Agriculture Organization of the United 
Nations (FAO) data, pesticide use in Japan, Korea, and 
Taiwan surrounding the East China Sea exceeded 10.0 kg/ 
ha of agricultural land in 2019 (Fig. 1.2). Besides, pesticide 
production and usage in China has been rapidly increasing 
since 1990, positioning China among the top producers and 
consumers of pesticides in the 2010s (Grung et al. 2015). 
Habitat loss induced by land conversion for intensive agri-
culture, urbanisation, and pollution mainly by synthetic 
pesticides and fertilisers are major drivers of species decline 
compared to other biological factors, including pathogens, 
alien species, and climate change (Sánchez-Bayo and 
Wyckhuys 2019). The abundance of a small number of 
species is increasing, occupying the niches left by the 
wiped-out species (Sánchez-Bayo and Wyckhuys 2019). 
The worldwide decline of insect biodiversity, with a dramatic 
extinction of 40% of the world’s insect species, is expected to 
take place over the next few decades (Sánchez-Bayo and 
Wyckhuys 2019). The amount of hexachlorocyclohexanes 

(HCHs; 4.9million tons) and dichlorodiphenyltrichloroethanes 
and its metabolites (DDTs; 0.4 million tons) used in China 
accounted for 33% and 20%, respectively, of the world’s total 
usage in 1950–1983 (Bao et al. 2012; Ya et al. 2019). Both 
organochlorine pesticides are listed in the initial 12 persistent 
organic pollutants (POPs) of the Stockholm Convention 
(Lallas 2001). The seasonal fluctuation of HCH and DDT 
concentrations in the East China Sea and northern South 
China Sea suggests long-range oceanic transport into the 
Western Pacific from these marginal seas (Ya et al. 2019). 

1.3 Present Status of Coastal Environments 

Nearly 40% of the global population has been estimated to 
dwell within 100 km of the coastline at the beginning of the 
twenty-first century (Burke et al. 2011). The ecosystems in 
the coastal zone are threatened by anthropogenic activities, 
including settlement and infrastructure development, indus-
try, and aquaculture, which alter the coastal zone either 
through direct physical damage, such as dredging and 
landfilling, or indirectly through increased runoff of 
sediments, pollutants, and sewage (Burke et al. 2011). 

A recent analysis of the cumulative impact of approxi-
mately 20 different types of anthropogenic stressors on the 
global marine ecosystem revealed that human impact has 
pervaded every part of the global ocean, and nearly the entire 
ocean (97.7%) has been affected by multiple stressors

http://www.fao.org/faostat/en/%23data/RL/visualize
http://www.fao.org/faostat/en/%23data/RL/visualize


(Halpern et al. 2015). Land-based and to some extent ocean-
based human activities are considered the major drivers of 
coastal water pollution (IOC-UNESCO and UNEP 2016). 
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Thus, various human impacts on and interactions with 
coral reefs have escalated across multiple trophic levels of 
the ecosystem in the Anthropocene (Williams and Graham 
2019; Williams et al. 2019). In particular, economic develop-
ment over the past century, especially after the 1960s, has 
brought about dramatic changes in the structure and function 
of coral reef ecosystems, altering the various ecosystem 
services they provide humanity (Bellwood et al. 2019). In 
addition to the increase in seawater temperature due to cli-
mate change, coral reefs around the world are threatened by a 
combination of several local activities, such as watershed-
based pollution, marine-based pollution, coastal develop-
ment, overfishing, and destructive fishing (Burke et al. 
2011). With increasing human population and global per 
capita GDP, coral coverage, even in the Great Barrier Reef 
in Australia, which is located far from industrialised countries 
in the Northern Hemisphere, has been declining since 1960 
(Bellwood et al. 2019). On a local scale, enhanced terrestrial 
runoff has been considered one of the significant stress 
factors on coastal and inshore coral reefs since the 2000s 
because of the elevated input of inorganic nutrients and 
particulate organic matter (POM), turbidity-related light lim-
itation, and sedimentation (Fabricius 2005). In the early 
2000s, to protect the Great Barrier Reef, The State of 
Queensland (2009) established management practices to 
reduce the runoff of photosystem II-inhibiting herbicides 
(Ametryn, Atrazine, Diuron, and others), decrease nitrogen 
and phosphorus (in dissolved or particulate form) and total 
suspended solids from agricultural land, and promote 
improved land usage. 

1.4 Anthropogenic Impacts in the East China 
Sea and Adjacent Waters 

Climate change and other anthropogenic drivers of biodiver-
sity change are unequally distributed across terrestrial and 
marine ecosystems (Bowler et al. 2020). The highest 
intensities of multiple drivers in the marine realm were 
found in the East China Sea of the Northern Pacific, Central 
Indo-Pacific, and North Sea of the Northern Atlantic (Bowler 
et al. 2020). Among these areas, high cumulative intensities 
of human activities, human population, pollution, and 
invasions of alien species have been reported in the East 
China Sea and North Sea (Bowler et al. 2020). 

IOC-UNESCO and UNEP (2016) separated the world’s 
coastal areas into 66 large marine ecosystems (LMEs), cov-
ering more than 200,000 km2 and extending from the shore-
line to the edge of continental shelves or to the outer margins 
of major coastal currents. The East China Sea and adjacent 

the Yellow Sea and the South China Sea are listed in the 
13 LMEs at most risk of environmental threats including loss 
or degradation of fish stocks and ecosystem health, and 
damage from climate-related extreme events 
(IOC-UNESCO and UNEP 2016). Moreover, of 24 LMEs 
containing coral reefs, the East China Sea and Kuroshio 
Current are listed within the four LMEs at the highest risk 
of integrated local threats (IOC-UNESCO and UNEP 2016). 
A recent review of urban coral reefs in Southeast and Eastern 
Asia revealed several critical characteristics, including early 
declines in coral cover with recent fluctuating periods, a 
decline in bathymetric range, and low reef complexity 
(Heery et al. 2018). Thus, coral reefs around the East China 
Sea have been exposed to various anthropogenic impacts 
earlier than the coral reefs in other regions of the world. 

This book presents a review of the anthropogenic impacts 
on the coral reefs located along the coastline of the East 
China Sea. The recent succession and present status of coral 
reefs from Taiwan to southern Japan and Korea are reviewed. 
Additionally, the current spread of coral diseases in Taiwan 
and Okinawa, effects of ocean acidification on corals, and the 
changes in gene expression of corals induced by anthropo-
genic chemicals in hermatypic corals are summarised. A new, 
compact rearing system that can be used to study various 
anthropogenic effects on corals is presented. In the last chap-
ter, I offer a perspective on coral reef conservation under 
anthropogenic impacts. 
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Abstract 

The transitional coral ecosystem of Taiwan features tropi-
cal and temperate scleractinian coral species and subopti-
mal environmental conditions. As the largest continental 
island in the region, Taiwan is proposed as a stepping-
stone for range expansion to higher latitudes of East Asia. 
In this chapter, we synthesize the literature and highlight 
the importance of the transitional role of Taiwanese coral 
ecosystem in sustaining its high-latitudinal counterparts in 

this era of changing climate. The boundary line separating 
tropical coral reefs and subtropical non-reefal coral 
communities stretches from south Penghu towards the 
Sandiao Cape in northeastern Taiwan. Between 1948 
and 2020, the average seawater warming trend around 
Taiwan was 1.58 °C. This trend was not homogeneous; 
the region with non-reefal coral communities experienced 
a higher warming rate owing to gradually increasing win-
ter sea surface temperatures. However, studies on the 
effect of typhoons, ocean acidification, and bioerosion 
on this transitional coral ecosystem are limited. To com-
prehensively understand how coral ecosystems in Taiwan 
respond to climate change, we recommended four 
research directions: (1) biodiversity formation, (2) the 
role of Kuroshio Current in reef formation and in 
connecting coral ecosystems of East Asia, (3) long-term 
ecological research of these coral ecosystems, and (4) the 
conservation and governance of transitional coral 
ecosystems using novel socio-ecological paradigms. 
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2.1 Importance of Coral Ecosystem 
and Threats of Climate Change 

2.1.1 Scleractinian Corals and Coral Reef 
Ecosystems 

Scleractinian corals (hereafter referred to as corals), belong-
ing to the class Anthozoa of phylum Cnidaria, are a group of 
marine invertebrates that secrete a calcium carbonate skele-
ton over time to create a three-dimensional reef structure. In 
warm (shallow tropical/subtropical) waters, corals host endo-
symbiotic dinoflagellates of the family Symbiodiniaceae
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(also known as zooxanthellae) (LaJeunesse et al. 2018) that 
fuel coral growth and calcification through carbon fixation by 
photosynthesis (Goreau 1959; Muscatine 1990), and the oxy-
gen and glycerol produced as by-products of photosynthesis 
can be used by coral for calcification directly and may pro-
mote maximum coral calcification rates (Colombo-Pallotta 
et al. 2010). With the capability of accelerating calcification, 
warm-water corals can grow faster, not only to overcome the 
rate of bioerosion and physical erosion created by strong 
waves induced by severe weather events (e.g., typhoons) 
but also to establish the largest biological entities on Earth. 
Although these entities occupy less than 0.1% of the ocean 
floor, the ecosystems built by corals provide habitat for at 
least a quarter of known marine species, with many coral reef 
species still to be discovered (Fisher et al. 2015). Overall, it 
has been estimated that roughly 1–9 million species live in 
and around warm-water coral ecosystems (Snelgrove 2010). 
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The services and economic values generated by the high 
ecosystem biodiversity built by corals—food, income, recre-
ation, coastal protection, and cultural settings—have a direct 
impact on over 500 million people in at least 90 countries 
worldwide (Burke et al. 2011; Gattuso et al. 2014; Hoegh-
Guldberg 2015; Hoegh-Guldberg et al. 2017). The global 
asset value of coral ecosystems is estimated to be close to 
$1 trillion (Hoegh-Guldberg 2015) with the economic value 
of goods and services from coral reefs exceeding $375 billion 
annually (Burke et al. 2011; Gattuso et al. 2014). The latest 
analysis of the coral reef economy found that a healthy coral 
reef is expected to deliver additional economic benefits 
amounting to $34.6 billion and $36.7 billion between 2017 
and 2030 in the Mesoamerica reef and the Coral Triangle, 
respectively (UN Environment et al. 2018). 

2.1.2 Threats to the Coral Reef Ecosystems 

Despite their biodiversity, productivity, and economic value 
to human society, coral ecosystems are heavily affected by 
four major threats: overfishing, habitat destruction, pollution, 
and climate change (Jackson 2001; Hall-Spencer et al. 2002; 
Hughes et al. 2003, 2018; Bellwood et al. 2004; Hoegh-
Guldberg et al. 2007, 2017; Burke et al. 2011; Hoegh-
Guldberg 2015). While overfishing, habitat destruction, and 
pollution have caused a decline in coral ecosystems locally, 
rising ocean temperature and changes in seawater chemistry 
(i.e., acidification) caused by excess greenhouse gas 
emissions have added a synergistic effect on ecosystem deg-
radation at the global scale (Hoegh-Guldberg et al. 2007, 
2014, 2017). The latest Intergovernmental Panel for Climate 
Change (IPCC 2021) special report on global warming 
clearly pointed out that coral ecosystems would decline by 
70–90% with global warming of 1.5 °C (compared to the 

pre-industrial level), whereas nearly all (>99%) would be 
lost with 2 °C warming by 2050 (IPCC 2018, 2021). 

2.1.3 Research into the Identification 
of Potential Resilience Reefs 
for the Future 

With the climate crisis challenging the future survival of coral 
ecosystems, global efforts are attempting to develop conser-
vation plans to select and save the coral reefs from these 
threats (Beyer et al. 2018; Hoegh-Guldberg et al. 2018; 
Anthony et al. 2020). By exploring five climate and 
connectivity-related variables, namely, (1) historical thermal 
conditions, (2) predicted future thermal conditions, (3) larval 
connectivity and settlement, (4) cyclone wave damage, and 
(5) recent global bleaching events, Beyer et al. (2018) applied 
modern portfolio theory to identify global coral reef locations 
that have a better chance to survive impacts from projected 
climate change compared to other reefs. The results show that 
the regions selected for global conservation priority encom-
pass the tropics, including portions of central and western 
Southeast Asia (the Philippines, Borneo, Indonesia), 
Australia’s Great Barrier Reef, French Polynesia, East Africa, 
the Red Sea, and the Caribbean. Other regions, such as the 
East Asia coral ecosystems stretching from south China, 
Taiwan, and Okinawa to high-latitude Japan that have high 
ecological and social value were not selected because of 
projected higher levels of disturbances and impacts, such as 
intensified typhoons. Nevertheless, it is also recommended 
that these excluded regions be examined for local variations 
in projected impacts to enable a finer-scale conservation 
effort (Beyer et al. 2018). 

2.1.4 The Aim of This Chapter 

Here, we review the research updates on coral ecosystems in 
Taiwan, the largest continental island in East Asia. The “coral 
ecosystem” in this chapter refers to the shallow-water eco-
system surrounding Taiwan, including euphotic (0–30 m) 
and mesophotic (30–150 m) zones, where scleractinian corals 
are relatively dominant. Although 108 species of 
azooxanthellate scleractinian corals, also known as 
ahermatypic corals, have been recorded in the deeper waters 
of Taiwan (Dai and Cheng 2020), little is known about their 
ecology. Therefore, they were not included in this review. 
Two reviews have been published which focused on the 
biogeographic pattern of coral assemblages around Taiwan 
Island and adjacent islets (Chen 1999), and the role of Taiwan 
as the stepping-stone for coral ecosystems in East Asia, 
connecting the upstream Philippine corals with downstream



coral communities in Okinawa and further to high-latitudinal 
coral communities in Shikoku within the Kuroshio Triangle 
(Chen and Keshavmurthy 2009). In this chapter, we synthe-
size the literature, including geological, environmental, bio-
diversity, and ecological aspects, and highlight the 
importance of the transitional role of Taiwan’s coral 
ecosystems in sustaining their high-latitudinal counterparts 
in East Asia in the era of changing climate. 
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2.2 Geological and Marine Environmental 
Settings of Taiwan, Including 
Surrounding Islands and Islets 

2.2.1 Geological Setting of Taiwan 

Taiwan is the largest continental island (32,260 km2 ) in East 
Asia, separated from the southeast coast of China by the 
Taiwan Strait (TWS), with an average width of 180 km and 
a depth of less than 100 m (Fig. 2.1). Taiwan lies between the 
East China Sea (ECS) in the north and the South China Sea 
(SCS) in the south, with its east coast facing the Pacific 
Ocean, bordered by steep slopes that reach depths of 
1000 m within a few kilometers from the shore (Denis et al. 
2019). In addition, the complicated geological settings and 
evolutionary history of the area between northeast Taiwan 
and the southern Ryukyu Archipelago, including the 
Yonaguni Depression, East Taiwan Channel, and Okinawa 

Trough (Figs. 2.2 and 2.3), play an important role in the 
routes and strength of the Kuroshio Current (reviewed in 
Gallagher et al. 2015) which strongly affects marine environ-
mental settings and biodiversity, not only around Taiwan but 
throughout East Asia. 

Fig. 2.1 Geological setting in East Asia along the Kuroshio Current showing all the major and minor surface current circulation paths in summer (a) 
and winter (b) seasons

One hundred and twelve small islands and islets are 
distributed around Taiwan Island with 90 of them forming 
an archipelago known as Penghu Archipelago (Pescadores, 
澎湖群島) in the Taiwan Strait, 50 km west of the main 
island (Fig. 2.2). In the north of Taiwan, Keelung Islet (基 

隆嶼), the so-called “northern three islets,” namely, Pinnacle 
(Huaping yu, 花瓶嶼), Crag (Miahua yu, 棉花嶼), and 
Agincourt (Pengjia yu, 彭佳嶼) islets as well as Turtle Island 
(Guieshan dao., 龜山島) are located between 4 km and 
56 km north and north-east of the main island at the edge of 
the continental shelf of the ECS (Figs. 2.2 and 2.3). The tiny 
islet of Liuqiu (Xiaoliuqiu, 小琉球) off the southwest coast, 
and Orchid (Lan yu, 蘭嶼) and Green (Lyu dao, 綠島) 
Islands to the south-east, as well as the Vele Rete Rocks 
(Qixing yan, 七星岩) at the southernmost border off the 
Philippines near the Bashi Channel, are located south of the 
east coast and southern Taiwan (Fig. 2.2). All islands and 
islets between latitudes 21.757°N and 25.631°N support both 
tropical coral reefs and subtropical non-reefal coral 
communities (Fig. 2.3) (Chen 1999; Chen and Keshavmurthy 
2009; Denis et al. 2019; Keshavmurthy et al. 2019; Dai and 
Cheng 2020). In addition to the presence of a 27-km long 
biotic reef formed by crustose coralline algae (CCA) from the



intertidal zone to 10 m deep along the northwestern coast of 
Taiwan (Figs. 2.3 and 2.4), it provides a unique habitat for a 
handful of corals, including the caryophyllid species, 
Polycyathus chaishanensis, which is critically endangered 
in Taiwan (Liou et al. 2017; Kuo et al. 2019, 2020).
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Fig. 2.2 Types of reefs around 
Taiwan Island and associated 
small islands and islets. The three 
types of reefs include tropical 
coral reefs (orange), non-reefal 
coral assemblages (green), and 
algal reefs (pink). The horizontal 
black dotted line indicates the 
Tropic of Cancer. The red dot 
indicates the “Chen’s line,” a 
biogeographic line that marks the 
boundary of the distribution of 
tropical coral reefs and non-reefal 
coral communities, as proposed in 
this chapter

2.2.2 Marine Environmental Settings: Currents 
and Upwelling/Cold Dome 

The environmental settings of coral ecosystems in Taiwan are 
strongly influenced by complex topography, monsoons, sea 

surface currents and their interactions (Chen 1999; Chen and 
Keshavmurthy 2009; Dai and Cheng 2020). With the Tropic 
of Cancer passing through the Penghu Archipelago and cen-
tral part of Taiwan (Fig. 2.2, black horizontal line), the 
climate of Taiwan is significantly influenced by the East 
Asian monsoon system. Winds over Taiwan are dominated 
by stronger northeasterly cold and dry winds during October– 
March and weaker southwesterly hot and humid winds from 
June to August, with April–May and September being the 
transitional periods (Jan 2018). Therefore, ocean currents 
around Taiwan, including the Kuroshio Current (KC), 
South China Sea Warm Current (SCSWC), Taiwan Warm



Current (TWC), and China Coastal Current (CCC) (Fig. 2.1), 
are modulated by the topography in the vicinity of Taiwan 
and interactions with changing wind fields. Consequently, 
ocean currents show strong seasonal variations (Jan et al. 
2002, 2011; Wu and Hsin 2005; Hsin et al. 2008, 2011, 
2012; Jan 2018). 
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Fig. 2.3 Non-reefal (in northern Taiwan) and subtropical coral reefs 
(lower islands of Ryukyu Archipelago including Yonaguni Depression, 
East Taiwan Channel, and Okinawa Trough). Three types of reefs 
include tropical coral reefs (orange), non-reefal coral assemblages 

(green), and algal reefs (pink). The red dot indicates the “Chen’s line,” 
a biogeographic line marking the boundary of the distribution of tropical 
coral reefs and non-reefal coral communities, proposed in this chapter

The KC, originating from the North Equatorial Current 
(NEC) in the Pacific, is the predominant western boundary 
current affecting the climate, hydrography, biogeochemistry, 
marine biodiversity, and fisheries around Taiwan (Hsin 2015; 
Jan 2018). As the NEC approaches the east coast of Luzon-
Philippines, it splits into two branches: one turns southwards 
to form the Mindanao Current and the other continues north-
wards as the mainstream of the KC (Fig. 2.1). The KC 
transports significant amounts of heat, salt, and mass from 
the tropical ocean to high latitudes and plays an important 
role in the global climate and heat balance (Qu and Lukas 
2003). The annual mean surface sea temperature (SST) of the 
KC is 24.5 °C with an estimated primary production between 
150 and 300 g C m-2 year-1 . The KC passes through Orchid 

Island and Green Island off the east coast of Taiwan, across 
the Yonaguni Depression via the East Taiwan Channel into 
the East China Sea, and follows the edge of the continental 
shelf in the Okinawa Trough, the deep break between the 
ECS continental slope and the Ryukyu archipelago. It flows 
along the western part of the Okinawa Trough and leaves the 
continental slope via the Tokara Strait, reaching the southern 
island of Japan at ~30°N (Gallagher et al. 2015). Over the 
past two decades, intensive studies on the KC intrusion have 
shown the formation of a significant upwelling and a “cold 
dome” in the ECS continental shelf off the northeast coast of 
Taiwan (Figs. 2.5 and 2.6a, b) (Tang et al. 1999; Wu et al. 
2008; Jan et al. 2011; Gopalakrishnan et al. 2013). In addition 
to the mainstream of the KC flowing northeastward along the 
ECS shelf break, a weaker northwestward branch intrudes 
onto the ECS shelf over the North Mien-Hua Canyon (MHC) 
and creates a counterclockwise circulation (i.e., cold dome), 
approximately 100 km in diameter, centered over the MHC. 
The cold dome has a long-term mean position centered at 
approximately 25.625°N, 122.125°E and has a lower



temperature (<21 °C) and higher salinity (>34.5‰) than the 
surrounding shelf waters (Jan et al. 2011; Gopalakrishnan 
et al. 2013). The KC-driven upwelling off northeastern 
Taiwan continues to provide nutrient-rich waters for the 
ECS and makes the region highly biologically productive 
(Chen 1996). 
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Fig. 2.4 Photo panel of different coral communities in Taiwan. (a) Tropical coral reefs; (b) Non-reefal coral community; (c) Algal reefs; and (d) 
Mesophotic corals. Photo credits: (a) Dr. Chia-Min Hsu; (b and d) Dr. Chao-Yang Kuo; and (c) Dr. Chaolun Allen Chen

In addition to the constant upwelling/cold dome off 
northeast Taiwan, year-round upwelling has also been 
observed at the southern Taiwan Bank off southwestern 
Taiwan (Figs. 2.5 and 2.6) (Hu and Wang 2016). Upwelling 
is mainly generated by topographical change from 100 to 
200 m deep in the Penghu Channel to the shallow areas 
near the southern Penghu Archipelago close to the Taiwan 
Bank (TB-upwelling) and around the northern Penghu 
Archipelago (PH-upwelling) close to the Yunchang Rise 
(YCR) (Jan et al. 2002; Hu et al. 2003; Hong et al. 2011). 
In summer (April–August), the SCSWC, driven by the 
southwesterly monsoon, intensifies northeastward surface 
waters and contributes to the water in the Penghu Channel. 
More nutrient-rich, cool bottom waters are brought up to the 
surface, creating a low-temperature core (2–4 °C lower than 

ambient water) and relatively high chlorophyll a (Figs. 2.5a, 
b and 2.6a, b) (Fan 1979; Jan et al. 2002; Tang et al. 2002; 
Kuo et al. 2006; Lan et al. 2009; Jan 2018). In winter, the 
KC off southern Taiwan intrudes into the northern SCS 
through the Luzon Strait as a Kuroshio branch (KB), and 
a part of the KB water flows northward through the Penghu 
Channel to replace the SCS waters, becoming the driver 
of upwelling in the southern TWS (Figs. 2.5c, d and 
2.6c, d). These two upwelling areas (TB-upwelling and 
PH-upwelling) also contribute to the important fishing 
grounds (for herring and squid) around the Penghu 
Archipelago (Lu et al. 1987; Lan et al. 2009). Although 
the large-scale upwellings off northeastern Taiwan and the 
Penghu Archipelago play a major role in local fisheries, 
their role in shaping Taiwanese coral ecosystems is less 
understood. In contrast, small-scale, tide-induced upwelling 
was identified in Nanwan in the Kenting National Park 
(KNP), southern Taiwan (Lee et al. 1999a, b). This upwell-
ing has been proved to contribute to the local thermal 
resistance of coral reef ecosystems in the KNP (reviewed 
in Keshavmurthy et al. 2019).
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Fig. 2.5 Mean surface temperature (a, c) and chlorophyll a (b, d) 
distribution with current velocity (black arrows) in Taiwan waters in 
summer (a, b) and winter (c, d). Cooler temperature over northern 

Taiwan and Penghu Archipelago shows the presence of “cold dome/ 
upwelling” in these regions

2.2.3 Marine Environmental Settings: 
Monsoons and Sea Surface Currents 

Seasonal changes in monsoons and sea surface currents with 
different temperatures and water chemistry might also con-
fine coral ecosystem development in the TWS, except on the 
west coast of the main island of Taiwan, where over 300 km 
of coastline is composed of estuaries, mangroves, and sandy/ 
muddy habitats (Figs. 2.3 and 2.4). In summer, less saline 
SCS water intrudes northward into the TWS. On the eastern 

side of the TWS, the northeastward mean current is a year-
round feature (Guan 1994; Huang et al. 1994; Jan and Chao 
2003), connecting the SCSWC to the south and the TWC to 
the north of the strait (Figs. 2.1a, 2.3, and 2.5a, b). In spring, 
the KB water enters the Penghu Channel and escorts the edge 
of the YCR towards the northern TWS (Figs. 2.1b, 2.3, and 
2.5c, d). This large-scale movement forces waters in the 
northern SCS to flow northward and enter the ECS through 
the TWS. The northeastward mean current splits into upper 
and bottom flows in summer and fall, with the upper flow



crossing the YCR and flowing northward along the west 
coast of Taiwan and the bottom flow moving through the 
edge of the YCR at the 50 to 100 m isobaths (Fig. 2.5a, b). In 
late fall and winter, the cooler CCC is driven by the north-
easterly monsoon and emerges in the northern TWS. The 
intruding CCC makes a clockwise U-turn due to the topo-
graphic blocking of the YCR and forms a cyclonic cold eddy 
over the deep Guanyin Depression (Fig. 2.5c, d). During this 
winter period, the high-salinity KB water replaces the less 
saline SCS water in the Penghu Channel (Jan et al. 2010). 
However, the current in the Penghu Channel flows 

consistently northward, with only rare occasions of south-
ward flow when the winter monsoon is in full force for a 
prolonged period (Jan and Chao 2003; Jan 2018). Low sea 
surface temperatures (<18 °C) and waves caused by strong 
winds in the northern TWS limit coral reef development in 
the northern Penghu Archipelago and the northwest coast of 
Taiwan (Dai 2010; Dai and Cheng 2020). Interestingly, these 
temperatures favor CCA growth and the development of 
algal reefs in the sandy/shallow water on the Taoyuan coast 
(Dai et al. 2009; Liou et al. 2017; Kuo et al. 2020).
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Fig. 2.6 Mean surface temperature and chlorophyll a distribution with 
current velocity (black arrows) off the northeast coast of Taiwan (a, c, e) 
and Southern Penghu (b, d, f). Three time periods are shown, which 

include annual average (a, b), summer (c, d), and winter (e, f) seasons. 
Cooler temperature over northern Taiwan and Penghu Archipelago 
shows the presence of “cold dome/upwelling” in these regions
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2.3 Biodiversity and Biogeographic 
Distribution of Scleractinian Corals 
in Taiwan: Patterns and Possible 
Mechanisms 

2.3.1 Biodiversity of Scleractinian Corals 
in Taiwan 

Located at the junction of the Pacific Ocean and two marginal 
seas, the East China Sea and the South China Sea, Taiwan 
and the adjacent islands and islets host a relatively high 
diversity of scleractinian corals and associated marine 
organisms (Dai 1997, 2010; Denis et al. 2019; Dai and 
Cheng 2020). The latest checklist of scleractinian species, 
based on the new systematic scheme (WoRMS Editorial 
Board 2021), has identified 558 species in Taiwan, with 
450 recorded from the shallow-water coral ecosystems 
(Denis et al. 2019; Dai and Cheng 2020; Chung and Shao 
2021; De  Palmas  et  al.  2021a), including two endangered 
species, Polycyathus chaishanensis (Lin  et  al.  2012) an  
Pseudosiderastrea formosa (Pichon et al. 2012) (Fig.  2.7a, b). 

Fig. 2.7 Photo panel of corals including: (a) Polycyathus 
chaishanensis (from Datan algal reef); (b) Pseudosiderastrea formosa 
(from Wanlitong, Kenting National Park); (c) A. japonica (from 
Gupoyu, Northern Penghu Archipelago); (d) A. efflorescens (from 
Waimushan, Northern Taiwan); (e) A. pruinosa (from Shetoushan, 

central Penghu Archipelago; (f) A. solitaryensis (from Waimushan, 
Northern Taiwan); (g) A. tumida (from Waimushan, Northern Taiwan); 
(h) A. hyacinthus (Chinwan Inner Bay, central Penghu Archipelago); (i) 
A. murciata (Chinwan Inner Bay, central Penghu Archipelago). Photo 
credits: (a) Ms. Ai-Chi Chung; (b–i) Dr. Chaolun Allen Chen 

2.3.2 Biogeographic Distribution Patterns 
of Scleractinian Corals in Taiwan 
and Japan 

Although the distance between northern and southern Taiwan 
is less than 450 km, the biogeographic distribution of 
scleractinian corals in Taiwan still follows the pattern of the 
south-north gradient, in which species decrease towards the 
north latitudes (Table 2.1, Fig. 2.7). This trend is consistent 
with the biogeographic distribution pattern of scleractinian 
corals in Japan, which stretches over 2000 km from the 
Ryukyu Archipelago to the northern latitudes of mainland 
Japan (Nishihira and Veron 1995). Three hundred and thirty-
nine scleractinian species were recorded in southern Taiwan 
(21.95°N), which is close to those of the Yaeyama Archipel-
ago (n = 380) and Okinawa Islands (n = 340), occurring at 
higher latitudes in Japan between 24 and 26°N (Nishihira and 
Veron 1995). In Liuqiu Islet (22.34°N), Orchid Island 
(22.05°N), Green Island (22.66°N), and the east coast of 
Taiwan (22.73–23.93°N), the number of scleractinian corals 
ranged between 210 and 250, which corresponds to the
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Amami Archipelago (n = 220, 27.70°N). On the northern 
and northeastern coasts of Taiwan and adjacent islets (25.16° 
N), the number of scleractinian corals (n = 136) is only about 
half that of the Okinawa Islands at a similar latitude, but 
similar to the areas between Tanegashima Island (30.62°N) 
and Shikoku Island (33.73°N) where 150–200 scleractinian 
species have been recorded (Nishihira and Veron 1995; 
Veron 2000). In the Penghu Archipelago (Taiwan Strait), a 
distinct break was observed between southern Penghu 
(n = 140) and the rest of Penghu Archipelago, including 
the north (n = 107), east (n = 84), and Inner Penghu 
(n = 75). Interestingly, the latter three subregions of the 
Penghu Archipelago have similar numbers of scleractinian 
species found in areas between Kyushu Island (32.60°N) and 
the Kii Peninsula (33.77°N) in central Japan. 
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Table 2.1 Updated number of scleractinian species recorded from tropical reefs and non-reefal coral communities around the Taiwanese juristic 
districts 

Community type/location Latitude (N) No. species Reference 

Tropical reef 
Southern Taiwan 21°57′ 280a /339 a  Dai (2007), b Chen (2020) 

Eastern Taiwan 22°44′-23°56′ 210a / a Dai (2006) 

Green island 22°30′ 250a / a Dai (2006) 

Orchis Island 22°03′ 248a / a Dai (2006) 

Liuqiu Islet 22°20′ 239a / a Dai (2007) 
c Dongsha Atoll (Pratas) 20°42′ 229a / 257 a  Jeng et al. (2008), a Dai et al. (2013) 
c Taiping Island (Itu Aba) 10°22′ 197a /306 a  Shao et al. (2014), b Jeng et al. (2017) 

Non-reefal community 
North + northeastern Taiwan 25°10′ 136a /112 a  Dai et al. (2004), a Dai et al. (2008) 

Penghu 

Northern Penghu 23°44′ 107a / a Hsieh (2008), a Hsieh et al. (2016) 

Eastern Penghu 23°34′ 84a / a Hsieh (2008), a Hsieh et al. (2016) 

Inner Penghu 23°30′ 75a / a Hsieh (2008), a Hsieh et al. (2016) 

Southern Penghu 23°12′ 99a /140 a  Hsieh (2008), a Hsieh et al. (2016), b Jeng and Dai (2020) 
a °Survey data after 2000 
b °Re-survey and reassemble historical data after 2017 
c °Not included in this study 

2.3.3 The Forming of “Chen’s Line” 

Combining the data of Taiwan and Japan, we propose that a 
biogeographic line (hereafter named “Chen’s Line”) b  
drawn for scleractinian distribution in East Asia, stretching 
from south Penghu towards Sandiao Cape at the northeast 
corner of Taiwan, then extending towards Japan (see 
Figs. 2.2 and 2.3 for the vertical line drawn across Taiwan 
and extending towards Japan), encompassing the boundary 

between Tanegashima Island an Shikoku Island in mainland 
Japan (see Chap. 4 by Keshavmurthy et al. 2023 in this book 
for the location of Shikoku Island). This line is not only 
represented by the number of species but also reflects species 
composition. Although the proposed localities along this line 
are subject to further research, the line is certainly a transi-
tional marker to separate tropical coral reefs and non-reefal 
coral communities in East Asia (Veron 1995, 2000; Chen and 
Keshavmurthy 2009). Undoubtedly, tropical coral reefs and 
non-reefal coral communities on both sides of Taiwan pro-
vide an ideal model for examining how coral ecosystems 
located in the transitional zones of East Asia respond to the 
impact of climate change. 

Chen (1999) first examined the biogeographic patterns of 
scleractinian assemblages collected before 1997 for two 
major scleractinian groups, the genus Acropora and the fam-
ily Merulinidae (formerly known as Faviidae in the Pacific 
and Indian Oceans). The results suggest two distinct 
provinces of scleractinian distribution following the 
northeast-southwest line across Taiwan (Fig. 2.3). One 
contains tropical reefs in southeast and southwest Taiwan, 
and the other contains non-reefal coral communities in north-
northeast Taiwan and the Penghu Archipelago. Using hierar-
chical cluster analysis, reanalysis of the updated data record-
ing the presence and absence of 69 Acropora and Isopora 
species surveyed in the last 20 years, showed that seven



clusters best explain the species distribution (Fig. 2.8a). In 
addition, using multivariable statistics, non-metric multidi-
mensional scaling (nMDS), analysis of the presence and 
absence of species, and association with community types, 
showed that over 90% of species have a tropical reef affilia-
tion mainly found in southeast and southwest Taiwan 
(Fig. 2.8b). One cluster composed of non-reefal species was 
found in the north-northeast Taiwan and north-inner Penghu 
Archipelago, including A. efflorescens, A. glauca, 
A. pruinosa, A. solitaryensis, and A. tumida (Fig. 2.7c, g). 
These species, together with other cosmopolitan species, 
such as A. hyacinthus and A. muricata (Fig. 2.7h, i), form 
the coral community, which is very similar to those at higher 
latitudes (>30°N) in Japan (Veron 1992; Nishihira and 
Veron 1995; Sugihara et al. 2015; Nomura 2016a, b; also 

see Chap. 4 by Keshavmurthy et al. 2023 in this book). Based 
on this similarity, Chen and Keshavmurthy (2009) 
hypothesized that Taiwan could serve as a connective step-
ping stone for high-latitudinal coral ecosystems in East Asia. 
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Fig. 2.8 Seven clusters of the distribution characteristics among Acropora and Isopora corals in Taiwan (a) and the non-metric multidimensional 
scaling (nMDS) (stress = 0.01) of the similarity of reefs in terms of the occurrence of Acropora sp. and Isopora sp. (b). The seven colors used in (a) 
and (b) represent the seven clusters. Hierarchical cluster analysis and the nMDS were performed using the stats (v. 4.0.3) (R Core Team 2020) and 
vegen (v. 2.5.7) (Oksanen et al. 2020) package in R-4.0.3 (R Core Team 2020) 

2.3.4 The Mesophotic Coral Ecosystems (MCEs) 
in Taiwan 

In addition to coral ecosystems in shallow water (<30 m), 
recent studies have begun to reveal coral diversity in 
mesophotic coral ecosystems (MCEs) in Taiwan (Denis 
et al. 2015, 2019; De Palmas et al. 2018, 2021a, 2021b; 
Soto et al. 2018, 2021; Ho et al. 2020). Denis et al. (2019) 
reviewed the environmental settings and habitat availability



around Taiwan and suggested that, while the steep-sloping 
east coast of Taiwan can support the potential development of 
MCEs, low-light conditions at mesophotic depths in the north 
restrict the distribution of photosynthetic organisms to shal-
low waters. On Green Island, 102 scleractinian coral species 
were recorded from 30 to 60 m, with ten newly recorded 
species: A. russelli, Alveopora excelsa, Anacropora pillai, 
Catalaphyllia jardinei, Galaxea paucisepta, Leptoria 
irregularis, Leptoseris amitoriensis, L. papyracea, 
Psammocora stellata, and Trachyphyllia geoffroyi 
(De Palmas et al. 2021a). Of all the species recorded, 37% 
were similar to their shallow-water counterparts, implying 
that the ecological refuge hypothesis of the mesophotic 
zone could apply to less than half of the scleractinian coral 
community on Green Island (De Palmas et al. 2021a). The 

strong vertical gene flow of Pocillopora verrucosa and shar-
ing of common recruited coral spats between euphotic and 
mesophotic zones also supported the ecological refuge 
hypothesis applied to MCEs of Green Island (De Palmas 
et al. 2021b; Soto et al. 2021). 
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Fig. 2.8 (continued)

2.3.5 Mechanisms Forming the Two Distinct 
Coral Assemblages in Taiwan 

The distinct coral assemblages around Taiwan and adjacent 
islands and islets might have been influenced by the com-
bined effects of oceanographic currents, monsoons, and more 
importantly, seafloor topology. Located at the northern bor-
der of the Coral Triangle, Taiwan may constantly receive



transportation of coral larvae from upstream countries, such 
as the northern Philippines, through the KC. While the main 
KC contributes to the formation of tropical coral reefs in 
southeast Taiwan, the branch of the KC intruding towards 
southwest Taiwan, bypassing the Luzon Strait, also brings 
coral larvae to Liuqiu Islet, south Penghu, and further north 
through the channel along the west coast of Taiwan (Dai 
1997; Chen 1999; Chen and Keshavmurthy 2009; Dai and 
Cheng 2020). In addition, the SCSWC, driven by the south-
west monsoon flows northward during summer, may bring 
larvae from the SCS into the Taiwan Strait and contribute to 
marine biodiversity in the Penghu Archipelago (Ablan et al. 
1999, 2002; Chen et al. 2004; Ng et al. 2019). During winter, 
the fresh and cold CCC, driven by the northeast monsoon, 
emerges into the northern TWS and encounters the YCR, 
which creates a cold front boundary with winter SST < 18 °C 
in north Penghu. At the same time, the coral communities on 
the northeast coast and adjacent islets are exposed to strong 
waves and low winter SST by the northeast monsoon. These 
physical ocean constraints limit the survival of tropical spe-
cies throughout winter, but enable those species that can 
acclimate to low temperatures to proliferate on Penghu 
Archipelago and north-northeast Taiwan, forming 
non-reefal coral communities (Dai and Cheng 2020). 
Because of the suboptimal environmental conditions, 
non-reefal coral communities is also known as marginal 
coral community (Perry and Larcombe 2003; Dai 2018; 
Keshavmurthy et al. 2021). 
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Apart from the seasonal changes in large-scale ocean 
physical and climatic conditions, the Kuroshio intrusion and 
the resulting upwelling in northeastern Taiwan and southern 
Penghu may also play a role in shaping coral assemblages in 
these areas. Large-scale upwelling bringing up cold, more 
acidic (pH > 7), and nutrient-rich subsurface waters impedes 
the development of shallow-water reef structures in Panama 
and Costa Rica within the East Tropical Pacific (ETP) (Glynn 
and Stewart 1973; Glynn and Macintyre 1977; Glynn and 
Ault 2000; Chollett et al. 2010; Sánchez-Noguera et al. 2018; 
Wizemann et al. 2018; Randall et al. 2020). On the Pacific 
coast of Panama, there is a seasonally strong, wind-driven 
upwelling in the Gulf of Panama in the east compared to the 
Gulf of Chiriquí in the west, where upwelling is weaker due 
to the orographic blocking (Cortés 1997; Poveda et al. 2006; 
Glynn et al. 2017). Therefore, the thermal regime in the Gulf 
of Panama is much cooler and more variable, resulting in 
slower coral growth and less long-term reef accretion than 
that of the Gulf of Chiriquí (Glynn 1977; Glynn and 
Macintyre 1977; Toth et al. 2012, 2015). In addition, in 
North Pacific Costa Rica, the seasonal upwelling system of 
the Gulf of Papagayo also plays a major role in shaping coral 
communities and reef accretion along the Papagayo coast 
towards 338 km south of the Nicaraguan border (Jiménez 
et al. 2010; Rixen et al. 2012; Sánchez-Noguera et al. 2018; 
Wizemann et al. 2018). 

2.4 Natural and Anthropogenic 
Disturbances Affecting Coral Ecosystems 
in Taiwan 

2.4.1 Natural Disturbances 

Taiwan is located along the major routes of typhoons 
originating from the tropical northwest Pacific and South 
China Sea regions. Therefore, strong waves and heavy pre-
cipitation caused by typhoons are the major natural 
disturbances in coral ecosystems in Taiwan. A total of 
370 typhoons between 1911 and 2020 made landfall or 
passed without making a landfall in Taiwan. Either way, 
these typhoons had an impact, with three to four typhoons 
per year making landfall and causing significant destruction 
along the coast (Wu and Kuo 1999; Hung et al. 2020). 
Overall, the paths of typhoons are divided into nine typhoon 
path categories by the Central Weather Bureau, Taiwan 
(Fig. 2.9). The typhoons of Category 1 (12.76%), Category 
2 (13.28%), Category 3 (12.76%), Category 7 (6.77%), and 
Category 9 (6.77%) passed through the non-reefal coral 
communities in northeast Taiwan, adjacent islets, and Penghu

Fig. 2.9 Map of Taiwan showing the nine typhoon tracks with infor-
mation on the category ranking and relative occurrence percentages



Archipelago. In addition, typhoons have significantly higher 
chances of passing through tropical coral reefs (53.7%) than 
non-reefal coral communities (38.8%), with over 35% of 
typhoons affecting reefs in Kenting National Park (KNP), 
southern Taiwan (for detail, see review in Keshavmurthy 
et al. 2019; Kuo et al. 2022a). Recurrent mechanical 
disturbances caused by typhoons and local anthropogenic 
disturbances have been strongly linked to the disappearance 
of Acropora and Montipora from the reefs of the KNP (Kuo 
et al. 2011, 2012). A recent study on the impact of seven 
typhoons in combination with heat stresses between 2015 
and 2017 also showed typhoon-induced local shifts from 
coral to macro-algal dominance in the KNP (Ribas-Deulofeu 
et al. 2021). This study showed that although the effects of 
heat waves could be mitigated by typhoons, the mechanical 
damage induced by storms may decrease the structural com-
plexity of reefs and their associated diversity. In September 
2016, Super Typhoon Meranti (Cat. 4 in Fig. 2.9) passed 
through Green Island and triggered waves 17 m high that 
toppled the “big mushroom” coral Porites sp. bommie 
(Fig. 2.10). The “big mushroom,” estimated to be over 
1000 years old, located at about 20 m deep on the sandy 
bottom with a circumference of 31 m and a height of 12 m 
(Soong et al. 1999), was a local icon, attracting both interna-
tional and local tourists to Green Island. In addition, instant 
freshwater runoff and sedimentation caused by extreme rain-
fall during typhoons are particularly harmful to fringing coral 
ecosystems (Devlin et al. 2001; Omija 2004; Edmunds and 
Gray 2014). For example, Typhoon Morakot brought record-
breaking torrential rainfall, exceeding 3000 mm in 4 days 
over southern Taiwan in August 2009 (Chien and Kuo 2011); 
it caused severe damage to coral reefs in the KNP (Kuo et al. 
2011).
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Sea surface temperature (SST) anomalies, either 
prolonged and high or extremely low, sometimes overlapping 
with typhoons, have also caused large-scale mortality of 
corals in Taiwan (Hsieh et al. 2008; Chang et al. 2009, 
2013; Keshavmurthy et al. 2019; Kuo et al. 2021; Ribas-

Deulofeu et al. 2021). Tropical coral reefs in the southwest 
and southeast Taiwan have been repeatedly exposed to rising 
SST caused by El Niño. In 1998, mass bleaching was also 
observed in the KNP, Orchid Island, Green Island, and 
Penghu Archipelago but not in northeastern Taiwan or adja-
cent islets (Wilkinson 1998; reviewed in Keshavmurthy et al. 
2019 and Kuo et al. 2021). Entering the new millennium, at 
least seven coral bleaching events caused by rising SST have 
been recorded in the KNP (reviewed in Keshavmurthy et al. 
2019; Kuo et al. 2022a). In 2020, an unprecedented coral 
bleaching event was caused by the continuous warm water 
moving from the northern SCS towards southwest Taiwan in 
June, synergistic with the lack of cooling from typhoons. 
Heat stress of up to 18° heating weeks (DHWs) resulted in 
a loss of one-third of shallow-water scleractinian corals due 
to severe bleaching. The highest mortality rate (50%) was 
recorded in Liuqiu Islet because of the homogeneity of spe-
cies composition (mainly Pocillopora and Montipora) in the 
shallow area and lack of a cooling effect at a small scale. In 
addition, this was the first mass bleaching event (12 DHWs) 
in non-reefal coral communities in Taiwan (Kuo et al. 2021). 
In contrast, extremely low SST occurred in the late winter of 
2008, creating a minimum in-situ measured temperature of 
11.73 °C resulting in extremely high marine life mortality, 
including corals, reef-associated fishes, and 
macroinvertebrates (Hsieh et al. 2008; Chang et al. 2009, 
2013; Lee et al. 2014). The unusual cold shock was derived 
from the intrusion of the CCC from the north of the YCR into 
the waters surrounding the Penghu Archipelago, with wind 
speeds of more than 6.7 ms-1 lasting for 30 days (Chang 
et al. 2009). The satellite data showed a minimum SST of 
12.6 °C on February 16, 2008, 7.8 °C lower than the 12-year 
average of 20.4 °C. Analysis of the long-term changes of the 
SST and wind speed with the El Niño/La Niña events showed 
that the wind variation corresponded well with El Niño/La 
Niña, especially, the continuous strong wind in the La Niña 
winter of 2008 (Chang et al. 2009).

Fig. 2.10 The “big mushroom” coral Porites sp. bommie before (2016) (a); and after (2017) (b) Typhoon Meranti. Photo credit: Dr. Ming-Jay Ho 
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2.4.2 Anthropogenic Disturbances 

Coral ecosystems in Taiwan, either tropical coral reefs or 
non-reefal coral communities, fringe the coastline (except 
those in Dongsha Atoll and Taiping Island in the SCS). 
Therefore, coral ecosystem health is strongly affected by 
human activities, including overfishing, habitat destruction, 
and pollution (Dai 1997; Chen and Dai 2004; Meng et al. 
2007a, b, 2008; Liu et al. 2009, 2012; Hsieh et al. 2011; 
Huang et al. 2011, 2012a, b; Chen 2014; Ribas-Deulofeu 
et al. 2016; Kuo et al. 2022a). Reef Check surveys, conducted 
in the late 1990s, show that tropical coral reefs and non-reefal 
coral communities in Taiwan have suffered from long-lasting 
and severe overfishing. The relative abundance of keystone 
fishes and macroinvertebrates has been consistently low over 
the years, particularly among the reefs with several targeted 
taxa, such as humphead wrasse, bumphead parrotfish, 
lobsters, and sea urchins, which were not seen throughout 
entire surveys (Dai 2010; Chen 2014; Kuo et al. 2022a). The 
fishing effect is also evident in the mesophotic coral ecosys-
tem down to a depth of 70 m on Green Island, with fishing 
lines tangled on broken coral pieces (Ho et al. 2020). The 
mass-balance trophic model based on fish and coral biomass 
showed an extremely reduced trophic level of catch, matter 
cycling, and trophic transfer efficiency, suggesting that the 
coral reefs of the KNP are overfished (Liu et al. 2009). In 
addition to overfishing, habitat destruction has increased 
since the late 1990s along the coast of the KNP; this is to 
accommodate housing development in response to the rapid 
expansion of tourism, with a record of eight million visitors 
in 2014 alone (Chen 2015). Consequently, sediment runoff 
due to heavy precipitation and eutrophication caused by 
sewage and other pollutant discharge has suffocated corals 
and induced macroalgal blooms, such as Ulva, Codium, 
Laurencia, and Sargassum, resulting in the continued degra-
dation of coral reefs (Dai 1997; Dai et al. 1998; Meng et al. 
2008; Liu et al. 2012). 

The non-reefal coral communities in the Penghu Archipel-
ago, particularly those in the northern and inner sections, also 
face similar long-term disturbances caused by human activity 
(Hsieh et al. 2011; Huang et al. 2011, 2012a, 2012b; W  
2014). The communities here are composed of loose coral 
colonies attached to shallow flats that are largely exposed to 
air during low tides and are present above 10 m depth in a 
semi-close embayment (Hsieh et al. 2001, 2007, 2016; 
Huang et al. 2011, 2012a, b). For hundreds of years, residents 
of Penghu have collected corals as building materials and 
harvested marine organisms from shallow flats as protein 
sources, including fishery practices using stone weirs as 
traps (Wu 2014). This resulted in a significant modification 
of the seascape of coral communities in the shallow flats of 
the northern and inner sections. In addition, oyster 

aquaculture and marine cages deployed in the embayment 
have caused chronic nutrient enrichment in the surrounding 
waters in the inner section of the Penghu Archipelago, which 
may have resulted in the deterioration of suitable habitats for 
coral reef organisms (Huang et al. 2011, 2012a, b). 
Anthropogenic-induced degradation of the marine environ-
ment and depletion of fish and invertebrate functional groups 
due to overfishing and an outbreak of the corallivorous gas-
tropod, Drupella spp., resulted in a fivefold decline in living 
coral cover from 80.9% ± 10.8% in 2001 to 16.3% ± 8.4% 
by 2008, with the dominant coral functional group shifting 
from branching species to columnar and massive species 
within 7 years in the first no-take area at Chinwan Inner 
Bay, Penghu (Hsieh et al. 2001, 2007, 2011). The latest 
surveys of coral communities showed no signs of ecological 
resilience in the Chinwan Inner Bay (Kuo et al. 2022b). 
Ribas-Deulofeu et al. (2016) examined the structure of ben-
thic communities around Taiwan, and the results indicated 
that the existing coral diversity shows an obvious decreasing 
gradient from south to north, whereas macro-algal diversity is 
higher on the north-eastern coast. Kuo et al. (2022b) also 
examined the benthic community structure in both tropical 
and non-reefal coral communities in Taiwan, and the results 
indicated that the complexity of the benthic community 
within individual sites is more apparent than that between 
reef types. These results suggest that local disturbances and 
habitat degradation, such as the KNP and Penghu, smooth out 
the pattern of regional distribution of corals, as proposed by 
Chen (1999) and Chen and Keshavmurthy (2009). 

2.5 Impact of Climate Change and Ocean 
Acidification on Coral Ecosystems 
in Taiwan 

2.5.1 Rising Sea Surface Temperature 

Taiwan and its adjacent islands and islets are probably among 
the areas most affected by climate change because they are 
located in the transitional zone of the tropics and subtropics 
in East Asia (TCCIP 2021). For instance, between 1860 and 
2020, the increased temperature in Taiwan (2 °C) compared 
with 1.6–1.9 °C in the rest of the countries in East Asia and 
1.3 °C globally (Berkeley Earth 2022). Sea surface tempera-
ture variability (both warming and extremely low tempera-
ture), changes in track, frequency and intensity of typhoons, 
strength and routes of ocean currents, and interaction among 
them have impacted on the present and will impact on the 
future of these transitional coral ecosystems in Taiwan. 

Analysis of sea surface temperature from 1948 to 2020 in 
Taiwan, using the dataset of the National Oceanic and Atmo-
spheric Administration (NOAA) (Kalnay et al. 1996), clearly



showed a warming trend of 1.583 °C in the last 71 years 
(Table 2.2, Fig. 2.11a). Linear regression analysis revealed 
four distinct regimes between 1948 and 2020. The first 
regime (1948–1976) of the stable or slightly cooling SST 
lasted through 1976 with the lowest slope, considered as the 
annual changing rate of -0.010 and 0.060 °C cooling in 
28 years. The regime of 1976–1998 was the second warmest 
decade with a slope of 0.042 and 2 °C warming; the period of 
2011–2020 had a slope of 0.049 and 0.594 °C of warming. In 
contrast, in the period 1999–2011, which corresponds to the 
global warming hiatus (Modak and Mauritsen 2021), cooling 
was observed with a slope of -0.047 and 1.118 °C tempera-
ture drop. The non-reefal coral communities, the Penghu 
Archipelago and northern Taiwan, have a higher warming 
speed of 0.227 °C and 0.171 °C, respectively, than the mean 
of the whole of Taiwan (0.166 °C) per decade, and those of 
the east (0.154 °C) and south (0.131 °C) (Table 2.2, 
Fig. 2.8b). A similar pattern was also observed when 
analyzing the monthly climatology of the SST in the Taiwan 
Strait, available from the Met Office, Hadley Centre, UK, 
where the magnitude and rate of the overall SST warming 
between 1870 and 2018 in northern Taiwan was approxi-
mately 1.5 times than those of the south (Lee et al. 2021). As 
a consequence, the winter SST in the non-reefal coral 
communities has been gradually increasing beyond 18 °C, 
and in 2020, was unprecedently warm (Fig. 2.12). 
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Table 2.2 The annual changing rate, representing the slope of linear regression analysis, and the actual temperature difference (ΔT ) in the four 
regions of Taiwan, including Penghu Archipelago, northern Taiwan, Green Island, and Orchid Island in the East coast and southern Taiwan, at 
different time periods 

1948–1976 1976–1998 1998–2011 2011–2020 1948–2020 

Slope ΔT Slope ΔT Slope ΔT Slope ΔT Slope ΔT 
Taiwan -0.010 0.060 0.043 2.047 -0.047 -1.118 0.050 0.595 0.017 1.583 

Penghu Archipelago -0.016 -0.024 0.061 2.515 -0.050 -1.248 0.044 0.566 0.023 1.809 

Northern Taiwan -0.012 0.073 0.042 1.988 -0.043 -0.958 0.037 0.414 0.017 1.526 

Green Is. & Orchid Is. -0.002 0.108 0.031 1.782 -0.046 -1.043 0.078 0.735 0.015 1.582 

Southern Taiwan -0.007 0.0005 0.030 1.758 -0.048 -1.091 0.077 0.905 0.013 1.573

2.5.2 Tropical Typhoon 

The latest IPCC AR6 report concluded that anthropogenic 
climate change may have contributed to the poleward migra-
tion of maximum tropical typhoon intensity in the western 
North Pacific in recent decades, related to anthropogenically 
forced tropical expansion (IPCC 2021). Poleward shifts have 
decreased the number of typhoons in the Philippine Sea and 
South China Sea region, including the Marianas, Philippines, 
Vietnam, Taiwan, and southern China, and increased 
typhoon numbers in the East China Sea region, including 
Japan (especially the Ryukyu Archipelago), the Korean Pen-
insula, and parts of eastern China (Kossin et al. 2016, 2020; 
Sobel et al. 2016; Nakamura et al. 2017; Bell et al. 2019; Cha 

et al. 2020; Knutson et al. 2020; Roberts et al. 2020; Yang 
et al. 2020). Typhoon tracks have been modified by climate 
change, but there is also emerging evidence of an increase in 
the annual global proportion of Category 4 or 5 tropical 
cyclones in recent decades (IPCC 2019). Under the worst-
case scenario (RCP8.5), it has been estimated that while the 
number of typhoons affecting Taiwan will decrease by 
approximately 15% in the middle and by 55% towards the 
end of the twenty-first century, the proportion of strong 
typhoons (Category 4 or 5) will increase by approximately 
100% in the middle and 50% towards the end of the twenty-
first century, and the rate of typhoon rainfall change will 
increase by about 20% in the middle and 35% towards the 
end of this century (TCCIP 2021). 

2.5.3 Ocean Acidification 

Ocean acidification (OA), which has a possible negative 
effect on coral and coral reefs, is accelerated by increased 
atmospheric carbon dioxide (CO2) concentrations (Hoegh-
Guldberg et al. 2007, 2017; Matear and Lenton 2018; Mollica 
et al. 2018). Ocean acidification affects coral reef ecosystems 
at several scales, including reduced skeleton density (Mollica 
et al. 2018), survival rates (Cumbo et al. 2013b) and meta-
bolic performance of coral larvae (Edmunds et al. 2013), as 
well as the diversity and complexity of benthic communities 
(Agostini et al. 2018, 2021). However, the effect of OA on 
coral reefs is not only complicated and species-specific 
(Cumbo et al. 2013a; Dufault et al. 2013; Schutter et al. 
2015), but also less severe than the effect of rising tempera-
ture (Putnam et al. 2013; Hughes et al. 2017). Studies on the 
effect of OA on coral assemblage levels in Taiwan are limited 
to only one study by Bramanti et al. (2015). This study 
predicted the population dynamics of a brooding Pocillopora 
species in the KNP, using a size-based demographic model 
with life history tables. The results showed that, in 2100, a 
fully closed population can resist extirpation with 10% of the 
external larval supply under the projected scenario of 
RCP8.5. However, as argued by Hughes et al. (2017), the 
pH simulated in this study, along with most OA experiments, 
was too extreme to be realistic at the end of the twenty-first
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Fig. 2.11 The temperature anomaly over time in Taiwan (a) and four 
regions of Taiwan, including Penghu Archipelago, northern Taiwan, 
Green Island and Orchid Island in the East coast and southern Taiwan 

(b). The baseline (dashed line) is the average temperature (23.5 °C) 
between 1948 and 1997. The changing rates for each time period in (a) 
were calculated using linear regression analysis, as shown in Table 2.2
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Fig. 2.12 The SST in Taiwan (a) and the four regions, including Penghu Archipelago (b), northern Taiwan (c), Green Island and Orchid Island in 
the East coast (d), and southern Taiwan (e), between 1948 and 2021. The data was extracted from the NOAA NCEP/NCAR Reanalysis I dataset



century. Nevertheless, it is important to examine in more 
detail the effects of seawater temperature and OA (by using 
realistic pH simulations) on corals in the transitional coral 
ecosystem in Taiwan. Such efforts will pave the way for 
determining the fate of corals not only in Taiwan but also in 
high-latitude communities. 
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2.5.4 Bioerosion 

Bioerosion is a more profound threat to coral reef ecosystems 
than OA under climate change conditions because bioerosion 
processes are facilitated by OA (Manzello et al. 2008; 
Tribollet et al. 2009; Wisshak et al. 2012, 2013; Schönberg 
et al. 2017). OA directly facilitates the chemical bioerosion 
process by reducing alkalinity and pH, which then indirectly 
benefits the mechanical bioerosion process by softening the 
substrate (Tribollet et al. 2009; summary in Schönberg et al. 
2017). More importantly, unlike the scenarios applied in 
most OA experiments, the net bioerosion rate of the sponge 
Cliona orientalis, a well-known bioeroder, increases in 
RCP4.5, one of the scenarios that we are likely to face in 
the future (Fang et al. 2013). Cliona spp. have been recorded 
in several regions of Taiwan, including Green Island, Orchid 
Island, and northern Taiwan (TEIA 2020; Huang et al. 2021). 
Although Cliona spp. have not caused a significant loss of 
coral abundance, as a consequence of the boom of Terpios 
hoshinota on Green Island and Orchid Island in the late 
2000s (Liao et al. 2007; Chen et al. 2009), an increase in 
the cover of Cliona spp. has recently been observed. Future 
investigations are required on the spatiotemporal interaction 
between Cliona spp. and corals and the bioerosion processes 
under climate change in the coral ecosystems of Taiwan. 
Moreover, bioerosion can also occur through physical pro-
cesses over a long period of time because of high wave 
action. Non-reefal coral communities in Taiwan are generally 
exposed to high wave action and average low seawater 
temperatures compared to their reefal counterparts. Such 
differences may, in the future, manifest as highly eroded 
communities. Such mechanisms and differences between 
non-reefal and reefal communities, combined with rising 
seawater temperature and OA (as mentioned in the previous 
section), need further investigation and should be a key 
research topic for coral reefs and coral communities in 
Taiwan. 

2.6 Conclusion 

Transitional coral ecosystems of high-latitude subtropical 
coral reef communities and mesophotic zones have received 
much attention in recent years (Beger et al. 2014; Loya et al. 
2019; Soares et al. 2019, 2020; Soares 2020). First, 

transitional coral communities are characterized by 
overlapping species ranging from tropical to temperate 
zones, and their environmental settings, ecological dynamics, 
and community structure are significantly different from 
those of their tropical counterparts (Beger et al. 2014; 
Sommer et al. 2014a, b, 2017, 2018). Second, the physical 
environmental conditions of transitional coral ecosystems, 
such as temperature, nutrients, siltation, turbidity, pH, and 
depth, often exhibit suboptimal conditions that are unsuitable 
for the persistence of most tropical species. It has been shown 
that corals living under the suboptimal conditions in the 
transitional coral ecosystems could have a higher thermal 
plasticity (Tuckett and Wernnberg 2018; Keshavmurthy 
et al. 2020) that may allow them to survive in the future 
climate change scenarios (Pandolfi et al. 2011; Beger et al. 
2014; Tuckett and Wernnberg 2018). Third, transitional coral 
ecosystems can provide environmental and ecological step-
ping stones for corals and reef-associated species from the 
tropics to move to higher latitudes via currents, either through 
larval transport or rafting during climate-driven range shifts 
(Harrison and Booth 2007; Chen and Keshavmurthy 2009; 
Budd and Pandolfi 2010; Haak et al. 2010; Beger et al. 2011, 
2014; but see Kim et al. 2019; Soares 2020; Agostini et al. 
2021). Therefore, the role of refuges in the range shifting of 
tropical species to cooler regions highlights conservation 
priorities for transitional coral ecosystems (Nakabayashi 
et al. 2019; Fifer et al. 2022). 

In this chapter, we reviewed the current understanding of 
geological and marine environmental settings, coral diversity 
and biogeographic patterns, potential mechanisms shaping 
coral diversity, natural and anthropogenic disturbances, and 
the impact of climate change on coral ecosystems around 
Taiwan and its adjacent islands and islets. Our analyses 
indicate that within the total coastline of 1520 km, there are 
not only significant differences in abiotic settings, including 
underwater geo-topology, ocean currents, and monsoons, but 
also in the biotic formation of distinct coral ecosystems, 
namely tropical coral reefs and non-reefal coral communities 
(Fig. 2.3). These findings demonstrate that the Taiwanese 
coral ecosystem possesses typical features of a transitional 
ecosystem, including overlapping ranges of tropical and tem-
perate species, suboptimal environmental conditions, and 
potential environmental and ecological stepping stones for 
poleward migration and range expansion to the higher lati-
tude regions in East Asia. 

2.7 Future Research Directions of Coral 
Ecosystems in Taiwan 

Based on the results of this chapter, several future research 
directions, particularly in response to the impacts of climate 
change, are highlighted below.
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2.7.1 Pattern and Process of Biodiversity 
Formation in the Transitional Coral 
Ecosystems in Taiwan 

Although the inventory list of scleractinian coral species in 
Taiwan has recently been completed (Dai and Cheng 2020), 
new records have been continuously added through new 
surveys of less-explored habitats, such as algal reefs (Kuo 
et al. 2019, 2020) and mesophotic ecosystems (Ho et al. 
2020; De Palmas et al. 2021a), and through classical and 
molecular taxonomy (Huang et al. 2020b). In addition, the 
distinct biogeographic boundary between tropical reefs and 
non-reefal coral communities, defined by coral diversity 
(Fig. 2.3), lays out a testable hypothesis that can be further 
explored at the species level or with other reef-associated 
organisms in Taiwan. For example, recent intensive surveys 
of the occurrence of two morphologically indistinguishable 
cauliflower corals, Pocillopora damicornis and P. acuta, 
clearly indicate concordance in the distribution boundary 
pattern in Taiwan, following the line shown in Fig. 2.3, 
where seawater temperature may play an important role in 
determining their distribution (Huang et al. 2020b). 

2.7.2 Role of Kuroshio Current: A Promoter 
or a Barrier in Reef Formation 
and Connecting Coral Ecosystems 
in the East Asia 

The KC and its branches significantly influence marine diver-
sity and coral ecosystems, not only in Taiwan but also 
throughout East Asia. Upwelling caused by the KC facing a 
sharp rise in seabed topography on the northeast coast of 
Taiwan and the Penghu Archipelago in the Taiwan Strait 
results in seawater with significantly lower temperatures 
and higher nutrients. This is coupled with a slow growth 
rate due to low temperatures and the bioerosion effect caused 
by strong winds driven by the northeast monsoon during 
winter. Such processes result in a lower aragonite saturation 
environment, leading to the absence of reefs (Kleypas et al. 
1999) on the northeast coast of Taiwan and the Penghu 
Archipelago. Further research is needed to explore the role 
of upwellings in shaping coral ecosystems on the northeast 
coast of Taiwan and the Penghu Archipelago, particularly 
under the projection of rising seawater temperatures, as has 
been documented in the eastern tropical Pacific (Randall et al. 
2020). 

Although the KC has been recognized as a promoter 
connecting marine biodiversity in the northwestern Pacific 
(Chen and Keshavmurthy 2009), studies have also shown 
that the KC might create an invisible barrier to marine fishes 

when they try to move across the region (Senou et al. 2006; 
Fujikura et al. 2010; Kuriiwa et al. 2014). On the northeast 
coast of Taiwan, the KC crosses the Yonaguni Depression via 
the East Taiwan Channel into the East China Sea. The main 
current flowing into the edge of the continental shelf in the 
Okinawa Trough and a branch pumping into the north and 
northeast coasts of Taiwan creating upwelling, and a cold 
dome surrounding the islets may also create an invisible 
barrier in this region (Figs. 2.2, 2.5, and 2.6a, b). This invisi-
ble barrier creates the east-west isolation of coral ecosystems 
between the south Ryukyu, which includes the Miyako and 
Yaeyama Islands, and those located on the East China Sea 
continental shelf, including the Senkaku Islands and islets 
adjacent to the northeast coast of Taiwan at the same latitude 
(24–25°N). While tropical coral reefs with over 
350 scleractinian species are recorded in both Miyako and 
Yaeyama Island groups (Ministry of the Environment and 
Japanese Coral Reef Society 2004), the benthic communities 
of the islets in northeast Taiwan, which are less than 150 km 
west of south Ryukyu, are characterized as non-reefal coral 
communities with fewer scleractinian species (<120) 
(Table 2.1). What remains to be explored is the coral ecosys-
tem of the Senkaku Islands, which is important not only for 
testing the hypothesis of west-east isolation by the Kuroshio 
barrier, but also for evaluating the south-north connectivity of 
non-reefal coral communities in Taiwan and those in high-
latitude East Asia. 

Recent molecular genetic studies also provide clues to the 
role the Kuroshio Current may have been playing as a barrier 
in influencing the biodiversity of the coral ecosystems in the 
East Asian region. Studies on Acropora hyacinthus (Suzuki 
et al. 2016; Nakabayashi et al. 2019), Alveopora japonica 
(Kang et al. 2020), and Coelastrea aspera (Mitsuki et al. 
2021) have demonstrated the existence of distinct cryptic 
lineages in the Kuroshio region between Taiwan and high-
latitude East Asia, including Korea and Japan. These results 
hint that Kuroshio Current acts as a barrier to creating isola-
tion at evolutionary or ecological timescales in the coral 
ecosystem of East Asia. Continuing to reveal the mechanisms 
of the Kuroshio Current in driving marine biodiversity in East 
Asia is crucially important, as the Kuroshio is accounted for 
in scenarios of poleward migration or range expansion for 
tropical species moving up to high latitudes in response to 
rising seawater temperatures caused by climate change 
(Yamano et al. 2011, 2012; Yara et al. 2011; Nakabayashi 
et al. 2019). Whether modern habitats at high latitudes serve 
as potential short-term refuges for tropical species to migrate, 
or whether they are indeed long-term refugia for temperate 
species already isolated and adapted (Nakabayashi et al. 
2019; Keshavmurthy et al. 2023-in this book) remains to be 
explored.
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2.7.3 Long-Term Ecological Research 
(Including Environmental Settings) 
in Coral Ecosystems of Taiwan 

The coral ecosystems of Taiwan are significantly influenced 
by spatial heterogeneity in the geological and environmental 
settings. Towards southwest and southeast Taiwan, fringing 
tropical coral reefs are actively developed from the shallow 
coast to the mesophotic zone. In northeastern Taiwan and the 
north Penghu Archipelago, corals grow on hard substrates 
where the mean winter seawater temperature is lower than 
18 °C, the temperature limit for reef development (Kleypas 
et al. 1999). In facing the impacts of climate change, includ-
ing high or extremely low seawater temperature, intense 
typhoons, and modification of the strength and route of 
currents, it is important to establish island-wide long-term 
ecological research (LTER) to reveal the adaptation, 
acclimatization, migration, and extinction of corals in coral 
ecosystems in Taiwan. The time scale for the LTER on coral 
reef ecosystems should be decades as a result of the time 
frames for coral recovery and reassembly of the coral com-
munity after disturbances from local studies in the KNP (Kuo 
et al. 2012, 2022a; Keshavmurthy et al. 2019), the East Asia 
region (Kimura et al. 2022), and other regions, such as the 
Great Barrier Reef (De’ath et al. 2012; Johns et al. 2014). The 
first LTER of coral ecosystems, including studies on both 
environmental monitoring and coral reef ecosystems, was 
established in the KNP in southern Taiwan in the early 
2000s and continues until today (Meng et al. 2008; Liu 
et al. 2009, 2012; Kuo et al. 2012; reviewed in Keshavmurthy 
et al. 2019). However, the scale is currently restricted to 
annual monitoring of the benthic community due to funding 
restrictions. Future LTER should be restored not only in the 
KNP but also extended to other tropical coral reefs, such as 
the Green Island, Orchid Island, and Liuqiu Islet, and 
non-reefal coral communities, such as the Penghu Archipel-
ago and northeast Taiwan. 

The LTER should collect information on abiotic factors 
that are known to affect corals and reef organisms and estab-
lish permanent quadrats or fixed transects to document long-
term trends for comparative analysis across different coral 
ecosystems in Taiwan. Depending on the taxon or process 
under investigation, biotic data can be applied to the aspects 
of ecosystem function (e.g., primary productivity between 
non-reefal and tropical coral reefs), community, population, 
and individual-level characteristics (e.g., herbivory function 
diversity and redundancy, trophic structure, demographic 
dynamics, and life history diversity of the same coral species 
between non-reefal and tropical coral reefs). All the results 
can be provided to the parameter settings for analytic models, 
particularly in conjunction with the CO2 emission scenarios 
and temperature rise forecasts under the impact of climate 
change. 

In addition, short and long-term experiments, both field 
and tank-based, are needed to reveal the causes and 
consequences of changes in the attributes of different coral 
ecosystems in Taiwan. For example, several lines of evidence 
have shown that corals from both tropical reefs in the KNP 
(Keshavmurthy et al. 2012, 2014, 2022; Kao et al. 2018; 
Carballo-Bolaños et al. 2019; Huang et al. 2020a; McRae 
et al. 2022a, b) and non-reefal coral communities in the 
Penghu Archipelago (Keshavmurthy et al. 2021) exhibit dif-
ferent responses to temperature anomalies. Such process-
oriented studies should be extended to examine more coral 
species, other taxa, and those from other coral ecosystems 
(e.g., algal reefs and mesophotic coral ecosystems) to collec-
tively understand the response of coral diversity in Taiwan to 
climate change. Other process-oriented studies, such as 
interactions among corals, coral reef fishes, algae, herbivores, 
and bioeroders (e.g., Dang et al. 2020a, b; Nozawa et al. 
2020), and the causes and consequences of ecosystem resil-
ience between tropical reefs and non-reefal communities 
should also be implemented. 

2.7.4 Conservation and Governance 
of Transitional Coral Ecosystems 
in Taiwan in the Era of Changing Climate 

Aligned with the “wicked problem” (Hughes et al. 2013)  in  
conserving coral ecosystems in other countries of East Asia, 
coral ecosystems in Taiwan face threats caused by long-term 
anthropogenic disturbances, including overfishing, pollution, 
and habitat destruction. Legal frameworks, including national 
parks, national scenic areas, and fishery conservation zones, 
have been implemented to manage human activities along the 
coast of Taiwan since the late 1980s; coral ecosystems and 
other marine ecosystems, however, continue to degrade. As a 
result, coastal fisheries inevitably fall into a status of over-
exploitation (Liu et al. 2009;  Shao  2009; Dai 2010). Even 
with recent legal action in 2017 on the conservation status of 
marine animals, for example, the critically endangered status 
under the Wildlife Protection Act for two coral species, 
Polycyathus chaishanensis (Lin et al. 2012) and 
Pseduosiderastrea formosa (Pichon et al. 2012), and two 
reef fishes, humphead parrotfish, Bolbometopon muricatum, 
and humphead wrasse, Cheilinus undulatus, developmental 
projects such as the construction of hotels and industrial 
facilities directly threaten the survival of these legally 
protected species and the integrity of habitats they inhabit. 
For example, the Datan Algal Reef, an unprecedented biotic 
reef located on the northwest coast of Taiwan (Liou et al. 
2017), hosts an extant population of the coral 
P. chaishanensis in Taiwan (Kuo et al. 2019, 2020). This 
algal reef is facing destruction due to the development and 
construction of the liquefied natural gas (LNG) receiving and



,

storage terminal and port (Silver 2018). A similar confronta-
tion occurred in northern Taiwan to save and preserve a well-
developed non-reefal coral ecosystem, which is threatened by 
the reclamation of another LNG receiving and storage termi-
nal and port (Wu and Chung 2020). Both confrontations are 
related to the national policy of the Taiwan government 
towards CO2 emission reduction, air pollution, and green 
energy transformation, with respect to a year 2025 “non-
nuclear home” policy, and, in the long-term, to a year 2050 
“net-zero” carbon emission for global warming reduction. 
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The complexity of confrontation requires more than 
merely documenting the ecology or biodiversity of coral 
ecosystems in Taiwan. In order to resolve conservation 
conflicts and to meet the challenges driven by environmental 
catastrophes related to climate change (mass coral mortality 
in the Penghu Archipelago in 2008; Hsieh et al. 2008, island-
wide mass coral bleaching in 2020; Kuo et al. 2021), new 
governance paradigms (Williams et al. 2019; Morrison et al. 
2020), beyond the traditional beliefs that strong local 
institutions can maintain ecological and social resilience 
through ecosystem-based management, adaptation, and res-
toration, should be developed. In addition, it should examine 
human socioeconomic and cultural processes that might 
already overwhelm natural biophysical settings and become 
the major driving force shaping the biodiversity pattern and 
ecological processes of coral ecosystems in Taiwan. This will 
help to understand better how various practices should be 
adapted or changed to help conserve these ecosystems, rather 
than continuing to inflict additional stress. Regretfully, 
ecosystem-based management is still far beyond reach for 
any of the coral ecosystems in Taiwan, not to mention the 
role of local institutions in enhancing ecological and social 
resilience. Nonetheless, a novel approach of “socio-ecologi-
cal macroecology” should be immediately adopted (Williams 
et al. 2019). This proposes to identify the interactive effects 
of biophysical (SST, currents, typhoons) and socioeconomic 
and cultural drivers (trade, consumer demands, human migra-
tion, fishery, tourism, CO2 emissions) of coral ecosystems 
across Taiwan. Such efforts will help examine the robustness 
of existing coral ecosystem paradigms and whether the cur-
rent paradigms can capture the dynamics of contemporary 
coral ecosystems. Novel social-ecological paradigms that 
incorporate human dynamics can be developed through 
in-depth interdisciplinary collaboration between the natural 
and social sciences to successfully manage coral ecosystems 
in Taiwan in this era of rapid change. 
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Dynamics of Coral Reef Communities in the Sekisei 
Lagoon, Japan, Following the Severe Mass Bleaching 
Event of 2016 
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Abstract 

The rise in sea surface temperature due to climate change 
has caused severe and widespread coral bleaching phe-
nomena in the recent decades, resulting in considerable 
degradation of coral reef habitats globally. The current 
study examined the impact of the 2016 mass coral 
bleaching event on Japan’s largest reef system in the 
Sekisei Lagoon, located in the Okinawa prefecture in the 
southern-most part of Japan. The post-bleaching changes 
during 2017, 2019, and 2020 were analyzed. The results 
indicated that the 2016 mass bleaching was severe, with 
an average of 66.40 ± 16.35% of the corals bleached in the 
Sekisei Lagoon. The mean post-bleaching mortality rate 
was 12.85 ± 9.68%. The bleaching severity was the 
highest among the Acropora species, with 79.06% of the 
colonies bleached. Mortality rate was the highest among 
branching species, such as Millepora (28.82%), 
Seriatopora (23.52%), and Acropora (15.81%), whereas 
massive or encrusting species fared better. Between 2016 
and 2020, the average coral cover in the Sekisei Lagoon 
decreased significantly (Kruskal-Wallis, χ2 = 24.08, 
p < 0.0001), which coincided with the increase in algal 

assemblages. If the current level of coral degradation 
continues with impeded recovery, the Sekisei Lagoon 
reefs could turn into algal-dominated communities with 
restricted coral growth and presence. 
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3.1 Introduction 

Coral reefs all around the world are under threat from the 
rapidly changing climate and the resulting consequences of 
excessive thermal warming, such as coral bleaching and mass 
mortality (Hoegh-Guldberg et al. 2007; Frade et al. 2018). 
When the coral-algal symbiosis is stressed, corals expel their 
endosymbiotic algae (zooxanthellae) in a phenomenon 
known as “coral bleaching”, which can result in partial or 
complete coral mortality if the stress factors are prolonged 
(Brown 1997). Several major bleaching episodes have been 
recorded since the 1980s by researchers on the Ryukyu 
Islands (Fujioka 1999). In 1983, long-term monitoring of 
the Japanese coral reefs was introduced in the Sekisei Lagoon 
that is located between the Ishigaki and Iriomote Islands of 
Okinawa (Muko et al. 2019). With an area of 300 km2 , the 
Sekisei Lagoon is known to be the largest coral reef in Japan 
(Muko et al. 2019). 

During the large-scale bleaching event of 1998, several 
Indo-Pacific areas experienced high mortality of reef-
building corals. Similarly, coral communities in the Ryukyu 
Archipelago were also severely affected (Loya et al. 2001; 
Wilkinson et al. 1999). The first detailed study on the impacts 
of bleaching and its influence on coral communities was 
carried out on the Ishigaki Island during the 1998 global 
mass bleaching event (Fujioka, 1999). According to Fujioka 
(1999), the bleaching of 1998 was unlike other previously 
recorded events, as it was observed to be widespread among

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_3&domain=pdf
mailto:takasuke@sci.u-ryukyu.ac.jp
https://doi.org/10.1007/978-3-031-27560-9_3#DOI


almost all the coral species and within varying depths from 
reef flat to 23 m deep. 
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Following that of 1998, the bleaching event of 2001 
induced further deterioration of coral communities in the 
Sekisei Lagoon (Okamoto et al. 2007). In 2007, the Sekisei 
Lagoon reefs were again subjected to severe bleaching; con-
sequently, 60% mortality rate of Acropora corals was 
observed (Okamoto et al. 2007; Nojima and Okamoto 
2008; Harii et al. 2014). In addition to the Sekisei Lagoon 
reefs being subjected to chronic bleaching disturbances, the 
area is prone to highly frequent typhoons, coral diseases, and 
crown-of-thorns starfish outbreaks (Muko et al. 2019). 
Recurrent outbreaks of the crown-of-thorns starfish which 
feeds on coral polyps has been observed and recorded in 
the Sekisei Lagoon since the beginning of the 1980s 
(Yaeyama Marine Park Research Station 1983; Muko et al. 
2019). Coinciding with the 2007 bleaching, the reefs were 
also decimated by five consecutive typhoons between 2004 
and 2007 that passed through the Ryukyu archipelago, 
resulting in loss of Acropora and Montipora assemblages 
(Harii et al. 2014; Muko et al. 2019). Prior to the 2007 
bleaching event, the average coral cover of the Sekisei 
Lagoon remained above 40%, according to the Coral Reef 
Monitoring data of Japan. However, between 2007 and 2010, 
Kimura et al. (2014) observed a periodic decline in coral 
cover with only a slight recovery that started in 2011. Fur-
thermore, between 2014 and 2017, there were several con-
secutive coral bleaching events with adverse effects globally. 
In 2016, the Sekisei Lagoon reefs were subjected to one of 
the most severe bleaching events ever recorded, in which a 
relatively high mortality was observed among massive coral 
species that are otherwise known to be “winners” when it 
comes to resilience to thermal stress (Nakamura, 2017). More 
than 91% of reefs are expected to experience yearly 
bleaching-level thermal stress by 2050, according to future 
projections (Heron et al. 2016). Systematic monitoring and 
long-term research data have enabled an understanding of the 
changes in the coral community structure following acute and 
cumulative disturbances. Moreover, this enables researchers 
to determine the key factors that influence changes among 
coral communities. 

Bleaching susceptibility and rates of mortality following 
the disturbances vary according to coral species 
(McClanahan 2004). For accurate prediction of future reef 
community structure and subsequent species, understanding 
the patterns of bleaching susceptibility among key coral taxa 
(Marshall and Baird, 2000) and the spatiotemporal variations 
of degraded reef recovery (Graham et al. 2015) is crucial. 
Awareness of the changes among the coral communities 
under environmental perturbations, such as large-scale 

bleaching events, will facilitate a better understanding and 
prediction of their responses to future climate change events 
(Muko et al. 2019). 

The coral communities in the Sekisei Lagoon and its 
surrounding Islands are vital for the future of Japanese coral 
reefs as they are considered a principal seeding population for 
the northern Japanese coral reefs that are connected by the 
Kuroshio Current (Furushima et al. 2002). This study exam-
ined the reef substrate composition along with coral cover 
percentages and species taxa in the Sekisei Lagoon during 
(September 2016) and the following 3 years (September of 
2017, 2019, and 2020) after the bleaching to quantify the 
impact and the subsequent changes that occurred after the 
bleaching. Additionally, we compared the distribution 
patterns and the difference in bleaching susceptibility 
among coral genera levels. 

3.2 Methods 

3.2.1 Study Area 

This study was carried out in the semi barrier reefs, fringing 
reefs, and small patch reefs of the Sekisei Lagoon, which is 
located between the Iriomote and Ishigaki Islands in the 
Ryukyu Archipelago of Japan (Fig. 3.1). This reef system is 
20 km wide in the east-west direction and 15 km long in 
north-south direction, where large parts of the inner reef 
system are relatively shallow (2–5 m) but can extend to a 
maximum depth of >20 m (Muko et al. 2019). The outer 
reefs of the northern and southern barrier reefs extend down 
to a depth of 25 m and are mainly rocky (Okamoto et al. 
2007). According to Shimoike (2004), the coral reef 
communities in the Sekisei Lagoon were dominated by fast 
growing Acropora and Montipora species and were highly 
diverse, accounting for more than 363 hermatypic coral 
species.

Thirty reefs in the Sekisei Lagoon were initially surveyed 
in September of 2016 during the peak of a mass scale 
bleaching event. These included outer reef sites (Anadomari 
farside, Urabishi east farside, St. M, Kuroshima Nakamoto, 
St. 20, St.18, and Katagua farside). The rest were more 
sheltered patch reef sites inside the lagoon system (Fig 
3.1b). All 30 survey sites were revisited in September 2017, 
to record the changes in community composition and coral 
cover. The same surveys were repeated in September 2019 
and 2020, for all reef sites (except St. F, Milky way, and 
Kuroshima Route South in 2019, Katagua farside in 2020) to 
assess the post-bleaching changes in substrate cover as well 
as potential recovery of coral communities.
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Fig. 3.1 (a) Map of Japan with 
the Sekisei Lagoon located in the 
Ryukyu Island chain, southern 
Japan. Map generated from 
ArcGIS 10.3 
software (Environment Systems 
Research Institute (ESRI), 2015). 
(b) Magnified map (Base map 
from Google Earth Pro V 
7.3.4.8248 (2015)) showing 
overview of the survey locations. 
A total of 30 survey sites were 
assessed for this study ranging 
from patch reefs inside the lagoon 
system to outer fringing reefs. The 
depth of the survey sites ranged 
from 1.5 to 8 m



n
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3.2.2 Sea Surface Temperature (SST) 
and Degree Heating Week (DHW) 

Raw data of daily maximum SST and DHW from 1998, 
2007, and 2016 (three worst bleaching events in the history 
of the Sekisei Lagoon) were downloaded from the United 
States National Oceanic and Atmospheric Administration’s 
(NOAA) Coral Reef Watch (CRW) website (https:// 
coralreefwatch.noaa.gov/products/vs/data.php). NOAA 
CRW uses data from satellite sensors to track global SST 
anomalies and create near real-time coral bleaching “hotspot” 
maps with a 0.5° (50 km) resolution (Kayanne 2017). To 
anticipate bleaching, the hotspot anomalies were added 
together to calculate DHW, which is calculated by the 
accumulating temperature anomalies exceeding the maxi-
mum of the monthly mean SST for a given location over a 
12-week period (Kayanne 2017; Liu et al. 2017; Skirving 
et al. 2020). DHW values of >4 °C-weeks are known to 
trigger coral bleaching, whereas DHW values of >8 °C-
weeks are thought to cause widespread bleaching and 
bleaching-induced coral death (Kayanne, 2017; NOAA 
Coral Reef Watch, 2019). The downloaded raw temperature 
data were pooled together and analyzed into time series 
graphs to observe the temperature changes and DHW during 
severe bleaching years. 

3.2.3 Field Methods and Statistical Analysis 

Benthic cover, bleaching intensity, and coral genera compo-
sition were recorded from five replicates of a 20 m line 
transect laid parallel to the depth contour by the line intercept 
transect method (data recorded every 0.5 m). Benthic cover 
was quantified within 11 different groups, including live hard 
coral, soft coral, sponge, bare rock, rubble, sand, macro 
algae, turf algae, crustose coralline algae, silt, and “others” 
group for substratum such as zoanthids, anemones, tunicates 
etc. During the bleaching event of 2016, each coral colony or 
individual was recorded into one of the four categories set by 
Frade et al. (2018): healthy/non-bleached (no signs of 
bleaching observed in the colony), minor bleaching (paling 
or 1–50% bleached), severe bleaching (51–100% bleached), 
and recently dead (bare skeletal features visible with filamen-
tous algae starting to settle). Based on field observations, the 
bleaching intensity in the Sekisei Lagoon was severe, as 
almost all the corals that we encountered recorded as “severe” 
appeared fully bleached. Following coral taxonomic guide by 
Veron and Stafford-Smith (2000), Nishihira and Veron 
(1995), and Nishihira (2004), all the coral colonies recorded 
in transect were identified up to their genera. In addition to 
coral genus identification, Simpson’s diversity index was 
calculated for each site to determine the temporal changes 
and the overall live percentage cover of each coral genera 

over the four sampling years (Fig. 3.8). The coral genera 
cover for the year 2016 also included coral colonies 
undergoing bleaching, as these colonies could regain their 
lost zooxanthellae and return to normal conditions. However, 
dead coral colonies due to bleaching were not included in this 
count. 

Overall bleaching intensity, and bleaching-induced death 
categorized as “mortality” among each coral genera were 
recorded during the 2016 surveys, and the results were 
analyzed into a scatterplot showing bleaching 
percentage vs. mortality (Fig. 3.4) among the most com-
monly found genera in the Sekisei Lagoon. 

The mean and standard deviation of substratum composi-
tion percentage cover were averaged across five transects for 
each reef and compared among the survey years. Since raw 
and log transformed data were not distributed normally, 
comparisons were made using the non-parametric Kruskal-
Wallis H test. The Wilcoxon signed-rank test was also used to 
compare the differences in substrate covers among the sam-
pling years. Similarities among the survey years and sites 
were visualized using non-Metric MultiDimensional Scaling 
(nMDS) ordinations using the Bray–Curtis similarity index 
performed by the metaMDS function of the “vegan” package 
in R Studio software (Oksanen et al. 2013; Kruskal 1964). In 
addition, community-level differences between the years 
were tested with PERMANOVA of Bray–Curtis 
dissimilarities using the Adonis function. All statistical 
calculations were carried out using R Studio (R Studio 
Team 2020). 

3.3 Results 

3.3.1 Sea Surface Temperature (SST) 
and Degree Heating Week (DHW) 
of the Sekisei Lagoon 

Maximum sea surface temperatures of the Sekisei Lagoon 
ranged between an average of 29–30 °C in summer months 
(July–September) during the severe bleaching events. The 
maximum temperatures recorded from NOAA SST data 
were 31.51 °C in August and 31.12 °C in September of 
1998. For 2007, the maximum temperature recorded were 
31.36 °C in July and 31.49 °C in August. The maximum SST 
data of 2016 revealed maximum recorded temperatures of 
30.86 °C in July, 31.27 °C in August, and 30.63 °C  i  
September (Fig. 3.2a). These temperature spikes 
corresponded with bleaching episodes in the Sekisei Lagoon. 
The bleaching threshold level for the southern Ryukyu 
Islands where the Sekisei Lagoon is situated was 30 °C 
according to NOAA Coral Reef Watch (NOAA Coral Reef 
Watch, 2019) satellite data. In comparison with the three 
major bleaching events, the highest recorded DHW value

https://coralreefwatch.noaa.gov/products/vs/data.php
https://coralreefwatch.noaa.gov/products/vs/data.php


was 11.42 °C-weeks in September of 2016, whereas in 1998 
bleaching event it was 7.91 °C-weeks from September to 
October (Fig. 3.2b). The maximum DHW recorded for 
2007 bleaching event was 6.13 °C-weeks from August to 
September of 2007. There is significant difference between 
the 1998 and 2016 bleaching events (Wilcoxon signed-rank 
test, p < 0.00001). In contrast to 1998 and 2007 bleaching 
events, the severity of 2016 bleaching was predictably 

higher. According to NOAA CRW, DHW values >8 °C-
weeks is known to cause widespread bleaching and coral 
mortality. Similar level of widespread bleaching and coral 
mortality was quite evident for the Sekisei Lagoon reefs in 
September of 2016 during the survey period. In addition, 
DHW did not exceed 8 °C-weeks in 1998 and 2007, but it 
did in 2016 with a maximum of 11.42 °C-weeks. 
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Fig. 3.2 (a) Monthly means of maximum sea surface temperature 
(SST) during major coral bleaching years of 1998, 2007, and 2016 for 
the Sekisei Lagoon, estimated from satellite data (NOAA Coral Reef 

Watch, 2019). (b) Degree heating week (DHW) estimated from satellite 
data off the Sekisei Lagoon during major bleaching years of 1998, 2007, 
and 2016 (NOAA Coral Reef Watch, 2019)
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3.3.2 Coral Bleaching Patterns 
and Susceptibility Among Coral Genera 
in the Sekisei Lagoon 

The recorded coral bleaching in 2016 of all the coral genera 
in the Sekisei Lagoon was relatively high, with an average of 
66.40 ± 16.35% (Mean ± SD). The mean mortality rate 
recorded in the survey (during the bleaching event) was 
12.85 ± 9.68%. Overall, the majority of the bleached coral 
colonies (73.9%) observed in the Sekisei Lagoon in 2016 
experienced severe bleaching. Only 11% of the coral colonies 
were recorded to be in healthy condition, and 2.5% of coral 
colonies were undergoing minor bleaching. 

A site-based comparison between six sites (Urabishi east 
lagoon, St. M, Milky way, St. C, Katagua Lagoon, and 
Taketomi east) revealed that all the recorded coral colonies 
were either severely bleached or recently dead (Fig. 3.3). 
Only the following sites, Panari Shimoji South Lagoon, 
Kanaraguchi west, and Tenmakakejyu Lagoon had healthy 
coral colonies amounting to above 40%. These sites also 
exhibited the lowest mortality rate (1–2.5%) during the 
bleaching event. 

Fig. 3.3 Stacked bar graphs provide the relative abundance of different 
bleaching categories in each site. The data was collected between the 
depths of 2 m and 8 m in the Sekisei Lagoon during the peak of the 

bleaching event from the 3rd to 12th of September, 2016. The stacked 
bars are arranged by site according to relative abundance of healthy 
coral cover from high to low 

The low mortality and high number of healthy/non-
bleached coral cover during 2016 in these three sites could 
be attributed to the fact that these sites were dominated by 
massive coral species such as Porites and Montipora which 
are more resistant to thermal stress compared to the 
bleaching-sensitive Acropora species. In terms of bleaching 
severity in the context of reef exposure, there was no signifi-
cant difference (F = 0.205, p < 0.65) between the outer reef 
sites (68.14 ± 17.82%) and sheltered inner reef sites 
(65.88 ± 15.90%). 

In September 2016, a total of 34 coral genera were 
recorded with a mean diversity index of 0.56 ± 0.15. Differ-
ent levels of bleaching were observed for almost all the 
recorded coral genera; however, there were distinct 
differences observed among the genera in their susceptibility 
to bleaching and mortality. 

Overall, the most abundant genera were Acropora 
(49.83 ± 22.98%), Montipora (13.45 ± 18.54%), Millepora 
(9.62 ± 7.92%), and Porites (8.22 ± 8.11%). The rest of the 
genera represented less than 3% of overall coral cover in the 
surveyed sites of the Sekisei Lagoon. Of all the Acropora 
corals recorded, 79.06% of the observed colonies were 
undergoing “severe bleaching” and 15.81% of them



experienced mortality (bleaching-induced death, Fig. 3.4). 
Only 3.70% of Acropora corals were recorded as “healthy” 
during the survey. Among the predominant genera coverage, 
tabular and branching Acropora species were the most 
severely impacted taxa in the majority of the surveyed 
locations. Among the Montipora species, 57.60% was 
recorded as “severely bleached,” while only 1.38% was 
observed to have experienced bleaching-induced death and 
37.32% were in “healthy” condition. Among the Millepora 
species, “severe bleaching” was recorded to be at 66.47% 
with 28.82% mortality, which was the highest among all 
coral genera, while only 3.52% of them were in “healthy” 
condition. For the Porites genera, “severe bleaching” was 
observed at 47.01% and the mortality rate was 5.28%. 
Among all the genera, Porites had the highest percentage of 
healthy individuals, with 44.37%. 
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Fig. 3.4 Scatterplot showing 15 of the most abundant coral genera in the Sekisei Lagoon with their bleaching susceptibility and mortality rates 
(bleaching-induced death) during the mass bleaching event in September of 2016 

Mortality was high among branching species such as 
Millepora (28.82%), Seriatopora (23.52%), and Acropora 
(15.81%), whereas massive or encrusting species fared better. 
It is known that a coral colony’s growth morphology and 
species type influences the susceptibility to bleaching, where 
finer branched species are more sensitive to bleaching 
stresses than massive or encrusting species (Loya et al. 
2001, Hongo and Yamano 2013). However, the coral genera 
Turbinaria, Goniastrea, Dipsastraea, and Favites were gen-
erally found as the most sensitive in the severely bleached 
group (average of 80–100% of the population bleached) 
during the 2016 survey in the Sekisei Lagoon. 

3.3.3 Temporal Changes Observed in Reef 
Community Assemblages Following 
Bleaching 

Relative benthic cover on the surveyed sites in the Sekisei 
Lagoon was dominated by “bare rock” (46.26 ± 19.48) and 
“hard coral” (28.91 ± 13.74%) in 2016 (Fig. 3.5). However, 
1 year after the bleaching event in 2017, dominant benthic 
assemblage had shifted to “bare rock” (26.85 ± 14.13%) 
followed by “turf algae” (26.42 ± 17.38%).

A significant decrease (Kruskal-Wallis, χ2 = 25.3, 
p < 0.00001) in overall hard coral cover was observed in 
the entire lagoon system during the post-bleaching surveys, 
where the coral cover decreased from 28.91 ± 13.74% in 
2016 to 13.68 ± 6.03% in 2020. Wilcoxon signed-rank test 
further supported that there was a significant change 
(p < 0.001) in hard coral cover in the years of 2016, 2017, 
2019, and 2020 (Table 3.1). The recovery rate of hard coral 
cover has been relatively slow and non-uniform across the 
sites over the 4 year post-bleaching period. Outer reef sites 
(Urabishi east farside, St. 20, and St. 18) and those located at 
the large channel system (St. M and Kayama entrance) 
exhibited relatively better recovery than those at the sheltered 
patch reef sites inside the lagoon system. This could be 
because the survey sites near St. M have a strong tidal flow 
velocity at high tide, which exceeds 2 kns. Moreover, off-
shore water flows from the southern side of the lagoon system 
and passes through the channel on the north side, reducing 
the water temperature in the process (Furushima et al. 2002).



Table 3.1 Comparison of average substrate cover between the years in 
the Sekisei Lagoon, and the result of the Kruskal-Wallis test on the 
significance of the substrate categories in relation to the sampling years. 
Wilcoxon signed-rank test showed the significance between each 

separate year in relation to the substrate categories. Significance codes 
for p values are as follows: <0.0001 “***,” <0.001 “**,” <0.01 “*,” 
and >0.05 Not significant (NS) 

Month/year

3 3 3 3 3 3
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Fig. 3.5 Changes in averages of the substrate categories of reefs surveyed in the Sekisei Lagoon in 2016, 2017, 2019, and 2020. The bars represent 
the average percentage cover for each year with standard deviation

The decline in hard coral cover following the bleaching 
event coincides with the increase of algal assemblages in both 
categories of macroalgae and turf algal cover. The mean turf 
algal cover recorded in the Sekisei Lagoon in 2016 was 
1.51 ± 2.08%, followed by an unprecedented increase to 
24.42 ± 17.38% in 2017. A significant increase (Kruskal-
Wallis, χ2 = 80.4, p < 0.00001) up to 46.44 ± 8.18% in turf 
algal cover was recorded in 2020. Wilcoxon signed-rank test 

showed significant difference (p < 0.001) between the years 
2016, 2017, 2019, and 2020. The overall macroalgal cover in 
2016 was 8.57 ± 15.08% and the cover remained almost 
identical (8.34 ± 15.74%) in 2017. However, 3 years post-
bleaching in 2019, macroalgae became most dominant over-
all substrate category in Sekisei lagoon, with coverage up to 
23.28 ± 22.25%. Wilcoxon signed-rank test showed signifi-
cant difference (p < 0.001) in macroalgal cover from 2016 to

Hard coral Turf algae Macro algae Bare rock Rubble Sand 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

September 2016 28.91 13.74 1.51 2.08 8.57 15.08 46.26 19.48 8.02 9.63 4.98 9.31 

September 2017 13.97 12.95 26.42 17.38 8.34 15.74 26.85 14.13 15.14 12.06 8.31 10.25 

September 2019 14.99 8.94 14.85 19.12 23.28 22.25 21.30 22.65 14.07 11.42 4.71 6.46 

September 2020 13.68 6.03 46.44 8.18 20.74 7.27 0.03 0.05 1.14 1.48 9.08 6.29 

Kruskall–Wallis test 
Chi- squared 25.3 80.4 30.8 79.5 32 4.95 

df  

P value *** *** *** *** *** 0.17 

Wilcoxson signed 
rank test 

p value p value p value p value p value p value 

Cover 2016–2017 *** *** NS *** NS NS 

Cover 2016–2019 *** * *** *** NS NS 

Cover 2016–2020 *** *** *** *** *** NS 

Cover 2017–2019 NS *** *** NS NS NS 

Cover 2017–2020 NS *** *** *** *** NS 

Cover 2019–2020 NS *** NS *** *** NS 



2017, 2016 to 2019, 2016 to 2020, 2017 to 2019, and 2017 
to 2020. 
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Fig. 3.6 Site-based comparison of changes in the average hard coral, turf algae, and macroalgae cover of all the reefs surveyed in the Sekisei 
Lagoon in 2016, 2017, 2019, and 2020. The line plots are plotted site-wise according to percentage cover of hard coral in 2016 from high to low

Individual site comparison showed sharp decline in hard 
coral cover (20% or more decrease in initial coral cover) 
1 year post-bleaching in the sites of the Kuroshima port 
entrance, Anadomari lagoon, Urabishi east farside, St. F, 
Shimobishi yuisa uchi, Milky way, St. L, Maruguu, St. I, 
St. 18, and the Taketomi island (Fig. 3.6). One of the most 
severely impacted sites was the Milky way, where the overall 
coral cover in 2016 was 48.74 ± 9.12%, but has declined to 
1.95 ± 1.09% in 2017 due to thermal stress. In 2020, the 
recovery of hard corals in Milky way was still impeded as the 
coral cover remained below 5%. Prior to bleaching, no turf 
algae were recorded in this site, and macro-algal cover was 

2.43 ± 2.98% in 2016. However, with the loss of hard coral 
cover, the site became dominated by turf algae 
(33.17 ± 12.84%) just 1 year post bleaching (Fig. 3.7). This 
was the case in 2017 for most of the sites in the Sekisei 
Lagoon. This pattern of steep increase in turf algae and 
macroalgal cover following mass coral mortality was evident 
in almost all of Sekisei Lagoon reefs (Fig. 3.6). 

Even though overall hard coral recovery is slow within the 
whole lagoon system, some of the survey areas have 
exhibited optimistic resilience. Sites St. M, St. I, Kayama 
entrance, St. 20, and St.18 demonstrated exceptional recov-
ery with more than 10–15% increase in overall hard coral 
cover from 2017 to 2020. In that same timeframe, these sites 
also showed an increase in the total number of hard corals
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Fig. 3.7 Temporal changes in 
substrate assemblage observed for 
S13 (“Milky way”) in the Sekisei 
Lagoon during a six-year period. 
Picture (a) healthy Acropora 
assemblages in September 2015, 
(b) September 2016 during the 
peak of bleaching event, (c) May 
2017, 8 months post-bleaching, 
(d) April 2019, 31 months post-
bleaching. (e) September 2020, 
48 months post-bleaching. Note 
the high macroalgal cover 
replacing the hard coral cover on 
the reef after 4 years of the mass 
bleaching event



(Table 3.3). Acropora populations at the sites St. M, Kayama 
entrance, and St. 20 exhibited recovery following the 
bleaching event, although site St. I and St. 18 had shifts 
from Acropora dominance in 2016 to Millepora dominance 
in 2020. These sites were identified as “resilient,” which is 
important for further understanding and analysis of bleaching 
implications and phase shifts in the lagoon. 
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Fig. 3.8 Temporal changes in live coral cover percentage of the coral genera found in the Sekisei Lagoon in 2016, 2017, 2019, and 2020. “N” 
represents total number of observations 

3.3.4 Temporal Changes in Percentage Cover 
of Coral Genera 

The onset of thermal stress led to changes in the coral genera 
composition of the Sekisei Lagoon in the following years. 
With 34 coral genera recorded, the most dominant genera 
during the 2016 bleaching event were Acropora 
(49.83 ± 22.98%), Montipora (13.45 ± 18.94%), Millepora 
(9.62 ± 7.92%), and Porites (8.22 ± 8.11%) (Fig. 3.8). 
However, 1 year post-bleaching, the dominant coral genus 
in the Sekisei Lagoon shifted to Montipora 
(27.43 ± 20.44%). 

A 29% decrease was observed in the Acropora species 
from its 2017 cover rate of 20.04 ± 12.13%. A slight increase 
in overall cover of Porites and Millepora species to 
12.19 ± 9.47% and 11.95 ± 5.13%, respectively, was 
observed in the same year. 

In 2017, a total of 32 genera of corals were recorded. 
However, some of the less abundant genera in 2016 were 
not present in 2017 surveys, including Goniastrea, 
Caulastraea, and Seriatopora. In 2019, 3 years post-
bleaching, Montipora still remained the most dominant 
genus as it did in 2017, though its overall cover slightly fell 
to 24.61 ± 14%. The second most abundant genus as per the 
2019 survey was Acropora (21.41 ± 9.07%). 

Four years post-bleaching, there was a shift of dominance 
back to branching and tabular Acropora (26.36 ± 13.77%) 
and Millepora (12.87 ± 8.41%) in the Sekisei Lagoon. How-
ever, a notable decrease to 10.89 ± 9.01% was observed 

among the Montipora species in 2020. Even though there 
was an overall decline recorded for most of the genera during 
the 2020 survey, the overall diversity index was the highest 
(Simpson’s diversity index: 0.73 ± 0.17) that year with a total 
of 46 genera recorded. 

3.4 Discussion 

Between 2015 and 2016, prolonged periods of excessively 
high SSTs caused severe bleaching in most of the coral reef 
regions globally, including in the Pacific Ocean (Hughes 
et al. 2017). SSTs recorded for the Sekisei region were 
substantially above the recognized bleaching threshold of 
30 °C (NOAA Coral Reef Watch, 2019; Liu et al. 2017). 
Hence, severe coral bleaching was recorded throughout 
southern Japan in the summer of 2016 (Kayanne et al. 
2017). Our results indicate that the 2016 mass bleaching 
event caused major loss of coral cover in most of the sur-
veyed sites in the Sekisei Lagoon, which is also the largest 
coral reef system in Japan with key areas for marine conser-
vation of Japanese coral reef ecosystems. Within 1 year of the 
onset of the bleaching event, a total loss of 14.94% of the 
hard coral cover was observed. By 2017, the bleaching dam-
age was quite evident in the Sekisei Lagoon, as dead colonies 
of Acropora increased on the shallow reef flat. This was 
similar to the observation by Fujioka (1999) following the 
1998 bleaching. With the decrease in the hard coral cover 
following bleaching, the density of corallivores and herbivo-
rous fishes also diminished tremendously in the Sekisei 
Lagoon (Sato et al. 2020). This further encouraged the rapid 
increase of algal assemblages in most of the sites, which 
potentially limits coral regeneration and larval settlements. 
The mass scale coral mortality following bleaching not only 
increased the available space for algae, but also enhanced the 
uptake of nutrients and the carbon production, both of which 
coincided with the intensified algal competition (Davey et al. 
2008). A shift in algal cover type was also observed in the



Sekisei Lagoon where there was rapid increase in turf algae 
assemblages, from 1.5% to 26.42% just 1 year following the 
bleaching event. We then observed a takeover of macroalgae 
as the most dominant substrate assemblage in 2019 (Fig. 3.4). 
However, by 2020, there was again a shift back to turf algal 
dominance with a cover percentage of 46.44%, the highest 
ever recorded in the Sekisei Lagoon. Macroalgal abundance 
is known to fluctuate seasonally with peak abundance in 
cooler months of November to April, followed by a seasonal 
die-off in the warmer months of June to September (Tsai et al. 
2004; Kuo et al. 2012). This trend could be the reason for the 
slight decrease in macroalgal cover. 
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Table 3.2 Result of PERMANOVA based on Bray–Curtis dissimilarities of the relative abundance of coral genera and substrate categories over the 
years. Fourth root transformations were done on the data before the analysis. Significance codes for p values are as follows: <0.0001 “***,” <0.001 
“**,” <0.01 “*” and >0.05 Not significant (NS) 

df Sum of Sqs MeanSqs F.Model R2 Pr (>F) 

Substrate: year 1 0.574 0.57405 2.6322 0.02257 0.007 ** 

Residuals 114 24.862 0.21809 0.97743 

Total 115 25.436 1.00 

DF degrees of freedom, SS sum of squares, MS mean sum of squares

Our results also showed a dramatic decrease in the cover 
of bare rock to 0.03% in 2020, which further supports the fact 
that these available benthic surfaces were replaced by turf 
algae assemblages. nMDS based on Bray–Curtis dissimilar-
ity plots revealed a clear separation (PERMANOVA, 
R2 = 0.022, p = 0.007) (Table 3.2) between hard coral and 
bare rock cover, with turf algae and macroalgal cover as 
arrow vectors that demonstrate the strength and direction of 
the correlation between these substrates (Fig. 3.9). 

Variation in coral diversity and functional composition of 
coral assemblages play a major role in spatial recovery of 
coral assemblages among different sites in the Sekisei 
Lagoon. In contrast to 2016 surveys, the total abundance of 
Acropora species have decreased tremendously over the 
years in Sekisei, implying that recruitment failure could 
be a factor that has contributed to the slow recovery of this 
taxon, potentially even within the conditions prior to 
bleaching. These corals were formerly the most prominent 
on the Sekisei reefs. The sites with the highest decrement in 
the coral cover following 2016 were generally dominated by 
branching and tabular Acropora species (Table 3.3). Sites 
such as St. F, Shimobishi yuisa uchi, Milky way, Katagua 
Lagoon, and Maruguu had approximately 80–95% of 
Acropora coral dominance prior to the 2016 bleaching 
event. However, 1 year post bleaching in 2017, the cover 
rate of Acropora species dropped to below 5%. In addition, 
no colonies of Acropora corals were observed at the sites of 
Shimobishi yuisa uchi, Milky way, Maruguu, and St. I in the 
2017 surveys, and they showed no signs of recovery even by 
2020. The number of Acropora colonies observed in 2020 
still remained 0 at Shimobishi yuisa uchi, 1 at Milky way and 
Maruguu, and 2 at St. I from our transect surveys.

In the years following the bleaching event, multi-species 
coral assemblages were more common in the Sekisei Lagoon 
compared to the high proportion of Acropora species that 
used to dominate the reefs in 2016 (Table 3.3). Transition 
from Acropora dominance to other coral genera, such as 
Dipsastraea and Porites, has been commonly observed 
after periods of disturbances such as coral bleaching or 
typhoon damage (Muko et al. 2019; Burt et al. 2008). Apart 
from the Acropora species, the Hydrozoan coral Millepora 
species was the most susceptible to mortality during 
bleaching events, where 28.82% of the population died 
after the 2016 event. A similar vulnerability of the Millepora 
corals to bleaching and mortality has been reported from 
bleaching episodes across the globe by several studies 
(Glynn and Weerdt 1991; Marshall and Baird 2000). 

The remnant coral populations in the Sekisei Lagoon were 
mostly encrusting and massive species such as Montipora 
and Porites, which were also the least susceptible genera to 
mortality. According to Nakamura (2017), massive corals 
were considered less susceptible to bleaching stress, however 
during the 2016 bleaching event in the Sekisei Lagoon, the 
mortality rate of these massive species was higher compared 
to that in the bleaching surveys conducted in the lagoon in 
2007. Although massive Porites such as P. lobata and 
P. lutea are categorized as “winners” when it comes to 
thermal stress bleaching resistance, they are not immune to 
repeated bleaching events and prolonged bleaching (Grottoli 
et al. 2014). Larger Porites corals may survive severe 
bleaching events, as evidenced by stress bands in their 
skeletons; although high rates of partial mortality may result 
in a reduction in the colony’s effective size, impeding its 
reproductive ability (Barkley et al. 2018; Pisapia et al. 
2019). Hence, with the current species assemblages, the 
coral community’s recovery rates and potential processes 
will be strongly influenced by the recurrence of additional 
bleaching events. In addition to thermal stress episodes, it is 
known that after periods of heavy rains, there is a significant 
red soil influx into the Sekisei Lagoon from the mouths of the 
Todoroki and Miyara Rivers located in the south-eastern 
Ishigaki Island, and might have significant nutrient loads 
that is known to be a threat to coral reefs (Suzuki et al. 
2016). Additional disturbances due to anthropogenic 
activities in the region make full recovery of these reefs 
questionable in the near future.
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Fig. 3.9 Non-metric multidimensional scaling (nMDS) ordination plot 
representing the coral genera from 2016, 2017, 2019, and 2020 surveys 
(Dimension = 2, Stress = 0.2). (a) Arrows are the vectors that represent 
the strength and direction of the correlation of each significant substrate 
abundance with the NMDS space. Only the substrate with significant 

levels ( p < 0.05) are plotted. (b) Arrows are the vectors that represent 
the strength and direction of the correlation of each significant coral 
genera abundance with the nMDS space. Only the species with signifi-
cant levels ( p < 0.05) are plotted as arrow vectors
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In addition to the current results of coral community shift, 
the nMDS biplot of coral genera sampled within 4 years 
showed significant species as arrow vectors that represent 
the strength and direction of the correlation of these species. 
From the plot, it can be depicted that Acropora assemblages 
strongly correlates with the high coral cover sites in 2016, 
whereas Montipora and Porites correlates with the high coral 
cover sites in 2017 and 2019 (Fig. 3.9). A multi-species 
combination with low coral coverage implies that there are 
only a few colonies in the community, indicating degradation 
of the coral community after severe disturbance or adverse 
conditions (Muko et al. 2019; Burt et al. 2008). 

Disturbances over the last few decades in the Sekisei 
Lagoon particularly, the outbreaks of Acanthaster planci 
starfish, typhoons, and the 6 bleaching events in 1984, 
1998, 2001, 2003, 2007, and 2016 (Kamezaki and Ui 1984, 
Furushima et al. 2002; Ministry of the Environment 2002, 
2004; Okamoto et al. 2007; Nakamura, 2017) have caused 
long-term alteration of the reef ecosystem. The likelihood of 
widespread bleaching related to long-term increases in sea 
water temperature, as indicated in the current study, must be 
considered. 

As seen from the results of this study, a maximum DHW 
of 11.42 °C-weeks was observed in the Sekisei Lagoon, 
representing an increasing trend compared to that of the 
1998 and 2007 thermal anomalies. A DHW value of >8 ° 
C-weeks corresponds to a mean monthly anomaly of greater 
than 2 °C, a thermal environment that will easily arise under 
the anticipated 2 °C global warming conditions where one 
third of the world’s coral reefs are expected to face long-term 
degradation as described by Frieler et al. (2013) and Kayanne 
(2017). Furthermore, local stressors such as fishing, coastal 
development, red soil inflow/sedimentation, and agricultural 
runoffs that may lead to nutrient rich environments should 
not be overlooked, as they also contribute to reef degradation. 
If the current level of coral reef degradation continues with 
impeded recovery potential, the Sekisei Lagoon reefs could 
turn into macro and turf algae dominated communities with 
restricted coral presence and growth. Without major 
interventions, such as allocating rehabilitation areas or 
implementing effective marine protected areas that are crucial 
for the seeding populations, the Sekisei Lagoon reefs are less 
likely to recover as functional reefs in the near future. 
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Succession and Emergence of Corals in High-Latitude 
(Temperate) Areas of Eastern Asia into the Future 4 
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Choi, and Chaolun Allen Chen 

Abstract 

High-latitude areas have been hypothesized as potential 
refugia in the future for those corals which can range-shift 
across the latitudes (from tropical to high or low latitudes). 
However, whether high latitude will be the future hope for 
corals either through succession (proliferation of region-
ally or locally endemic species) or emergence (range-
shifts) needs more research. In this chapter, we argue 
that the future corals in high latitudes will be more due 
to succession than emergence. Recent data from molecular 
studies indicate that rather than poleward range shifts, 
increasing abundances of previously less abundant local 
coral species may be responsible for these changes, 
thereby hinting towards succession of species. The prolif-
eration of rare or cryptic species (e.g., acroporid corals) 
adapted to the environmental features of high latitudes 
could form majority of the future benthos in these areas. 

Considering that high-latitude locations are ‘oases’ for 
native coral species, it is important to designate these 
areas for conservation to protect endemic species and 
lineages. Also, to better facilitate future conservation, it 
is necessary to conduct more research on high-latitude 
coral communities, particularly on those endemic species 
and lineages, by including eco-physiological, molecular 
ecological, and taxonomic (molecular and morphological) 
approaches to understand whether future coral 
communities will be dominated by the succession of 
these local species or the poleward range-shifting of 
lower latitude species or a mixture of both scenarios. 
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4.1 Introduction 

In the Anthropocene, because of increasing average seawater 
temperatures and carbon dioxide emissions due to climate 
change, both the atmosphere and oceans are facing unprece-
dented warming. Climate change leads to a grim future for 
marine biodiversity as has been reiterated in the latest IPCC 
report (IPCC 2021). This has specifically resulted in 
increased incidences of thermal anomalies that drive mass 
shallow water coral bleaching and mortality in recent years 
(Hoegh-Guldberg et al. 2007; Hughes et al. 2017a, 2018b; 
Zande et al. 2020). Zooxanthellate scleractinian corals 
(Anthozoa: Hexacorallia: Scleractinia) are holobionts, having 
a symbiotic relationship with a multitude of microorganisms 
including their most important partner, photosymbiotic 
dinoflagellates of the family Symbiodiniaceae. This complex 
relationship has maintained itself via long-term adaptation 
and short-term acclimatization to persist under local environ-
mental conditions. Whether some species of zooxanthellate

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_4&domain=pdf
mailto:mezaki@kuroshio.or.jp
mailto:jreimer@sci.u-ryukyu.ac.jp
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corals go extinct and/or experience dramatic drops in 
abundances by the end of this century will depend on the 
severity of climate change, the extent of other environmental 
disturbances, and the ability of corals to adapt. Due to 
repeated and prolonged extreme seawater temperature anom-
aly events, it will become more challenging for many coral 
species to continue to effectively reproduce and survive, 
resulting in declines of populations, large-scale reef degrada-
tion, and local extinctions of many coral species (Carpenter 
et al. 2008; also, Hughes et al. 2015, 2017b). Such changes 
happening on a large scale to these important ecosystems will 
have irreversible impacts on coral reef biodiversity as well as 
on humans and their livelihoods in coral reef coastal regions 
(Carpenter et al. 2008). 
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The effects of changing climate on coral and coral reefs in 
tropical and sub-tropical locations are well known (Mydlarz 
et al. 2010; Schoepf et al. 2015; Hoey et al. 2016), and many 
corals in these areas have been shown to already be at the 
limits of their temperature thresholds (Schoepf et al. 2015). 
Frequent and prolonged incidences of higher-than-average 
seawater temperatures have had devastating effects on corals, 
for example on the Great Barrier Reef (Hughes et al. 2015, 
2017b, 2018a). While corals in tropical and subtropical 
locations are undergoing drastic changes, more ‘marginal’ 
reefs may also provide important information in predicting 
the future of coral reefs (Tuckett and Wernberg 2018). Such 
so-called “marginal reefs” include zooxanthellate coral 
communities in more extreme environments, such as high 
pCO2 seeps (Inoue et al. 2013; Agostini et al. 2021; Reimer 
et al. 2021) or in eutrophied or urban waters (Heery et al. 
2018; Cook et al. 2022), and non-accreting communities in 
high latitude (Harriot and Banks 1995; Denis et al. 2013) and 
temperate environments (Yamano et al. 2001; Beger et al. 
2014; Vieira et al. 2016). 

In this chapter we will examine some of the high latitude 
and marginal coral communities in Japan, Korea, and Taiwan 
in the context of what future holds in terms of emergence and 
succession of corals. We discuss aspects of range-shifts due 
to tropical-like environments being created in high latitude 
locations, and how this will impact potential future coral 
ecosystems in high latitude locations in East Asia. 

4.1.1 High-Latitude Coral Communities 

Shallow water zooxanthellate coral reefs are generally found 
between 25°N and 25°S latitudes, and are most abundant in 
tropical areas, with diversity especially high in the Coral 
Triangle in the equatorial west Pacific (Pontasch 2014). 
Diversity and densities decrease towards the upper and 
lower latitudes (sub-tropical and temperate coral reefs and 
communities; Veron 2000; Roberts et al. 2002). In the past 
few decades, ocean warming (increases in both winter and 

summer average seawater temperatures) has resulted in 
increases in the abundance as well as coverage of corals in 
various locations in East Asian high latitude regions; this 
chapter focuses on such locations in Japan, Korea, and 
Taiwan. This trend is similar as seen at many other high-
latitude locations such as along the eastern coast of the USA 
(Perry and Larcombe 2003), in the Bermuda Islands in the 
North Atlantic Ocean (Cook et al. 1990), on the Natal coast 
of South Africa (Schleyer et al. 2018), and on the low-latitude 
reefs of Australia’s Lord Howe (Veron and Done 1979; 
Harriott et al. 1995) and Solitary islands (Sommer et al. 
2017). At high latitudes, sea surface temperatures show con-
siderable seasonal variability each year, and can be very low 
during winter months. For example, at the Iki Islands of 
Japan, corals experience temperatures as low as 14 °C during 
winter and as high as 27.5 °C during summer (Brown and 
Cossins 2011). In this way, zooxanthellate corals at high 
latitudes are known for their tolerances to wide ranges of 
seawater temperatures (Wicks 2009; Wicks et al. 2010; 
Tuckett and Wernberg 2018; Keshavmurthy et al. 2021). 

4.1.2 Overview of High-Latitude Coral 
Communities in Japan, Korea, 
and Taiwan 

Japan 
The occurrence of zooxanthellate corals in Japanese waters is 
facilitated by the Kuroshio Current, which brings warm trop-
ical water northwards along the Pacific coast of Japan all the 
way to Tateyama, Chiba (Yamano et al. 2001). On the west-
ern side of Japan, the Tsushima Current branches from the 
Kuroshio Current south of the islands of Yakushima and 
Tanegashima (Fig. 4.1). Yakushima and Tanegashima 
islands are also the current northern limit of coral reef forma-
tion in Japan (Reimer et al. 2008; Okano 2013). 
Zooxanthellate corals have been reported from temperate 
Japan widely (Yabe and Sugiyama 1931), including from 
Kyushu (roughly 32°N) (Veron and Minchin 1992; Nojima 
2004), Shikoku (Veron and Minchin 1992; Iwase 2004; 
Denis et al. 2013; Reimer et al. 2020), and the Pacific coast 
of mainland Japan (Veron and Minchin 1992; Harii et al. 
2001) northwards to waters near Amatsukominato in Chiba 
Prefecture on the Pacific coast (34°N) (Veron and Minchin 
1992; Yamano et al. 2012), and even into the Sea of Japan, in 
the Amakusa, Goto, Tsushima, and Iki islands (Yamano et al. 
2001, 2004) (Fig. 4.1). In general, it is thought as one moves 
poleward, the species diversity of zooxanthellate corals drops 
in this region (see Chen and Keshavmurthy 2009). Many 
high-latitude coral communities of Japan are often dominated 
by various Acropora spp., often tabular (e.g., Acropora 
pruinosa, A. solitaryensis, A. hyacinthus) (Veron and 
Minchin 1992; Denis et al. 2013). Although the minimum



temperature required for coral reef formation and develop-
ment is 18 °C (Kleypas et al. 1999), 48% of coral species in 
the high-latitude locations of Japan tolerate a minimum sea-
water temperature of 14.1 °C, and approximately 25% toler-
ate minimum temperatures between 10.4 °C and 13.2 °C 
(Veron and Minchin 1992). Thus, approximately half of all 
zooxanthellate coral species in Japan tolerate temperatures of 
at least 4 °C below the 18 °C minimum required for reef 
development. As well, much of this region is predicted to be 
among marine regions experiencing the largest temperature 

increases from global warming (e.g., Yara et al. 2009), 
making continued studies in this region of particular 
importance. 
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Fig. 4.1 Map of East Asia region showing locations of non-reefal 
(Taiwan) and high-latitude (Korea and Japan) coral communities in 
East Asia. The inset figure shows yearly average seawater temperature 
variation along the latitudinal gradient from the tropics to high latitudes 
in the western Pacific region. Influence of warm water currents along the 
central and northern west Pacific, including southern Korea, plays an 
important role in defining the distribution of coral communities in East 
Asia. From top, abbreviations are AM – Amatsukominato, TY – 

Tateyama, SH – Shizuoka, MZ -, OY – Okayama, WY – Wakayama, 
SH – Shikoku, TS – Tsushima, KM – Kushimoto, TN – Tanegashima, 
YK – Yakushima (all in Japan), NT – Northern Taiwan, NP – Northern 
Penghu. Location map with currents was re-drawn following map in the 
Fig. 4.1 of Veron and Minchin (1992). Seawater temperature map was 
drawn using data from NOAA/ESRL, Physical Sciences Division 
(CADS LTMs GrADS image) 

Korea 
In Korea, zooxanthellate coral species are mainly found at 
Jeju Island (Fig. 4.1). Located off the southern coast of the 
mainland Korea peninsula, Jeju Island is influenced by the 
Tsushima Current, a branch of the warm Kuroshio Current 
(Fig. 4.1; Sugihara et al. 2014). Seawater temperatures at Jeju



are 13–18 °C during winter and 24.0–25.0 °C during summer 
(Sugihara et al. 2014; Vieira et al. 2016; Park et al. 2019). 
The seawater temperature differences in summer between the 
colder northern and warmer southern coasts of Jeju Island are 
approximately 0.5–1.0 °C. Seawater temperature trends have 
shown an increase of 1.2–1.3 °C over the last 100 years 
around the Korean coast, including Jeju (Sugihara et al. 
2014). Such changes in environmental conditions have led 
to alterations in the Jeju marine community (Denis et al. 
2013, 2014; Sugihara et al. 2014; Hong et al. 2015; Palmas 
et al. 2015; Vieira et al. 2016). 
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For example, the coral Alveopora japonica has increased 
in number over the past two decades around Jeju Island, and 
more so within the past 15 years, due to its fast turnover rates 
(Vieira et al. 2016) and high recruitment rates (Denis et al. 
2015; Hong et al. 2015). At the same time, macroalgal cover 
(e.g., kelp forests) is also present around Jeju (see Lee et al. 
2022). The reason for the dominance of this coral over 
macroalgae in many locations around Jeju Island could be 
due to the aggressive colonization characteristics of this 
species, combined with environmental changes, as suggested 
in Denis et al. (2015). 

Taiwan 
Taiwan, a continental island with several offshore islets, is 
located at the centre junction of the Philippine-Japan Island 
Arc, and the Tropic of Cancer runs through the middle of 
Taiwan. Northern Taiwan is influenced by seawater currents 
originating from the Penghu Archipelago as well as branches 
of the Kuroshio Current, resulting in internal waves and 
eddies (Fig. 4.1, see Chap. 2 in this book by Kuo et al. 
2023). Although the environment in this region is not condu-
cive to coral reef formation, the coral species here resemble to 
those of Shikoku and Kyushu, Japan (see Chap. 2 in this book 
by Kuo et al. 2023). High-latitude-like coral environments 
can also be seen in the northern Penghu Archipelago and the 

northern, northeastern, and rocky eastern coasts of Taiwan 
(Chen 1999; Chen and Keshavmurthy 2009; Ho and Dai 
2014). The northern part of the Penghu Islands and the 
northeastern coast of Taiwan are mainly made up of coral 
communities and algal reefs due to low sea temperatures 
(<18 °C). Chen and Keshavmurthy (2009) have proposed 
that Taiwan might be a stepping-stone connecting upstream 
reefs with the downstream outlying coral communities along 
Kuroshio Current coastlines (also see for more detailed infor-
mation on Taiwan in Chap. 2 in this book by Kuo et al. 2023). 

Table 4.1 Some studies reporting range shifts or poleward migration of coral species 

Year Country Location Species mentioned Main conclusion Study 

2004 USA Caribbean Acropora cervicornis, A. palmata Northward expansion along the Florida 
Peninsula and into the northern gulf 

Precht and 
Aronson 
(2004) 

2011 Japan High-latitude Japan A. muricata, A. solitaryensis, 
A. hyacinthus, Pavona decussata 

Evidence for rapid poleward expansion 
since 1930s 

Yamano et al. 
(2011) 

2012 Australia Solitary Island 4 Acropora species a Baird et al. 
(2012) 

2018 High-latitude Japan A. muricata Evidence for species migration Kumagai et al. 
(2018) 

2019 Japan Sub-tropical and 
high-latitude Japan 

A. hyacinthus Cryptic lineages found and one specific 
to temperate region 

Nakabayashi 
et al. (2019) 

2021 Japan Kushimoto A. hyacinthus, A. muricata Nakamura 
et al. (2021) 

Note = a This previous report on possible range-shift of 4 Acropora species observed at Solitary Island has been refuted in a new paper published by 
Mizerek et al. (2021) 

4.1.3 Climate Change and Future 
High-Latitude Coral Communities: 
Possible Responses of Species 

Increases in average seawater temperatures have led to the 
hypothesis that higher latitude locations may become possi-
ble refugia for zooxanthellate corals escaping thermal stress 
in tropical and subtropical locations. It has been speculated 
that many coral species may be able to migrate and/or expand 
their ranges to counter the negative effects of climate change 
at lower latitudes (Precht and Aronson 2004; Greenstein and 
Pandolfi 2008; Yamano et al. 2011; Nakamura et al. 2021), 
and numerous studies have examined the possibility for high-
latitude locations to provide refuge (Riegl 2003; Riegl and 
Piller 2003; Yamano et al. 2011; Dalton & Roff 2013; Beger 
et al. 2014; Table 4.1). If such populations persist, the result 
will be the modification of marine assemblages in high-
latitude locations (Precht and Aronson 2004). The future 
shape of such modified assemblages remains uncertain and 
may be site or region-specific. Moreover, corals in high-
latitude locations may have certain limitations in their resil-
ience and resistance to the ongoing effects of climate change, 
and their resilience may be lost in a few decades if proper



conservation and management strategies are not implemented 
sooner rather than later (Cruz et al. 2018; Soares 2020). 
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In temperate environments, zooxanthellate corals live very 
close to their survival thresholds regarding temperature, light, 
and aragonite availability (Kleypas et al. 1999). Moreover, 
high-latitude marine ecosystems are often dominated by 
macroalgae, and increases in zooxanthellate corals may indi-
cate increased competition for space between corals and 
macroalgae (Hoey et al. 2011). 

Indeed, in recent years, marine communities in high-
latitude locations in East Asia have been shown to be 
experiencing such effects from increasing seawater 
temperatures (Yara et al. 2011; Tanaka et al. 2012; Kumagai 
et al. 2018; Kim et al. 2020; Agostini et al. 2021) and ocean 
acidification levels (Yara et al. 2012; Agostini et al. 2021). 
Numerous studies have documented changes in native 
communities via the arrival of non-native species, especially 
certain tropical fishes (Nakamura et al. 2013; Kim et al. 
2015), macroalgae (Tanaka et al. 2012; Kumagai et al. 
2018), and corals (Yamano et al. 2011; Nakamura et al. 
2021). In regions affected by poleward warm currents, such 
as Korea (Tsushima Current) and Japan (Kuroshio Current; 
Fig. 4.1), corals are distributed at higher latitudes than in 
other regions. For example, the northern limit for 
zooxanthellate coral distribution off Korea and Japan is the 
interface of the warm northward flowing Kuroshio with the 
cold southward flowing Oyashio Current off eastern Honshu 
(Veron and Minchin 1992). 

How various species of corals, reef-associated organisms, 
and their interactions respond to climate change can be 
summarized into following broad categories: (1) extinction— 
species that cannot cope with these changes; 
(2) acclimatization and/or adaptation—species that can 
acclimate via physiological or ecological plasticity at cellular 
and molecular levels; (3) migration or range shifting—spe-
cies that can escape from stressors and migrate to regions 
more suitable for survival (see Bates et al. 2014). Whether 
these four potential responses occur individually or jointly on 
species remains unclear. In the section below, we explain 
these responses and what they would entail for 
zooxanthellate corals at high latitudes in East Asia. 

Extinction 
The possibility of extinction of species of zooxanthellate 
corals under increasing anthropogenic stress is an issue that 
has hotly debated (Dietzel et al. 2021; Muir et al. 2022). 
Although there are no clear answers yet, this issue must be 
considered. Recent studies have shown presence of endemic, 
cryptic species and high-latitude species haplotypes of sev-
eral coral species and undergoing local expansion (see 
Nakabayashi et al. 2019; Fifer et al. 2021. However, persis-
tence of species into the future will depend on successful 
reproduction and recruitment. If the presence of unique 

haplotypes and endemic coals species in high latitudes cannot 
cope up with future changes, there is the possibility of wide-
spread local extinctions of multiple coral species. 

Acclimatization and Adaptation 
Unlike tropical and sub-tropical locations, corals in high 
latitudes do not form reefs, and instead coral colonies pre-
dominantly settle on hard substrates such as rock to make up 
the coral community. In past decade, in some locations, a 
very high density of coral colonies can result in the area 
strongly resembling a reef (Mezaki and Kubota 2012; Mezaki 
2014, Fig. 4.2). Such increasing densities (e.g., Fig. 4.2) can 
be attributed to increasing seawater temperatures over the last 
hundred years (up to +1.0–1.25 °C) in Japan (Sugihara et al. 
2014) and Jeju, Korea (Yamano et al. 2012) and winter in 
these locations has been getting progressively warmer (Denis 
et al. 2013, 2014).

Acclimatization is particularly relevant at high-latitude 
locations where sea surface temperatures and light availabil-
ity vary considerably every year. It has been hypothesized 
that corals at high-latitude sites are better equipped to with-
stand environmental variability (Cook et al. 1990; Wicks 
et al. 2010) due to the natural fluctuations of their environ-
ment over the annual course of the seasons. However, few 
studies have analyzed the cellular mechanisms that high-
latitude corals use to cope with these variable conditions. 
At the same time, there is very little detailed information 
about coral recruitment in high-latitude non-reefal areas 
(Nakamura et al. 2021). For the continued maintenance and 
persistence of corals in high latitudes, the recruitment of new 
individuals is critical (Underwood and Fairweather 1989). 
Hence, it is necessary to conduct long-term studies on the 
processes and efficiency of recruitment, which are influenced 
by complex biological and environmental factors (Adjeroud 
et al. 2017). 

While most tropical and subtropical corals reefs experi-
ence limited thermal flexibility (differences between upper 
and lower limits being 4–5 °C) (Mydlarz et al. 2010; Schoepf 
et al. 2015; Hoey et al. 2016), high-latitude locations have 
temperatures near and on the edges of acceptable conditions 
for zooxanthellate corals (see Kleypas et al. 1999). Even if 
high-latitude habitats might act as future refugia for tropical 
and subtropical coral species (Yamano et al. 2011), they 
remain at best an uncertain prospect. This is because of 
increases in frequency and occurrences of heatwaves 
(Fordyce et al. 2019), large variations in seasonal seawater 
temperatures (Keshavmurthy et al. 2014; Higuchi et al. 2015; 
Shiu et al. 2017; Park et al. 2019), and extreme lows and 
highs of seawater temperatures (Riegl and Piller 2003; Abdo 
et al. 2012; Foster et al. 2012; Camp et al. 2018; Tuckett and 
Wernberg 2018; Schoepf et al. 2019; Duarte et al. 2020). 

Ongoing changes in abundances of various coral species 
(usually increases) have been occurring in the high latitudes



of East Asia during the past few decades, already altering 
some coral communities (Yamano et al. 2011; Yara et al. 
2011). Such observed changes may not necessarily only 
relate to increases in seawater temperatures (Yara et al. 
2011), and there have been other factors implicated in such 

range shifts. For example, in many locations such as Kochi, 
Japan, and Jeju, Korea, coastlines have been historically 
dominated by seaweeds and kelp forests (Serisawa et al. 
2004; Tanaka et al. 2012), which have played important 
roles in the thriving coastal shellfish and other fisheries
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Fig. 4.2 Increasing coral cover and densities in Shikoku, Japan in past 
decade in various locations. The photos show coral cover in Tatsukushi, 
Kochi (32.7885° N, 132.8674° E) (a–d), Pavona decussata micro-atoll 

at Tatsukushi, Kochi (d), dominant presence of Acropora muricata at 
Sunokawa, Ehime (e) and Nahari, Kochi (33.4110819, 134.0306909) 
(f, g) in past decade



(Peteiro 2017; Kang 2010; Sato et al. 2010; Steneck and 
Johnson 2014; Bennett et al. 2016). Under past conditions, 
due to several ecological interactions (shading, competition 
for space, abrasion, etc.), zooxanthellate coral populations 
were suppressed (Coyer et al. 1993; Miller and Hay 1996; 
Leong et al. 2018; Thompson et al. 2018). 
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Fig. 4.3 Stronghold of 
Alveopora japonica colonies (a) 
in the waters of Jeju (especially in 
the northern part of the island). 
Macro image of A. japonica 
polyps (b). Ever since the 
seawater has become warm, the 
competition between macroalgae 
(such as kelp) and coral has 
become the norm, generally with 
kelp losing the competition for 
space (c)

However, in the past three decades, many macroalgal 
communities in high latitudes in Korea and Japan have 
been decimated by the effects of rising temperatures (Tanaka 
et al. 2012; Haraguchi et al. 2009 in Kochi, Japan; Kim 2006 
in Jeju, South Korea) and other factors including increased 
herbivory from urchins (Fujita 2010; Jeon et al. 2015) and 
increased dominance of tropical fish (Nakamura et al. 2013). 
The results of such increased stressors are barren grounds 
known as ‘getnoguem’ in Korean and ‘isoyake’ in Japan 
(Serisawa et al. 2004; Vieira et al. 2016), with coralline 
algae and little else covering the rocky substrates. These 

conditions have led to several coral species increasing in 
recruitment and abundance at many locations such as Jeju 
Island (Denis et al. 2014; Hong et al. 2015) and Kochi, Japan 
(Mezaki 2012; Mezaki and Kubota 2012). 

One very dynamic example of succession and population 
growth in high latitudes is of the coral Alveopora japonica 
(Fig. 4.3a). Previously categorized as threatened (IUCN Red 
List), this species has been experiencing population growth 
and expansion at several locations in East Asia, including at 
Jeju Island and further north at high latitudes in Japan (the 
southern limit of this coral is Taiwan; see Kang et al. (2020); 
Vieira et al. (2016); Keshavmurthy et al. (2021). These 
increases are theorized to be mainly due to decreasing 
macroalgal (Sargassum, Laminaria, and Ecklonia) cover 
(Vieira et al. 2016). Because of its high recruitment rates 
and weedy character, A. japonica thrives alongside kelp 
(Denis et al. 2014; Hong et al. 2015; Lee et al. 2022) (also



see Fig. 4.3b, c). Interestingly, a recent study on the popula-
tion genetics of A. japonica in East Asia showed cryptic 
species diversity in this region (Kang et al. 2020). Thus, 
while research supports the hypothesis of recent population 
growth around Jeju Island, it appears that this coral species 
has been present for a long evolutionary time at Jeju and does 
not represent a case of poleward migration from subtropical 
environments following recent climate changes (Kang et al. 
2020). This work serves as an example of the need for 
confirmation of proposed range expansions via molecular 
analyses, as an absence of past records from northern regions 
for a certain species may be not due to its true absence but 
instead due to species in question being present in small 
numbers or in uninvestigated areas.
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Migration and Range Shifts 
Across the globe, there are many examples of recent 
zooxanthellate coral range shifts, including recent expansion 
of acroporids towards higher latitudes in the western Atlantic 
(Precht and Aronson 2004) and the western and lower 
latitudes of Australia (Solitary Islands) (Greenstein and 
Pandolfi 2008; Baird et al. 2012). Specifically, Baird et al. 
(2012) observed four tropical Acropora species for the first 
time in the Solitary Islands (but see Mizerek et al. 2021). 

In East Asia, in recent years there have been new records 
of tropical corals, fish, seaweeds, and invertebrate species 
appearing at high-latitude environments, indicating possible 
northern range shifts (Haraguchi and Sekida 2008, Haraguchi 
et al. 2009; Mezaki 2012; Mezaki and Kubota 2012; 
Terazono et al. 2012; Nakamura et al. 2013; Richards et al. 
2016; Vergés et al. 2014; Wernberg et al. 2011, 2016; Reimer 
et al. 2018). 

Regarding zooxanthellate corals, during the last 30 years, 
there have been documented changes in the marine 
communities around Shikoku, with approximately 139 spe-
cies of scleractinian corals recorded (Veron and Minchin 
1992; also T. Mezaki unpublished). The dominance of kelp 
and Sargassum populations is now being slowly succeeded 
by Acropora-dominated coral communities (Yamano et al. 
2011; Yara et al. 2011; Denis et al. 2013). Species such as 
Acropora cytherea, Acropora nana, Millepora exaesa 
(Nomura and Mezaki, 2005), Acropora sp. (Mezaki, 2012), 
A. digitifera, A. robusta, A. subulata, and Millepora 
platyphylla (T. Mezaki, unpublished data) are some species 
that have undergone potential range shifts. Compared to 
1993, a survey conducted in 2011 showed higher coral 
densities and diversity in Tei-Konan City in Kochi, Shikoku, 
Japan (Mezaki and Kubota 2012; Mezaki 2014, see Fig. 4.4, 
Table 4.2). This is particularly obvious in case of Acropora 
nana, which was first recorded in Shikoku in 2004 (Nomura 
and Mezaki 2005) and was subsequently spotted multiple 

times in different locations in Kochi (Mezaki and Kubota 
2012). A. nana in Kochi is reproductively active and this may 
potentially be contributing to the proliferation of local 
populations (see Mezaki 2014).

Another case is the coral Acropora pruinosa, which has 
been increasingly found in temperate Sargassum and kelp 
beds in Ooshima (33°22’ N), in southwestern Ehime, 
Shikoku (Fig. 4.5), and is believed to be comprised of two 
genetic lineages (Pipithkul et al. 2021). Like many taxonom-
ically problematic Acropora species, it is very difficult to 
differentiate the two lineages morphologically. However, a 
potential gradual range-shift from northwestern Kyushu and 
the northeastern Pacific towards Shikoku may be ongoing 
(Pipithkul et al. 2021).

One species that has been well examined in East Asia is 
the coral Acropora hyacinthus, which has previously been 
thought to be extending its range into high-latitude Japan 
(Yamano et al. 2011). Although A. hyacinthus is ubiquitous 
in the tropical and subtropical Indo-Pacific, it is also common 
in high-latitude non-reefal regions such as Kochi, Shikoku 
(see previous section in this chapter) and Kyushu (Veron 
2000; Yamano et al. 2011; Suzuki et al. 2016; Nakabayashi 
et al. 2019; Nakamura et al. 2021). After 2011, A. hyacinthus 
has become the dominant species at Kochi (Denis et al. 
2013), and Yamano et al. (2011) speculated that this coral 
species may have undergone a range shift, migrating into 
high-latitude Japan. However, Suzuki et al. (2016) 
demonstrated that the A. hyacinthus present in high-latitude 
Japan is in fact a cryptic lineage different from subtropical 
and tropical A. hyacinthus. 

Subsequently, Nakabayashi et al. (2019) showed that 
among three cryptic lineages of A. hyacinthus, only one 
was distributed in temperate regions (also Fifer et al. 2021; 
Rivera et al. 2021). These results imply that high-latitude 
non-reefal populations of A. hyacinthus are distinct and not 
recent arrivals from the southern subtropical areas of Japan 
(Nakabayashi et al. 2019) as had been previously 
hypothesized. Moreover, low genetic diversity in high-
latitude A. hyacinthus populations (Nakabayashi et al. 
2019) and low reproductive success due to a lack of reef 
and currents has led to low recruitment (Misaki 2017). Thus, 
the present unique high-latitude A. hyacinthus populations 
are likely maintained by the survival and growth of existing 
colonies and fragmentation due to disturbances from 
typhoons (Nakamura et al. 2021). 

For these reasons, Fifer et al. (2021) argued that high-
latitude regions should be considered as refugia and given 
high conservation priority due to their unique diversity, and 
both local adaptation and slow expansion could facilitate 
further range expansion of these populations in high-latitude 
regions. In other words, range expansions of zooxanthellate
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Fig. 4.4 Comparison of benthos at a location in Kochi between 1993 
and 2011. Over time, observations and surveys have shown at two 
locations—Otenohama and Shioyakaigan at Tei in Konan City, Kochi 

(33.5203443, 133.7536717) that benthos previously colonized and 
dominated by macroalgae have now been replaced by coral populations 
(the figure modified from Mezaki and Kubota 2012, also see Table 4.2) 

Table 4.2 Percentage occurrence and change of dominant coral species between 1993 and 2011 in Kochi, Japan (also see Fig. 4.4) 

No. 1993 Percentage of occurrence 2011 Percentage of occurrence 

1 Acropora solitaryensis 30.5% Acropora hyacinthus 46.1% 

2 Cyphastrea serailia 15.7% Acropora japonica 14.8% 

3 Leptastrea pruinosa 8.0% Acropora solitaryensis 9.9% 

4 Acropora japonica 5.6% Cyphastrea serailia 6.9% 

5 Coscinaraea columna 4.8% Psammocora superficialis 2.9% 

6 Cyphastrea chalcidicum 4.4% Pavona decussata 2.2% 

7 Acropora pruinosa 4.3% Montastrea valenciennesi 1.8% 

8 Acropora hyacinthus 4.1% Acropora muricata 1.7% 

9 Psammocora profundacella 3.5% Acropora pruinosa 1.5% 

10 Hydnophora exesa 2.7% Leptastrea pruinosa 1.3%



corals in high latitudes may be more likely to come from 
species and populations already present high latitude corals, 
and not from tropical or subtropical coral species. Overall, 
discerning between increases in abundance and range shifts is 
difficult in the absence of molecular data. Given all the 
unique features of high-latitude marine environments when 
compared to subtropical and tropical coral reefs (see previous 
section), the presence of unique and adapted zooxanthellate 
coral populations or even species should not be surprising. 
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Fig. 4.5 Coral Acropora pruinosa, which has been increasingly found 
in temperate Sargassum and kelp beds in Ooshima, Yawatahama City 
(33.3794814, 132.3435057)), in southwestern Ehime, Shikoku. As sea-
water gets warmer, this coral is seen encroaching and emerging in 

locations (a–d) where benthos before were solely populated by 
macroalgae (kelp, seaweed in Kuroshio Town, Kochi) (e, f). In addition, 
increases in coral density and cover have given stiff competition to 
macroalgae for benthic space (g)

4.1.4 Climate Change and Future 
High-Latitude Coral Communities 
in East Asia: Perspectives 

There is global evidence of ongoing expansion of coral 
populations because of sea surface temperature increases 
(Precht and Aronson 2004; Greenstein and Pandolfi 2008). 
Gradual warming due to climate change seems to enable 
population expansions of tropical to subtropical fauna into



temperate communities (Tuckett et al. 2017). The southern 
region of mainland Japan (Honshu west of Tokyo, northern 
Shikoku, and Kyushu) harbours many high-latitude coral 
communities, and it has been projected that these regions 
will host both tropical/subtropical and high-latitude coral 
communities in the future (Yara et al. 2011). However, cli-
mate change in the Anthropocene may be occurring faster 
than zooxanthellate coral species can adapt, and it remains 
unclear as to how many species will continue to survive as 
the oceans warm (Hoegh-Guldberg et al. 2017). Failure to 
acclimate or adapt may lead to extinction for some species 
(see previous section; Dietzel et al. 2021; Muir et al. 2022). 
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One option for corals is to range-shift or migrate towards 
locations with relatively cooler environments compared to 
the hot conditions in future subtropical and tropical locations. 
Such locations at higher latitudes have been termed as refugia 
(see Soares 2020). However, migration or range-shifting in 
benthic organisms such as comparatively slow-growing and 
slow-to-adapt corals (Hoegh-Guldberg et al. 2017) may be 
difficult (Bates et al. 2013, 2014; Hargreaves et al. 2015), and 
influenced by interactions of factors including seawater tem-
perature variations (Yara et al. 2011) and rising ocean acidi-
fication (Yara et al. 2012). 

For example, observations have shown that it is difficult 
for potential range-shifting tropical species to survive the 
wide annual seawater temperature ranges in Kochi, Japan 
(see (Keshavmurthy et al. 2014), especially during the winter. 
Another example is a tropical Acropora sp. that occurred in 
Kochi between 2009 and 2011 but died in the winter of 2011 
from a sudden drop in seawater temperatures (minimum 
13.4 °C) (Mezaki 2014; Takao et al. 2015). The effects of 
cold seawater events on fish and coral have also been 
discussed in Leriorato and Nakamura (2019), highlighting 
how sudden shifts in seawater temperatures can limit the 
refuge potential of high-latitude locations. 

We hypothesize that for tropical and subtropical 
zooxanthellate corals to naturally relocate poleward requires 
rapid acclimation and/or adaptation to local environmental 
conditions, specifically with regards to seawater temperature 
variations. Results from recent studies have shown that a 
given coral species is locally and seasonally adapted to the 
environment it thrives in (Lee et al. 2018; Keshavmurthy 
et al. 2021, 2022). Molecular studies have also demonstrated 
that high-latitude populations are distinct from lower latitude 
populations for many coral species, and not recent arrivals to 
these regions (Suzuki et al. 2016; Nakabayashi et al. 2019; 
Nakamura et al. 2021). 

Asides from rising temperatures, there are several other 
environmental factors in the high-latitude regions of East 
Asia that zooxanthellate coral species must contend with 
now and into the future. Unlike tropical and subtropical 
locations, the environment and weather patterns are more 
dynamic and often less predictable in high latitudes. Notably, 

while global warming will bring overall warmer temperatures 
to the northwest Pacific (Yara et al. 2014), this may also bring 
increased instability into temperature and weather patterns. 
For example, the Kuroshio Current is known to occasionally 
meander in its course along mainland Japan, and when this 
occurs in winter, the results can be devastating for local 
zooxanthellate corals (Suzuki et al. 2013). In particular, for 
many high-latitude corals, their distributions are limited by 
cold water tolerance (Higuchi et al. 2015), and a single cold-
shock event during winter can wipe out species with warmer-
water affinities (Kemp et al. 2011, 2016), or even native 
species not adapted to such extreme events. Meanders may 
also influence spawning timing (Nozawa 2012), making 
potential future restoration efforts harder to plan. Global 
warming may increase the strength of typhoons in this region 
(Emanuel, 2005; Trenberth, 2005; Webster et al., 2005; 
Emanuel et al. 2008; Tu et al. 2009), and increasingly north-
wards courses for typhoons (Tu et al. 2009). As coral 
communities are not protected by large coral reef formations, 
this could mean more mechanical damage from larger waves, 
which is already a major component of loss of coral in the 
region (Cant et al. 2022). Furthermore, as most coral 
communities in this region are attached to rocky shorelines, 
they are in the direct vicinity of land, meaning that they 
experience potentially more low salinity (True 2012; Coles 
and Jokiel 2018) and high runoff/smothering events 
(Fabricius 2005) from typhoons and heavy rains, and if 
typhoons become more extreme, so will these negative 
influences. As well, increasing acidification has also been 
posited as a potential limiting factor in this region (Yara 
et al. 2012). Finally, lower amounts of available light for 
photosynthesis of endosymbiotic Symbiodiniaceae at higher 
latitudes have also been posited as another potential limiting 
factor in poleward expansion (Muir et al. 2015; see also 
Madin et al. 2016). 

It is predicted that most of the world’s coral reefs will 
become marginalized due to the changing climate (Hoegh-
Guldberg et al. 2007; Soares 2020), and therefore it is neces-
sary to understand the ecophysiology of as many 
zooxanthellate coral species as possible in such environments 
to provide useful analogues for understanding the ecology of 
coral reefs subjected to changing conditions (Perry and 
Larcombe 2003). Although the possibility of poleward 
migration and refugia needs to be modelled on a species-
by-species basis, the overall currently available data do not 
suggest this to be likely for most zooxanthellate coral species. 

However, very few focused molecular and physiological 
studies have been undertaken to determine if tropical and 
subtropical fauna (especially corals) will be able to adjust, 
adapt, and/or acclimatize to high-latitude environmental 
conditions. It is necessary to define these capacities of corals 
to understand how each coral species present across latitudi-
nal and seasonal gradients will respond under current to



future climate changes. With projected seawater temperatures 
rising by 1.8–4.0 °C by 2050 under IPCC scenarios (IPCC 
2021), and pH values decreasing due to ocean acidification 
(Caldeira and Wickett 2003), the responses of corals and their 
associated organisms, ranging from microbes to large reef-
associated organisms, and their interactions with local 
stressors must all be considered in order to effectively plan 
conservation efforts (Orr et al. 2005; Doney et al. 2009; Yara 
et al. 2011, 2012). Thus, to better elucidate the responses of 
zooxanthellate corals to predicted future environmental 
changes, focused multidisciplinary research approaches 
must be undertaken across tropical, subtropical, and high-
latitude coral communities (Castillo and Helmuth 2005; 
Wicks 2009; Freeman 2015; Higuchi et al. 2015; Samiei 
et al. 2015; Camp et al. 2018; Kavousi et al. 2020). Such 
research will help us understand the mechanisms present in 
corals to face and survive changes in the face of increases in 
the frequency and severity of extreme temperature events 
(Rooke et al. 2017). 
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Moving forward, as the potential futures of zooxanthellate 
corals are explored, a clear definition or explanation of many 
of the terms used by scientists may need clarification or 
refinement. For example, one definition of ‘tropicalization’ 
has been thought of as warm-water species increasingly 
colonizing high-latitude environments and replacing native 
species, resulting in high-latitude locations becoming 
‘tropicalized’. ‘Tropicalization’ was defined early on by 
Bianchi and Morri (2003) as an  ‘increased occurrence of 
warm-water biota’ in the Mediterranean, suggesting the 
tropicalization of the Mediterranean. The definition of 
‘tropicalized’ is when a species become acclimatized and/or 
adapted to the tropical environment and can exist and thrive. 
Thus, a location cannot become ‘tropicalized’, rather it can be 
‘tropical-like’ and host such organisms, which can acclima-
tize and/or adapt to the environment of that location due to 
conditions become suitable or similar to the invading specie’s 
previous location. In East Asia, there is no doubt that high-
latitude marine environments are becoming warmer and 
gaining characteristics of tropical or subtropical 
environments as the climate continues to change (IPCC 
2021). Due to increases in average seawater temperature 
(winter and summer), certain marginal (high-latitude, 
non-reefal) locations have and will experience the arrival of 
tropical fauna and flora. Continued existence of these tropical 
species at high-latitude sites can happen if arriving species 
are plastic enough to tolerate wide temperature ranges 
between seasons, as well as the effects of factors such as 
typhoons and salinity changes. Thus, range-shifted 
organisms will become ‘marginalized’ when they reach 
high-latitude locations. ‘Marginalized’ in this sense means 
when flora and fauna (from tropical and subtropical 
locations) range-shift or migrate to marginal (high-latitude, 

non-reefal) locations and become acclimatized and/or 
adapted to thrive in such locations. 

As scientists, clearly defining the aspects of 
‘tropicalization’ being investigated in each study should be 
explained, e.g., explaining the range-shifting of tropical/sub-
tropical species as opposed to functional or more general 
changes in marine communities. At the same time, discerning 
range shifts from increases in abundance of already present 
local populations needs much more research effort to better 
understand the overall prognosis for zooxanthellate corals. It 
is possible that native corals in high latitudes have better 
chances of surviving the warming of their native environment 
than range-expanding species, which is another risk facing 
range-shifting and poleward migration of species (Sorte et al. 
2010; Cobben et al. 2012; Valladares et al. 2014). Critically, 
these native high-latitude species are already adapted to wide 
temperature ranges (Keshavmurthy et al. 2021). 

Rather than acting as refugia for corals from tropical and 
subtropical locations, we propose that high-latitude areas in 
East Asia will act instead as ‘oases’ for the already present 
native coral populations and a limited number of range-
shifted coral species that can adapt to the variable and unique 
environment of the region (e.g., Fifer et al. 2021). There are 
many such locations in high-latitude East Asia that may be 
considered ‘oases’, not only for Acropora species (see 
Fig. 4.2), but also other species such as Pavona decussata 
(e.g., Fig. 4.6; also, Nomura 2004; Mezaki et al. 2014). Thus, 
instead of the ‘tropicalization’ proposed by Bianchi and 
Morri (2003), high-latitude benthic communities may 
become more ‘tropicalized’ from a functional point of view 
(e.g., loss of functional species—Vergés et al. 2019; Agostini 
et al. 2021), with higher abundances of ‘tropical’-like 
zooxanthellate coral species that were already present in the 
region, and decreased abundances of temperate macroalgae 
(Haraguchi and Sekida 2008; Haraguchi et al. 2009; Tanaka 
et al. 2012). Although it is possible for certain macroalgal and 
fish species to migrate and range-shift (Nakamura et al. 2013; 
Vergés et al. 2014), it may be rather infeasible (for example, 
availability of light; Muir et al. 2015) for most zooxanthellate 
coral species to do so (Mizerek et al. 2021).

Supporting this idea, coral communities on the high-
latitude coastal reefs of eastern Australia typically comprise 
widely distributed generalists, as well as stress-tolerant coral 
species with horizontal morphologies (Sommer et al. 2014). 
Other studies have noted increased abundances of generalist 
anthozoan species under conditions considered marginal for 
most zooxanthellate coral species (Inoue et al. 2013; 
Rodriguez et al. 2020; Reimer et al. 2021). 

For zooxanthellate coral diversity, the worst-case future 
scenario is that existing high-latitude coral species lose their 
ability to produce healthy juveniles (Keshavmurthy et al. 
2014) or to recruit due to increasing summer seawater



n

temperatures, increased temperature fluctuations, and, to 
some extent, acidification (Nakabayashi et al. 2019) and 
more extreme weather events (see Beyer et al. 2018). In 
addition, recruitment via external population sources (e.g., 
subtropical, or tropical regions) may also not be possible 
(Nakabayashi et al. 2019; Nakamura et al. 2021), resulting 
in the presently existing high-latitude coral communities 
representing the coda of such ecosystems. Similar results 
have been reported in other disturbed environments 

(Hoegh-Guldberg et al. 2019), and it is not improbable that 
this could happen in high-latitude locations. 
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Fig. 4.6 Occurrences of large coral colonies at various locations in 
Shikoku, Japan. Large colony of Porites lutea (a, b) in Oshima, Mugi 
Town, Tokushima (33.6367559, 134.4847409); Porites sp. (c) in Konan 
City, Kochi (33.5203443, 133.7536717); Lithophyllon undulatum (d) 
and Stylocoeniella guentheri (2 m in area) (e) in Takegashima, Kaiyo 

Town, Tokushima (33.5420455, 134.3163478); Acropora muricata and 
Pavona decussata (f, g) respectively in Tatsukushi, Tosashimizu City, 
Kochi (32.7748762, 132.8689544), and Plesiastrea verispora (h) i  
Sunokawa, Ainan Town, Ehime can be found to be increasing in past 
decade

4.2 Conclusions 

At high latitudes in eastern Asia, in some locations, previ-
ously dominant macroalgal and kelp communities are being 
succeeded by corals such as Al. japonica in Jeju Island, Korea



and Acropora spp. in Shikoku, Japan (scenario 1, Fig. 4.7a– 
c). However, rather than poleward range shifts, it appears 
increasing abundances of previously less abundant local coral 
species may be responsible for these changes. Thus, high-
latitude locations generally dominated by massive and/or 
sub-massive corals are now being overtaken by Acropora 
species (Fig. 4.7d–f), representing perhaps functional shift. 
Even if and when some coral species do range-shift (proven 
by molecular ecology and taxonomic studies), it is more 
plausible that high-latitude locations in East Asia will 
become ‘oases’ for existing coral species and populations 
already present in these locations rather than to poleward-
migrating tropical and subtropical corals. The proliferation of 
previously rare or cryptic species (e.g., acroporid corals) with 
morphologies and ecophysiologies adapted to the particular 
environmental features of high latitudes could form the 
majority of the future benthos in these areas (Scenario 
2, Fig. 4.7 d–f). Due to slow coral skeletal growth, wide 
temperature ranges, and typhoons, the coral communities in 
high-latitude locations in higher latitude eastern Asia may 
favour such adapted species (Kleypas et al. 1999; Yamano 
et al. 2001; Takao et al. 2015). 
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Fig. 4.7 Schematic diagram showing possible emergence and succes-
sion in high-latitude locations. Scenario 1 depicts locations previously 
dominated by macroalgae (for example locations with Alveopora japon-
ica dominance in Jeju, Korea; locations previously dominated by 
macroalgae in Kochi, Japan) and slowly being overtaken by coral 
populations through succession. Scenario 2 depicts locations previously 

devoid of coral populations or composed mainly of massive or 
sub-massive coral species (for example Kochi, Japan) being populated 
by endemic and previously cryptic Acropora sp. populations. 
Illustrations were drawn using free to download and use vector images 
from https://www.vecteezy.com/free-vector/nature, Nature Vectors by 
Vecteezy 

Previous research has often assumed that coral 
populations in high-latitude locations represent the range 

edges of species from tropical and subtropical locations. 
However, recent molecular data do not show this, instead 
often indicating the presence of regional temperate endemic 
lineages (see Nakabayashi et al. 2019, Fifer et al. 2021). 
Considering that high-latitude locations are ‘oases’ for these 
temperate coral species, such regions should be designated as 
areas for conservation priority in order to protect endemic 
species and lineages. To better facilitate future conservation, 
it is necessary to conduct more studies on high-latitude coral 
communities, particularly on those endemic species and 
lineages by including eco-physiological, molecular ecologi-
cal, and taxonomic (molecular and morphological) datasets to 
understand whether future coral communities will be 
dominated by the succession of these local species or the 
poleward range-shifting of lower latitude species, or a mix-
ture of both scenarios. 

Definition 
Tropical-like: when, due to increases in average sea-
water temperatures (winter and summer), certain mar-
ginal (high-latitude, non-reefal) locations experience 
arrival and presence of tropical fauna and flora. This

(continued)
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,

can happen when arriving species are plastic enough to 
tolerate wide temperature ranges between seasons, as 
well as effects of factors such as typhoons and salinity 
changes. 
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Tropicalized: when species become acclimatized 
and/or adapted to tropical environments. A location 
cannot become ‘tropicalized’, rather it can become 
‘tropical-like’ and host organisms that can acclimatize 
and/or adapt to the environment of that location, due to 
conditions become suitable or similar to the invading 
organism’s original location. 

Marginalized: when flora and fauna from tropical 
and subtropical locations range-shift or migrate to mar-
ginal (high-latitude, non-reefal) locations and become 
acclimatized and/or adapted to thrive in such locations. 
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Abstract 

Corals and coral-associated organisms are threatened by 
repeated bleaching events and anthropogenic stresses, 
resulting in mass mortality and property loss (including 
foods, natural breakwater reefs, tourism resources, and 
landscapes). In addition to physical and chemical 
disturbances, the biological destruction caused by infec-
tious diseases and encrusting/boring organisms exceeds 
our expectations. This chapter describes the present situa-
tion of coral diseases and coral-killing sponges in the 
region of Southeast Asia to East Asia. These areas main-
tain a wide array of coral reefs with highly diverse 
organisms, but there is limited information available com-
pared to the Caribbean and Great Barrier Reef. Recent 
research focused on the pathological and microbiological 
perspectives of reefs in the Southeast Asian area are 
summarized in this chapter. 

Keywords 

Threat · Prevalence · Pathogenesis · Global warming 

5.1 Introduction 

Coral reefs are valuable ecosystems that host a variety of 
marine organisms and produce food for people living in 
oligotrophic coastal areas. Small and low-lying islands 
depend on coral reefs for protection, providing a natural 
breakwater against rough waves and storms formed in the 
open ocean. The majority of the coral reef islands in South-
east Asia are surrounded by coral reefs. Contrary to their 

increasing protective value, most coral reefs are facing threats 
caused by human activities. These threats include global 
warming and ocean acidification due to high carbon dioxide 
emissions and other various anthropogenic impacts, such as 
increased sediments and chemical pollutants, including 
herbicides and fertilizers. In particular, both coral bleaching 
and diseases are highly visible phenomena facilitated by 
ocean warming (Hughes et al. 2003; Bruno and Selig 2007) 
which is globally increasing annually (IPCC 2021). On the 
local scale, human-induced activities such as sedimentation, 
overfishing, excess nutrient loads (eutrophication), and the 
addition of various chemicals have degraded coral reefs. 
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With decreasing coral populations, coral reefs are 
predicted to be replaced by algae or sponges (Hoegh-
Guldberg et al. 2007; Carpenter et al. 2008; Mumby and 
Steneck 2008; Bell et al. 2013; Wulff 2016; Hughes et al. 
2017; Bruno et al. 2019). Elevated stress levels enhance the 
susceptibility of corals to diseases and infections. The reef 
framework depends on a delicate balance between 
bioaccretion and bioerosion processes (Alvarado et al. 
2017). A reduction in corals decreases the populations of 
other organisms and degrades the limestone reef structure 
(Glynn and Manzello 2015). The degraded structures attract 
destructive grazers of corals and limestone (fish and sea 
urchins), borers (sponges, mollusks, sipunculans, and 
polychaetes), and endolithic organisms (algae, fungi, and 
bacteria) which further degrade the calcium carbonate 
limestones. The number of boring sponges increases in dis-
turbed areas (Carballo et al. 2013) and some boring sponges 
(such as Cliona) overgrow the living coral and dissolve the 
coral calcium carbonate skeleton (e.g., Glynn and Manzello 
2015; Huang et al. 2021). 

In the Atlantic and Pacific regions, the number of coral 
diseases has been increasing since the 1990s (e.g., Sutherland 
et al. 2004), including in remote island areas of Hawaii and 
the US Pacific (Aeby 2006; Vargas-Angel 2009). Coral reefs 
are threatened by infectious diseases which instigate mass 
losses of corals and coral-associated organisms (e.g., Harvell

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_5&domain=pdf
mailto:hyama@lab.u-ryukyu.ac.jp
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et al. 1999, 2002). Initial reports of coral disease-like phe-
nomenon were skeletal anomalies (“tumors or neoplasms” in 
the early literature), these appeared as disordered and rapidly 
degraded coral surface skeletal structures (Squires 1965). 
However, skeletal anomalies are not considered to be coral 
diseases because the abnormal shapes are not lethal to the 
coral itself. The first recorded infectious coral disease was 
black band disease (BBD), identified in Caribbean coral reefs 
(Antonius 1973). Thereafter, diverse coral diseases have 
emerged and threatened coral reef ecosystems worldwide, 
similar to the crown-of-thorns starfish. Environmental factors 
such as high water temperatures, nutrients, sediments, 
chemicals, and changes in the biotic composition have 
enhanced coral diseases. 
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Symbiosis with the dinoflagellate “zooxanthellae” 
(Symbiodinium and other genera closely related to 
Symbiodinium) is crucial for coral nutrition, promoting 
coral growth and reproduction. Coral-associated 
microbiomes can be positive or negative relationships. 
Coral holobiont microbiomes support coral health, producing 
improved nutrition and immunological defense (e.g., Shiu 
et al. 2017). Conversely, some microorganisms are patho-
genic to corals, resulting in coral injury or death (e.g., 
Patterson et al. 2002). Coral diseases are caused by a wide 
range of microorganisms, mostly bacteria. 

Southeast Asia and East Asia comprise tropical, subtropi-
cal, and temperate regions. Coral reefs have developed 
around numerous islands. Zooxanthellate corals occur in the 
temperate region of Japan. In addition, the Kuroshio Current 
brings warm waters to the north. These combined factors 
enable us to observe the effects of global heat stress and 
local stress on corals which cause bleaching and diseases 
and compare the continuous variations in their effects on 
reefs of different islands and temperature gradients. 

5.2 Coral Diseases 

Coral diseases have variable causal agents (including bacte-
ria, protozoa, flatworms, but most remain unknown), severity 
(from small effects, minor injuries to lethal effects), progres-
sion rates (from slow to rapid), and affected areas of coral 
reefs (from limited to widespread). Coral reefs are affected by 
biological features (including microbes and macroalgae), 
chemicals (including nutrients), physical conditions (such as 
temperature, light, water flow, and turbidity), and human 
activities (for example, ships, leisure activities, eutrophica-
tion, and chemicals), potentially increasing the prevalence of 
coral diseases. 

It is difficult to identify and assess diseases by the appear-
ance of the affected corals. In the simplest terms, diseases 
should be assessed using Koch’s postulates, such as isolating 
the pathogen, culture of the pathogen, infection of healthy 

corals, and the reinfection should match the original disease. 
However, when assuming a bacterium is a pathogen, most 
marine bacteria are uncultivable (99.9%), making it 
extremely difficult to elucidate the species. Furthermore, 
there is a risk of misdiagnosis when applying cultivable 
bacteria at high concentrations in isolation to host coral, 
even when the bacteria support Koch’s postulate. 

The Japanese Environmental Agency has instigated a 
long-term monitoring program of various ecosystems, 
including coral reefs. Coral reef surveys have occurred regu-
larly from 2003 to 2020 (and are planned to continue for 
100 years) in Yaeyama (Sekisei Lagoon). The results show 
coral diseases have been increasing in prevalence and geo-
graphic distribution (Biodiversity Center of Japan 2003, 
2014, 2015, 2016, 2017, 2018, 2019, 2020). 

This chapter aims to describe each coral disease/syn-
drome. Due to common misconceptions, other factors 
which are often confused with coral diseases/syndromes are 
not addressed in this chapter. These factors include: predation 
(starfish, snails, fish), grazing, bleaching (heat-induced, focal/ 
non-focal), skeletal deformations (associated with other 
organisms), competition (with diatoms, algae, and 
cyanobacteria), and crustose coralline white syndrome. In 
addition, coral infectious diseases observed in aquariums, 
such as brown jelly, rapid tissue necrosis (Borneman 2001; 
Wada et al. 2012, 2015), tissue loss, and recovery of 
branching Porites (Asoh 2008) in Japan are not included in 
this chapter. 

5.2.1 Lethal Coral Diseases: Rapid Tissue Loss 
Diseases 

The diverse effects of infectious diseases on corals range in 
lethality, infection rate, and transmission rate, and vary with 
time and place. Presently, some coral diseases are lethal and 
widely distributed, impacting corals and coral-associated 
organisms. Lethal coral diseases cause rapid tissue loss. 
Examples include black band disease, white syndrome, and 
brown band. Other tissue loss diseases have more limited 
effects. For example, ulcerative white spots, skeletal eroding 
band, pink line syndrome, and atramentous coral tissue 
necrosis. The less destructive tissue loss diseases are 
discussed in the compromised disease/syndrome section of 
this chapter. 

5.2.2 Black Band Disease (BBD) 

Black band disease (BBD) was the first infectious coral 
disease identified in the Caribbean Sea (Antonius 1973). 
The black color and mat formation ensure BBD is easy to 
distinguish from other infectious diseases (Fig. 5.1a), with



the only exception of skeletal eroding band (SEB) (Fig. 5.1f). 
BBD has been spreading worldwide and is now reported 
from the Indo-Pacific to the Great Barrier Reef. BBD is a 
multi-microbial disease with a thin black band containing 
filamentous cyanobacteria (Fig. 5.1b), sulfate-reducing bac-
teria, and sulfur-oxidizing bacteria (Sato et al. 2016). There-
fore, the mat has both aerobic and anaerobic environments. 
BBD produces toxic H2S and associated bacteria-producing 
enzymes (proteases) to digest coral proteins. The initial infec-
tion is considered another filamentous bacterium called the 
cyanobacterial patch (Sato et al. 2010), which is gradually 
replaced by a black band forming cyanobacteria. Water-

borne infections are potentially transmitted by BBD (Zvuloni 
et al. 2009). 
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Fig. 5.1 (a) Black band disease (BBD) on a massive coral, Leptastrea 
purpurea. (b) An enlarged view of BBD on an encrusting coral, 
Montipora informis, circles highlight the coral polyps. (c) White syn-
drome (WS) on Acropora cytherea. (d) An enlarged view of WS 
showing the degrading coral tissues. (e) Brown band (BrB) on Acropora 

sp., insets provide micrographs of the ciliates engulfing the 
zooxanthellae (left) and an image using fluorescent microscopy showing 
the autofluorescence of zooxanthellae (right). (f) Skeletal eroding band 
(SEB) on M. informis, the inset is the sessile ciliates that cause SEB. All 
photographs: Sesoko Island, Japan 

BBD was initially observed in Japan (Yaeyama Islands) in 
2003 (Biodiversity Center of Japan 2013). BBD is a com-
monly observed coral disease in Japanese coral reefs. In 
Okinawa Island (Japan), infections vary between species, 
species affected include Acropora, Astreopora, Montipora, 
Gardineroseris, Pachyseris, and Leptastrea (Yamashiro 
pers. obs.). In Okinawa Island, BBD has also been reported 
on Pachyseris in the upper mesophotic site (Kubomura et al. 
2018). BBD is in the process of distribution expansion in 
Japan, dispersing from Yonaguni Island (westernmost) to



s

Kakeroma Island in the Amami Islands (Yamashiro unpub-
lished data). These islands are close to the northern limit of 
the coral reefs (especially, Yakushima and Tanegashima 
Islands) (Yamano et al. 2001). The progression rates of 
BBD disease are estimated to be 2.9 mm d-1 in Akajima, 
Japan (Wada et al. 2017). 
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5.2.3 White Syndrome (WS) 

White syndrome (WS) has been spreading widely in many 
coral reefs, similar to BBD. WS is considered a common and 
severe infectious disease (Fig. 5.1c, d). The causative agent 
was previously suggested as Vibrio (Luna et al. 2007; 
Sussman et al. 2008; Arboleda and Reichardt 2010; Ushijima 
et al. 2012, 2014). However, recent periodical measurements 
have suggested Rhodobacteraceae as the candidate bacteria 
causing WS after 18 months of repeated sampling of the 
diseased fronts (Pollock et al. 2017). WS is highly chronic 
when compared to BBD, with a progress rate of several 
cm/day. Outbreaks of WS often result in the sudden extinc-
tion of local coral communities (Yamashiro et al. 2016). 

High water temperature enhances the susceptibility of 
corals to disease infections and the progress rate of the 
diseases. For example, BBD quickly spreads in the warm 
waters (seawater temperatures 25 °C or higher) of the Carib-
bean Sea (Kuta and Richardson 1997, 2002), and WS also 
disperses rapidly in the tropical waters of the GBR in 
Australia (Bruno et al. 2007). In contrast, an outbreak of 
WS occurred only on Acropora corals in Miyazaki, a tem-
perate region of Japan where no coral reef develops 
(Yamashiro et al. 2016). Interestingly, WS-infected corals 
were still observed in winter, when water temperatures 
dropped to 15 °C in Miyazaki Japan. 

WS has been reported in a wide range of coral reefs, 
including reefs in Africa, the Red Sea, the Indian Ocean, 
the Pacific Ocean (up to Hawaii), and the GBR in Australia 
(summarized by Bourne et al. 2015). Similarly, WS is 
distributed in most coral reefs in Southeast Asia, including 
Indonesia (Lamb et al. 2017; Subhan et al. 2020), Malaysia 
(Akmal and Shahbudin 2020), Taiwan (Huang et al. 2021), 
and Guam in Micronesia (Myers and Raymundo 2009). 

5.2.4 Brown Band (BrB) 

Brown band (BrB) (Willis et al. 2004) is characterized by a 
brown band along the progressing disease front (Fig. 5.1e). 
BrB is composed of an aggregation of numerous ciliates that 
engulf coral zooxanthellae (Bourne et al. 2008) (Fig. 5.1e). 
The elongated ciliates forming BrB have been identified as 
members of the class Oligohymenophorea, subclass 
Scuticociliatia (Bourne et al. 2008), and Porpostoma 

guamense n. sp. (Lobban et al. 2011). The progress of BrB 
is quite rapid, at a rate of 1.2 cm a day (Haapkylä et al. 2009). 
The prevalence of BrB is not high or frequent when com-
pared to BBD and WS. However, the brown color is gener-
ally indistinguishable from coral tissue. The rapid 
progression and consumption rate suggest further research 
on BrB is required. 

5.2.5 Compromised Disease/Syndrome 

Other diseases/syndromes that cause relatively moderate tis-
sue loss or bleaching of coral tissues are discussed in this 
section. 

Growth anomalies (GAs) (previously called “tumors”) are 
easy to identify in the field due to the affected coral’s distinct 
abnormal development (hypercalcification) (Fig. 5.2a, b). 
GAs prevail in a wide range of coral reefs, including the 
East Pacific region (Table 5.1). GAs were the first reported 
coral disease, but the etiology of GAs remains unknown. The 
effect of GAs on coral health is not serious, except it 
decreases the reproductive output of the affected coral 
(Yamashiro et al. 2000).

Skeleton eroding band (SEB) is similar to BBD with its 
black color and shape. SEB is distinguished by the dotted 
appearance of the white zone behind the infection front 
(Antonius 1999) (Fig. 5.1f). SEB is caused by the colonial 
heterotrich ciliate Halofolliculina corallasia Antonius & 
Lipscomb 2000 (Antonius 1999). In addition to the sessile 
H. corallasia in SEB, there are motile ciliates that cause 
tissue loss in the Indo-Pacific and Caribbean coral reefs 
(e.g., Randall et al. 2015). 

Ulcerative white spots (UWS) were first described as 
Porites Ulcerative White Spots (PUWS) and predominantly 
occurred on Porites (Raymundo et al. 2003) in the 
Philippines. Recently it has been identified in other coral 
genera and other regions (Myers and Raymundo 2009; Weil 
et al. 2012; Subhan et al. 2020; Akmal and Shahbudin 2020, 
Table 5.1). UWS is identified by the round to oval white spot 
with an exposed coral skeleton inside (Fig. 5.2c). Similar 
diseases to UWS include white spot syndrome on Turbinaria 
in the temperate region of Japan (Yamashiro and Fukuda 
2009) and white spots on massive Porites caused by the 
coral-inhabiting copepod Xenomorgus varius (Kim and 
Yamashiro 2007) (Fig. 5.2d, f). Vibrio spp. are the suggested 
causative agents of UWS (Arboleda and Reichardt 2010). 

Atramentous necrosis (AtN) Anthony et al. (2008)  i  
characterized by a white to grayish film-like mass. AtN 
affects Montipora corals and has been observed in the 
prefectures of Miyazaki and Okinawa, Japan (Fig. 5.2e), the 
GBR, Australia (Jones et al. 2004), and Indonesia (Subhan 
et al. 2020). Typically, the diseased bacterial films are loosely 
attached and easily swept off (Anthony et al. 2008). AtN is



considered the second most common cause of coral tissue 
mortality. AtN is believed to include an opportunistic bacte-
rial mass. Further research is required into the progression 
and etiology of AtN, the environmental factors involved, and 
detailed microbial analyses. 
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Fig. 5.2 (a) Growth anomalies (GAs) on tabular Acropora cytherea. 
(b) GAs on encrusting Montipora sp., showing the elongated GAs 
progressing toward the edge of the colony. (c) Ulcerative white spot 
(UWS) on Porites sp. The spot sizes vary, and the insert reveals the bare 
coral skeleton inside the UWS. (d) White spots on P. lobata caused by a 

gall-forming copepod, the spot sizes are uniform and covered by 
bleached coral tissue. (e) Atramentous necrosis (AtN) on Montipora 
sp. (f) White spot syndrome on Turbinaria peltata (Photograph by 
M. Fukuda). (a–e) Sesoko Island, Okinawa, Japan. (f) Miyazaki, Japan

Pink coloration (pigmented response, PR) is identified as 
lines and spots in massive Porites colonies. PR is abundant in 
the Porites colonies surrounding Okinawa Island, Japan 
(Kubomura et al. 2021). The tiny pink spots on Porites 
(called trematodiasis) are caused by parasitic flatworms 
(Aeby 2003). Further pathological investigation of the inter-
nal cysts is required for concise identification. Trematodiasis, 
pink line syndrome (PLS), and other pink-colored tissues are 

considered to be caused by the tissue’s own immune response 
which produces red fluorescent proteins when stressed by 
epibionts (Palmer et al. 2009). Larger pink pigmentations 
and purple pigmentations (Kubomura et al. 2021) are also 
frequently observed, regardless of the level of stresses or 
competition, such as injury, algal touch, or other organisms. 

There are a variety of other diseases or related phenomena 
in Southeast and East Asia. These include white band disease 
in the Philippines (Antonius 1985), white plaque disease in 
Thailand (Roder et al. 2014), Waminoa flatworm infestations, 
and a BBD-like syndrome in Taiwan (Huang et al. 2021). 

Coral diseases have been observed in most coral reefs 
around the world, including the Caribbean Sea, Great Barrier



Reef, Red Sea, and Indo-Pacific region, even in isolated or 
remote islands. To study the prevalence and abundance of 
coral diseases/syndromes, quantitative field surveys are 
required. Previous abundance studies have been undertaken 
in Malaysia (Akmal and Shahbudin 2020), Japan (Weil et al. 
2012; Wada et al. 2017), Indonesia (Akmal and Shahbudin 

2020), the Philippines (Raymundo and Weil 2015), and 
Guam (Myers and Raymundo 2009). High water 
temperatures drive the prevalence of some coral diseases, 
such as BBD (Bruno and Selig 2007; Zvuloni et al. 2009; 
Sato et al. 2009). Climate change may cause an increase in 
coral diseases in the near future. Higher water temperatures
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Table 5.1 Coral diseases in Eastern Asia and related regions 

Disease Country Reference 

Black band disease 
(BBD) 

Japan Biodiversity Center of Japan (2004); Weil et al. (2012); Wada et al. (2017); Kubomura et al. (2018); 
Hutabarat et al. (2018) 

Taiwan Huang et al. (2021) 

Malaysia Akmal and Shahbudin (2020) 

Indonesia Haapkylä et al. (2009); Muller et al. (2012); Johan et al. (2015); Lamb et al. (2017); Subhan et al. 
(2020) 

Philippines Antonius (1985) 

Guam, 
Micronesia 

Myers and Raymundo (2009) 

Palau, 
Micronesia 

Sussman et al. (2006); Page et al. (2009) 

White syndrome (WS) Japan Biodiversity Center of Japan (2004); Weil et al. (2012); Wada et al. (2017) 

Japan, 
temperate 

Yamashiro et al. (2016) 

Taiwan Huang et al. (2021) 

Malaysia Akmal and Shahbudin (2020) 

Indonesia Haapkylä et al. (2009); Muller et al. (2012); Lamb et al. (2017); Subhan et al. (2020) 

Guam, 
Micronesia 

Myers and Raymundo (2009) 

Brown band disease 
(BrB) 

Japan Weil et al. (2012) 

Indonesia Haapkylä et al. (2009); Lamb et al. (2017); Subhan et al. (2020) 

Guam, 
Micronesia 

Myers and Raymundo (2009); Lobban et al. (2011) 

Philippines Raymundo and Weil (2015) 

Skeletal eroding band 
(SEB) 

Japan Wada et al. (2017) 

Guam, 
Micronesia 

Myers and Raymundo (2009) 

Indonesia Haapkylä et al. (2009); Page et al. (2009); Lamb et al. (2017) 

Malaysia Akmal and Shahbudin (2020) 

Growth anomalies 
(GAs) 

Japan Yamashiro et al. (2000); Yamashiro (2004); Irikawa et al. (2011); Yasuda et al. (2012); Weil et al. 
(2012); Wada et al. (2017) 

Taiwan Huang et al. (2021) 

Indonesia Lamb et al. (2017); Subhan et al. (2020) 

Guam, 
Micronesia 

Myers and Raymundo (2009) 

Palau, 
Micronesia 

Page et al. (2009) 

Malaysia Akmal and Shahbudin (2020) 

Philippines Kaczmarsky (2006) 

Ulcerative White Spots 
(UWS) 

Japan Weil et al. (2012) 

Taiwan Huang et al. (2021) 

Malaysia Akmal and Shahbudin (2020) 

Guam, 
Micronesia 

Myers and Raymundo (2009) 

Indonesia Haapkylä et al. (2009); Subhan et al. (2020) 

Philippines Kaczmarsky (2006) 

White spot syndrome Japan, 
temperate 

Yamashiro and Fukuda (2009)



)

might increase the activity of microbes related to coral 
diseases, decreasing coral health, respectively. 
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In addition to increasing sea surface temperatures, several 
other environmental factors seem to initiate or drive coral 
diseases. High concentrations of nutrients such as sewage 
effluent or upwelling aid BBD (Kaczmarsky et al. 2005; 
Rodríguez and Cróquer 2008), and coral injury (tourist activ-
ity) aids BrB (Lamb and Willis 2011). Dredging-associated 
sedimentation and turbidity facilitate the prevalence of white 
syndrome, sediment-associated tissue necrosis, and pigmen-
tation response; however, these activities do not correlate 
with BBD, GAs, and SEB infections (Pollock et al. 2016). 

Biological factors also drive or affect some coral diseases. 
These include predators (crown-of-thorn starfish, fish, and 
snails), vectors (fish, snails, and fireworms) (Sussman et al. 
2003; Nicolet et al. 2018 with a review list), and algal contact 
(Nugues et al. 2004). Some microbes, mostly bacteria, are 
associated with coral diseases. These bacteria originate from 
human activity and enter by inflows from land or fish farms 
(e.g., Garren et al. 2009). Thus, any survey of coral diseases 
requires comprehensive analyses of the coral diseases, envi-
ronment, anthropogenic effects, and coral-associated 
organisms. 

5.3 Sponges 

Some demosponges have become a threat to coral and coral 
ecosystems. Several coral-encrusting (or coral-killing) 
sponges are spreading in coral reefs. This section summarizes 
the most coral-threatening sponges that are predicted to 
increase in the distribution or proliferate in the near future. 
Clathria (Microciona) aceratoobtusa (Carter 1887) 
(Poecilosclerida, Microcionidae) and Mycale (Mycale) 
grandis Gray, 1867 (Poecilosclerida, Mycalidae) are consid-
ered location competitors with corals and are referred to as 
coral-killing sponges in Indo-Pacific coral reefs (Table 5.2).

5.3.1 Terpios Sponge 

Terpios hoshinota are grayish to blackish thin (<1 mm  
encrusting sponges that overgrow live corals (Fig. 5.3a, b). 
Since the initial report in Guam and the Mariana Islands in 
1973 (Bryan 1973), T. hoshinota has been spreading widely 
in the Indo-Pacific coral reefs of Japan, Taiwan, Southeast 
China Sea, India, Maldives, Indonesia, Australia, and Papua 
New Guinea (Table 5.2). T. hoshinota is associated with 
numerous symbiotic cyanobacteria (Aini and Yamashiro 
2022). T. hoshinota is distributed in shallow water with 
high light; it does not grow in reduced light conditions 
(Thinesh et al. 2017). A small snail closely associated with 
this sponge has also been reported (Yamashiro et al. 2021). 

Linear progression rates are 11.5–23.0 mm month-1 (Bryan 
1973; Plucer-Rosario 1987; Elliott et al. 2016; Thinesh et al. 
2017), and 28 mm month-1 (Aini et al. 2021). Dispersal is 
faster in warm months (summer) and lower in winter and 
when disturbed by typhoons (Aini et al. 2021). T. hoshinota 
releases larvae at midnight (Hirose et al. 2022) (Fig. 5.3d–g). 
Self and non-self recognition are determined by both direct 
and indirect contact assays (Hirose et al. 2021). Syue et al. 
(2021) demonstrated the T. hoshinota sponge does not kill 
corals for food or nutrients. T. hoshinota uses corals as a 
substrate and demonstrated using the stable isotope tech-
nique, on Green Island, Taiwan (Syue et al. 2021).

5.3.2 Cliona Sponge 

Cliona sponges are diverse and comprise many species that 
are distributed widely from deep sea to shallow areas, includ-
ing coral reefs of the Caribbean and Indo-Pacific (Fig. 5.4a, 
b). Cliona excavates calcium carbonate substratum and lives 
inside the limestone. Cliona produces the enzyme carbonic 
anhydrase (CA) to assist in the biochemical dissolution of 
calcareous substances (Hatch 1980). Cliona can effectively 
remove calcareous matter as small chips by etching the sur-
face with filopodia that secretes CA and mechanically 
removes the chips through oscula (Rützler and Rieger 1973).

Herein, we define Cliona sp. in coral reefs as coral-
covering type sponges. The sponge hosts the symbiotic 
algae zooxanthella. Therefore, the sponge is a brown-like 
zooxanthellate coral. Unlike Terpios (<1 mm), the tissue of 
Cliona sp. is thick (cm) with a robust structure. In Taiwan, 
coral-encrusting Cliona sp. in combination with T. hoshinota 
have become a threat to coral reefs on Green Island and 
Orchid Island (Huang et al. 2021). Cliona viridis threatens 
coral reefs in India (Ashok et al. 2018). 

5.3.3 Chalinula Sponge 

Chalinula nematifera (de Laubenfels 1954) (originally 
described as Nara nematifera when collected from the Mar-
shall Islands) is a thin and bright purple sponge (it is com-
monly called the magenta ribbon sponge) (Kelly et al. 2016). 
C. nematifera overgrows hard substrates, including live 
corals (Fig. 5.4c–f). The soft tissues are very delicate and 
slimy and contain no photosynthetic symbionts. It is 
distributed from the GBR, Micronesia, Marshall Islands, 
The Philippines, Maldives (Kelly et al. 2016), and Japan 
(Reimer et al. 2022). Although this species has been recorded 
on the Pacific Mexican coast, it seems to have been 
translocated from the Pacific-Indian Ocean (Ávila and 
Carballo 2009). Recently, C. nematifera is considered a 
coral-killing sponge in the Mexican Pacific coast and the



Western–central Pacific, in areas such as Indonesia (Rossi 
et al. 2015; Turicchia et al. 2018) and Vietnam (Quang 2020). 
The progression rate was 0.17–0.22 cm d-1 (50 mm month-
1 ) in Sulawesi Island, Indonesia (Rossi et al. 2015). This 
sponge is easy to find and identify with its bright purple 
color and specific white threads radiating or aligned in the 
same direction. Presently, C. nematifera is not a threat in 
some places such as Japan. However, it has the potential to 
become a threat in the near future, similar to Terpios. Moni-
toring should be conducted in the coral reefs of Japan, due to 
the increasing dispersal of this sponge. To better understand 
C. nematifera, we require further studies on the reproduction, 
progression, symbionts, and morphological/molecular traits. 
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Table 5.2 Coral-killing sponges in the Indo-Pacific and related region 

Genus Country Reference 

Terpios Japan Yamaguchi (1986); Reimer et al. (2010, 2011); Yomogida et al. (2017); Aini et al. 
(2021); Hirose et al. (2021, 2022) 

Taiwan Liao et al. (2007); Wang et al. (2012); Hsu et al. (2013); Huang et al. (2021) 

Guam, Micronesia Bryan (1973); Plucer-Rosario (1987); 

Malaysia Hoeksema et al. (2014); Akmal and Shahbudin (2020) 

Indonesia de Voogd et al. (2013); van der Ent et al. (2015) 

Southeast China Sea Shi et al. (2012); Yang et al. (2018) 

Papua New Guinea Ekins et al. (2017) 

Australia Fujii et al. (2011); Fromont et al. (2019) 

Maldives Montano et al. (2015) 

Cliona Taiwan Huang et al. 2021 

India Ashok et al. (2018) 

Chalinula Indonesia Rossi et al. (2015); Turicchia et al. (2018) 

Vietnam Quang (2020) 

Japan Reimer et al. (2022) 

GBR, Micronesia, Marshall Islands, 
Philippines, Maldives 

Kelly et al. (2016) 

Pacific Mexican coast Ávila and Carballo (2009) 

Clathria Yemen Benzoni et al. (2008) 

India Ashok et al. (2020) 

Taiwan Huang et al. (2015) 

Mycale Taiwan Huang et al. (2015) 

Hawaii Coles and Bolick (2007)

5.3.4 Other Coral-Killing Sponges 

The red sponge Clathria (Microciona) sp. overgrows Porites 
lutea in Yemen at an average rate of 1 cm month-1 (Benzoni 
et al. 2008). Other coral-killing sponges include C. 
(Microciona) aceratoobtusa (Carter 1887) in southeast 
India (Ashok et al. 2020), and Clathria spp. in the Penghu 
Archipelago, Taiwan (Huang et al. 2015). The orange key-
hole sponge (Mycale grandis) in Hawaii aggressively 
overgrows Porites and Montipora corals (Coles and Bolick 
2007). Conversely, Mycale grandis occurs naturally in 
Indonesia and Australia. Therefore, this sponge may be inva-
sive when introduced. It has become dominant over corals in 

south Kaneohe Bay, Hawaii (Coles and Bolick 2007). 
Mycale (Zygomyclae) parishii (Bowerbank 1875) is reported 
in the Penghu Archipelago, Taiwan (Huang et al. 2015). 

It is predicted in future (coral) reefs will be replaced by 
algae and sponges and there will be a decrease in corals due 
to global warming, ocean acidification, and anthropogenic 
stresses such as sedimentation, excess nutrients, and a variety 
of introduced chemicals that negatively affect corals. This 
regime shift will not occur suddenly, it will require the 
repeated degradation of coral reefs and reef organisms 
compounding over time. The recent increases in reports of 
coral-killing sponges are providing us with a warning, yet 
information on these sponges is scarce when compared to 
coral diseases. Continuous monitoring of coral-killing 
sponges is required to describe their prevalence and progres-
sion for the future conservation of coral reefs. Furthermore, 
fundamental scientific research on sponge reproduction and 
population dynamics is needed with a focus on global and 
local environmental changes. 

5.4 Coral Holobiont 

Corals harbor an array of microorganisms, including endo-
symbiotic dinoflagellate algae (of the family 
Symbiodiniaceae), bacteria, archaea, fungi, ciliates, and 
viruses to sustain their health and homeostasis (which are 
referred to as the coral holobiont) (reviewed in Rohwer et al.



2002; Bourne et al. 2016). It is commonly recognized that 
Symbiodiniaceae is a major contributor to the host coral by 
providing crucial nutrients, whereas the algae symbiont 
resides intracellularly in the epidermis of coral tissues 
(Muscatine et al. 1981). Other members of the holobiont, 
especially bacteria, also provide mutualistic benefits, such 
as the assimilation of limited nutrients in an ambient environ-
ment and the production of antibiotics (Rohwer et al. 2002; 
Ritchie 2006; Olson et al. 2009). If any of these holobiont 
members are disrupted or altered by environmental stress, the 
health of the entire coral is compromised (reviewed in 
Bourne et al. 2016; Mera and Bourne 2018). For instance, 
Symbiodiniaceae loss from coral tissues can lead to bleaching 

and death in corals under thermal stress (Brown et al. 1995). 
Dramatic shifts in the bacterial community are also regularly 
observed when the coral is stressed (e.g., Bourne et al. 2007; 
Shiu et al. 2017). These dramatic shifts eventually affect the 
health of the coral, reducing the growth and survival of the 
host, and increasing disease occurrences (Guerra et al. 2014; 
Teplitski et al. 2016; Zaneveld et al. 2016). In addition, 
thermal stress increases the vulnerability of corals to oppor-
tunistic pathogenic bacteria within the coral microbiome and 
decreases the relative abundance of healthy core bacterial 
symbionts (Zaneveld et al. 2016). Coral diseases are often a 
complex interaction of various holobiont members, affecting 
the fitness of the holobiont array, such as bacteria. Core
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Fig. 5.3 Images of Terpios hoshinota. (a) Massive coral of Porites 
sp. covered by T. hoshinota, Ogimi, Okinawa, Japan. (b) Foliose coral, 
Montipora aequituberculata covered by T. hoshinota, Kikai Island, 
Kagoshima, Japan. (c) The sponge overgrowing the branching coral, 

M. digitata, with many extending threads. (d) Numerous larvae on the 
surface tissue of the sponge. (e) Sponge larvae caught in a nylon mesh 
cup. (f) Sponge larva. (g) Settled sponge larvae developing a canal 
system. (c–g) Nakijin, Okinawa, Japan



bacterial symbionts in healthy corals show significant 
decreases in abundance in diseased corals (Vega Thurber 
et al. 2009; Meyer et al. 2014; Gignoux-Wolfsohn et al. 
2017). One study suggested the microbiome of a diseased 
coral depends on the existing healthy microbiome, the dis-
ease history of the infected coral, the source of the disease, 
and the rate of the disease progression (Gignoux-Wolfsohn 
et al. 2017). If the origin of the coral microbiome is a factor in 
the future health and survival of corals then there is an urgent 
need for research into the microbiome of healthy corals, 
including diversity, core symbionts, and their functions. 
This data will enable us to understand the physiology of 
healthy coral and the mechanisms of coral disease. 
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Fig. 5.4 (a, b) Cliona sp. (brown), Green Island, Taiwan. (a) Bar: 1 m. 
(b) An enlarged view showing the oscula. (c–f) Chalinula nematifera, 
Okinawa, Japan. (c) C. nematifera (bright purple) encrusting branching 
Acropora and foliose Montipora coral. (d) Pocillopora sp. is fully 

covered by the sponge. The image was taken without lighting at the 
25 m depth, Minna Island, Okinawa, Japan (photograph by Ayaka H). 
(e, f) An enlarged view highlighting the oscula and white threads

5.5 Causes of Coral Diseases by Biotic 
Agents 

The causes of coral diseases are complex due to biotic and/or 
abiotic stressors and remain poorly understood. However, a 
diverse array of studies have investigated the coral reefs of 
the world. Biotic stresses are instigated by microorganisms, 
including bacteria, fungi, viruses, and protists (reviewed in 
Sutherland et al. 2004). To date, the etiologies of a few coral 
diseases have been determined by their fulfilling Koch’s 
postulates (Table 5.3). However, the traditional assessment 
approach, based on Koch’s postulates, is difficult to apply to 
coral diseases (Richardson 1998).



Disease Location References 
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Table 5.3 Pathogens of coral diseases that satisfy Koch’s postulates 

Tested coral 
species 

Potential pathogen 
(s)

Vibrio shiloi induced bleaching Israel Oculina 
patagonica 

Vibrio 
mediterraneia 

Kushmaro et al. (1996, 1997) 

Aspergillosis USA and 
Bahamas 

Gorgonia 
ventalina 

Aspergillus sydowii Geiser et al. (1998) 

Vibrio coralliilyticus induced 
bleaching and coral tissue lysis 

Tanzania Pocillopora 
damicornis 

V. coralliilyticus Ben-Haim and Rosenberg (2002); Ben-Haim 
and Zicherman-Keren (2003) 

Yellow band disease USA Motastraea 
faveolata 

Vibrio consortium Cervino et al. (2008) 

Porites uncreative white spot Philippines Porites 
cylindrica 

Vibrio sp. Arboleda and Reichardt (2010) 

Pocillopora White syndrome (WS) Italy Poci. 
damicornis 

V. harveyi Luna et al. (2010) 

Montipora WS Hawaii Montipora 
capitata 

V. owensii, and 
V. coralliilyticus 

Ushijima et al. (2012, 2014) 

Porites WSb China Por. andrewsi V. alginolyticus Zhenyu et al. (2013) 

Porites white patch syndrome South Africa Por. lutea V. tubiashii Séré et al. (2015) 

Acropora WS Hawaii Acropora 
cytherea 

V. coralliilyticus Ushijima et al. (2016) 

a Originally classified as V. shilonii (synonym, V. shiloi) 
b Original paper describes as Porites andrewsi White Syndrome (PAWS) 

The Vibrio genus is a prominent coral pathogen 
(Table 5.3), and a possible causative agent for coral diseases 
throughout the world (reviewed in Bourne et al. 2009; 
Arotsker and Kushmaro 2015; Mera and Bourne 2018). 
However, Vibrio bacteria can be present in low densities in 
the microbiome of healthy corals (e.g., Arboleda and 
Reichardt 2009; Hong et al. 2009; Kvennefors et al. 2010). 
Vibrio coralliilyticus (a pathogen that infects Pocillopora 
damicornis; see Table 5.3) has been relatively well studied. 
There have been 88-related publications since 2003 (based on 
data from ScienceGate database, https://www.sciencegate. 
app/). Vibrio coralliilyticus is present in V. coralliilyticus-
induced bleaching and coral tissue lysis and also in white 
syndromes (WS) (Sussman et al. 2008; Ushijima et al. 2014, 
2016) and BBD (Arotsker et al. 2009). Both the chemotaxis 
and chemokinesis by V. coralliilyticus target coral mucus 
through chemical cues (Garren et al. 2014, 2016). 
V. coralliilyticus affects coral by assisting the production of 
extracellular protease (VcpB zinc metalloprotease) to 
photoinactivate Symbiodiniaceae and coral tissue lysis 
which is activated by high temperatures (temperature-
dependent virulence response) (Sussman et al. 2009; Kimes 
et al. 2012; van de Water et al. 2018). Other species of the 
Vibrio genus have also been involved in the pathogenesis of 
corals in the Caribbean Sea and the Indo-Pacific Ocean, 
including the South China Sea (Table 5.3). V. mediterranei 
(synonym, V. shionii and V. shiloi) successfully fulfilled 
Koch’s postulates in Oculina patagonica to become the first 
identified infectious disease pathogen of corals (Kushmaro 
et al. 1996, 1997). Since 2004, V. mediterranei has no longer 
been detected in either healthy or bleached corals when 

assessed using culture-based methods or by fluorescence in 
situ hybridization techniques (Koren and Rosenberg 2006; 
Ainsworth and Hoegh-Guldberg 2008). However, 
V. mediterranei is responsible for coral bleaching when in 
collaboration with V. coralliilyticus (Mills et al. 2013; Meyer 
et al. 2014; Rubio-Portillo et al. 2020). Four other Vibrio 
species (V. harveyi, V. owensii, V. alginolyticus) are also 
considered coral pathogens with WS (with Pocillopra, 
Montipora, and Porites corals, respectively) (Luna et al. 
2010; Zhenyu et al. 2013; Ushijima et al. 2014). 

In addition to the genus Vibrio, other bacteria are also 
implicated as biotic causative agents of coral diseases. These 
include Serratia marcescens (which causes white pox disease 
in the Caribbean Sea) (Sutherland et al. 2016), 
Pseudoalteromonas pirati (which causes Montipora white 
syndrome in Hawaii) (Beurmann et al. 2017), and 
Thalassomonas loyana (which causes white plaque-like dis-
ease in the Red Sea) (Thompson et al. 2006). BBD lesions 
have been characterized as complex microbial consortiums, 
called polymicrobial diseases because they can include 
cyanobacteria (the dominant group), sulfur-cycling bacteria 
(including sulfate-reducing bacteria and sulfide-oxidizing 
bacteria), other heterotrophic bacteria, archaea, fungi, and 
eukaryotes (reviewed in Sato et al. 2016). A phylogenetic 
analysis using the 16S rRNA gene revealed the dominant 
cyanobacteria are tightly clustered in monophyletic groups 
(Sato et al. 2016). The dominant cyanobacteria include the 
Oscillatoria sp.-related cyanobacterium RMS in the Indo-
Pacific, Pseudoscillatoria coralii in the Red Sea, and 
Roseofilum reptotaenium in the Caribbean (Sussman et al. 
2006; Rasoulouniriana et al. 2009; Casamatta et al. 2012).

https://www.sciencegate.app/
https://www.sciencegate.app/
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In non-axenic culture, R. reptotaenium can cause progres-
sive BBD lesions in healthy corals within days of infection 
(Casamatta et al. 2012). Although the group has been 
suggested to be involved in BBD pathogenesis as a major 
key player, an infection occurred only in the presence of 
sulfate-reducing bacteria as a necessary secondary pathogen 
(Brownell and Richardson 2014). Polymicrobial diseases can 
be caused by complex interactions within a microbial consor-
tium. Although unable to fulfill Koch’s postulates, the viru-
lence of BBD may be due to the lesion becoming anoxic and 
promoting sulfide accumulation by sulfate-reducing bacteria 
which is a very harmful and toxic biogeochemical cocktail 
for the underlying coral tissues (Carlton and Richardson 
1995; Kuta and Richardson 1997; Glas et al. 2012; Sato 
et al. 2016). 

5.6 Pathological Studies in Eastern Asia 

Pathological studies in eastern Asia have investigated coral 
diseases, including WS, V. coralliilyticus infectious disease, 
BBD, GAs, and bleaching corals. In Japan, GAs (Yamashiro 
et al. 2000, 2001; Irikawa et al. 2011; Yasuda et al. 2012; 
Yasuda and Hidaka 2012) and cyanobacterial blooms 
(Yamashiro et al. 2014) have been described in detail 
(Wada et al. 2018). Therefore, this section aims to update 
earlier information from previous pathological studies, espe-
cially those undertaken in eastern Asia (including China, 
Hong Kong, Japan, South Korea, and Taiwan). 

5.6.1 Coral Pathogens in Eastern Asia 

Zhenyu et al. (2013) identified V. alginolyticus as the cause of 
a new coral disease, Porites andrewsi White Syndrome 
(PAWS) in the north Xisha Archipelago, South China Sea 
(Table 5.3). PAWS was identified by bright white lesions on 
P. andrewsi, which dominated corals in the lagoons at depths 
of 1–3 m. Newly dead colonies became darker (dull white) 
within 4–7 days. After 10 days, algae began growing on the 
surface of the dead colonies. The initial transmission 
experiments in the field (Fig. 5.5) confirmed some PAWS 
lesions transmitted to healthy corals, resulting in an average 
tissue loss of 5.40 cm2 from the site where the lesion was 
placed in direct contact with a healthy fragment (Zhenyu 
et al. 2013). The study concluded an infection occurred 
between days 5 and 14, most likely occurring after approxi-
mately 7–10 days of the PAWS lesion being placed on the 
healthy coral. The second experiment involved mixed bacte-
rial challenges (with a five-strain mixture) which confirmed 
one of the five strain mixtures (the T1 group containing 
XSBZ01, XSBZ03, XSBZ07, XSBZ14, and XSBZ22) 
caused coral tissue loss 6 days after inoculation. Conversely, 

the other bacterial mixtures did not affect the coral with the 
coral maintaining visibly healthy signs (the experiment 
involved immersing coral nubbins in the bacterial mixture 
before transferring the corals into seawater). The third exper-
iment aimed to determine whether two single strains 
(XSBZ03 and XSBZ14) from the five-strain mixture (T1 

group) were the PAWS pathogen. This experiment involved 
single-strain bacterial challenges to fulfill Koch’s postulates 
(the experiment was carried out by the coral nubbins being 
immersed in the bacterial inoculation solution during the 
entire experimental period). This experiment identified 
V. alginolyticus as the PAWS pathogen using the 16S 
rRNA gene. In addition, two sensitive detection methods 
for identifying V. alginolyticus were developed (Li et al. 
2018; Yu et al. 2019). Interestingly, one method can detect 
viable V. alginolyticus when bound to single-stranded DNA 
aptamers using flow cytometry (Yu et al. 2019).

Higuchi et al. (2013) also identified a bacteria isolated 
from bleached Montipora digitata and the surrounding sea-
water in Okinawa, Japan. The research used bacterial 
challenges to investigate the corals in heat stress. First, five 
bacterial strains were collected. V. coralliilyticus 
[AB490821] and V. harveyi [AB490822] were obtained 
from seawater, Paracoccus carotinifaciens [AB490820] 
from bleached M. digitata, and Pseudoalteromonas 
sp. [AB691769] and Sulfitobacter sp. [AB691770] from the 
water surrounding the bleached M. digitata. The five bacte-
rial strains were mixed and immersed in the nubbins of 
healthy M. digitata at two different temperatures (27 °C and 
32 °C). The coral nubbins at 27 °C showed no signs of 
bleaching, even when the mixed bacteria were challenged. 
The high temperature (32 °C) treated coral nubbins with a 
mixed bacterial challenge became bleached, while the corals 
without the bacterial treatment showed moderate signs of 
bleaching and loss of coloration (Higuchi et al. 2013). 
Thus, the most affected nubbins were those with the added 
bacterial mixture at 32 °C; these nubbins displayed potential 
necrosis signs, especially on the coenosarc. Second, Higuchi 
et al. (2013) confirmed that only the addition of Sulfitobacter 
sp. (AB691770) resulted in bleached corals at 32 °C. In this 
instance, the maximum quantum efficiency of photosystem II 
[Fv/Fm ratio] also decreased by approximately 24% when 
compared with control coral nubbins. Conversely, the other 
four strains did not provoke any signs of bleaching after 
4 days of incubation at a high temperature (Higuchi et al. 
2013). 

In a BBD pathology study, Hutabarat et al. (2018) also 
attempted to isolate the dominant cyanobacteria from 
BBD-affected colonies (Montipora sp. and Goniopora sp.) 
from two Okinawa islands, Japan (Sesoko Island and Miyako 
Island, respectively). All of the cyanobacterial cultures from 
BBD were dark brown color. The morphological structures of 
all of the BBD-related cyanobacteria had similar size ranges



(cell lengths ranging from 2.58 to 4.80 μm; cell widths 
ranging from 3.10 to 4.80 μm; Fig. 5.6a). The size ranges 
are more like the Australian strain (R. reptotaenium AO1, 
Buerger et al. 2016) and Caribbean strain (R. reptotaenium 
100-1 and 101-1, Casamatta et al. 2012) than the Red Sea 
strain (P. coralii BGP10-4S, Rasoulouniriana et al. 2009). 
Cyanobacterial-specific primers targeting the 16S rRNA gene 
were used to further examine the cyanobacteria from both 
locations in Japan. Three cyanobacterial isolates originating 
from Sesoko Island (n = 1, CDS) and Miyako Island (n = 2, 
CDM1 and CDM2) were identical for 860 bp of the gene. 
The three isolates were affiliated with the BBD group 
retrieved from the Caribbean and Indo-Pacific (Fig. 5.6b).
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Fig. 5.5 Images of the transition stages (day 0, day 14, and day 28 after 
bacterial inoculation) in the field transmission experiment of Porites 
andrewsi White Syndrome (PAWS). The upper (a) and lower (b) panels 
showing the healthy colony of P. andrewsi in contact with the PAWS-

diseased coral fragment and with a healthy coral fragment, respectively, 
both previously collected from other P. andrewsi colonies. Red arrows 
highlight the contact fragments (source: Zhenyu et al. 2013)

5.6.2 Bacterial Community in Coral Diseases 

Several bacterial community analyses of coral diseases have 
characterized the communities by their abundance, including 
BBD and GAs, in eastern Asia (Chiu et al. 2012; Yang et al. 
2014; Ng et al. 2015). 

A BBD mat on Echinopora lamellosa was sampled from 
Yongxing Island in the South China Sea, and a full-length 
16S rRNA gene was sequenced using the cloning library 
method (Yang et al. 2014). A total of 81 sequences were 
obtained, a total of 64 of the sequences were identified as 
cyanobacteria (79.01% of the total number). The remaining 

sequences belonged to Bacteroidetes (3.95%), 
Actinobacterium (1.22%), Verrucomicrobia (1.22%), and 
Proteobacteria, including α-proteobacteria (12.3 5%) and 
γ-proteobacteria (2.25%). The cyanobacterial sequences in 
the BBD mat clustered into 31 operational taxonomic units 
(OTUs) at the phylum level. The most abundant OTU SD-39 
(which included 15 sequences) and the second most abundant 
OTU SD-95 (which contained seven sequences) were similar 
to uncultured cyanobacteria (DQ269106 and AM159754), 
which were derived from red algae in Australia (95% simi-
larity) and from a marine sponge (97% similarity), respec-
tively. However, some OTUs in the phylogenetic analysis 
were also similar to the BBD-associated cyanobacteria from 
the Caribbean and Red Sea (Yang et al. 2014). 

GA-affected coral tissues did not affect healthy coral 
tissue in Acropora cytherea or Porites australiensis (Irikawa 
et al. 2011; Yasuda et al. 2012). Conversely, Kaczmarsky and 
Richardson (2007) reported contrasting results, with success-
ful transmission in Porites corals and suggested the cause 
was pathogenic microorganisms. In 2010 and 2011, 
GA-associated bacterial communities were characterized in 
Platygyra carnosus samples in Hong Kong (Chiu et al. 2012; 
Ng et al. 2015). Surprisingly, in Hong Kong, more than 60% 
of the P. carnosus colonies developed GAs (Fig. 5.7, Chiu 
et al. 2012). Although the culture-dependent method showed 
no difference in the bacterial communities between the GAs 
and the healthy regions of P. carnosus (Chiu et al. 2012), 16S



rRNA amplicon sequencing revealed at the phylum level, the 
GAs-affected tissues contained high numbers of 
Acidobacteria and Gemmatimonadetes, and low numbers of 
Spirochaetes (Ng et al. 2015). In addition, Ng et al. (2015) 
identified certain specific OTUs were exclusively associated 
with GA-affected tissues, including Rhodospirillaceae, 
Rhizobiales, γ-proteobacteria, and the Cytophaga-
Flavobacterium-Bacteroidetes (CFB) group. This result 
suggests they are potential pathogens or opportunistic 
colonizers that proliferate during the development of GAs. 
Subsequently, Zhang et al. (2017) performed a transcriptome 
analysis of GAs-affected tissues sampled from Hong Kong 
and focused on the gene expression of P. carnosus and 
Symbiodiniaceae. When compared to healthy tissues, the 
GAs-affected tissues contained 109 differentially expressed 

genes (61 upregulated and 48 downregulated genes) in 
P. carnosus and 31 genes (16 upregulated and 
15 downregulated genes) in Symbiodiniaceae (Zhang et al. 
2017). Of the 109 differentially expressed genes in 
P. carnosus, 32 gene ontology (GO) functional terms were 
enriched. Their functions include cell differentiation, osteo-
blast differentiation, ossification, branching morphogenesis 
of epithelial tubes, regulating tissue remodeling, and sterol 
metabolic processes, indicating that GAs are malignant 
neoplasms (Zhang et al. 2017). Of the 31 differentially 
expressed genes in Symbiodiniaceae, only five GO cellular 
components were enriched (including reproduction, organic 
nitrogen metabolism, and the metabolism of plant pigments), 
indicating that GAs affect several aspects of symbiont physi-
ology (Zhang et al. 2017). Moreover, some immunological 
genes (such as malignant brain tumors 1 (DMBT1), bacterial 
permeability-increasing protein (BPI), ADP-ribosylation fac-
tor 1 (Arf1), and autophagy) were identified in the formation 
of GAs, suggesting the formation is a response to both 
bacterial and viral attacks (Zhang et al. 2017). However, 
conclusive evidence has yet to be provided to prove the 
theory of pathogenic microorganisms. 
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Fig. 5.6 Image of BBD-related cyanobacteria using blight field (a) and 
the phylogenetic tree (b) of the cyanobacterial partial 16S rRNA gene 
sequences (860 bp) based on a maximum likelihood analysis (with 1000 

bootstrap replications). Adapted by permission from Springer Nature: 
Hutabarat et al. (2018) J Appl Phycol 30:3197–3203. Copyright (2018) 
Springer Science+Business Media B.V.

Fig. 5.7 Image highlighting growth anomalies (GAs) in Platygyra 
carnosus. Arrow indicates GAs-affected tissues (source: Ng et al. 2015) 

5.6.3 Vibrio corallilyticus Infection with Corals 

There are two representative studies that have treated corals 
with V. coralliilyticus under thermal stress. These include 
Acropora diditifera in Japan and Galaxea fascicularis in 
China (Tang et al. 2020; Takagi et al. 2020). 

Takagi et al. (2020) delineated the A. diditifera 
(Symbiodiniaceae-aposymbiotic juvenile polyps) immune 
system response to V. coralliilyticus invasion by



transcriptome analysis. To confirm the bacterial infection on 
the polyp, Takagi et al. (2020) transformed the DsRed2 
fluorescent protein-coding gene into a cell of 
V. coralliilyticus strain P1 (LMG23696) and visually 
inspected the outcome. The V. coralliilyticus was densely 
localized around the actinopharynx of the polyp (Takagi 
et al. 2020, Fig. 5.8). The host gene expression was analyzed 
at 5, 30, 60, and 180-min post-infection (mpi). The analysis 
focused on the early stages of the V. coralliilyticus infection, 
and compared the treated polyps with uninfected polyps, in 
thermal stress conditions (30 °C). The notable results of the 
30 and 60 mpi revealed the GO functional genes for both the 
“extracellular exosome (which is related to the mediator of 
cell-to-cell communication and also the transport of antimi-
crobial peptides)” and the “extracellular matrix” were 
upregulated. Conversely, the GO functional genes for the 
“innate immune response” were downregulated and included 
the Toll-like receptor (TLR1), the nucleotide-binding oligo-
merization domain- (NOD-) containing proteins (NOD1 and 
NOD2), and the NOD-like (NLR) family CARD domain-
containing proteins (NLRC4 and NLRC5). In addition, in 
the GO category, the “oxidation-reduction process” related 
to redox homeostasis was also upregulated, including in the 
mitochondrion, the mitochondrial respiratory chain 
complex I, and the mitochondrial inner membrane. This 
result suggests the mitochondrial reactive oxygen species 
(mROS) may be involved in bacterial defense and facilitate 
antibacterial innate immune signaling. In summary, Takagi 
et al. (2020) revealed the invasion of V. coralliilyticus 
suppresses host gene expressions related to the innate 
immune response. Simultaneously, the coral responds to the 
altered mitochondrial and protein metabolism by exosome 
release and extracellular matrix remodeling to eliminate the 
infected pathogen, in the early stages of interaction between 
the coral pathogen and the coral polyp (Takagi et al. 2020).
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Tang et al. (2020) infected V. coralliilyticus into 
G. fascicularis corals in the South China Sea. First, healthy 
G. fascicularis were heat treated (temperature, N.D.) and a 
total of 101 bacterial isolates were obtained from the gastric 
cavity and the taxonomy was determined using the full-
length 16S rRNA gene. In the gastric cavity, the genus Vibrio 
was the most abundant bacteria (38% of the total isolates), 
followed by Alteromonas (11%), Pseudoalteromonas (8%), 
Nautella (8%), Neptuniibacter (7%), Halomonas (4%), and 
Erythrobacter (4%). One strain, V. coralliilyticus (SCSIO 
43001) from Vibrio was further investigated. The testing 
involved G. fascicularis being inoculated with the strain 
(final concentration, 5 × 106 –1 × 107 CFU ml) every 12 h 
for 2 days at 26 °C, and kept with no-inoculation at 32 °C for 
2 days. The results showed the bacterial treatment resulted in 
the area of the coenosarc becoming noticeably bleached in 
the inoculated corals while the control corals (in sterile water 
without any bacteria) still appeared relatively healthy 

(Fig. 5.9). Various Vibrios species were isolated from the 
bleached area, including V. coralliilyticus, V. tubiashii, 
V. alginolyticus, V. owensii, and V. mediterranei 
(as V. shilonii). In addition, Tang et al. (2020) confirmed 
the antagonistic effect by screening the specimens using 
other isolates from the gastric cavity with the 
V. coralliilyticus strain SCSIO 43001 (more details are 
provided in Sect. 5.7).

5.6.4 Further Pathological Research for Coral 
Diseases 

Since the first report of a coral disease in 1973, the identifi-
cation of coral diseases has been based on the visual inspec-
tion of macroscopic lesions on the coral surface and coral 
diseases are named using the appearance of the lesion 
(Moriarty et al. 2020). This has resulted in many confusing 
and often contradictory disease diagnoses which is difficult to 
systematically overcome in the field. In addition, the accu-
racy of coral health assessments is yet to be determined. 
These aspects limit our diagnosis of coral diseases and 
make the elucidation of etiology difficult. Currently, coral 
cell lines have been established (Kawamura et al. 2021). This 
technique is expected to be a breakthrough that aids our 
understanding of the etiology of coral diseases, especially 
the interaction between potential pathogens and coral host 
cells, and the mechanisms of coral diseases. 

5.7 Potential Beneficial Bacteria to Reduce 
Coral Disease 

Bacteria are among the most diverse and abundant organisms 
in the coral holobiont. Recent studies in Taiwan have 
suggested that some bacterial isolates sampled from corals 
might drive the holobiont roles that are involved in 
dimethylsulfoniopropionate (DMSP) reduction, nitrogen fix-
ation, prevention of host mitochondrial dysfunction, and 
promotion of host gluconeogenesis in corals (Ding et al. 
2016; Yang et al. 2019; Tandon et al. 2020). Several studies 
in China and Japan have also demonstrated that bacteria 
isolated from G. fascicularis corals can inhibit the coloniza-
tion and growth of the coral pathogen Vibrio corallilyticus 
(Miura et al. 2019; Tang et al. 2020). 

Tang et al. (2020) successfully induced coral bleaching by 
an isolated strain of V. coralliilyticus (SCSIO 43001) (further 
details are provided in Sect. 5.6.3). Subsequently, the 
research confirmed the three Pseudoalteromonas strains 
(Pseudoalteromonas sp. SCSIO 43201, and P. elyakovii 
SCSIO 43202 and SCSIO 43203) form the gastric cavity of 
G. fascicularis are capable of high levels of antibacterial 
activity against V. coralliilyticus SCSIO 43001 from the



same gastric cavity. Tang et al. (2020) suggested the bacterial 
communities in the gastric cavity could be competing, 
between the coral pathogens and the other bacteria. In partic-
ular, Pseudoalteromonas is an antagonistic bacterium which 
may provide a protective role in the defense against coral 
pathogens at elevated temperatures (Tang et al. 2020). 
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Fig. 5.8 Microscopic images (a–b) of  a  Vibrio coralliilyticus (tagging 
with DsRed fluorescent) invasion in Symbiodiniaceae-aposymbiotic 
juvenile polyps of Acropora digitifera. The images show the acquisition 
of the two channels, using bright field (DIC, a) and red fluorescent 

(DsRed, b). The white arrows highlight V. coralliilyticus attached to 
mouth of the polyp (b). Scale bars represent 100 μm. Reprinted by 
permission from Springer Nature: Takagi et al. (2020) Mar Biotechnol 
22:748–759. Copyright (2020) Springer Science+Business Media, LLC

Fig. 5.9 Images of coral fragments treated without any bacterial inoc-
ulation (upper panels) and with a V. coralliilyticus infection (strain 
SCSIO 43001) (lower panels) at temperature at 26 °C for 2 days (left 
panels) and at 32 °C for 2 days (right panels). Reprinted by permission 

from Springer Nature: Tang et al. (2020) Sci China Earth Sci 63:157– 
166. Copyright (2020) Science China Press and Springer-Verlag GmbH 
Germany

Miura et al. (2019) isolated bacteria from single polyps of 
healthy G. fascicularis purchased from a company in Japan. 
A total of 29 bacterial strains were isolated, of which 14 were 
identified as Ruegeria spp. and five were identified as Vibrio 
spp. and included one V. coralliilyticus strain TOK8 (99% 
similarity to the type strain ATCC BAA-450). All Ruegeria 
strains were tested for their antagonistic effects on the coral 

pathogen V. coralliilyticus strain P1 (LMG23696) and 
V. coralliilyticus strain TOK8. Three of the Ruegeria spp. 
(TOK22, TOK27, and TOK33 strains) were equally capable 
of in vitro growth at 25 °C and 30 °C, and were able to inhibit 
the growth of both V. coralliilyticus strains at 25 °C, and even 
at 30 °C (Fig. 5.10, Miura et al. 2019). Certain Ruegeria spp. 
were harbored in G. fascicularis inhabiting natural seawater 
in Okinawa, Japan, suggesting Ruegeria spp. are potential 
probiotic bacteria that may be used to improve coral fitness 
(Kitamura et al. 2021).

The coral probiotics hypothesis was established in 2006 
(Reshef et al. 2006), it proposes it may maintain coral fitness 
and protect coral from specific harmful environmental



conditions and pathogens. Manipulating and engineering the 
microbiome is a new approach for treating diseases and 
enhancing the adaptability of host microorganisms (West 
et al. 2019). In corals, probiotics may be very difficult to 
apply because of the coral holobiont system and natural 
environment. Our priority is to accumulate knowledge to 
clarify the bacterial functions in coral holobionts, and it 
should plan to promote the adoption of the potential 
probiotics while taking into consideration their impact on 
the environment. 
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Fig. 5.10 Growth inhabitation of the V. coralliilyticus strains (P1 and 
TOK8) by three Ruegeria strains (TOK22, TOK27, and TOK33) at 25 ° 
C and 30 °C. Images showing the growth inhabitation from the three 
Ruegeria strains and mixed antibiotic agents (pen-str indicates the 
mixture of penicillin with 10,000 U/ml and streptomycin with 

10,000 μg/ml) with two V. coralliilyticus strains, treated at two different 
temperatures. Reprinted by permission from Springer Nature: Miura 
et al. (2019) Mar Biotechnol 21:1–8. Copyright (2018) Springer Sci-
ence+Business Media, LLC

5.8 Microbiome-Associated Coral-Killing 
Sponge Terpios hoshinota 

Sponges harbor abundant and diverse microorganisms, 
described as sponge holobionts (Webster and Thomas 
2016). T. hoshinota, a coral-killing sponge, is vastly 
accommodated by symbiotic cyanobacteria (5 × 105 cells/ 
cm2 ), which fills almost all the intercellular spaces in the 
sponge (Fig. 5.11, Rützler and Muzik 1993; Tang et al. 

2011; Hirose and Murakami 2011). A sponge-associated 
bacterial community analysis revealed high cyanobacterial 
abundance (relatively 61–98%) in the sponges covering dif-
ferent corals, including Favia complanate, Isopora palifera, 
Millepora sp., Montipora efflorescens, and  Porites lutea 
(Tang et al. 2011). Current research has revealed 
cyanobacteria are widely and dominantly distributed in all 
sponge samples from diverse geographic locations in the 
Indian Ocean and the western Pacific Ocean. The 
cyanobacteria were identified as Candidatus Paraprochloron 
terpiosi in the novel genus Paraprochloron by phylogenomic 
analysis (Chen et al. 2021). Additionally, the other bacterial 
proportions varied between the sponge samples collected 
from sponges covering different corals, with 15% of the 
relative abundance consistently involving α-proteobacteria 
and γ-proteobacteria (Tang et al. 2011). Some other bacteria 
were randomly distributed in the sponge tissue, these were 
identified using a fluorescence in situ hybridization tech-
nique, while a large volume of cyanobacteria was present 
(Fig. 5.12).
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Fig. 5.11 Scanning electron micrographs showing the symbiotic 
cyanobacteria in the interior of the coral-killing sponge T. hoshinota 
(a) and an enlarged image of the cyanobacteria (b). Cy, 
cyanobacteria; S, spicule. Reprinted by permission from John Wiley 

and Sons: Tang et al. (2011) Environ Microbiol 13:1179–1191. Copy-
right (2011) Society for Applied Microbiology and Blackwell 
Publishing Ltd 

Fig. 5.12 Confocal laser scanning micrographs depicting the symbiotic 
cyanobacteria and other bacteria in the tissue of the coral-killing sponge 
T. hoshinota using the Fluorescence in situ hybridization (FISH) tech-
nique. FISH was performed with 10% formalin-fixed and paraffin-
embedded T. hoshinota tissues (collected in Okinawa, Japan by Siti 
Nurul Aini) using a universal bacterial probe EUB338mix labeled with 
Cy3 and a negative control probe Non338 labeled with Cy5 according to 
the protocol detailed in Wada et al. (2016). The merge image (a) was 
acquired from three channels; the autofluorescence of both the sponge 

tissue and cyanobacteria (green, b), Cy3 signals (red, c) and Cy5 signals 
(magenta, d). The images reveal abundant symbiont cyanobacteria 
(arrows indicate representative cyanobacteria, Cy) and other bacteria 
(arrowheads) in the sponge tissue. Note the cyanobacterial 
autofluorescence (green) and Cy3 signals (red) from EUB338mix are 
manifested in orange-yellow overlap regions in the merged image (a). 
The acquired conditions are provided using a confocal microscope LSM 
880 (Zeiss) for each image (b-d). Scale bars indicate 20 μm (source: this 
study)
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Symbiotic cyanobacteria are suggested to drive some vital 
roles in the host T. hoshinota, including vertical transmission 
during embryogenesis (Nozawa et al. 2016). Vertical trans-
mission during embryogenesis causes irreversible damage to 
T. hoshinota due to the low cyanobacterial biomass and 
inhibition of cyanobacterial photosynthesis (Thinesh et al. 
2017) and forms hairy tip structures containing high densities 
of cyanobacteria in the forefront during coral invasion (Wang 
et al. 2012). Chen et al. (2021) reconstructed the genome of 
the cyanobacterial symbiont, Ca. P. terpiosi from sponge 
samples collected from Green Island (Taiwan) and revealed 
that Ca. P. terpiosi can process most of the genes required for 
photosynthesis, carbon fixation, the tricarboxylic acid cycle, 
and glycolysis. The Ca. P. terpiosi might uptake host-derived 
wastes, such as urea, and nitrogenous and carbohydrate 
wastes, and supply some vitamins (vitamins B12, B7, and 
B2) to the host sponge cells (Chen et al. 2021). 

To understand the physiology of the coral-killing sponge 
T. hoshinota, we need to investigate the role of the 
cyanobacterial symbiont in the host. Genome reconstruction 
of Ca. P. terpiosi will aid future studies to explore the detailed 
ecosystem inside the holobiont of T. hoshinota and the 
cyanobacterial symbiont. 
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Abstract 

Since 2008, we have been conducting a series of coral-
rearing experiments, mainly at the Sesoko Station of the 
Tropical Biosphere Research Center at the University of 
the Ryukyus, under an overarching project, called the 
Acidification Impact on Calcifiers project (AICAL proj-
ect). The AICAL project integrates the efforts of several 
individual research programs, and project members 
employ a custom-made, high-precision pCO2-adjusted 
seawater generator (the AICAL apparatus) to study the 
effects of ocean acidification on marine calcifying 
organisms. With this system, rearing experiments can be 
conducted under conditions mimicking those in the 
preindustrial era, and the future. In this review, we sum-
marize the results of ocean acidification experiments on 
corals and other organisms, with a focus on studies 
conducted by the AICAL project members. We examine 
the response of organisms to ocean acidification in a 
hierarchical fashion: differences among various groups 
of calcifying organisms, and interspecific and intraspecific 
variation in corals. In the case of corals, we consider 
not only the effects of ocean acidification, but also 
those caused by rising seawater temperatures and 

eutrophication. Our major findings are that coral calcifica-
tion may have already decreased from a preindustrial 
level and that there are evident interspecific and intraspe-
cific differences in tolerance against ocean acidification. 
These findings suggest future decrease of coral cover, 
accompanied by species compositional changes under 
climate change scenarios. 
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6.1 Introduction 

At a time when the term “ocean acidification” had not yet 
been widely used, Kleypas et al. (1999) suggested that coral 
reef calcification might be declining due to increased anthro-
pogenic carbon dioxide (CO2) in the atmosphere. A certain 
amount of the CO2 released into the atmosphere by human 
activities has already become dissolved in the ocean, causing 
a rise in the partial pressure of CO2 (pCO2) in seawater and 
reducing seawater pH. Scientists fear that this ocean acidifi-
cation could reduce the carbonate saturation state (Ω) o  
seawater, inhibiting the formation of skeletons, which are 
composed of calcite and aragonite, by marine calcifying 
organisms (Orr et al. 2005). 

Ω= Ca2þ CO3 
2- =Ksp ð6:1Þ 

where [Ca2+ ] and [CO3 
2-] are the concentrations of calcium 

and carbonate ions in seawater, respectively, and Ksp is the 
solubility product of a carbonate mineral. Ksp is a function of 
temperature, salinity, and the type of carbonate mineral (ara-
gonite or calcite). Initially, because Ω tends to decrease at 
cooler water temperatures, ocean acidification was expected 
to have seriously impacted marine ecosystems at high 
latitudes. However, the effects of ocean acidification on

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_6&domain=pdf
mailto:a.suzuki@aist.go.jp
https://doi.org/10.1007/978-3-031-27560-9_6#DOI


calcifying organisms in tropical and subtropical coral reefs 
have also attracted the interest of researchers (Hoegh-
Guldberg et al. 2007; Suwa et al. 2010a; Suzuki 2018; 
Kawahata et al. 2019). The state of ocean acidification and 
its biological effects have been discussed extensively in the 
assessment reports of the Intergovernmental Panel on Cli-
mate Change (IPCC 2021). 
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Since 2008, we have been conducting a series of coral-
rearing experiments, mainly at the Sesoko Station of the 
Tropical Biosphere Research Center at the University of the 
Ryukyus. These experiments were performed under an over-
arching project called the Acidification Impact on Calcifiers 
project (AICAL project) which integrates the efforts of sev-
eral individual research programs. AICAL project members 
employ a custom-made, high-precision pCO2-adjusted sea-
water generator (the AICAL apparatus) to study the effects of 
ocean acidification on marine calcifying organisms, espe-
cially corals. In this review, we have summarized the results 
of ocean acidification experiments on corals and other 
organisms, with a focus on studies conducted by the 
AICAL project members. We examine the response of 
organisms to ocean acidification in a hierarchical fashion: 
differences among various groups of calcifying organisms 
(corals, foraminifera, and calcareous algae), and interspecific 
and intraspecific variations in corals. In the case of corals, we 
consider not only the effects of ocean acidification, but also 
those caused by rising seawater temperatures and 
eutrophication. 

6.2 Acidification of the World Ocean 
and Western Pacific 

Ocean acidification is an observational fact that has already 
been confirmed using regular measurements of the carbonic 
acid system made by oceanographic research vessels. About 
31% of CO2 released into the atmosphere by human activities 
during 1994–2007 has already become dissolved in the 
ocean, thereby causing a rise in the partial pressure of CO2 

(pCO2) in seawater and reducing seawater pH (Gruber et al. 
2019). Oceanic and atmospheric pCO2 in the western North 
Pacific region are increasing at 1.5–3.0 and 1.7–-
2.1 μatm year-1 , respectively (Fig. 6.1; Japan Meteorological 
Agency 2021). In particular, the rate of ocean acidification 
has been increasing in the subtropical western North Pacific 
(Ono et al. 2019). Studies conducted along the 137°E merid-
ian south of Japan (Japan Meteorological Agency 2021) and 
the PN observation line in the East China Sea (Lui et al. 
2015) have suggested that coral reef habitats around the 
Ryukyu Islands have already been affected by ocean acidifi-
cation. Specifically, in the local coral reef environment, for 
example, the observation at Sesokojima (Sesoko) Island (e.g., 
Kurihara et al. 2019), daily and seasonal variations in 

seawater pH and pCO2 are larger than those offshore and 
also larger than ocean acidification trends.

The stable isotope ratio of boron (the 11 B/10 B ratio relative 
to that of a standard; δ11 B) in biogenic carbonates has been 
used as a proxy for the pH of the medium at the calcification 
sites of organisms. Analyses of the skeletons of large Porites 
coral colonies from Chichijima Island, one of the Ogasawara 
Islands, and Kikaishima (Kikai) Island, in the northern part of 
the Ryukyu Islands, have shown that δ11 B showed a decreas-
ing trend throughout the twentieth century, with the decline 
being particularly pronounced after 1960 (Kubota et al. 2017; 
Fig. 6.2). These findings are quite consistent with the results 
of the shipboard oceanographic observations (Japan Meteo-
rological Agency 2021). Ocean acidification lowers the pH of 
the calcifying medium, suggesting that it may have already 
reached the coral calcification sites. Whether this pH decrease 
exceeds the threshold for calcification reduction is unclear, 
but if the decrease continues, coral calcification can be 
adversely affected. The fate of the corals and coral reefs 
around the Ryukyu Islands in the event of continued ocean 
acidification continues is an important question that must be 
addressed.

6.3 Systems for Ocean Acidification 
Experiments with Reef-Building Corals 

In response to the rapidly growing interest in ocean acidifica-
tion research and concerns about the accuracy of seawater 
pH and pCO2 measurements used in marine calcifying organ-
ism rearing experiments, Riebesell et al. (2011) published 
their “Guide to best practices for ocean acidification research 
and data reporting,” which outlines experimental methods 
and data reporting for ocean acidification. Our series of 
devices used in the AICAL projects is very unique in that 
the pCO2 value of the seawater supplied is accurate, which is 
a major advantage, and that the equipment can be scaled 
to meet the water requirements of the rearing organisms. 
The following is a detailed description of the order of 
development. 

In our earliest experiments, we controlled the pH of sea-
water by adding hydrochloric acid (HCl) and then measured 
changes in the calcification rate of foraminifera (Kuroyanagi 
et al. 2009). However, adding HCl to control the carbonic 
acid system of experimental seawater does not appropriately 
mimic the ongoing ocean acidification caused by CO2 disso-
lution in seawater (e.g., Kurihara 2008). Therefore, we 
designed and constructed a simple pH control system com-
posed of pH electrodes, solenoid valves, and a mixing tank 
(Suwa et al. 2010b; Table 6.1, Fig. 6.3). In the early stages of 
research, seawater pH was used to monitor experimental 
conditions in ocean acidification experiments, and it 
continues to be used for that purpose today. However, of



the four measurable carbonate parameters (pH, total alkalin-
ity, dissolved inorganic carbon, pCO2), pH is the most prob-
lematic in terms of standardization and measurement 
stability. Some of the problems with pH measurements 
have been remedied by changing the standard solution used 
for calibration. In the past, standard solutions prescribed by 
the National Bureau of Standards (NBS) were used; however, 
these standards are only suitable for measuring the pH of 
freshwater and not seawater, because of its high salinity. 
More recently, standard solutions of artificial seawater buff-
ered with TRIS and AMP have been used to obtain stable 
responses of electrodes between standards and seawater 
samples. pH values measured using these standard solutions 
are reported on the total hydrogen ion concentration scale and 
often written as pHT.

6 Succession of Ocean Acidification and its Effects on Reef-Building Corals 99

Fig. 6.1 (a) Locations of oceanographic observation transects used by 
Japan Meteorological Agency with long-term monitoring records of 
ocean acidification. While the transect line along 137°E is located in 
the Philippine Sea (Ishii et al. 2011), PN Line in the East China Sea (Lui 
et al. 2015) is close to Sesoko Station, University of the Ryukyus. 
Locations of Chichijima and Kikaishima (Kikai) islands, which are the 
sites for coral-based paleo-pH reconstruction, are also shown (Kubota 

et al. 2017). (b) Changes in oceanic and atmospheric pCO2 at locations 
along 137°E (Japan Meteorological Agency 2021). Filled circles show 
pCO2 observations of individual oceans, blue curves show estimated 
monthly oceanic pCO2 values, and red curves indicate observed atmo-
spheric pCO2 values. The long-term oceanic pCO2 trend at each station 
is shown in each panel. Panel (a) was made with Natural Earth (https:// 
www.naturalearthdata.com)

Therefore, systems to control and monitor pCO2 in sea-
water have been developed for use in marine calcifying 
organism rearing experiments to evaluate the effects of 
ocean acidification. Our research group has developed a 
series of high-precision pCO2-adjusted-seawater generators 
(AICAL systems, Table 6.1, Fig. 6.4) for rearing experiments 
that allow the highly accurate and stable control of seawater 
pCO2.

The first-generation AICAL system was designed for 
indoor installation (Fujita et al. 2011); thus, it is commonly 

referred to as an “indoor-type AICAL system” (Fig. 6.5). A 
mass flow controller first adjusts the CO2 concentration of the 
air to the target value by mixing CO2-free air and pure CO2 

gas, following which this air is bubbled into CO2 dissolution 
and equilibration towers filled with seawater to equilibrate 
the seawater CO2 content with that of air. After precisely 
measuring the pCO2 of the seawater, it is supplied to the 
experimental tank at a rate of about 0.5 L min-1 , which is 
suitable for breeding experiments of small organisms. With 
this system, it is also possible to obtain seawater with a lower 
pCO2 than the original seawater can be obtained; therefore, 
rearing experiments that mimic preindustrial or glacial 
conditions can also be conducted. In addition, the diurnal 
variation of pCO2 in seawater can be automatically 
controlled.

The second-generation AICAL system produces experi-
mental seawater by mixing highly concentrated CO2 seawa-
ter generated by using a metered feed pump to bubble pure 
CO2 gas from a liquefied CO2 cylinder into seawater at a 
fixed ratio (Fig. 6.6). The system can adjust the pCO2 in a 
large volume of seawater and continuously measure the 
pCO2 in six tanks (Nishida et al. 2015). It measures the actual 
pCO2 even when the water temperature changes; thus, it is 
ideal for evaluating the combined effects of water tempera-
ture and pCO2.

https://www.naturalearthdata.com
https://www.naturalearthdata.com
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Fig. 6.2 Ocean acidification 
trends reconstructed from corals 
from the Japanese Islands and 
global indices (Kubota et al. 
2017). (a, c) Boron and carbon 
stable isotope ratios (δ11 B and 
δ13 C) of corals from Chichijima 
Island (green diamonds) and 
Kikaijima Island (blue squares). 
(b) Changes in seawater pH since 
the preindustrial era. (d) Changes 
in the atmospheric stable carbon 
isotope ratio (δ13 Catm) showing 
the 13 C Suess effect. From 1981 to 
2012, δ 13 Catm was measured at 
the Mauna Loa Observatory, 
Hawaii; values before 1981 were 
reconstructed from air trapped in 
the Antarctic ice sheet

The third-generation “outside AICAL system” is a simple 
system for outdoor installation (Fig. 6.7). It combines a five-
channel gas-permeable membrane CO2 sensor (flow-through 
tandem vapor–liquid equilibrator, Saito et al. 1995; Kayanne 
et al. 1995) with an automatic switching device and a small 
pCO2 measurement device to reduce costs. The system can 
be scaled up to a seawater capacity of 200 L or more, and it 
takes advantage of the improved light conditions of outdoor 
aquariums (Kavousi et al. 2016). We plan to use this system 
for various experiments aimed at predicting ecosystem 
changes. When seawater with a lower pCO2 than that of the 
original water is required, diluted sodium hydroxide (NaOH) 
solution is added.

6.4 Impacts of Ocean Acidification 
on Reef-Building Corals 

Our research group has been conducting experiments to 
evaluate species-level ocean acidification responses in sub-
tropical corals, benthic foraminifera, and calcareous algae at 
Sesoko Station (Table 6.2). The early life history of corals 
comprises spawning, fertilization, metamorphosis into 

larvae, settlement, acquisition of symbiotic algae by early 
polyps, and initiation of calcification. Experiments on 
Acropora digitifera, a common coral species around the 
Ryukyu Islands, have revealed that ocean acidification nega-
tively affects sperm motility (Morita et al. 2010). 
Experiments conducted with a simple pH control system 
(Fig. 6.4) showed that a decrease in seawater pH to 7.3 had 
no effect on the survival of larvae in this coral species, but it 
was associated with a significant decrease in early polyp 
growth and symbiont acquisition (Suwa et al. 2010b). Subse-
quently, Nakamura and Morita (2012), using a first-
generation AICAL system (27.1 °C, pCO2 of 225–280, 
330–395, or 790–945 μatm), confirmed that ocean acidifica-
tion significantly reduced sperm motility in this coral.

Ohki et al. (2013), also using a first-generation AICAL 
system, conducted a 10-day exposure experiment in which 
they reared early A. digitifera polyps that were either infected 
or uninfected with a common green alga in seawater at 27.1 ° 
C and five pCO2 levels: preindustrial (279 μatm), present-day 
(391 μatm), and three assumed future levels (621, 842, and 
1028 μatm) (Figs. 6.8 and 6.9). They found a significant 
decrease in polyp weight, a proxy for calcification, between 
preindustrial or present-day conditions and two of the



assumed future conditions (842 and 1028 μatm), regardless 
of whether the polyps were infected with symbiotic algae. 
However, in four of five A. digitifera branch fragments, they 
found significant differences only between the preindustrial 
level and the four other levels (Fig. 6.10). These results 
suggest that calcification in A. digitifera is already signifi-
cantly decreased in modern corals compared with the 
preindustrial period. Similarly, Iguchi et al. (2014) found a 
decrease in calcification since the Industrial Revolution, 
based on the assumed preindustrial pCO2 level, in 
experiments with two other species of coral, Porites 
australiensis and Isopora palifera. Thus, coral calcification 
may already have decreased due to increasing atmospheric 
CO2. Alternatively, there is interspecies variation in coral 
calcification responses at high pCO2 for the future (Takahashi 
and Kurihara 2013), and these responses must be interpreted 
carefully.

6 Succession of Ocean Acidification and its Effects on Reef-Building Corals 101

Table 6.1 Summary of experimental devices used to evaluate the effects of ocean acidification on marine calcifying organisms such as reef-
building corals by the AICAL research group. A series of high-precision pCO2-adjusted seawater generators (AICAL systems) were developed that 
supply CO2 gas to the experimental seawater from cylinders of liquefied carbon dioxide 

Description (main components) Features References 

Simple pH 
control 
system 

Experimental seawater preparation system using a 
pH electrode and solenoid valve for automatic 
CO2 injection control (pH electrode, solenoid 
valve, mixing tank, etc.) 

Easy to use, but control accuracy is somewhat 
low. Suitable for small organisms and small-
volume rearing experiments 

Morita et al. (2010) 
Suwa et al. (2010b) 
Nakamura et al. 
(2011) 

First-
generation 
AICAL 
system 
(indoor 
AICAL 
system) 

Generates equilibrated experimental seawater by 
injecting air with a set CO2 concentration, directly 
measured by NDIR (CO2 dissolution tower and 
equilibrium tower, mass flow controller, heatless 
dryer, humidification device to prevent clogging 
of air stones, etc.) 

Can be used to set up to 5 pCO2 levels. Control 
seawater supply rate to each tank is ~0.5 mL min-
1 . pCO2 can be set to below the atmospheric value. 
Suitable for small organisms and small-volume 
rearing experiments 

Fujita et al. (2011) 
Hikami et al. (2011) 
Iguchi et al. (2012, 
2014, 2015) 
Nakamura and 
Morita (2012) 
Ohki et al. (2013) 
Kato et al. (2014) 
Tanaka et al. (2014a) 
Sekizawa et al. 
(2017) 

Second-
generation 
AICAL 
system 

Generates experimental seawater by adjusting the 
amount of concentrated CO2 seawater added (CO2 

dissolution tower, mixing tank, metering pump, 
gas permeable membrane sensor, NDIR, etc.) 

Up to 6 pCO2 levels. The controlled seawater 
supply rate to each tank is about 5 L min-1 , and 
the pCO2 in six tanks is continuously measured. 
Equipped with alkali-addition apparatus. Ideal for 
evaluating the combined effects of temperature 
and acidification. For large-volume rearing 
experiments 

Nishida et al. (2015) 

Third-
generation 
AICAL 
system 
(outdoor 
AICAL 
system) 

Generates experimental seawater by adjusting the 
amount of concentrated CO2 seawater added (CO2 

dissolution tower, NDIR, mixing tank, fixed-
volume pump, gas-permeable membrane sensor, 
automatic equilibrator switching device, small 
CO2-partial-pressure measuring device) 

Up to 5 levels. Controlled seawater supply rate is 
about 5 L min-1 to each tank. Alkali addition 
apparatus attached. Long-term large-volume 
experimental version of the second-generation 
AICAL system (shallow water recruitment 
experiments, etc.) 

Kavousi et al. (2016) 

NDIR non-dispersive infrared analyzer

Kuroyanagi et al. (2009), who acidified seawater by 
adding HCl, reported a decrease in foraminiferal calcification 
in the reef-dwelling benthic foraminifer Marginopora 
kudakajimensis with symbiotic algae. Subsequently, Fujita 
et al. (2011) found a decrease in foraminiferal calcification in 
experiments conducted with the first-generation AICAL 

system at a water temperature of 27.5 °C and five different 
pCO2 levels, ranging from 261 μatm, mimicking 
preindustrial conditions, to 972 μatm, a possible future 
level. They observed a similar trend in Amphisorus 
hemprichii, a foraminifer species closely related to 
M. kudakajimensis. Kato et al. (2014) studied calcification 
in calcareous algae (Lithophyllum kotschyanum, Hydrolithon 
samoense), which are common in the Ryukyu Islands, by 
conducting a three-stage ocean acidification experiment 
using the first-generation AICAL system at 27.3 °C and 
pCO2 levels from 263 μatm, mimicking preindustrial 
conditions, to 960 μatm, representing a possible future level. 

6.5 Assessing the Combined Effects 
of Ocean Acidification and Increased 
Water Temperature on Reef-Building 
Corals 

Because the first-generation AICAL system can supply four 
streams of pCO2-regulated seawater, experiments that inves-
tigate the combined effects of ocean acidification and global 
warming can be conducted. Iguchi et al. (2015) examined the



combined effects of increased water temperature and ocean 
acidification on the fertilization rate of A. digitifera corals, 
and they reported that an increase of approximately 4 °C in  
water temperature caused a significant decrease in the fertili-
zation rate, whereas an increase in pCO2 to about 1000 μatm 
had no significant effect. Earlier, Morita et al. (2010) had 
observed the lack of an ocean acidification effect on the 
fertilization rate of A. digitifera when the sperm concentra-
tion was somewhat high, although they found that acidified 
seawater caused a decrease in sperm flagellar motility. At 
high water temperatures, however, they observed a reduced 
fertilization rate even when a high sperm concentration was 
maintained. These results suggest that global warming effects 
are a greater risk to coral fertilization than ocean acidification. 
Considering the decrease in coral cover, it is conceivable that 
future increases in water temperature and ocean acidification 
will lead to a decrease in coral fertilization rates. 
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Fig. 6.3 Simple pH control system for experimental seawater preparation. The CO2 injection volume is automatically controlled by pH electrodes 
and solenoid valves. It is designed for small-volume rearing experiments of small organisms

In a unique study, Tanaka et al. (2014a) examined 
the combined effects of ocean acidification and eutrophica-
tion on early A. digitifera coral polyps. Primary polyps were 
reared for 4 days in pretreatment tanks with high nutrient 
(HN treatment: NO3

- = 3 μmol L-1 ; PO4 
3- = 0.2 μmol L-1 ) 

or low nutrient (LN treatment: NO3
- = 0.55 μmol L-1 ; 

PO4 
3- = 0.02 μmol L-1 ) levels. Then, following exposure 

for another 10 days to high pCO2 (92.5 Pa = 913 μatm) or 
low pCO2 (38.8 Pa = 383 μatm) at a water temperature of 

27.2 °C in the first-generation AICAL system, the calcifica-
tion and chlorophyll contents of the polyps were measured. 
Polyps pretreated with low nutrient concentrations showed a 
significant decrease in calcification at high pCO2, whereas 
those that had experienced high nutrient concentrations 
showed no decrease in calcification. The amount of oxygen 
produced by photosynthesis increased in all treatments. The 
increase in photosynthesis may have made the seawater more 
alkaline and led to an increase in calcification; alternatively, it 
may have mitigated the calcification-inhibiting effects of 
ocean acidification by absorbing nutrients and increasing 
symbiotic algal growth. The results of this experiment sug-
gest that the nutrient environment may influence the sensitiv-
ity of early A. digitifera coral polyps to ocean acidification. In 
addition, various nutrient impact assessment experiments 
have been conducted in corals (Tanaka et al. 2013, 2015, 
2017) and calcareous algae (Tanaka et al. 2016) at Sesoko 
Station (Table 6.2). 

In the second-generation AICAL system, pCO2 is contin-
uously measured in up to six rearing tanks, and the actual 
pCO2 can be obtained even when the water temperature is 
adjusted; therefore, it is ideal for evaluating the combined 
effects of water temperature and pCO2. Nishida et al. (2015) 
used a second-generation AICAL system (Fig. 6.6) at the 
Demonstration Laboratory of the Marine Ecology Research 
Institute to study the temperature dependence of shell



microstructure in the red clam (Scapharca broughtonii). 
They reported that the stable carbon isotope ratios of the 
shells were almost constant even though the CO2 gas added 
to adjust pCO2 values caused the carbon isotope ratio of 
dissolved inorganic carbon in the seawater to differ greatly 
among the experimental tanks. This suggests that the carbon 
source used for calcification is largely derived from food, 
rather than carbonic acid species in seawater (Nishida et al. 
2015). 
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Fig. 6.4 Photographs of the (a) first-, (b) second-, and (c) third-
generation AICAL systems. First- and third-generation AICAL systems 
are installed at Sesoko Station, Tropical Biosphere Research Center, 
University of the Ryukyus (Motobu, Okinawa Prefecture, Japan) and the 
second-generation AICAL system is installed at the Demonstration 
Laboratory of the Marine Ecology Research Institute (Kashiwazaki, 
Niigata Prefecture, Japan)

6.6 Inter- and Intraspecies Differences 
in the Responses of Reef-Building Corals 
to Ocean Acidification 

Experiments on adult colonies of various coral species have 
shown that ocean acidification significantly reduces the cal-
cification rate in Porites and Isopora corals, but not in 
Acropora digitifera (Iguchi et al. 2012, 2014; Ohki et al. 
2013). These results suggest that different species show 
varied tolerance to ocean acidification. 

Bell et al. (2022) examined the effect of five levels of 
pCO2-adjusted seawater on the calcification rates of six coral 
species that are commonly found in the subtropical Ryukyu 
Islands: Acropora nasuta, A. tenuis, Montipora digitata, 
Pocillopora damicornis, Porites cylindrica, and Galaxea 
fascicularis (Fig. 6.11). They used a first-generation 
AICAL system to prepare pCO2-adjusted seawater and 
cultured coral colonies in a common-garden manner, in 
which all coral species were bathed in the same tanks. The 
pCO2 settings covered a relatively wide range from a 
preindustrial level of 300 μatm to a near-future level of 
1200 μatm. In most species, calcification rates were observed 
to decline at the highest pCO2 level; however, the coral 
species showed significantly different responses to acidified 
seawater, which may be attributable to interspecies 
differences in the physiological performance of coral–algal 
holobionts.

Species-wide differences in ocean acidification responses 
have also been observed in coral reef-dwelling benthic fora-
minifera. Ocean acidification experiments conducted in a 
first-generation AICAL system have shown that calcification 
was reduced in Marginopora kudakajimensis, but not in 
Baculogypsina sphaerulata or Calcarina gaudichaudii 
(Fujita et al. 2011; Hikami et al. 2011). These different 
responses may be attributable to differences in symbiotic 
algae or the calcification mechanism among these species. 

Sekizawa et al. (2017) examined intraspecific variation in 
the ocean acidification responses in two branching coral 
species. Coral fragments prepared from 11 colonies of 
Montipora digitata and 6 colonies of Porites cylindrica 
were reared in control ( pCO2 = ~400 μatm) and high-
pCO2 (900 μatm) treatments in a first-generation AICAL
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Fig. 6.5 First-generation AICAL system, also known as the “indoor 
AICAL system.” This experimental seawater preparation system 
directly measures the CO2 concentration with a non-dispersive infrared 
spectrometer (NDIR) and injects air controlled to the target value to 
achieve CO2 equilibrium, resulting in high control accuracy. The system 
is characterized by sets of two dissolution towers, a counter-current 
dissolution tower and a parallel-flow dissolution tower. A series of 

five sets of towers can generate experimental seawater with five different 
levels of pCO2: four levels adjusted to target pCO2 values and one level 
of seawater in CO2 equilibrium with the atmosphere. The pCO2 level 
can be set to below the atmospheric value. The supply rate of the pCO2-
controlled seawater is about 0.5 L min-1 , which is suitable for small-
volume rearing experiments of small organisms

Fig. 6.6 Second-generation AICAL system. The system mixes with 
high CO2 concentration with original seawater using a high-precision 
liquid delivery pump to produce experimental seawater with the desired 
pCO2 values, and alkali can be added to set the seawater pCO2 to below 
the atmospheric value. A maximum of six series of 100-L mixing tanks 

can be used, and each series can supply controlled seawater at a rate of 
about 5 L min-1 . The system is suitable for large-volume breeding 
experiments. Pre-aeration in a large water tank reduces and stabilizes 
the pCO2 of the original seawater



Environmental factor 
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Fig. 6.7 Third-generation AICAL system for outdoor water tanks, also 
referred to as the “outdoor AICAL system,” is a modified version of the 
second-generation AICAL system and is designed for long-term, large-
volume experiments that can be conducted under outdoor light 
conditions. The water tank in which high CO2 seawater and original 

seawater are mixed is enlarged compared with the second-generation 
system, and it also removes incoming silty sediments. The system can 
supply controlled seawater at a rate of approximately 5 L min-1 to each 
of a maximum of five levels. Addition of alkali allows for setting the 
pCO2 level of the seawater below the atmospheric value

Table 6.2 Coral- and calcifying organism-rearing experiments conducted at Sesoko Station, Tropical Biosphere Research Center, University of the 
Ryukyus. The data are arranged by the environmental factors of interest. Results obtained using AICAL experimental systems (described in 
Table 6.1) are marked with an asterisk (*) 

Foraminifera 
(protozoan)

Corals (Phylum Cnidaria) Calcareous algae (red 
algae) Gametes/polyps Adults 

Temperature Inoue et al. (2011)* 
Inoue et al. (2012)* 
Nishida et al. (2014b) 
Iwasaki et al. (2016) 
Bell et al. (2017) 

Nishida et al. (2014a) 
Inoue et al. (2015) 

Ocean acidification Fujita et al. (2011)* 
Hikami et al. (2011)* 

Morita et al. (2010)* 
Suwa et al. (2010b)* 
Nakamura et al. (2011)* 
Nakamura and Morita 
(2012)* 
Ohki et al. (2013)* 
Inoue et al. (2015)* 
Tanaka et al. (2014a)* 

Iguchi et al. (2012, 
2014)* 
Kavousi et al. (2016)* 
Sekizawa et al. (2017)* 

Kato et al. (2014)* 

Salinity Inoue et al. (2012) 

Nutrients Tanaka et al. (2013) Tanaka et al. (2015) 
Tanaka et al. (2017) 

Sediment-bound nutrients Iijima et al. (2021) 

Seawater turbulence Iwasaki et al. (2018) 

Temperature × ocean 
acidification 

Iguchi et al. (2015)* 

Temperature × nutrients Tanaka et al. (2014b) Tanaka et al. (2016) 

Ocean acidification × nutrients Tanaka et al. (2014a)*



system; in both treatments, water temperature was ~27 °C. 
Overall calcification rates tended to decrease in the high-
pCO2 treatment in both species, but the differences were 
not statistically significant. However, within each coral spe-
cies, the response to ocean acidification differed markedly. 
This result suggests that some local populations may be more 
tolerant of ocean acidification than others owing to intraspe-
cies variation of tolerance. Kavousi et al. (2016) conducted a 
similar experiment in 15 colonies of Montipora digitata 
corals (water temperature 26.4–26.7 °C; control treatment, 
pCO2 ~ 425 μatm; high-pCO2 treatment, 786 μatm) in an 
outdoor AICAL system (Fig. 6.7). Their results differed from 
those of Sekizawa et al. (2017) in that there was a significant 
overall trend toward lower calcification rates in the high-
pCO2 treatment, but they were similar in that they also 
observed large intraspecific variability in the ocean acidifica-
tion response among the colonies. Such intraspecific 

variation in the ocean acidification response of corals may 
support the adaptive potential of coral populations in future 
high CO2 ocean (e.g., Kurihara et al. 2021). 
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Fig. 6.8 Aposymbiotic (a) and 
symbiotic (b) primary polyps of 
Acropora digitifera. Brown 
granular material are symbiotic 
algae. After settlement, the polyps 
are infected with the symbiotic 
algae 

Fig. 6.9 Results of an 
experiment to evaluate the effects 
of ocean acidification on the 
primary polyps of Acropora 
digitifera using the first-
generation AICAL system (Ohki 
et al. 2013). Polyp weight 
decreased with increasing pCO2 in 
both polyps with and without 
symbiotic algal infection; 
however, symbiosis increased 
coral tolerance to ocean 
acidification

Nakamura et al. (2017) evaluated the calcification and 
photosynthetic efficiency in the coral Stylophora pistillata 
to investigate the effect of ocean acidification on recovery 
from damage caused by intense light exposure. They used a 
first-generation AICAL system (~27 °C and five pCO2 levels: 
304, 413, 521, 668, and 800 μatm). In all three experimental 
groups, they found no decrease in the amount of calcification 
as the seawater pCO2 increased. Therefore, at least some 
colonies of this species can tolerate ocean acidification with 
pCO2 up to about 800 μatm. In addition, ocean acidification 
was not observed to affect the recovery of the coral from 
damage caused by high light exposure. 

Sekizawa et al. (2017) and Nakamura et al. (2017) found 
variation in the response to progressively more acidic



seawater among coral species, and they also showed that 
different genotypes exist within coral species differed in 
their tolerance to ocean acidification. These results suggest 
that future ocean acidification may lead to changes in the 
species composition and intraspecific phylogeny of coral reef 
communities. This finding is expected to have applications in 
predicting changes to coral communities in response to future 
ocean acidification and in coral transplantation, a coral com-
munity restoration method. 
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Fig. 6.10 Responses of adult corals to ocean acidification (Ohki et al. 
2013). Adjusted mean final weights of coral fragments and mean Fv/Fm 
values from five colonies (colonies a–e) of  Acropora digitifera 
subjected to five pCO2 treatments: (1) preindustrial pCO2, <300 μatm; 
(2) present-day pCO2, 400 μatm, and three near-future pCO2 conditions, 
(3) 600 μatm, (4) 800 μatm, and (5) 1000 μatm. Bars show ±S.E

Past and future changes in the ocean according to the latest 
prediction (IPCC 2019) and summary results of coral calcifi-
cation from AICAL experiments are compared in Fig. 6.12. 
Although there are non-negligible interspecific variations in 
tolerance to ocean acidification, our results suggest that a 
reduction of coral calcification may become evident after 
the mid-twenty-first century.

6.7 Ocean Acidification, Coral Skeletal 
Composition, and Calcification 
Mechanisms 

To evaluate how calcifying organisms will respond to future 
ocean acidification, interdisciplinary and comprehensive 
studies must be performed on the mechanisms of calcium 
carbonate production by individual calcifying organisms. In 
corals, skeletal formation takes place in a calcifying matrix 
sandwiched between the osteoblasts and the skeleton. During 
skeletal formation, hydrogen ions, which inhibit skeletal 
formation, must be removed. Ohno et al. (2017a, 2017b) 
developed a non-destructive fluorescence method for observ-
ing the calcification process of early coral polyps that uses 
confocal microscopy and low-toxicity fluorescent indicators. 
Upon adding a pH-sensitive fluorescent dye to the seawater, 
they could visualize and measure detailed pH changes at the 
skeletal formation site. In addition, they visualized the arrival 
of ambient seawater at the skeletal formation site. Accord-
ingly, the group suggested that the active pH adjustment 
mechanism and the diversity of seawater inflow processes 
to the skeletal formation site may determine how resistant 
calcifying organisms are to ocean acidification. 

Inoue et al. (2015) conducted culture experiments in 
Porites australiensis and measured 44 Ca/40 Ca abundance 
ratios in their skeletons among three different treatments. 
They postulated that calcium was actively transported via 
scleroblasts (bone-forming cells) to the calcification medium. 
They also inferred that the calcification rate depended on the 
carbonate species. Calcium and boron isotope ratios can be 
measured by thermal ionization mass spectrometry or by 
multi-collector inductively coupled plasma mass spectrome-
try, which is a novel analytical method in the field of geo-
chemistry. It is also important to investigate whether boron 
isotope ratios and U/Ca ratios (Inoue et al. 2011) of skeletal 
samples obtained from ocean acidification experiments can 
be effective pH indicators for skeletal formation sites. 

Pioneering studies on ocean acidification, such as those of 
Kleypas et al. (1999) and Orr et al. (2005), have consideredΩ 
to be the primary parameter controlling the biological 
response to ocean acidification. However, more recent stud-
ies have suggested that when Ω > 1, Ω may not be an 
appropriate indicator of the calcifying environment (Bach 
2015; Cyronak et al. 2016a, 2016b; Thomsen et al. 2015; 
Waldbusser et al. 2016; Fassbender et al. 2016). Instead, 
calcification in some species may be regulated by the ratio 
of bicarbonate to hydrogen ions, referred to as the substrate-
to-inhibitor (SIR) ratio: 

SIR= HCO3
-½ �= Hþ½ �, ð6:2Þ 

where [HCO3
-] and [H+ ] are the bicarbonate ion and hydro-

gen ion concentrations. Interestingly, SIR does not show the



same temperature dependency as Ω and [CO 2-3 ], both of 
which show a strong poleward decline (Bach ). There-
fore, Bach ( ) suggested that ocean acidification is a more 2015

2015
globally uniform problem for marine calcifiers than was 
previously thought. Confirmation of the SIR hypothesis 
would support the view that ocean acidification is a global

108 A. Suzuki et al.

Fig. 6.11 The effect of five levels of pCO2-adjusted seawater on 
calcification rates in six common coral species in the subtropical 
Ryukyu Islands: Acropora nasuta, A. tenuis, Montipora digitata, 
Pocillopora damicornis, Porites cylindrica, and Galaxea fascicularis 

(Bell et al. 2022). With permission from Journal of the Japanese Coral 
Reef Society: Bell et al. (2022) Galaxea J Coral Reef Stud 24: 63–68, 
Fig. 2



problem that affects both low-latitude and high-latitude 
regions. The SIR hypothesis should be examined further in 
diverse marine calcifying species, including both reef-
building corals and reef-dwelling foraminifera. In this effort, 
experiments conducted with the various AICAL systems 
should generate useful datasets accompanied by precise sea-
water CO2 system parameters. 
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Fig. 6.12 Past and future changes in the ocean and summary results of 
coral calcification from AICAL experiments. Observed and modeled 
historical changes in the global mean sea surface temperature (a) and 
surface ocean pH in the total hydrogen ion scale (b) since 1950 (IPCC 
2019). RCP2.6 and RCP8.5 represent Representative concentration 
pathways scenarios examined in IPCC reports (IPCC 2019, 2021). (c) 
Temperature settings of coral experiments with the AICAL device. For 

Acropora digitifera polyp experiments, results of uninfected with sym-
biotic algae are shown (Ohki et al. 2013). (d) Calcification rate changes 
at different seawater pH (the total hydrogen ion scale) detected by coral 
experiments using the AICAL device. More than 10% increase or 
decrease compared to the control values are shown in green and red 
bar, respectively

Recently, micro-computed tomography (microCT) has 
been introduced as a method for analyzing the skeletal 
growth of corals reared under controlled conditions. For 
example, three-dimensional morphological measurements 
by microCT have revealed the role of symbiotic algae in the 
formation of coral polyp skeletons (Iwasaki et al. 2016; 
Fig. 6.13). In addition, Iwasaki et al. (2018) employed 
microCT to evaluate the influence of seawater turbulence 
on the formation of coral primary polyp skeletons and 

observed that seawater turbulence increases the thickness of 
the skeletal branches. This method has also been applied to 
reef-dwelling foraminifera (Kuroyanagi et al. 2021). There-
fore, microCT data can provide new opportunities to test 
hypotheses regarding the effects of ocean acidification on 
biological calcification.

6.8 Future Prospects 

In this review, we have introduced some of the studies on 
corals and other calcifying organisms being conducted by 
members of the AICAL project. In addition, another group of 
AICAL project members is actively evaluating the effects of 
ocean acidification on important fishery species such as aba-
lone, horned turban, and sea urchins (Kimura et al. 2011;



Onitsuka et al. 2014, 2018; Nishida et al. 2015, 2020). In the 
summer of 2016, the first large-scale bleaching event since 
1998 occurred in coral reef systems around the Ryukyu 
Islands, and the decline of coral reef ecosystems is again 
attracting a great deal of attention (Afzal et al. 2023). In the 
future, we plan to promote research on assessing the effects 
of global warming and ocean acidification at species, com-
munity, and ecosystem levels using various types of AICAL 
devices. Our immediate task is to develop biological recruit-
ment experiments as ecosystem experiments using outdoor 
AICAL devices. The AICAL device can also be used to 
simultaneously study ocean acidification and a variety of 
other anthropogenic effects. The combined effects of eutro-
phication and ocean acidification phenomena on corals have 
already been examined (Tanaka et al. 2014a), but it is also 
important to study the combined effects of herbicides and 
other hazardous chemicals (e.g., Flores et al. 2021; Kitada 
et al. 2008). Multi-interdisciplinary studies and research must 
be promoted by applying new techniques of molecular biol-
ogy, cell physiology, genetic ecology, and advanced isotope 
ratio analysis methods. 
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Fig. 6.13 Skeletal image of an initial Acropora digitifera polyp 
obtained by microCT (Iwasaki et al. 2016, 2018). Polyps (a) infected 
and (b) uninfected with symbiotic algae grown at a water temperature of 
27 °C and a pCO2 of 400 μatm
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Anthropogenic Stresses in Coral Reefs and Adjacent 
Ecosystems of the East China Sea 7 
Ichiro Takeuchi 

Abstract 

In this chapter, anthropogenic stressors in the East China 
Sea (ECS) impacting the coral reefs of the Ryukyu Archi-
pelago are reviewed. While seawater temperature of the 
ECS has increased at +1.20–1.25 °C/100 years, the 
increase has been lower, +0.85 °C/100 years, in the 
Sakishima Islands, western Ryukyus Archipelago. The 
ocean acidification rate near the Ryukyu Archipelago is 
slower than that in the middle ECS. The inputs of nutrients 
and pesticides into the ECS from the continent have 
recently increased. Recent monitoring suggests that per-
sistent organic pollutants (POPs) and marine debris from 
the continent and Taiwan reach the Ryukyu Archipelago. 
More than 60% of the coastline of Okinawa Island has 
been altered by landfills and armouring. The island-based 
run-off is promptly discharged into coastal waters via 
short rivers after high rainfall. Red soils and herbicides 
from agricultural land have been closely monitored. Phar-
maceutical and personal care products were detected in 
relatively high concentrations in rivers in Okinawa Island. 
The high concentration of linear alkylbenzene sulfonate in 
treated wastewater in Okinawa Prefecture was estimated 
based on the pollutant release and transfer register (PRTR) 
system. Additionally, POPs and additives in antifouling 
paints have been detected in seawaters around the Ryukyu 
Archipelago. Military facilities are another likely signifi-
cant source of anthropogenic chemicals. Thus, detailed 
monitoring of anthropogenic activities, including concen-
tration levels of various chemicals, is urgently required to 
protect the coral reefs of the Ryukyu Archipelago. 
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7.1 Introduction 

The East China Sea (ECS), located off the East Asian main-
land, is a marginal sea of the northwest Pacific Ocean that 
connects to the South China Sea (SCS) through the Taiwan 
Strait in the south, the Sea of Japan through the Tsushima 
Strait in the northeast, and the Yellow Sea in the north 
(Fig. 7.1).

The ECS consists of two parts, a wide, shallow continental 
shelf (depth, <200 m) and a deep Okinawa Trough (depth, 
>2000 m), and is separated from the Philippine Sea in the 
northwest Pacific Ocean by a submarine ridge associated 
with the Ryukyu Island chain (Matsuno 2020; Nakamura 
2020). The shelf region is strongly affected by the 
surrounding land through the massive inflow of freshwater 
with nutrients and suspended organic matter from the 
Yangtze and Qiantang Rivers (J Chen et al. 2020b; Matsuno 
2020). The Pearl River (Zhujiang), which is supersaturated 
with pCO2, CH4, and N2O, ranks as the second largest river 
after the Yangtze River in China in terms of annual water 
discharge entering the northern coast of the SCS, close to the 
ECS (Chen et al. 2008). The Kuroshio Current flows in the 
ECS through the channel east of Taiwan (depth, 775 m) and 
out through the Tokara Strait (depth, 690 m) between Kyushu 
Island and the Amami Islands (Nakamura 2020). Thus, the 
Kuroshio Current contributes to the exchange of seawater in 
the ECS section shallower than ~700 m between the Okinawa 
Trough and the Philippine Sea (Nakamura 2020). The sea-
water of the northern South China Sea flows into the ECS 
through the Taiwan Strait channel, which is closely linked 
with the shoreward current across the slope off the ECS and 
the northward current through the Tsushima Strait (Gan et al.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_7&domain=pdf
mailto:takeuchi@agr.ehime-u.ac.jp
https://doi.org/10.1007/978-3-031-27560-9_7#DOI


2020). Wind direction and stress over the ECS differ between 
winter (December to February) and summer (June to August) 
(Liu et al. 2021). In winter, extensive northerly winds prevail 
over the continental shelf, increasing in magnitude from the 
inshore area to the east near the Ryukyu Archipelago (Liu 
et al. 2021). Southerly winds, which are much weaker than 
those in winter, appear over the continental shelf to the 
northeast of the Taiwan Strait in summer (Liu et al. 2021). 
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Fig. 7.1 Schematic view of the East China Sea. The red line indicates the Kuroshio warm current. Map was provided by the Marine Information 
Research Center, Japan Hydrographic Association

As mentioned in the Introduction—The relevance of 
anthropogenic factors to coral reef conservation in the coastal 
areas of the East China Sea—(Takeuchi 2023), the ECS is 
surrounded by countries with intensive economic develop-
ment. At the same time, the coral reefs of the ECS, distributed 
along the coasts of the Ryukyu Archipelago, have been 
drastically degraded over the past several decades (see 
Omori 2011; Hongo and Yamano 2013). Moreover, coral 
diseases have been intensifying in this region, as well as in 
the Atlantic and other Pacific regions, at least since 2000 
(Yamashiro et al. 2023). Among the major coral faunal 
provinces in the world, the Japan-Vietnam province, 

including the coral reefs around the ECS, is estimated to 
possess the least resistance to thermal stress (McClanahan 
et al. 2020). Moreover, as the climate changes, the northern 
distribution limit is shifting towards the north of the ECS (see 
Yamano et al. 2011). In this section, I review various anthro-
pogenic stressors that are considered to affect the health of 
coral reefs and adjacent ecosystems along the coast of the 
ECS, especially the Ryukyu Archipelago. 

7.2 Climate Change 

The Japan Meteorological Agency presented a long-term 
trend of sea surface temperature (SST) in the ECS from 
around 1910 to 2020 (Japan Meteorological Agency 2021). 
The annual increase rate in SST around Japan until 2020 was 
+1.16 °C/100 years, which is larger than the global average 
rate of SST (+0.56 °C/100 years) and similar to the air 
temperature increase rate in Japan (+1.26 °C/100 years). In 
seas around Japan, the increase rate of SST in the ECS and



the central part of the Sea of Japan was above the average, 
+1.20 °C/100 years in the southern ECS and + 1.25 °C/ 
100 years in the northern ECS. In contrast, the SST in the 
Sakishima Islands (Yonaguni Island to Miyako Islands in the 
Ryukyu Archipelago) was +0.85 °C/100 years, lower than 
the average (Japan Meteorological Agency 2021) (Fig. 7.2). 
Decade-long fluctuations in SST have been monitored in the 
seas around Japan; after the last maximum around 2000, SST 
in this region reached a minimum around 2010 and has 
been increasing since then (Japan Meteorological Agency, 
2021). Severe thermal stress events driving coral bleaching 
(temperature exceeding 30.0 °C) occurred along the 
coasts of Okinawa Island in the summer of 1998 and 
2001 and have been recorded again in the summer of 2016 
(Hongo and Yamano 2013; Nishiguchi et al. 2018; Sakai 
et al. 2019). 
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Fig. 7.2 Increase in seawater temperature around the Japanese Archi-
pelago over approximately 100 years until 2020. Data are obtained from 
Japan Meteorological Agency (2021) (https://www.data.jma.go.jp/ 
kaiyou/data/shindan/a_1/japan_warm/japan_warm.html) 

From 1998 to 2016, SST in the SCS increased by 0.012 ° 
C/yr., which is less than the rate of warming in high-latitude 
oceans (C-TA Chen et al. 2020a). The decrease in SST after 
2000 observed in the ECS by the Japan Meteorological 
Agency (2021) has also been widely recorded along the 
Chinese coast, including the north of the SCS and the Taiwan 
Strait (Belkin and Lee 2014; Y Li et al. 2021b). 

While ocean acidification in the western North Pacific 
Ocean is progressing, the surface seawater of the western 
part, including the ECS, tends to show lower acidification 
rates (Lui et al. 2020). Nagasaki Marine Observatory (after 

2013, Nagasaki Local Meteorological Observatory), Japan 
Meteorological Agency, has been conducting oceanographic 
observations along the Pollution Nagasaki (PN) Line 
between Yangtze River mouth and near Okinoerabu Island 
in the middle of the ECS since the 1970s (Takayanagi et al. 
2006). Many scientists have analysed various oceanographic 
observation data available at the Observatory’s website. For 
example, the acidification rate of the surface water at the shelf 
bank in the middle of the PN Line is -0.0019 pH25/yr 
(1982–2010), higher than that of the open oceans at the 
same depths (Lui et al. 2015) (Fig. 7.3). This higher acidifi-
cation rate is likely a consequence of enhanced productivity 
caused by increased anthropogenic nutrient inputs from the 
East Asian mainland (Lui et al. 2020). 

In contrast, the acidification rate of the surface water at 
St. 1, the end site of the PN line located ~30 km northwest of 
Okinoerabu Island, is -0.0006 pH25/yr (1982–2010) 
(Lui et al. 2015). These relatively low acidification rates 
extending to a depth of approximately 300 m at 
St. 1 (Fig. 7.3) were attributed to the enhanced biological 
uptake and mixing of seawater between the euphotic zone 
and the zones below (Lui et al. 2015).

The acidification rate at the South East Asia Time Series 
Study (SEATS) station (18°N, 116°E) located north of the 
SCS was -0.0015 ± 0.0009 pH unit/yr, which is nearly 
equivalent to -0.0017 pH unit/yr assuming air-sea CO2 

equilibrium (Lui et al. 2020) and - 0.0019 pH25/yr on the 
bank of the ECS (Lui et al. 2015). A wide range of seasonal 
and diurnal variation of pHtotal scale was reported from Sesoko 
Island located northwest of Okinawa Island (Kurihara et al. 
2019). 

The mean increase in sea level of the ECS from 1993 to 
2010 was estimated at ~3.5 mm/yr, which is slightly higher 
than the global mean (Moon and Song 2017). Mesoscale 
westward-propagating eddies around the main island of the 
Ryukyu Archipelago depress the increase in sea level around 
these islands (Konda et al. 2005; Moon and Song 2017). 

The rising maximum wind speed of the mean tropical 
cyclone under climate change increases the risk of coastal 
damage by wave set-up via increasing wave heights at the 
outer ocean (Hongo and Kiguchi 2021). Hongo and Kiguchi 
(2021) presented several scenarios for the reef flat of Ishigaki 
Island facing the ECS, including (1) a healthy reef will grow 
at the same rate as the rising sea levels (+0.98 m by 2100 
according to the RCP 8.5 scenario), and (2) the reef will 
degrade without reef growth. The wave height (defined as 
the mean wave height of the highest 33% of waves on the reef 
flat) at the reef flat of Ishigaki Island facing the ECS is 
estimated to increase from 1.69 m at present to a maximum 
of 2.63 m for healthy reefs and 3.00 m for degraded reefs 
under the assumption that the maximum wind speeds of 
typhoons will be intensified by 2100 (Hongo and Kiguchi 
2021).

https://www.data.jma.go.jp/kaiyou/data/shindan/a_1/japan_warm/japan_warm.html
https://www.data.jma.go.jp/kaiyou/data/shindan/a_1/japan_warm/japan_warm.html
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Fig. 7.3 Succession of CO2 

concentration in seawater at the 
middle of the East China Sea and 
near Okinoerabu Island, Ryukyu 
Archipelago, between 1982 and 
2007. pH values are expressed on 
the NBS scale at 25 °C. Data are 
from Lui et al. (2015, Cont Shelf 
Res 111, 223–233) with 
permission from Elsevier. 
Copyright (2015) Elsevier 
Ltd. The map was provided by 
Marine Information Research 
Center, Japan Hydrographic 
Association

7.3 Continental Origin Anthropogenic 
Impacts 

7.3.1 Eutrophication 

In the ECS, offshore waters are major sources of phosphate 
and silicate to the continental shelf, whereas river waters, 
especially the Yangtze River, are significant contributors of 
nitrogen to this region (J Chen et al. 2020b). Liu et al. (2018) 
simulated the flow of nitrogen (N) and phosphorus (P) from 
land to sea in the Yangtze River basin from 1900 to 2010 
using combined models for hydrology, nutrient input to sur-
face water, and instream retention. Their simulation indicated 

a dramatic increase in nutrient delivery to the ECS over 
110 years: 17.5-fold increase in N (from 337 Gg N/yr to 
5896 Gg N/yr), 6.5-fold increase in P (from 58 Gg P/yr to 
381 Gg P/yr), and the change in N:P molar ratio from 13 to 
35, indicating river waters to the ECS switched to P limita-
tion. Wang et al. (2020) similarly estimated a rapid increase 
in nitrogen inflow to the ECS (from 1.0 in 1970 to 4.6 Tg/yr 
in 2010) and the SCS (from 1.4 in 1970 to 3.8 Tg/yr in 2010) 
from surrounding rivers using the Integrated Model to Assess 
the Global Environment–Global Nutrient Model (IMAGE-
GNM). In the ECS, the dominance of nitrogen supply from 
rivers, including the Yangtze River from China, increased 
from 89% in 1970 to 97% in 2010 (Wang et al. 2020). In 
addition, Wang et al. (2018) estimated that the input of



dissolved inorganic nitrogen, dissolved inorganic phospho-
rus, and dissolved inorganic silicate by submarine groundwa-
ter discharge of Yangtze River into the continental shelf of 
the ECS was respectively 0.7-, 22-, and 1.4-fold that of the 
riverine inputs. With the progress of eutrophication, phyto-
plankton fauna changed in the Changjiang Estuary, off the 
Yangtze River. The dominant species in the summer phyto-
plankton were chain-forming diatoms (Skeletonema, 
Chaetoceros, and Pseudo-nitzschia), but after 2005 the pro-
portion of large-celled dinoflagellates (Ceratium) and fila-
mentous cyanobacteria increased with increasing total 
phytoplankton density (J Chen et al. 2020b). Marine-sourced 
organic matter, formed by eutrophication-induced marine 
primary production, is the dominant oxygen consumer in 
the multiple hypoxic zone in the ECS off the Changjiang 
Estuary (Wang et al. 2016; Zhou et al. 2020). 
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Similar to other areas in the world, the average dissolved 
oxygen in the ECS has decreased to -0.448 (surface 
samples), -0.608 (water column samples), and -
0.736 μmol/kg/yr (bottom samples) along a 32°N transect 
(122°–127°E) (Ning et al. 2011; J Chen et al. 2020b). The 
recent increase in eutrophication affects the seasonality of 
ocean acidification; the average CO2 in the inner part of the 
Changjiang Estuary decreased notably during summer, while 
the average CO2 increased in autumn and winter from the 
1990s to the 2000s (Chou et al. 2012). 

As a result, large-scale plumes are formed at the front, 
where nutrient-rich river water meets with relatively 
low-nutrient oceanic water on the continental shelf off the 
large rivers (J Chen et al. 2020b). During flood years, such as 
1998 and 2010, the surface area affected by the Yangtze 
River discharge in the ECS more than doubled compared to 
that during non-flooding years, reaching the middle of the 
ECS, approximately100 km west of Okinawa Island, in July 
2010 (Fig. 7.4) (Gong et al. 2011). The maximum DIN (sum 
of nitrate, nitrite, and ammonium) at the plume edge 
increased from ~16 μmol/L in the 1980s to ~25 μmol/L in 
the 2000s (J Chen et al. 2020b). The average and extreme 
precipitation intensities and the frequency of extremely heavy 
precipitation in the Yangtze River basin have significantly 
increased according to the analysis of extreme precipitation 
indices over 60 years, from 1960 to 2019, conducted by X Li 
et al. (2021a). The extreme precipitation in the Yangtze River 
is estimated to push discharge water close to the Ryukyu 
Archipelago and beyond in the near future.

7.3.2 Anthropogenic Chemicals 

Persistent organic pollutants (POPs) constitute a diverse 
group of persistent organic chemicals with toxic and 
bioaccumulative characteristics that are prone to long-range 
transport on Earth (Lohmann et al. 2007; Fiedler et al. 2019). 
The UNEP Stockholm Convention currently regulates the 

so-called ‘dirty dozen’ or ‘legacy’ POPs; initially, those 
included chlorinated chemicals such as pesticides or indus-
trial chemicals, and since 2009, 16 new POPs, mostly 
integrated into articles or products such as flame retardants 
and water repellent chemicals have been added to this group 
(Lohmann et al. 2007; Fiedler et al. 2019). 

Pesticide production and usage in China have been rapidly 
increasing since 1990, with China becoming one of the 
largest producers and consumers of pesticides in the 2010s 
(Grung et al. 2015; Takeuchi 2023). Most of China’s fresh-
water resources are distributed in large rivers, such as the 
Yangtze River, the Yellow River and the Pearl River, and in 
lakes (Bao et al. 2012). The levels of POPs in water in China 
are generally at the high end of the worldwide range (Bao 
et al. 2012). A comparison of China’s regulatory limits 
indicates that polychlorinated biphenyls (PCBs) in rivers 
and coastal waters might pose a potential human health risk 
(Bao et al. 2012). Similarly, the levels of 
dichlorodiphenyltrichloroethane and its metabolites (DDTs) 
in several rivers of China are a potential health hazard to 
humans based on the regulatory limits of DDT recommended 
by the European Union (Bao et al. 2012). The water supply 
per capita in China is one-fourth of the global average, 
whereas the country possesses 1/20 of the global renewable 
water resources (Bao et al. 2012). Ma et al. (2020) reported 
that the inadequate freshwater quality of China exacerbates 
water scarcity, with uneven distribution in the country. The 
combined water scarcity index including quality and quantity 
has deteriorated in the middle and lower reaches of the 
Yangtze River facing the ECS (Ma et al. 2020). 

The large-scaled ‘hotspot’ of hexachlorobenzene (HCB), 
hexachlorocyclohexanes (HCHs), and DDTs is reported to be 
present in the southwest areas of the northern SCS and the 
Yangtze River estuary in the ECS (Ya et al. 2019). The 
seasonal and spatial distributions of HCB, HCHs, and 
DDTs in the northern SCS (18–23°N) and ESC (26–32°N) 
were based on 68–115 seawater samples (�1–2 m depth) 
collected during 2009–2011 (Ya et al. 2017, 2019). While the 
residual levels of HCB in the northern SCS were significantly 
higher than those in the ECS from spring to autumn, signifi-
cantly higher levels of HCB were detected in the ECS in 
winter due to increased inputs of ultrafine particles by air 
movement from northern China (Fig. 7.5A) (Ya et al. 2019). 
DDTs flowing into the northern SCS showed significantly 
higher residual levels than those in the ECS during summer 
and autumn, which is attributed to the increased usage and 
higher environmental abundance of organochlorine 
pesticides in southern China (Fig. 7.5A) (Ya et al. 2019). 
Thus, anthropogenic chemicals that originate in southern 
China are transported into the ECS by the northward-flowing 
Kuroshio Current via the northern SCS. The POPs in air and 
surface seawater from the ECS to the North Pacific were 
monitored in the spring of 2015 (Wu et al. 2020). The 
concentrations of α-HCH and p,p-DDT levels remained



118 I. Takeuchi

Fig. 7.4 Distribution of vertically integrated algal chlorophyll 
a inventory (IB) in the East China Sea between 1998 and 2010 from 
Gong et al. (2011, Geophys Res Lett 38, L13603) with permission from 
John Wiley & Sons, Inc. Copyright (2011) the American Geophysical 
Union. Observations in July 1998 and July 2010 were conducted during 

periods of intense flooding in the Yangtze River drainage basin. Red line 
indicates 31 psu salinity (Gong et al. 2011; Fig. 1) and represents the 
outer boundary of Changjiang (Yangtze River) Diluted Water (Gong 
et al. 2011)



high in the west North Pacific across the Ryukyu Archipelago 
long after the regulation of the use of technical HCHs and 
DDTs in East Asia was enforced (Wu et al. 2020). 
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Fig. 7.5 Distribution of 
anthropogenic chemicals along 
the marginal seas of China. A, 
Hexachlorobenzene (HCB), 
hexachlorocyclohexanes (HCHs), 
and dichlorodiphenyltrichloro-
ethane and its metabolites (DDTs) 
in the northern South China Sea 
and East China Sea. Reprinted Ya 
et al. (2019, Environ Sci Technol 
53, 13088–13097) with 
permission from the American 
Chemical Society. Copyright 
(2019) American Chemical 
Society. B, Polycyclic aromatic 
hydrocarbons (PAHs) in surface 
water of the Yellow Sea, Each 
China Sea, and northern South 
China Sea. Reprinted from Ya 
et al. (2017, Environ Sci Technol 
51, 9072–9079) with permission 
from the American Chemical 
Society. Copyright (2017) 
American Chemical Society 

Polycyclic aromatic hydrocarbons (PAHs) are composed 
only of carbon and hydrogen with two or more fused aro-
matic rings (Takeuchi et al. 2009; Ramesh et al. 2011). Of the 
more than 100 compounds belonging to PAHs, the U.-
S. Environmental Protection Agency has designated 
16 compounds as priority pollutants for environmental moni-
toring purposes (Ramesh et al. 2011). The seasonal distribu-
tion of PAHs also indicates different trends between the 
northern SCS and ECS; the highest season of the total 
PAHs (Σ15PAHs) is autumn (October and November; 
82 ± 78 ng/L), followed by summer (July and August: 
77 ± 50 ng/L) in the northern SCS, and summer (August: 

80 ± 32 ng/L), followed by winter (December: 67 ± 25 ng/L) 
in the ECS and the Yellow Sea located north of the 
ECS (Ya et al. 2017) (Fig. 7.5B). PAHs originating from 
industrial coal burning and firewood combustion during 
winter in the northern parts of the continent could be 
transported and deposited on the surface water of the ECS 
and Yellow Sea by the prevailing northwest wind (Ya et al. 
2017). 

Yang et al. (2021) monitored the concentrations of 
22 commonly used herbicides in China in Bohai Bay and 
the Yellow Sea. They detected herbicides in all sampling 
locations within 100 km of the shoreline. The maximum 
quantum efficiency of photosystem II (PSII), Fv/Fm, in phy-
toplankton significantly decreases when exposed to in situ 
concentrations of triazines (Yang et al. 2021).
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7.3.3 Plastic Wastes 

The global riverine plastic outflows were considered the main 
pathways for the transport of land-based plastic waste to the 
oceans (Mai et al. 2020a). It was estimated at 57,000– 
265,000 metric tonnes (MT) in 2018, and it is expected to 
continue growing in the next 10 years due to the increasing 
use of plastic products (Mai et al. 2020b). The Yangtze 
River exports the largest amount of plastics globally 
(6750–33,600 MT/yr) to the ECS (Mai et al. 2020b). 
Microplastics were accumulated in the surface micro layer 
(SML; the upper 1–1000 μm of the ocean) relative to deeper 
water (Song et al. 2014; Anderson et al. 2018). The 
microplastics in the surface seawater of the northern ECS 
were five times higher than those in the southern ECS due to 
the Yangtze River estuary and Hangzhou Bay (Huang et al. 
2022). The distribution of MPs in the seas around Japan was 
surveyed from July to September 2014 at sampling sites 
located mainly in the ECS, the Sea of Japan, and off the 
Tohoku District in the North Pacific along the Tsushima 
Current (Isobe et al. 2015). The total particle count of 
microplastics in the east Asian seas was 1,720,000 pieces/ 
km2 , 20 times greater than that in the Seto Inland Sea (a sea 
surrounded by Honshu, Kyushu, and Shikoku Islands), 
16 times greater than that in the North Pacific, and 27 times 
greater than that in oceans worldwide (Isobe et al. 2015). 
Thus, the east Asian seas are thought to be one of the hotspots 
of pelagic microplastics globally (Isobe et al. 2015). More-
over, Isobe et al. (2015) reported that small plastic fragments 
are transported northward along Japan by the north-eastward 
Tsushima and Kuroshio currents. Thus, these small plastic 
fragments likely originate southwest of their study area, in the 
Yellow Sea and ECS. 

Polystyrene constitutes approximately 70% of the 
stranded marine debris in Japan; drifting and stranded 
polystyrene is considered to generate styrene oligomers 
(SOs) in the marine environment (Saido et al. 2012). Saido 
et al. (2012) detected SOs (styrene monomer phenylethylene, 
SM; styrene dimer, 2,4-diphenyl-1-butene, SD; 
styrenetrimer, 2,4,6-triphenyl-1-hexene, ST) in seawater and 
sand from the coasts of Iriomote and Ishigaki Islands, both 
located near the west end of the Ryukyu Archipelago close to 
Taiwan, and from Okinawa Island. On average, 116.9 ng/L 
SM, 238.3 ng/L SD, and 479.3 ng/L ST were detected 
in seawater, and 246.9 ng/g SM, 270.8 ng/g SD, and 
1221.9 ng/g ST in sand on all three islands (Saido et al. 
2012). A relatively higher concentration of ST (>1800 ng/ 
g) was measured in the sand from the northern coasts of 
Iriomote and Ishigaki Islands, close to the Kuroshio Current 
flowing from the area near Taiwan to the middle of the ECS 
(Saido et al. 2012). 

Fujieda et al. (2006) estimated the origin and dispersal of 
marine debris along the coasts of Japan by monitoring the 

dispersal of disposable cigarette lighters. They identified the 
locality of manufacture from the symbols engraved on the 
bottom of the lighters and the discharge location from the 
lettering, including advertisements, printed on the lighter’s 
surface (Fujieda et al. 2006). Over half of 6609 lighters 
collected from 92 coastal sites across Japan that washed up 
on the coastline from Yonaguni Island in the westernmost 
part of the Ryukyu Archipelago to Yaku Shima Island close 
to southern Kyushu originated from continental China. 
Fujieda et al. (2014) repeated the analysis and surveyed in 
greater detail the origin of >60,000 lighters collected 
between 2003 and 2014. The lighters collected from the 
coastal areas from Yonaguni Island to Amami Island along 
the Ryukyu Archipelago originated from Guangdong Prov-
ince to Shanghai and the west coast of Taiwan. The ratio of 
lighters of Taiwanese origin increased westward from the 
Ryukyu Archipelago (Fig. 7.6) (Fujieda et al. 2014). The 
results of both Saido et al. (2012) and Fujieda et al. (2014) 
suggested that marine debris in the ECS that washes up on the 
islands of the Ryukyu Archipelago south of the Kuroshio 
Current is transported by the northerly wind.

After October 2021, pumice from the volcano located near 
the Ogasawara Islands south of mainland Japan was dis-
persed to Kita-Daito Island and Kikai Island, which are 
located west and north of Okinawa Island, respectively 
(Yoshida et al. 2022). A large amount of pumice stones 
were blown to the northeast coast of Okinawa Island by 
strong seasonal north-easterly winds (Ohno et al. 2022). 
The stranding of a large amount of pumice stones on the 
coral reef coast northwest of Okinawa Island was confirmed 
(Fig. 7.7). The southward dispersal of pumice to Okinawa 
Islands suggests a difference in the movements of currents 
(including the Kuroshio Current) and surface seawater.

Taken together, my observations and the above studies 
(Fujieda et al. 2006, 2014; Saido et al. 2012; Ohno et al. 
2022; Yoshida et al. 2022) indicate that contamination and 
waste, including plastics, in the ECS and the Pacific north of 
the Ryukyu Archipelago drift towards the coral reefs of the 
Ryukyu Archipelago as a result of the extensive northerly 
winds during winter (Liu et al. 2021). These results con-
trast with Isobe et al. (2015) which reported that small plastic 
fragments are transported north along Japan by the north-
eastward Tsushima and Kuroshio currents. 

7.4 Island-Based Anthropogenic Impacts 

7.4.1 Urbanisation 

Coral reefs around Okinawa Islands from 24° to 27°N are 
categorised as fringing-type reefs; the width of the reef flat is 
ca. 1 km and its depth is 1 to 3 m (Kayanne et al. 2004). Thus, 
reefs adjacent to islands are often characterised by relatively



semi-enclosed environments (Kinjo 2017). Of the 682.8 km 
total coastline around Okinawa Island, 63.2% has been 
altered by land-filling (309.2 km, 45.3%), hard armouring 
(98.9 km, 14.5%), and soft armouring (23.7 km, 3.4%) 
(Masucci and Reimer 2019). Corals and coral reefs near 
coastal cities are subjected to various stressors (Heery et al. 
2018). Tetrapod breakwater structures in northern Okinawa 
Island reduced the survival rate of the branching hermatypic 
corals by affecting the physical environment and benthic 
community composition around the tetrapods (Masucci 
et al. 2020). Population density is highest in the southern 
half of Okinawa Island, where Naha, the capital city of 
Okinawa Prefecture, is located (Heery et al. 2018). The 
coastline in this area is degraded or destroyed by landfills, 
construction of shore protection and roads, dredging and 
harbours, and outflow from adjacent terrestrial areas (Reimer 
et al. 2015). 
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Fig. 7.6 Distribution of portable cigarette lighter stranded on the coasts along the coasts of the East China Sea. Reprinted from Fujieda et al. (2014). 
The percentage distribution categorised by the origin of the cigarette lighter

Okinawa Islands are located on the north end of the Asian 
tropical forest zone with high rainfall of 2106 mm/yr (aver-
age for Ishigaki Island for the period 2003–2012; Terada 
et al. 2017). There were 55 rainy days per year, occurring at 
approximately 7 d intervals (Terada et al. 2017). The 

monitoring of a small, 2.2 km long river on Ishigaki Island 
revealed that total nitrogen (TN) and total phosphorus 
(TP) flux from upstream to the mouthpart on a rainy day 
were 9.1 times and 3.4 times of a clear day, respectively 
(Terada et al. 2017). Higa et al. (2001) reported that the 
concentrations of TN and TP during rainfall show an increas-
ing trend with suspended solids (SS) at river estuaries along 
the Okinawa Island coast. Both TN and TP concentrations are 
higher in rivers in southern Okinawa Island than in rivers in 
the northern part of the island, which was contributed to the 
differences in soil and soil texture, land usage pattern, and the 
inflow of domestic wastewater. However, the sewerage pop-
ulation rate of Okinawa Prefecture is 72.0%, lower than the 
average rate of 79.7% in Japan; the sewerage population rate 
is calculated as [the population in the area with sewerage 
system]/[the administrative population] (Okinawa Prefecture 
2021). The biological oxygen demand (BOD) and suspended 
particulate matter (SPM) at the river mouthparts is strongly 
positively related with human population density in the 
catchment area along the Okinawa Island coast (West and 
van Woesik 2001). The human population density within the 
catchment is also significantly correlated with the inorganic



nutrient concentrations at the river mouth around Okinawa 
Island, and the increase in inorganic nutrient concentrations 
leads to a decrease in coral cover at the reef edge around the 
southern part of the Island (Shilla et al. 2013). 
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Fig. 7.7 Dense, moraine-like aggregation of stranded pumice stones along the intertidal zone close to coral reefs of Nakijin-son located north-west 
of Okinawa Island on 25 November 2022. The image was photographed using a DJI Mini 2 (DJI Co. Ltd., Guangdong, China)

Reimer et al. (2015) pointed out the weakness of the 
Japanese environmental assessment system. The Environ-
mental Impact Statements are performed by the project 
proponents themselves, not by an external independent 
agency, while environmental rules and regulations for large-
scale developments have become more assertive in Japan 
over the past four decades (Reimer et al. 2015). Reimer 
et al. (2015) reported the apparent impacts of the 4.75-km-
long causeway constructed 40 years ago near the coral reef 
off the west coast of Okinawa Island. Most sites along the 
causeway dividing a large tidal flat showed a changing envi-
ronment, likely resulting from a reduced water flow (Reimer 
et al. 2015). In particular, the site closest to Okinawa Island, 
heavily impacted by poor water quality, low diversity, and 
disturbed biotic communities, had an unusual microbial com-
munity highly dominated by the enterobacterial genus 
Serratia, an opportunistic human pathogen and agent of 
coral diseases (Reimer et al. 2015; Soliman et al. 2017). 
Tashiro et al. (2004) reported a high concentration of PCBs 
in the sediment, 5.07 μg/g, detected near the bridge of the 
Manko Flat near Naha. They attributed this high concentra-
tion of PCBs to the residue of paints used on the bridge in the 
1970s. 

7.4.2 Red Soil 

After the return of Okinawa Prefecture to Japan in 1972, 
extensive urban and agricultural development led to a signif-
icant increase in sediment discharge to coastal waters along 
the coast of the prefecture (Omija 2004; Yamano et al. 2015). 
These sediments are called ‘red soil’ because of their colour 
(see Yamano et al. 2015). Pineapple and sugarcane fields, 
especially immediately after planting, were the main sources 
of red soil along the coast of the Okinawa Islands (Higa et al. 
1995). Nakandakari et al. (2007) pointed out that particulate 
nutrients (particulate nitrogen and phosphorus) are closely 
linked with the run-off of suspended soil from an upland 
watershed in the middle of Okinawa Island, where sugarcane 
is the dominant crop. The inflow of red soil into the coral reef 
from adjacent land leads to high increase in turbidity and 
sedimentation in the coral reef for an extended period (Kinjo 
2017). Red soil pollution tends to occur when natural factors 
facilitate the flow of red soil to reefs together with anthropo-
genic factors. In Okinawa, there are three natural factors: 
(1) soils that are easily dispersed due to low organic matter, 
(2) steep and short river topography, and (3) heavy rainfall, 
three times stronger than the average rainfall of Japan (Omija 
2004). In addition to these natural factors, Omija (2004) 
referred to three anthropogenic factors: run-off from agricul-
tural land, various development projects, and U.S. military 
bases. In Okinawa, the ratio of farmland to total land area is



18% (Hashimoto 2005). A simplified measurement method 
for suspended particles in sea sediment (SSPS) has been 
proposed (Omija 2004; Kinjo 2017). Of eight ranks from 
1 (< 0.4 kg/m3 ) to 8 (≥ 400 kg/m3 ), maintaining rank 3 to 
5a (1 to <30 kg/m3 ) is required to conserve coral reef 
ecosystems; ranking above 6 indicates the presence of pollu-
tion due to red soil run-off and other anthropogenic factors 
(Kinjo 2017). 
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The total run-off of red soils along the coast of Okinawa 
Prefecture in 2011 was 298,300 tonnes, which corresponded 
to approximately 80% of that in 2001; the most significant 
source of red soils was farmland, recording 85.5% of total red 

soils, far from the other two major sectors, development 
projects and U.S. military bases (Okinawa Prefecture 2013) 
(Fig. 7.8). Therefore, Okinawa Prefecture established the 
‘Okinawa Prefecture Basic Plan for Prevention of Red Soil 
Discharge’ in September 2013 to comprehensively prevent 
the discharge of red soil (Okinawa Prefecture 2013; Kinjo 
2017). The main parts of the Basic Plan are as follows: 

Fig. 7.8 Estimated red soil run-off in Okinawa Prefecture. A, Annual 
amounts from four major sectors in 2001, 2011, and 2018 (Fig. 2-8 on 
p. 9 in Okinawa Prefecture 2013; Fig. 3.2-1 on p. 7 in Okinawa 

Prefecture 2019). B, Comparison of red soil annual run-off from four 
major sectors in 2011 (Fig. 2-9 on p. 9 in Okinawa Prefecture 2013) 

1. Selecting priority areas for implementation (priority mon-
itoring sites) 

2. Deciding environmental protection targets for red soil 
3. Estimating targeted reduction amounts of red soil run-off
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The total run-off of red soils in 2016 was 270,900 tonnes, 
with farmland contributing 83.6% (Okinawa Prefecture 
2019). In 2016, the red soil run-off from the U.S. military 
base was reduced by <50% of that in 2001; this reduction 
was more significant than that of the other two dominant 
sectors, farmland and development projects (Fig. 7.8). The 
red soils run-off per hectare from the U.S. military base is 
0.51 t/ha/yr, which corresponds to 8.5% and 2.3% of the 
run-off from farmlands and development project areas, 
respectively (Okinawa Prefecture 2019). 

7.4.3 Nutrients 

Nutrient monitoring along the coast of Okinawa Prefecture 
has been conducted since 2009 (Kinjo 2017). To preserve 
>50% of coral coverage, Kinjo (2017) recommended 
maintaining the following water qualities: <0.08 mg/L TN, 
<0.01 mg/L TP, <0.01 mg/L nitric acid + nitrous acid, 
<0.006 mg/L phosphoric acid, <0.11 degrees turbidity, and 
>14 m horizontal transparency. He established the 

relationship between TN and coral coverage. However, 
according to Kinjo (2017), coral coverage >50% was present 
only in approximately 10% of monitored sites with 
<0.08 mg/L TN, whereas approximately 60% of monitored 
sites with <0.08 mg/L TN had <10% coral coverage 
(Fig. 7.9). Kinjo et al. (2006) reported the occurrence of 
Acropora with a 20 cm diameter at a tidal pool off the 
southern coast of Sesoko Island; the pool had no inflow of 
red soil and the concentration of TN was recorded at 0.2 mg/ 
L. Thus, the lower coral coverage in oligotrophic areas and 
the observations reported by Kinjo et al. (2006) suggest that 
lower nutrient levels are one of the required factors for 
maintaining high coral coverage, whereas various other fac-
tor(s) contribute to reduced coral coverage. While Kinjo 
(2017) described the above quality guideline, he also noted 
that, in addition to red soil and nutrients, chemicals such as 
pesticides, chemical fertilisers, surfactants, sunscreens, heavy 
metals, and microplastics would be stress factors for the coral 
reef ecosystem. Hashimoto (2005) suggested that, in addition 
to red soil, eutrophication and/or pollution caused by agricul-
tural sectors should be tracked to monitor the effects of

Fig. 7.9 Coral coverage (%) 
along the coasts of Okinawa 
Prefecture, Japan after 2009. A, 
The relationship between coral 
coverage (%) and total nitrogen 
concentration (Modified from: 
Kinjo, K., 2017, J Japan Coral 
Reef Soc 19, 87—94, Fig. 5, with 
permission from # Japanese 
Coral Reef Society); B, the 
proportion of coral coverage (%) 
at <0.08 mg/L total nitrogen. 
These data are based on visual 
count of dots presented in Fig. 5 
by Kinjo (2017)



agriculture on coral reefs. Yamano et al. (2015) stated that the 
release of sediment has caused the degradation of freshwater 
and coastal ecosystems and biodiversity along the island 
coastlines in the Okinawa Prefecture. Hongo and Yamano 
(2013) reported a steady decline in coral cover of anthropo-
genic turbid reefs around Okinawa Island from 1995 to 2009, 
with the possibility that these reefs, especially the branching 
Acropora spp., may be less resilient to thermal stress than 
non-turbid reefs. The decline of branching Acropora spp. 
were also reported from the coral communities at Ishigaki 
Island (Harii et al. 2014).
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7.4.4 Submarine Groundwater Discharge 

Along with limestone areas, such as the Ryukyu Archipelago 
(Shinjo 2014), submarine groundwater discharge is one of 
the major transportation routes for nutrients released by 
human activities (Saito et al. 2020). The freshwater lens is a 
thin layer of underground freshwater overlaying seawater in 
aquifers of islands and peninsulas including the Ryukyu 
Archipelago (Yoshimoto et al. 2016). Subsurface dams 
were created for providing underground freshwater to 
farmlands in southern Okinawa Island (Nakano et al. 2013). 
The 75% probability of nitrate nitrogen from the under-
ground water there was slightly higher than 10 mg/L, the 
upper limit of environmental criteria in Japan (Nakano et al. 
2013). Yoshimoto et al. (2016) reported that nitrate in the 
groundwater at Tarama Island, located between Miyako and 
Ishigaki Islands, originated from multiple sources such as 
chemical fertilisers, livestock manure, and domestic waste-
water. Higuchi et al. (2014) reported relatively high 
concentrations of nitrate and nitrite ions (NOx) brought by 
coastal groundwater inflow in the reef moat off Bise, north-
west Okinawa Island, where coral Montipora digitata and 
seagrass Thalassia hemprichii co-inhabit. 

7.4.5 Herbicides and Pesticides 

Sugarcane farmers in Okinawa use fertilisers and herbicides 
(including Diuron), similar to the farming practices in 
Australia that are affecting the Great Barrier Reef (GBR), 
the world’s largest coral reefs located off Queensland, 
Australia (Hashimoto 2005). In Okinawa, 53% of farmlands 
are cultivated with sugarcane (Hashimoto 2005). In 2004, 
approximately 17,000 kg of Diuron was applied on farmed 
land in Okinawa Prefecture, which was the highest amount 
among Japanese prefectures (Kitada et al. 2009). Kitada et al. 
(2008) surveyed the concentration of Diuron and Irgarol 
1051 (hereafter Irgarol) in the natural sediment of river 
mouthparts adjacent to coral reefs on Okinawa Island in 
July 2004 and September 2005. Both herbicides are of PSII 

type and have been used as ‘booster’ agents in copper-based 
antifouling paints (Dafforn et al. 2011). Diuron was detected 
in river sediments from both rural and urban areas of 
Okinawa Island with a maximum concentration of 0.22 μg/ 
kg (Kitada et al. 2008). Their monitoring revealed a higher 
concentration of Diuron near Naha, suggesting that its con-
sumption is related to home gardens in the area (Kitada et al. 
2008). Irgarol in these river sediment samples was likely 
transported from the river mouths during flood tides (Kitada 
et al. 2008). 

Diuron concentrations were monitored during 2007 and 
2009 at the coral reef off Shiraho, Ishigaki Island, brought by 
the Todoroki River, which runs through sugarcane farms 
(Sheikh et al. 2009a). This herbicide was detected in all 
stations from the river at concentrations up to 754 ng/L 
(Fig. 7.10), and its concentration at the coral reef off Shiraho 
ranged from not detected (ND) to 90 ng/L; the concentration 
increased more than tenfold from May to August compared to 
its levels in November (7.8 ng/L) (Sheikh et al. 2009a). In 
their personal communication with local farmers in 2007, 
Sheikh et al. (2009a) confirmed that Diuron is extensively 
used for sugarcane cultivation during the summer season. 
The authors presented the following scenario for the fate of 
Diuron after its application: Diuron sprayed on a sugarcane 
field is retained in the soil during summer, but it is leached 
into the Todoroki River during rainfalls after the summer 
season and transported to the reef. A relatively high concen-
tration of Diuron (14 ng/L) was detected in the estuary of the 
Arakawa River located west of Ishigaki Island in September 
2019 (Tanita and Onduka 2021).

Glyphosates are widely used in Okinawa Prefecture. 
According to the Japan Plant Protection Association (JPPA) 
(2021), 1600.3 tonnes of pesticides were shipped to Okinawa 
Prefecture, including 986.1 tonnes of insecticides and 
360.4 tonnes of herbicides, during 2019 pesticide year (Oct 
2018 to Set 2019). The shipment of glyphosate and related 
herbicides in Okinawa Prefecture was approximately 
160 tonnes (including 115.8 tonnes of glyphosate 
isopropylamine salt and related salts), which corresponds to 
nearly 45% of total herbicide shipment and is approxi-
mately 10 times the shipment of Diuron and related 
herbicides (JPPA 2021). Due to the extensive worldwide 
usage of glyphosate, relatively high concentrations, up to 
1377 μg/L, of this compound have been detected from 
seawaters in the western Pacific (see Matozzo et al. 2020). 
Most toxicity experiments on glyphosates have focused on 
molluscs (Matozzo et al. 2020). A 21-day exposure of the 
mussel Mytilus galloprovincialis to 10, 100, and 1000 μg/L 
glyphosate induced 111, 124, and 211 differentially regulated 
transcripts, respectively, and disrupted several critical 
biological processes, including energy metabolism and Ca2+ 

homeostasis, as indicated by the functional analysis of differ-
entially expressed genes (Milan et al. 2018). A combination



of elevated water temperature (31 °C) and glyphosate expo-
sure (12.0 mg/L) significantly decreases chlorophyll a and 
induces colour loss of Acropora formosa (Amid et al. 2018). 
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Fig. 7.10 Concentration of Diuron in seawater of coral reefs off 
Shiraho and Todoroki River, Ishigaki Island, Japan in May (A) and 
August (B) 2006. Sampling sites and concentration data are from Sheikh 

et al. (2009a, Mar Pollut Bull 58, 1922–1926) with permission from 
Elsevier. Copyright (2009) Elsevier Ltd.

In addition to Diuron and Irgarol, chlorpyrifos, an organ-
ophosphate pesticide, has been widely detected in Okinawa 
Island (Kitada et al. 2008, 2009). Moreover, a passive sam-
pler continuously deployed for 2 weeks in 2013 recorded 
19 species of pesticides in rivers from Okinawa Island, of 
which EPN, an organophosphate pesticide, was the most 
abundant at 260 ng/day per sampler (Tashiro and Kameda 
2015). The occurrence of seven species of neonicotinoids and 
fipronil (phenylpyrazole insecticides) was reported in the 
estuary of the Seto Inland Sea, which are most likely due to 
the downstream flow of agricultural effluents (Hano et al. 
2019). The high concentrations of fipronil detected in June 
and July were estimated to have a significant effect on ben-
thic and planktonic crustaceans (Hano et al. 2019). 
Yamamuro et al. (2019) reported that the use of 
neonicotinoids in watersheds since 1993 led to the collapse 
of smelt harvest by approximately 90% and a nearly 80% 
decrease in zooplankton biomass in spring in Lake Shinji, an 
oligohaline lake located in western Japan near the Sea of 
Japan. 

The above studies on various herbicides and insecticides 
in Okinawa suggest that the red soils flowing into coral reefs, 
especially that originating from farmlands, contain some 
amount of Diuron and one or more additional species of 
herbicides and/or insecticides. Moreover, rivers are polluted 
with several species of insecticides. Despite Australia’s Reef 
Water Quality Protection Plan 2009 for the GBR, which 
includes guidelines for herbicide concentrations (The State 

of Queensland 2009), herbicide residues from river discharge 
were widespread in the GBR ecosystem (Lewis et al. 2009). 
These effects may cause a change in the community structure 
of mangrove, seagrass, and coral reef ecosystems, which are 
already affected by other pressures such as climate change 
(Lewis et al. 2009). In contrast to the water quality manage-
ment of the GBR, pesticide measurements were not included 
in the monitoring of red soil run-off conducted to enable the 
protection of coral reefs in Japan (Okinawa Prefecture 2013, 
2019) despite the recommendation by Yamano et al. (2015) 
to monitor other pollutants, in addition to red soil, in the 
Ryukyu Archipelago. 

7.4.6 Pharmaceutical and Personal Care 
Products (PPCPs) 

Pharmaceutical and personal care products (PPCPs), widely 
used for human health, cosmetic, agriculture, and veterinary 
purposes, are considered as emerging contaminants (ECs) in 
the environment due to their known or suspected adverse 
ecological effects and human health risks (Keerthanan et al. 
2021). 

Of PPCPs, nonylphenol (NP) and bisphenol A (BPA) 
have been detected in river and coral reef sediments in 
Ishigaki and Okinawa Islands (Kawahata et al. 2004; Kitada 
et al. 2008). NP is a degradation product of nonylphenol 
polyethoxylates used worldwide in various industrial pro-
cesses, whereas BPA as part of polycarbonate plastics is 
released through their degradation (Kawahata et al. 2004). 
Unlike PCBs, NPs and octylphenol do not bioaccumulate



through the coastal food web of Tokyo Bay, that is, 
concentrations of NPs and octylphenol in molluscs 
occupying lower trophic levels were higher than in their 
predators (Takeuchi et al. 2009). Both chemicals are known 
to act as endocrine disruptors in various organisms including 
fish (Fraser et al. 2017). Kawahata et al. (2004) detected up to 
0.17 μg/L of NP and 0.058 μg/L of BPA in Aja River, Naha, 
on Okinawa Island and up to 0.12 μg/L of NP and 0.08 μg/L 
on Ishigaki Island. These concentrations of NPs were posi-
tively related to human population density, not to the red soil 
from farmland (Kawahata et al. 2004). NP and BPA pollution 
on Okinawa Island is considered a consequence of human 
waste discharge, both domestic and industrial (Kawahata et al. 
2004). Since the river mouths with high NP and BPA 
concentrations are located close to coral reefs, Kawahata et al. 
(2004) considered both chemicals are likely already affecting 
the coral reefs off Okinawa and Ishigaki Islands. 
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Recently, the effects of 4-NP, a common isomer of NP, on 
endocrine and metabolic homeostasis in the hermatypic coral 
Pocillopora damicornis have been reported (Rougée et al. 
2021). Colonies of P. damicornis exposed to sublethal con-
centration of 1.0 μg/L 4-NP for 6 weeks, a period longer than 
the lunar cycle, exhibited a significant increase in the activity 
of the steroid-clearing enzyme UDP-glycosyltransferase 
(UGT) (Rougée et al. 2021). Exposure to 4-NP altered the 
natural fluctuation in UGT activity with the lunar cycle to 
consistently high UGT activity throughout the reproductive 
cycle. Rougée et al. (2021) concluded that environmentally 
relevant levels of 4-NP may affect the reproductive health of 
corals and threaten the persistence of coral reefs. 
Nonylphenol concentration of 0.17 μg/L, which corresponds 
to approximately 1/6 of the concentration used by Rougée 
et al. (2021), was reported from the river mouth in Naha City 
in Jun 2001 (Kawahata et al. 2004). Thus, the results of 
Rougée et al. (2021) support the consideration of 
Kawahata et al. (2004) regarding the impact of NP and 
BPA on coral reefs. 

Mano et al. (2017) analysed the concentration of represen-
tative nine compounds of PPCPs from six rivers in southern 
Okinawa Island. High concentrations of caffeine 
(86–2200 ng/L) were detected in these rivers (Fig. 7.11); 
the median and 90th percentile of caffeine in 109 major 
Japanese rivers were 54 ng/L and 310 ng/L, respectively 
(Komori et al. 2013; Mano et al. 2017). The sampling site 
in Mano et al. (2017) was located downstream of the dis-
charge area of grey water (domestic wastewater without 
faecal contamination), industrial effluent, or village drainage 
facilities. We consume caffeine daily in a variety of 
beverages (coffee, tea, and caffeinated soft drinks) and 
numerous food products (chocolate, pastries, and dairy 
desserts) (Ferreira 2005). Vieira et al. (2022) reported the 
occurrence of caffeine in the coastline worldwide. The 
highest concentration of 11,000 ng/L was recorded from the 

sewage outfall site at the tropical estuary of Darwin 
Harbour, NT, Australia (French et al. 2015; Vieira et al. 
2022). Darwin Harbour is a rapidly expanding city in north-
ern Australia, with a population of above 120,000 in its 
catchment (French et al. 2015). Aguirre-Martínez et al. 
(2015) conducted embryo-larval development experiments 
of the sea urchin Paracentrotus lividus exposed to four 
PPCPs including caffeine. The larval development of 
P. lividus significantly decreased at 0.01 μg/L (10 ng/L) 
concentration for all four PPCPs (Aguirre-Martínez et al. 
2015). The sea urchin showed high sensitivity to zinc 
pyrithione (ZnPT), which is a widely used anti-fungal ingre-
dient in shampoos and antifouling biocides (Dafforn et al. 
2011; Soon et al. 2019; Mangion et al. 2021). In the 1970s, 
more than 2000 tonnes of sea urchin Tripneustes gratilla 
were caught annually in Okinawa Prefecture, but that amount 
declined drastically to less than 100 tonnes by around 2010 
(Ohta et al. 2017).

In addition to caffeine, benzafibrate, a lipid-regulating 
drug for hyperlipidaemia, was detected on Okinawa Island 
at concentrations of 13–320 ng/L, except for one case of 
0.27 ng/L (Mano et al. 2017). The maximum detected 
benzafibrate concentration is approximately 10 times the 
90th percentile concentrations in the 109 major rivers in 
Japan (Komori et al. 2013; Mano et al. 2017). The maximum 
detected concentration of sulfamethoxazole (140 ng/L) was 
>15 times higher than the corresponding 90th percentile 
concentration in major Japanese rivers (Komori et al. 2013; 
Mano et al. 2017). Sulfamethoxazole, which is the antibiotic 
agent used for humans and livestock in Japan, is likely 
discharged through livestock effluents into these rivers 
(Mano et al. 2017). Tashiro et al. (2003) detected a high 
concentration of estrone (E1) and equivalent 17β-estradiol 
(E2) concentration from seawater and sediments at the tidal 
flat near Naha. They thought that small-scale pig farming 
located upstream of the rivers that flows into the tidal flat is 
the major source of these estrogens. 

Most sewage treatment waters in Okinawa Prefecture are 
directly discharged into the ocean (Okinawa Prefecture 
2021). Sewage is one of the major land-derived sources of 
pollution driving the degradation of coral reefs (Wear and 
Thurber 2015). Figure 7.11 indicates that a high concentra-
tion of caffeine (12–858 ng/L) was detected from the second-
ary effluent waters in a wastewater treatment plant in Naha 
(Mano et al. 2017). Takeda et al. (2018) conducted an initial 
health and ecological risk assessment of anthropogenic 
chemicals contained in treated wastewater in Okinawa Pre-
fecture based on the pollutant release and transfer register 
(PRTR) system. Of the 66 chemicals estimated, eight 
substances, including hydrazine, were with high ecological 
hazard quotient (HQ ≥ 1) and listed as compounds that 
require monitoring (Takeda et al. 2018). Hydrazine is one 
of the dominant reagents in the fine chemical and



pharmaceutical industries and is extensively used as a rocket 
propellant (Niemeier and Kjell 2013). In addition to these 
high HQ chemicals, the concentrations of five other 
chemicals were estimated at >10 μg/L in treated wastewater 
in Okinawa Prefecture (Takeda et al. 2018). Of these five 
chemicals, linear alkylbenzene sulfonate (LAS) was 
estimated at maximum levels of 190 μg/L. LAS is one of 
the most widely used anionic surfactants in the world. The 
maximum concentrations reported by Takeda et al. (2018) 
induce severe tissue loss in the hermatypic coral Pocillopora 
verrucosa after 84 h of exposure (Kegler et al. 2015). 
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Fig. 7.11 Concentration of caffeine, one of the representatives of 
PPCPs, in river waters on July 2012 and December 2012 and in second-
ary the secondary effluent of a wastewater treatment plant from June 
2013 to January 2014 in southern Okinawa Island. Sampling sites and 

numerical data are from Mano et al. (2017, Environ Monitor Assess 
189, 442) with permission from Springer. Copyright (2017) 
Springer International Publishing AG

Various organisms, including humans, are exposed to 
novel and interactive combinations of UV radiation and 
other environmental factors owing to rapid climate change 
(Barnes et al. 2019). A number of sun-blocking chemicals are 
used in personal care products as UV filters and UV light 
stabilisers. In 2011, Tashiro and Kameda (2013) monitored 
these chemicals at four beaches, two coral reefs, and water 
from a river mouth around Okinawa Island. They detected 
14 species of these chemicals, with the highest level of 
1.258 μg/L recorded for 2-hydroxy-4-methoxybenzophenone 

(BP-3) at a beach in summer (Tashiro and Kameda 2013). 
Danovaro et al. (2008) reported the effects of UV filters, 
including BP-3, at low concentrations on hermatypic corals; 
Acropora spp. bleached 24 to 48 h after exposure to 
33–50 μL (42.9–65.0 μg)/L of BP-3. The maximum 
concentrations of 1395 μg/L and 19.2 μg/L of BP-3 were 
detected from St. John, U.S. Virgin Island and Oahu Island, 
Hawaii (Downs et al. 2016). Consequently, BP-3 with 
octinoxate was banned from use in sunscreen in Hawaii on 
January 1, 2021 (Raffa et al. 2019; Conway et al. 2021). 
Recently, however, BP-3 was reported not to pose an acute 
mortality risk to the coral Galaxea fascicularis under 
environmentally relevant concentrations based on three inde-
pendent acute toxicity tests using 0.31–10 mg/L nominal 
concentrations (Conway et al. 2021). 

Thus, the prompt run-off containing PPCPs reaching 
rivers, treatment waters, and other terrestrial waters likely 
influences the health of adjacent reefs. However, the acute 
risk assessment of BP-3 contained in the sun-blocking 
chemicals would not induce coral bleaching at environmen-
tally relevant concentrations (Conway et al. 2021). Therefore,



the monitoring of various anthropogenic chemicals in these 
terrestrial waters and eco-toxicological experiments of vari-
ous compounds are required to elucidate the effects of PPCPs 
and other anthropogenic chemicals on corals. 
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7.4.7 Persistent Organic Pollutants (POPs) 

Along the coasts of Okinawa Island, the concentration of 
POPs in the small rock oyster Saccostrea mordax was 
recently reported (Mukai et al. 2020). Small rock oysters 
were collected from 22 locations across Okinawa Island in 
2017 and 2018 (Fig. 7.12), and representative POPs were 
detected in all samples at median concentrations of 470 ng/g 
lipid weight (lw) (chlordane compounds; CHLs), 200 ng/g lw 
(DDTs), 260 ng/g lw (PCBs), and 500 ng/g lw 
(hexabromocyclododecanes, HBCDs) (Mukai et al. 2020). 
The highest concentrations of CHLs, PCBs, and DDTs 
were detected in oysters from Naha and Kadena in the middle 
to the southern part of the island, whereas the highest con-
centration of HBCDs was found near Cape Hedo, at the 
northern end of the island. Expanded polystyrene (EPS) 
buoys floating on seawater along the coast of Okinawa have 
been considered potential sources of HBCDs (Mukai et al. 
2020). Similar high concentrations of HBCDs (>800 ng/g 

lw) were detected from the middle to the northern part of the 
island. This distribution tendency (Fig. 7.12) suggests the 
possibility: a relatively large number of EPS buoys has 
landed on the coasts of Okinawa Island from a significantly 
larger source (i.e., the Yangtze River) via ECS as discussed in 
Sect. 7.3.; in addition to that EPS buoys are distributed 
almost uniformly along the coast of Okinawa Island, as 
discussed by Mukai et al. (2020). 

Fig. 7.12 Concentration of dichlorodiphenyltrichloroethanes and its 
metabolites (DDTs) and hexabromocyclododecanes (HBCDs) in oysters 
Saccostrea mordax collected along the coasts of Okinawa Island from 

August 2017 to July 2019. Sampling sites and numerical data are from 
Mukai et al. (2020, Sci Total Environ 739, 140049) with permission 
from Elsevier. Copyright (2020) Elsevier B.V. 

7.4.8 Outbreak of the Crown-of-Thorns 
Starfish 

The outbreak of the crown-of-thorns starfish, Acanthaster 
planci sensu lato, is a significant threshold for coral reefs 
worldwide. The significant reduction in hermatypic corals 
reported along the coast of the Ryukyu Islands after the 
1970s has been contributed to several outbreaks of the 
crown-of-thorns starfish (Yasuda 2018). Terrestrial run-off 
after heavy rainfall is suggested to increase the level of 
phytoplankton required for the growth and survival of 
crown-of-thorns starfish larvae (Okaji et al. 2019). Okaji 
et al. (2019) noted the importance of improving water quality 
to reduce the recruitment of crown-of-thorns starfish larvae 
and protect coral reefs.
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7.4.9 Military Base-Related Anthropogenic 
Effects 

Relatively high concentrations of PCBs, DDTs, and 
polychlorinated dibenzo-p-dioxins (PCDDs) and 
dibenzofurans (PCDFs) were detected in habu snake, 
Protobothrops flavoviridis, collected within 1 km of the 
boundary of U.S. military facilities. Recently, Tashiro et al. 
(2021) reported elevated concentrations of POPs (CHLs, 
DDTs, and PCBs), and chlorinated dioxins and related 
compounds in habus collected from urban areas in the south-
ern part of the island in comparison to the rural areas of the 
northern part of the island. The population density of the 
southern area is 560 people/km2 , and the area is covered by 
housing, commercial facilities, and several U.S. military 
facilities (Tashiro et al. 2021). In contrast, the density of the 
northern part is quite low at 1.7 people/km2 , and the area is 
dominated by forest and farmland (Tashiro et al. 2021). The 
higher median concentrations of CHLs (4400 ng/g lw), DDTs 
(610 ng/g lw), and PCBs (1600 ng/g lw) in the adipose tissue 
of habus collected from an urban area suggest the existence 
of environmental contamination by these organochlorine 
chemicals in the southern part of Okinawa Island (Tashiro 
et al. 2021). The concentrations of CHLs in oysters from 
Kadena-cho and Chatan-cho, both located in the middle of 
Okinawa Island close to one of the largest U.S. air military 
bases in far-east Asia, tended to be higher than those 
from southern locations around Naha, whereas PCB 
concentrations were higher in oysters from Naha (Mukai 
et al. 2020). These differences indicate the different POP 
contamination sources between the area of Kadena and 
Chatan and the area of Naha. Nearly double PCB 
concentrations (7.6 ng/g) compared to non-military sites 
(3.9 ng/g) were reported in mussels collected from formerly 
used defence sites on Unalaska Island in the Aleutian Archi-
pelago (Adams et al. 2019). High concentrations of PCBs 
were also detected in salmons from Adak Island, the Aleutian 
Archipelago, where military bases were located (Hardell 
et al. 2010). These reports suggest that higher concentrations 
of PCBs and other POPs accumulate in various biota of coral 
ecosystems near military facilities. Tashiro et al. (2021) 
highlighted the need to survey these chemicals inside or 
near military facilities to elucidate whether pollution sources 
are present on military bases on Okinawa Island. 

Per- and polyfluoroalkyl substances (PFASs) are a 
group of persistent anthropogenic contaminants that 
include perfluoroalkane sulfonic acids (PFSAs; such as 
perfluorooctane sulfonate, PFOS) and perfluoroalkyl carbox-
ylic acids (PFCAs; which include perfluorooctanoic acid, 
PFOA) (Catherine et al. 2019; Yukioka et al. 2020). These 
chemicals have been used in various kinds of products 
including firefighting foam (Yukioka et al. 2020). Similar to 
POPs, PFASs exhibit persistence, bioaccumulation, and 

toxicity and are globally distributed in the environment. 
Therefore, PFOS and its related compounds were included 
in the Stockholm Convention list of POPs in 2009 (Catherine 
et al. 2019). Long-chain perfluoroalkyl acids and some of 
their precursors were specifically detected around the 
firefighting training area of the U.S. Air Military Base at 
Kadena (Yukioka et al. 2020). Higher concentrations of 
PFASs were also detected in three rivers, Hija, Nagata, and 
Tengan Rivers, of Kadena and Uruma City located in the 
central part of Okinawa Island (Shiokawa and Tamaki 2017). 
The high concentration of lead in the hermatypic coral 
Porites in Hija River mouth indicates anthropogenic inputs 
of the river run-off from upstream areas (Ramos et al. 2004). 

Mitchell (2020) noted that PFAS contamination in 
Okinawa Prefecture originates from three main sources: fire-
fighter training, accidental leaks of aqueous film-forming 
foam (AFFF), and AFFF disposal. In 2016, most residents 
of Okinawa Prefecture first learnt of PFAS contamination 
when the Prefecture government announced elevated levels 
of PFOS detected in rivers near the drinking water facility 
(Mitchell 2020). The main source of drinking water for 
Okinawa Prefecture is Chatan Water Treatment Plant adja-
cent to the U.S. Air Military Base (Mitchell 2020). In June 
2020, the Ministry of the Environment, Japan, revealed that 
the concentration of PFOS in the river running through the 
base was 1462 ng/L, the highest in Japan (Mitchell 2020). 
Thus, although the red soil run-off from the U.S. military 
base was reduced significantly, the monitoring of anthropo-
genic chemicals including POPs and PFASs around the bases 
and adjacent waters is urgently required. Tokuda and Barnett 
(2017) pointed out that the people of Okinawa were pointed 
out to have already experienced several adverse health and 
environmental effects from the military bases locating 
Okinawa Island. 

7.5 Coastal Waters-Based Anthropogenic 
Impacts 

Organotin compounds (OTs), including tributyltin (TBT) and 
triphenyltin (TPhT), have been used as fungicides and 
insecticides in agricultural activities, for industrial impregna-
tion of textiles, and as biocides in antifouling paints on ship 
hulls and fish cages at mariculture sites (Dafforn et al. 2011; 
Sham et al. 2020). With the discovery of the antifouling 
efficacy of trialkyltins, TBT has been used in antifouling 
paints since the 1960s (Dafforn et al. 2011; Sham et al. 
2020). However, the extremely high toxicity of TBT to 
marine invertebrates at concentrations of several nanograms 
per litre has been reported. Alzieu (2000) mentioned that low 
levels of TBT (<2 ng/L) disturbed the masculinisation of 
female gastropods known as imposex, affected phyto- and 
zooplankton growth, and inhibited calcification of the pacific



oyster Crassostrea gigas, which resulted in gelatinous 
pockets inside the shell. In Japan, legislation restricting 
TBT usage as an antifouling agent for coastal boats and 
aquaculture construction was implemented in 1990 
(Takeuchi et al. 2004). In 2008, the International Convention 
on the Control of Harmful Antifouling Systems on Ships 
(AFS Convention) prohibited OT-based antifouling paints 
on ship hulls (Dafforn et al. 2011; Sham et al. 2020). 

7 Anthropogenic Stresses in Coral Reefs and Adjacent Ecosystems of the East China Sea 131

The OTs dibutyltin (DBT), monobutyltin (MBT), TBT, 
TPhT, diphenyltin (DPhT), and monophenyltin (MPhT) were 
reported along the coast of Okinawa in the first decade of the 
twenty-first century (Takeuchi et al. 2004; Sheikh et al. 2007; 
Imo et al. 2008). Four di- and mono-OTs are metabolised 
deliveries of TBT or TPhT. High concentrations of TBT 
(160 ng/L) were detected in the seawater of Naha Port 
(Takeuchi et al. 2004). The concentrations of TBT in seawa-
ter ranged from not detectable to 26.1 ng/L in the island-wide 
survey conducted by Imo et al. (2008) along Okinawa Island 
during June–September 2002. While the highest concentra-
tion of TBT, 26.1 ng/L, was detected from Itoman Port in the 
southern part, increased concentrations >2.4 ng/L were 
measured across the island including its northern, less 
populated part (5.47 ng/L at Kunigami-son and 7.65 ng/L at 
Motobu-cho on the northwest coast). A relatively high con-
centration of TBT has also been detected in the less populated 
areas of western Japan (Takeuchi et al. 2004). 

Chen et al. (2019) reported the concentrations of OTs 
(TBT, DBT, MBT, TPhT, DPhT, and MPhT) in oysters 
collected along the Chinese coast during 2014–2015. The 
ΣOTs in commercial oysters from seafood markets in Shang-
hai ranged from 648 to 5705 ng/g dry weight (dw); maximum 
concentrations of TBT and TPhT were 166 ng/g dw and 
2202 ng/g dw, respectively (Chen et al. 2019). A higher 
concentration (425–4376 ng/g dw) of TPhT was detected in 
wild oysters from south of the Yangtze River than north of 
the river in 13–83 ng/g dw owing to the wider usage of TPhT-
based biocides in local mariculture and agriculture (Chen 
et al. 2019). Furthermore, a high concentration of TPhT, 
ranging from 3.8 to 11.7 ng/L in seawater, 71.8 to 91.7 ng/ 
g dw in sediment, and 9.6 to 1079.9 ng/g wet weight in 
biotic samples (molluscs, crustaceans, and fish) based on 
2015–2016 sampling, has also been reported in marine 
environments around Hong Kong (Sham et al. 2020). This 
high concentration of TPhT in Hong Kong poses a potential 
risk to the subtidal marine ecosystem and health risks to 
humans via the consumption of highly contaminated com-
mercial fish (Sham et al. 2020). 

After the global ban on the use of TBT, butyltin-
containing antifouling paints were replaced with copper 
compounds, which were predominantly used before the 
commercialisation of TBT (Dafforn et al. 2011). Several 
‘booster’ agents including Irgarol and Diuron are mixed in 
these copper-based antifouling paints to prevent the 

attachment of algae that are tolerant to copper (Dafforn 
et al. 2011). These herbicides have been reported to inhibit 
the photosynthetic activity of hermatypic corals. The EC50 

for the maximum effective quantum yield (ΔF/Fm′) of her-
matypic coral Seriatopora hystrix after 10 h exposure to 
Irgarol and Diuron was 0.7 ± 0.07 μg/L and 2.3 ± 0.04 μg/ 
L, respectively (Jones and Kerswell 2003). 

Higher concentrations of Irgarol (>1.0 μg/L) were 
recorded in areas adjacent to the ECS, namely Hong Kong, 
Peninsular Malaysia, and Singapore (Basheer et al. 2002; 
Lam et al. 2005; Ali et al. 2013). Most of the sites with 
>1.0 μg/L were located in international ports or adjacent 
areas, although 1.37 μg/L was recorded from the local port 
for leisure and high-speed traffic boats at Redang Island, a 
coral reef resort island on the east coast of Peninsular 
Malaysia (Ali et al. 2013). The exposure of cultured Acropora 
tenuis, which was initially collected from the west coast of 
Okinawa Island, to 1.0 μg/L Irgarol led to coral bleaching 
after 10–12 d (Hirayama et al. 2017; Takeuchi et al. 2020). 

The concentration of Irgarol was investigated in commer-
cial fishing ports in central and southern areas of Okinawa 
Island and Naha Bay from 2007 to 2008 (Sheikh et al. 2009b) 
(Fig. 7.13). The average concentration of Irgarol detected at 
commercial fishery ports was 24.70 ± 9.88 ng/L, and its 
concentration in Naha Bay was 10.00 ± 12.98 ng/L (Sheikh 
et al. 2009b). The relatively constant mean concentration 
of Irgarol in commercial and fishery ports suggests that 
Irgarol-containing antifouling paints were used widely 
along the coast of Okinawa Island at least around 
2007–2008. Furthermore, the mean Irgarol concentration 
detected in commercial and fishery ports corresponds to the 
concentration that reduces ΔF/Fm′ of Acropora tenuis 
reported by Kamei et al. (2020). Recently, Acropora tenuis, 
one of the representative species of Acropora from the 
Ryukyu Archipelago, showed a significant 8% reduction in 
ΔF/Fm′ after 7 days of exposure to 20 ng (0.02 μg)/L of 
Irgarol (Kamei et al. 2020).

Tanita and Onduka (2021) registered Diuron at 
concentrations from <0.6 to 32 ng/L along the coasts of 
Ishigaki and the Iriomote Islands in September 2019. Rela-
tively high concentrations of Diuron of 19 and 32 ng/L were 
detected at a boat mooring on Ishigaki Island and in fishing 
ports of Iriomote Island, respectively, which have been 
attributed to antifouling paints applied to boats (Tanita and 
Onduka 2021). Diuron was also detected in Naha Port and its 
adjacent areas, as reviewed in Sect. 7.4.5 Island-Based 
Anthropogenic Impacts. Herbicides and Pesticides. 

Recently, Zhang et al. (2021) reported that an extremely 
high concentration of Diuron up to 3056 ng/L was detected 
from mariculture areas in nearshore waters of the north Yel-
low Sea, China. The probabilistic risk assessment by Zhang 
et al. (2021) indicated an adverse effect of Diuron on up to 
8% of the aquatic species in nearshore areas.
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Fig. 7.13 Concentration of 
Irgarol 1051 in seawater along the 
coasts of southern Okinawa 
Island, Japan from December 
2007 to August 2008. Sampling 
sites and concentration data are 
obtained from Sheikh et al. 
(2009b, Int J Environ Sci Tech 
6, 353–358) with permission from 
Springer Nature. Copyright 
(2009) Iranian Society of 
Environmentalists (IRSEN), 
Center for Environment and 
Energy Research and Studies 
(CEERS), Islamic Azad 
University (IAU)

7.6 Tourism 

The economic ripple effect of travel and tourism in Okinawa 
Prefecture in ficancial year 2015 was estimated at 1.01 trillion 
yen (Okinawa Prefecture 2018a). Of that, 0.49 trillion yen 
was the value-added effect, corresponding to approximately 
12% of the gross regional product (4.14 trillion yen) in 
Okinawa Prefecture (Okinawa Prefecture 2018a). Sea bath-
ing and marine leisure account for 24.8–28.4% and diving for 
6.4–7.8% of tourist activities to Okinawa Prefecture 
(Okinawa Prefecture 2018b). 

Although the conservation of the coral reef ecosystem at 
the Ryukyu Archipelago is of value as a tourism resource for 
the local community, excessive and inappropriate utilisation 
of these marine areas is a matter of concern (The Ministry of 
the Environment, 2017[2016]). The coasts of Okinawa Pre-
fecture have been estimated to attract >1500 scuba divers, 
>2000 snorkelers, and >120 boats per day (The Ministry of 
the Environment 2017[2016]). The Ministry of the Environ-
ment (2017[2016]) conducted a basic survey of the impact of 
diving tourism in surrounding areas of the headland of Onna-
son, on the west coast of Okinawa Island. The survey 
revealed that coral coverage has decreased from approxi-
mately 65% to <20% with increasing diving activity, while 
the density of small colonies of Acropora spp. remained 
stable (The Ministry of the Environment, 2017[2016]). Dur-
ing the monitoring of the underwater behaviour of SCUBA 
divers in Okinawa, Japan, 7% of divers contacted live coral 
cover causing skeletal breakage, while 91% made contact at 
least once but did not cause visible damage (Toyoshima and 
Nadaoka 2015). Toyoshima and Nadaoka (2015) also 
reported that pre-dive briefings and buoyancy control skills 
during SCUBA diving could reduce physical contacts with 
reefs. 

7.7 Conclusion 

Several anthropogenic activities are present around the coral 
reefs of the Ryukyu Islands facing the ECS. The increased 
seawater temperature and acidification rate in the ECS com-
pared to those in the other oceans are mitigated along the 
Ryukyu Archipelago by the complex topography. The inputs 
of anthropogenic origin, including nutrients and chemicals, to 
the ECS from the Yangtze River have increased lately owing 
to recent economic development. Recent monitoring suggests 
that anthropogenic impacts from China arrived to the coastal 
regions of the Ryukyu Archipelago. These inputs flow along 
the coastlines of the Ryukyu Archipelago, affecting the 
ecosystems. The coastlines along the archipelago have 
already been largely altered. The high rainfall of 2000 mm/ 
yr and the shorter length of the rivers on the Ryukyu Islands 
generate a prompt discharge of red soil run-off, river waters, 
and other terrestrial waters into the coastal region. The input 
of red soils is considered one of the main factors damaging 
coral reefs, and reducing nutrients are numerically targeted 
for maintaining healthy coral reefs; however, other factors 
should be considered when establishing water quality 
guidelines for coral reef protection. The treatment and river 
waters in southern Okinawa Island may contain relatively 
high concentrations of PPCPs. Various anthropogenic 
chemicals, including POPs, herbicides (such as Diuron), 
and anthropogenic chemicals contained in antifouling paints 
(TBT and Irgarol), were detected in coastal waters around the 
Ryukyu Archipelago. Although previous studies have men-
tioned the importance of monitoring these anthropogenic 
chemicals to assess their potential health risk to coral reefs, 
anthropogenic chemicals were not included in the list of 
monitored items in action plans to protect coral reefs from 
red soil run-off in Japan. The red soil run-off from military



facilities has been reduced, and yet the possibility that mili-
tary facilities on Okinawa Island are the source of anthropo-
genic chemicals in coastal areas has not been scrutinised. 
Thus, the detailed monitoring of various anthropogenic 
activities is an urgent research topic for protecting coral 
reefs around the ECS. 
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Development of a Compact Experimental System 
for Ecotoxicological Experiments on Acropora spp. 8 
Ichiro Takeuchi and Kotaro Takayama 

Abstract 

The present chapter describes a compact experimental 
system for ecotoxicological experiments that use small 
clones of Acropora spp. Our system comprises widely 
accessible inexpensive equipment and devices. Tap 
water provided by the local government waterworks 
agency and coastal seawater in Japan is potentially 
contaminated with various herbicides and pesticides. 
Thus, we prepared artificial seawater using tap water fil-
tered more than twice through water purifier. To avoid 
contamination by anionic surfactants, Petri dishes and 
other experimental devices were washed using acetone, 
hexane, and HCl. A rapid, straightforward method for 
attaching small clones of Acropora spp. to polycarbonate 
bolts using an ultraviolet light-curable oligomer-based 
adhesive is described. This method enables the prompt 
and precise measurements of the maximum effective 
quantum yield (ΔF/Fm′) using a pulse amplitude 
modulated (PAM) fluorometer. The evaluation of coral 
colour based on RGB values (R, red; G, green; B, blue; 
each ranging from 0 to 255) of digital images acquired 
manually by a digital camera is described. This experi-
mental system enables us to conduct various experiments, 
including recording of the bleaching process in corals 
exposed to high temperature and herbicides and gene 
expression analysis of Acropora exposed to herbicides, 
in a laboratory located far from coral reefs in a subtropical-

tropical zone. Our system will advance the analysis of 
corals exposed to various anthropogenic factors. 
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8.1 Introduction 

Coral reefs are widely recognised as highly dynamic 
ecosystems with spectacular diversity, estimated at more 
than three million species, and covering only 0.07% of the 
ocean surface (Spalding and Brown 2015). Coral reefs pro-
vide us with various eco-services, including support to over a 
quarter of the world’s small-scale fishers, job creation, and 
foreign exchange through tourism, and critical sea defence 
against storms, flooding, and land erosion (Spalding and 
Brown 2015). The coral reefs around the East China Sea 
are exposed to multiple anthropogenic factors and stresses, 
such as increasing seawater temperature, eutrophication, 
coastal development, various anthropogenic chemicals, and 
red soil run-off (Takeuchi 2023a, 2023b). Analysis of region-
scale coral coverage and species abundance on the reefs 
around Okinawa Island indicated a drastic decrease in coral 
cover, from 24.4% to 7.5% (1.1% per year), from 1995 to 
2009 (Hongo and Yamano 2013). This dramatic disappear-
ance of corals around Okinawa Island has affected in partic-
ular several species and species complexes of Acropora 
(A. digitifera, A. hyacinthus/cytherea, and A. intermedia/ 
muricata). This once dominant genus in the coral reefs before 
2000, with approximately 20% abundance, experienced a 
significant change in abundance throughout this period 
(Hongo and Yamano 2013). 

The genus Acropora is a highly diverse genus with 
unclear species boundaries; currently, the World Register of 
Marine Species (WoRMs) database records 135 valid spe-
cies, 51 species as taxon inquirendum, and 6 species as

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_8&domain=pdf
mailto:takeuchi@agr.ehime-u.ac.jp
https://doi.org/10.1007/978-3-031-27560-9_8#DOI


nomen nudum (Hoeksema and Cairns 2021). The current 
classification of hermatypic corals, including the genus 
Acropora, is based on corallite morphology and colony 
forms (Fukami et al. 2010). These characteristics, however, 
show polymorphism, intraspecific variation, and phenotypic 
plasticity in response to environmental factors, leading to 
difficulty in quantifying skeletal morphologies of hermatypic 
corals and description and comparison of similar species 
based on skeletal morphology (Fukami et al. 2010). For 
example, monitoring of the genus Acropora in a field survey 
around Okinawa Island was conducted at a species/species 
complex level (Hongo and Yamano 2013). Acropora 
sp. 1, which superficially resembles A. digitifera in outer 
morphology, was reported from Sesoko Island, Okinawa 
(Ohki et al. 2015). Both species differ significantly in the 
minute morphology of the apical part of branches and the 
spawning season (Ohki et al. 2015). Recent maximum likeli-
hood and Bayesian analyses of DNA sequences of 
Acroporidae and related families revealed that species-level 
relationships within the Acropora are incongruent with the 
macro-morphological characteristics traditionally used for 
taxonomic identification (Cowman et al. 2020). Over 50% 
of specimens in Cowman et al. (2020) could not be readily 
assigned to the previously described species of Acropora. 
Thus, clones from a single colony are preferred for various 
ecotoxicological and related experiments using 
Acropora spp. 
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Most experiments conducted before 2005 used 3–10 cm 
long colonies from a single branching colony (see Shafir et al. 
2006). Then in 2006, Shafir et al. published a protocol for 
preparing small colonies, ca. 0.25 cm2 in size, of Stylophora 
pistillata and Pocillopora damicornis. 

Keeping hermatypic corals alive and healthy in closed, 
captive experimental systems was a challenging task until the 
early1980s. By the mid-1980s, technological innovations 
enabled the maintenance of hermatypic corals in the labora-
tory for various experiments (Bartlett 2013). Bartlett (2013) 
described a small-scale experimental system for various coral 
studies. He proposed the use of a common aquarium (20 cm 
high × 30 cm long × 15 cm wide to 40 cm high × 90 cm 
long × 30 cm wide), which can be purchased from local 
aquarium stores. In his small-scale system, seawater in the 
experimental tanks is supplied from a seawater reservoir and 
drained into waste containers (Bartlett 2013). He also pro-
posed a chemical dosing experiment system, in which 1 L 
beakers are set in the holding tank with a water recirculation 
system that regulates the temperature in the beakers (Bartlett 
2013). Rocha et al. (2015) presented a flexible culture system 
for ex situ experimental coral production based on the modu-
lar concept, which can be built using materials and equipment 
available from local suppliers almost everywhere in the 
world. The main module is composed of three experimental 
glass tanks (30 cm high × 60 cm long × 60 m wide), with a 

flow-through or recirculating regime, and a filtration sump 
(50 cm high × 70 cm long × 50 cm wide). 

This section reports on the compact experimental system 
developed at our laboratory to conduct ecotoxicity 
experiments with small clones of Acropora spp. Our experi-
mental system is much more compact than the previously 
reported system (see Bartlett 2013; Rocha et al. 2015). In 
addition, a prompt and straightforward evaluation method for 
coral colour based on the analysis of RGB values and the 
photo-efficiency of Acropora spp. are reviewed. 

8.2 Setup of the Experimental Laboratory 

The area surrounding the East China Sea is one of the areas 
with the heaviest usage of pesticides in the world, recording 
>10.0 kg/ ha (agricultural land area) in 2019 (Takeuchi 
2023a). Of the 120 pesticides recorded in the 2013 Primary 
List of pesticides in the Japanese Drinking Water Quality 
Guidelines (JDWQG), 80 were detected in drinking water 
sources (raw water entering water treatment plants) in Japan 
(Narita et al. 2021). However, 5–43% of pesticides were 
detected in different regions of Japan, indicating a wide 
regional variation in pesticides detected in water (Narita 
et al. 2021). Monitoring of 162 pesticides at 12 main water 
supply utilities in Japan conducted from April to October 
between 2012 and 2017 frequently detected 31 substances 
(>100 times) in a total of 14,076 samples in 6 years (Kamata 
et al. 2020). Bromobutide, which is a herbicide not monitored 
in other Asian countries, and the widely applied herbicide 
bentazone, both used for paddy rice farming, were detected 
very frequently, in approximately 30% of samples in source 
water and approximately 10% of samples in treated (drink-
ing) water, at concentrations >0.1 μg/L (Fig. 8.1) (Kamata 
et al. 2020). Sato et al. (2016) reported that the concentrations 
of imidacloprid and clothianidin, both neonicotinoid 
pesticides, in tap water were nearby consistent with their 
concentrations in the Sagami River, Kanagawa, Japan. This 
suggests that the chlorination of drinking water in the treat-
ment plant does not remove these pesticides (Sato et al. 
2016). Kadokami et al. (2021) analysed 484 chemicals, 
including 162 pharmaceuticals and personal care products 
(PPCPs), in 24-hour composite samples collected using a 
portable composite sampler before the first sedimentation 
tank (inflow) and after the final sedimentation tank (outflow) 
in eight activated sludge wastewater treatment plants across 
Japan. The number of detected chemicals and their mean total 
concentrations were 87 and 108.517 μg/L in the inflow to 
92 and 31.537 μg/L in the outflow (Kadokami et al. 2021).

The use of tap water for control treatments in ecotoxicity 
experiments is not always possible (Nobukawa and Sanukida 
1997; Mano et al. 2015). Drinking water from the Yodo 
River, western Japan, showed high mutagenicity as



chlorinated river water and sewage effluent based on Ames 
test using Salmonella typhimurium (TAl00 and TA98) 
(Nobukawa and Sanukida 1997). The Ames test is a rapid 
bacterial reverse mutation assay for detecting a wide range of 
chemical mutagens (Mortelmans and Zeiger 2000). Mano 
et al. (2015) employed the algal growth inhibition test and 
short-term toxicity test using embryo and sac-fry stages of 
medaka fish Oryzias latipes to examine the toxicity of waste-
water filtered by nanofiltration (NF) and reverse osmosis 
(RO) membranes in three different periods (June 2013, 
August 2013, and January 2014). The authors used 
dechlorinated tap water for these experiments (Mano et al. 
2015), but for the experiments conducted in January 2014, 
they replaced it with pH-adjusted distilled water due to the 
high mortality rate of fertilised medaka fish eggs cultured in 
dechlorinated tap water. This suggested that the tap water 
used for the January 2014 experiment may have been 
contaminated with toxic substances other than pesticides 
used in rice cultivation. These studies (Nobukawa and 
Sanukida 1997; Mano et al. 2015; Kamata et al. 2020; Narita 

et al. 2021) suggest that various pesticides and PPCPs in tap 
water at Japanese universities and institutions enter the water 
system used for experiments. 
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Fig. 8.1 Cumulative frequency 
distributions of three dominant 
herbicide concentrations in source 
water and treated water (drinking 
water) based on 14,076 samples 
from 12 water supply utilities in 
Japan during 2012–2017 (Kamata 
et al. 2020). Reprinted from 
Kamata et al. (2020, Sci Total 
Environ 744, 140930) with 
permission from Elsevier. 
Copyright (2020) Elsevier B.V.

To avoid contamination by pesticides and PPCPs, the tap 
water used in our system and supplied by the local govern-
ment bureau of waterworks to Ehime University was filtered 
through an activated carbon filter (FAC-2; Organo Corpora-
tion, Koto-ku, Tokyo, Japan), polypropylene micro filter 
(5PF-1SA; Organo Corporation), and a water purifier 
(WG203; Yamato Scientific Co, Ltd., Chuo-ku, Tokyo, 
Japan) (Fig. 8.2). The filtration accuracy of the 5PF-1SA is 
5 μm. The activated carbon filter and a 0.1 μm hollow fibre 
were installed before extracting ion-exchanged water by the 
ion exchange resin cartridge CPC-S in the water purifier 
WG203. Thus, the tap water, filtered through an activated 
carbon filter, a microfilter (5 μm), another activated carbon 
filter, and a microfilter (0.1 μm), was supplied to the ion 
exchange cartridge. The conductivity of the ion-exchanged 
water used for the experiments was <0.5 × 10-4 S/m 
according to the display on the water purifier. The usage of



RO water purifier is recommended for rearing ornament 
corals including Acropora spp. in the aquarium fish industry 
sector in Japan (Kawasaki 2017; Tsuruta 2021). 
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Fig. 8.2 Water treatment system used for coral ecotoxicological 
experiments. a Activated carbon filter (FAC-2; Organo Corporation, 
Koto-ku, Tokyo, Japan) set in the plastic housing (PF-VI; Organo 
Corporation); b Polypropylene micro filter (PF-1SA; Organo Corpora-
tion) set in the plastic housing (PF-VI; Organo Corporation); c Water 
purifier (WG203; Yamato Scientific Co, Ltd., Chuo-ku, Tokyo, Japan) 

Commercial cleaning agents were removed from the labo-
ratory to avoid contamination with the experimental system. 
In general, alkaline, acid, or neutral laboratory cleaning 
agents are used to clean various pieces of research equipment 
(see Endo 2014). Most of these cleaners contain anionic 
surfactants and/or non-ionic surfactants for cleaning effects. 
Many popular commercial detergents also include linear 
alkylbenzene sulfonate (LAS), a representative anionic sur-
factant (see Katam et al. 2018), which has been reported to 
cause acute toxicity in the hermatypic coral genus 
Pocillopora (Kegler et al. 2015). The exposure of 
Pocillopora verrucosa fragments to 190 μg/L of LAS 
induced severe tissue loss after 84 h of exposure (Kegler 
et al. 2015). The median of the acute to chronic ratios ranges 
from 5.4 in algae to 7.0 in daphnia and 10.5 in fish, whereas 
those of individual chemicals vary substantially and may 
reach up to 4400 (Ahlers et al. 2006). Thus, chronic toxicity 
of LAS to P. verrucosa is estimated at concentrations from 
43 ng/L to 35 μg/L. The 5th percentile hazardous 
concentrations of LAS have been reported for 
129 to 259 μg/L (Belanger et al. 2016), which corresponds 
to the concentration range that induces tissue loss in 
P. verrucosa after <4 d exposure (Kegler et al. 2015). There-
fore, it is safer to avoid using alkaline cleaning agents and 
popular commercial detergents until at least the thresholds for 
chronic toxicity of the major ingredients to hermatypic corals 
are reported. 

Following the previously established experimental 
method for studying the chronic effect of tributyltin (TBT) 
on amphipod crustaceans (Aono and Takeuchi 2008), we 
cleaned Petri dishes and other laboratory glassware using 
acetone and hexane. The glassware was kept in a square 
container filled with hydrochloric acid (HCl) for more than 
12 h and washed with distilled water through the above 
clearing system. Laboratory devices, including Petri dishes, 
made of glass were used whenever possible to prevent dete-
rioration by hydrochloric acid. 

8.3 Seawater Used for the Experiment 

The coastal seawater around the Japanese Archipelago, 
including the Seto Island Sea, where the campus of the 
authors’ university is located, is contaminated with various 
anthropogenic chemicals. For example, up to 39.9 ng/L of 
TBT was recorded from the Seto Inland Sea (see Takeuchi 
et al. 2004; Murai et al. 2005; Onduka et al. 2008), which is 
the amount that exceeds the concentration threshold for the 
chronic effects on the Pacific oyster Crassostrea gigas and 
skeleton shrimp Caprella danievskii (see Alzieu 2000; Aono 
and Takeuchi 2008). 

Since the adoption of global ban on the use of TBT, 
several ‘booster’ agents, including the herbicide Irgarol 
1051 (hereafter Irgarol), have been mixed with copper-
based antifouling paints (Dafforn et al. 2011). Irgarol con-
centration of up to 35.1 ng/L has been reported off the coasts 
of Okinawa Island (Sheikh et al. 2009). Up to 1.85 μg/L and 
2.18 μg/L of Irgarol and Diuron were reported from the Seto 
Inland Sea (see Okamura et al. 2003; Balakrishnan et al. 
2012; Kaonga et al. 2015). Several micrograms per litre of 
Irgarol were also reported from international ports and resort 
islands in the South China Sea and western Japan (Basheer 
et al. 2002; Lam et al. 2005; Ali et al. 2013). Irgarol strongly 
affects the unicellular phytoplankton and hermatypic corals. 
Okamura et al. (2000) reported acute toxicity of Irgarol to 
Raphidocelis subcapitata (Selenastrum capricornutum), a 
unicellular alga in Chlorophyta (EC50 = 1.6 to 2.3 μg/L for 
72 h of exposure). Jones and Kerswell (2003) reported a 50% 
reduction in the maximum effective quantum yield (ΔF/Fm′) 
of hermatypic coral Seriatopora hystrix after a 10 h exposure 
to 0.7 μg/L. Recently, Kamei et al. (2020) recorded a signifi-
cant reduction of 8% in the ΔF/Fm′ of the coral Acropora 
tenuis after 7 d of exposure to 20 ng/L of Irgarol. The above 
concentrations overlapped with those reported in western 
Japan, including the Seto Inland Sea and Okinawa Islands 
(see Okamura et al. 2003; Sheikh et al. 2009; Balakrishnan 
et al. 2012; Kaonga et al. 2015). The coastal seawater of the 
Seto Inland Sea receives pesticides by runoff, especially 
during summer, from rice paddy fields (see Hano et al. 
2019). A relatively higher concentration of the insecticide



fipronil, up to 0.322 μg/L, was detected in the estuaries of the 
Seto Inland Sea from June to July (Hano et al. 2019). Hano 
et al. (2019) estimated that the high concentration of fipronil 
mixed with simultaneously detected neonicotinoids will have 
significant effects on benthic crustaceans. 
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Table 8.1 Concentration of principal components in 40.8 g of LiveSea 
salt per 1 L of water after Delphis Inc. (2021) 

Principle component Concentration (ppm = mg/L) 

Cl- 19,300 

Na+ 10,710 

SO4 
2- 2650 

Mg2+ 1260 

Ca2+ 455 

K+ 396 

Br- 67.7 

Sr2+ 13.5 

B(OH)3, B(OH)4
- 5.20 

F- 1.73 

I- 0.07 

Thus, instead of the natural seawater, artificial seawater 
prepared from LIVESea salt (Delphis Inc., Itami, Hyogo, 
Japan) and distilled water has been used for various 
experiments in the author’s laboratory. Table 8.1 shows the 
main components of the LIVESea salt according to the 
homepage of Delphis Inc. (Delphis Inc. 2021). LIVESea 
Salt is a powdered artificial salt made from highly purified 
raw materials without phosphate and nitrate (Delphis Inc. 
2021). The LIVESea Salt was also used for the behavioural 
experiments on larvae of Acropora tenuis conducted at the 
National Institute for Basic Biology, Okazaki, Aichi, Japan 
(Sakai et al. 2020). 

8.4 Transportation System 

In most cases, set up for the laboratory experiments will not 
require a single large coral colony, but rather multiple small 
coral pieces (Bartlett 2013). Regarding the transportation of 
corals, two techniques have been developed, that is 
‘submerged method’ and ‘dry method’ (see Petersen et al. 
2004). In the submerged method, a colony is placed in a 
double plastic bag (one bag inside another bag) and sufficient 
amount of fresh saltwater is added to completely cover the 
coral. The bag is filled with oxygen to maintain the oxygen 
level high and to stabilise the bag shape during transport 
(Petersen et al. 2004). In the dry method, each coral (small 
3–10 cm long fragments or relatively small colonies 
weighing <0.5 kg) is wrapped in wet plastic strips and placed 
in a plastic container to prevent damage from shipping 
(Petersen et al. 2004). 

To minimise damage in various thermal and/or ecotoxico-
logical experiments, small-sized colonies or fragmented 

colonies attached to polycarbonate bolts (see the next section) 
were transported to the laboratory as check-in baggage on air 
flights (Takeuchi et al. 2019) or by door-to-door parcel deliv-
ery by Yamato Transport Co., Ltd. (Chuo-ku, Tokyo, Japan). 
A colony or fragmented colonies were placed with approxi-
mately 14 L of seawater into a double or triple plastic bag 
inside a cooler. Crushed ice in summer or disposable body 
warmer in winter was included in the icebox to prevent 
temperature fluctuations of seawater in the icebox. The trans-
port of corals from Okinawa to Matsuyama generally lasts 
<48 h. Takeuchi et al. (2019) used a 30 L portable cooler 
(Daiwa Light Trunk SU 3000RJ; Globeride Inc., Kurume, 
Tokyo, Japan) to transport corals from Sesoko Island to 
Matsuyama as check-in baggage on an air flight. A small 
plastic bag with approximately 1–2 kg of crushed ice 
included in the ice box kept the temperature <28 °C during 
most of the transportation period in summer (Takeuchi et al. 
2019). 

When the coral fragments were received, they were 
acclimated for 2–3 h by adjusting the salinity in the aquarium 
by 1 psu per hour (Takeuchi et al. 2019). 

8.5 Fragmentation of Acropora spp. 

Asexual propagation or ‘fragmentation’ is a simple method 
for obtaining large numbers of coral colonies (Osinga et al. 
2012). New coral colonies are obtained by cutting a mother 
colony into smaller pieces and, if necessary, by attaching 
these fragments to a solid support (Osinga et al. 2012). A 
variety of techniques and tools are used to fragment corals, 
depending mainly on the size and shape of the parent colony 
(Bartlett 2013). 

Recently, we developed a new, inexpensive, easy, and fast 
method for attaching fragmented colonies of Acropora spp. 
to small polycarbonate hexagon head bolts using an ultravio-
let (UV)-curable oligomer-based adhesive agent (Takeuchi 
et al. 2019). Bondic® (Laser Bonding Tech, Inc., Aurora, 
ON, Canada), a dentist-invented UV-curable oligomer-
based adhesive based on a dental composite, was also used 
for minute neurophysiological experiments to affix desert 
ants and fruit flies to a steel pen, tungsten wire, or filament 
(see Takeuchi et al. 2019). The method reported by Takeuchi 
et al. (2019) is summarised as follows: 

1. Using a small diagonal cutting plier, the apical tip of each 
branch-like part (ca. 1.0 to 1.5 cm in length) of a donor 
coral is cut. 

2. The moisture is absorbed from the cut section with 
sterilised filter paper. 

3. A small drop of Bondic® is applied to the cut section of the 
coral fragment, and the fragment is immediately attached 
to a polycarbonate hexagon head bolt (Fig. 8.3).
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Fig. 8.3 Mounting of coral clone on a polycarbonate bolt using 
ultraviolet-curable oligomer-based adhesive according to Takeuchi 
et al. (2019). a Attaching coral clone to the polycarbonate bolt after 
applying Bondic® Evo (replaced a pistol grip and new LED from 
Bondic® ) to the cut surface of the clone; b Curing of Bondic® Evo by 
ultraviolet LED irradiation 

4. The UV radiation LED is used to irradiate the area around 
the attachment for approximately 5–10 s (Fig. 8.3). 

5. The polycarbonate bolt with attached coral clone is trans-
ferred to a shallow aquarium. 

8.6 Compact Aquarium System 

A small colony or clone fragments of Acropora spp. mounted 
on polycarbonate bolts were placed in a compact commercial 
glass aquarium (60 cm wide × 30 cm deep × 22 cm high or 
60 cm wide × 30 cm deep × 40 cm high) that could fit inside a 
normal low-temperature incubator. The polycarbonate bolts 

were set in a mesh substrate. In general, two filters, or one 
filter and one small protein skimmer, were used to circulate 
and filter seawater in the aquarium (see Fig. 8.4). White sand 
for coral rearing was spread over the bottom of the aquarium. 
A submersible pump for generating water flow was attached 
to the side of the aquarium using a magnetic holder. These 
devices attached to glass aquarium are inexpensive commer-
cially available equipment sold to aquarists. Approximately 
10 L of the artificial seawater was exchanged weekly. 
Nakamura and van Woesik (2001), in their experiment 
using a Perspex flume (10 cm high × 10 cm wide × 140 cm 
long), recorded that high water flow (50–70 cm/s) resulted in 
higher survivorship of Acropora digitifera than did low water 
flow (2–3 cm/s) under high seawater temperature 
(26.22–33.65 °C). Several to approximately 10 individuals 
of cowries (Cypraea annuli and/or Monetaria moneta) and/or 
Holothuria spp. were added to the aquarium to remove 
microorganisms attached to glass wall and microalgae 
flourishing on benthic sand. Figure 8.4 shows our most recent 
compact aquarium system for keeping clones of Acropora 
spp. in a low-temperature incubator (103.5 cm high × 90 cm 
wide × 55 cm long; IS-2000; Advantec Toyo Co., Ltd., 
Chiyoda-ku, Tokyo, Japan). Inside the low-temperature incu-
bator, the seawater temperature of the aquarium was 
regulated by an air circulation system. Light was supplied 
with LED light (Power Shot; Kotobuki Co., Ltd., Matsubara, 
Osaka, Japan). The light intensity was set at approximately 
50–100 μmol m-2 s-1 of photosynthetic photon flux density 
(PPFD) on the glass cover of the aquarium. The photoperiod 
of 12 h:12 h light:dark cycle was regulated using a 24-hour 
rewind timer.

8.7 Colour Evaluation Using RGB Values 

Colour evaluation of corals is one of the most straightforward 
tools for identifying the health condition of corals. To assess 
the extent of coral bleaching, waterproof reference cards 
(‘Coral Colour Reference Card’) in six hues from darkest to 
brightest were used to code the colour of coral to record 
changes in bleaching state (Siebeck et al. 2006). This method 
is used as the primary tool for the citizen-based CoralWatch 
program, in which the chart colours are matched to the coral 
colour, the codes are recorded, and the data are entered on a 
chart via a website (Marshall et al. 2012). Recently, Hawaiian 
Koʻa Card in 10 hues was developed, mirroring the 
Australian Coral Colour Reference Card (Bahr et al. 2020). 

We developed an evaluation method for coral bleaching 
by measuring the RGB values on coral digital images using 
Adobe Photoshop (Adobe Systems Incorporated, San Jose, 
CA, USA), one of the representative commercially available 
graphic software (see Hirayama et al. 2017). The same



technique has been used as one of the most effective 
techniques for monitoring plant growth in a greenhouse 
before it was applied to the evaluation of coral colour (see 
Omasa et al. 1987; Takayama and Nishina 2009). The RGB 
values specify every colour by combining the R, G, and B 
values, which range from 0 to 255 (Fig. 8.5). Black is 
represented byR=G=B= 0, andwhite byR=G=B= 255. 
Expressing colour based on RGB values is today one of the 
most commonly used approaches in digital graphic software 
and various computer displays. 
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Fig. 8.4 Compact aquarium system installed inside a low-temperature 
incubator (IS-2000; Advantec Toyo Co., Ltd., Chiyoda-ku, Tokyo, 
Japan). Two filters, Kaido Kappa Filter Large (b; Kamihata Fish 
Industries Ltd., Himeji, Hyogo, Japan), Tetra Auto OneTouch Filter 
AT-75 W (a; Spectrum Brands Japan Co. Ltd., Yokohama, Kanagawa, 

Japan), and a circulator pump (c; MP10wQD; VorTEch, EcoTech, LCC, 
Bethlehem, PA, USA) were installed in the aquarium. The live aragonite 
reef sand (d; Fiji Pink, Arag-Alive!™; CalibSea, Inc., Fort Pierce, FL, 
USA) was spread on the bottom of the aquarium

In commercial digital cameras, brand- and model-specific 
processing of captured images changes the colour, contrast, 
and white balance, altering the intensity of each pixel in 
captured images (Akkaynak et al. 2014). Thus, the RGB 
values of JPEG images photographed by commercial 
cameras are transformed irreversibly from those in the origi-
nal RAW images (Akkaynak et al. 2014). We developed an 
RGB evaluation system for corals in the laboratory based on 
NEF (RAW) files captured by a commercially available digi-
tal single-lens reflex camera equipped with a wireless speed 
light system in manual mode (Hirayama et al. 2017). Corals 
were photographed together with a colour chart in the field of 
view using a manual mode of the camera. The main settings 
of our method are summarised in Table 8.2 (see Hirayama 
et al. 2017).

The RGB values of the photographed corals were 
evaluated in Photoshop using NEF (RAW) files (Hirayama 
et al. 2017). The basic procedure was performed as described 
by Hirayama et al. (2017). First, the surface of the coral 

colony on the images was selected using the ‘Quick Selection 
Tool’ (Fig. 8.6). If the selection extended beyond the outline 
of the coral surface, the selected area was manually adjusted. 
Then, RGB values of the selected area were obtained using 
the Filter > Blur > Average function. Finally, the RGB

Fig. 8.5 Schematic diagram of RGB values 



values of the coral surface were calibrated using the R, G, and 
B values of the colour chart. 
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Table 8.2 Settings for recording RGB values of Acropora spp. using a 
commercial digital single-lens reflex camera, Nikon df and AF-S Nikkor 
50 mm, and related wireless light system (Nikon Co. Ltd., Minato-ku, 
Tokyo, Japan) 

Setting 

ISO sensitivity ISO 100 

Shutter speed 1/125 s 

Aperture f10 

White balance Flash (Colour temperature 5400 K) 

Image quality NEF (Nikon Electronic Format)a + JPEG 
fine 

Image size Large 4928 × 3280 pixels 

Focus mode Manual 

Picture control Standard 

Manual flash output level M1/1 

Distance from lens to 
object 

33 cm 

Reprinted from Hirayama et al. (2017, Mar Pollut Bull 124, 678–686) 
with permission from Elsevier. Copyright (2017) Elsevier Ltd. 
a NEF is one of the RAW formats

Nishiguchi et al. (2018) applied the RGB analysis method 
for analysing in situ coral bleaching of Acropora cytherea 
and Porites sp. using a continuous recording of ca. 50 days 
obtained by an underwater digital camera equipped with a 
lens wiper. Although the images were captured only as JPEG 
files, the succession of RGB values showed a contrast in the 
response of the two corals to high seawater temperature; 
while the RGB values of A. cytherea were gradually elevated, 
moving to the ‘white’ end until the beginning of September, 
those of Porites sp. were stable throughout the monitoring 
season (Nishiguchi et al. 2018). 

Fig. 8.6 Processing of screen-captured images using Photoshop 
CS6 (Adobe Systems Incorporated, San Jose, CA, USA) into RGB 
values according to Hirayama et al. (2017). a Clone of Acropora tenuis 

attached to polycarbonate bolt; b Coral area encircled by dotted line 
using “Quick Selection Tool”; c Coral area encircled by dotted line after 
selecting “Average” in “Blur” under the “Filter” tab in Photoshop CS6 

8.8 Compact Measurement 
of Photosynthetic Efficiency 
of Hermatypic Corals 

Chlorophyll a fluorescence measurement has been used as a 
rapid, non-invasive, sensitive, and convenient indicator of 
photosynthetic performance in marine organisms, including 
the symbiotic dinoflagellates of hermatypic corals (see 
Bhagooli et al. 2021). Fluorescence signals can be measured 
at different scales from microscopic organelles such as 
chloroplasts to entire organisms (Bhagooli et al. 2021). The 
use of pulse amplitude modulated (PAM) fluorometers has 
prominently revolutionised the measurements of photosyn-
thetic efficiency since the mid-1980s (Maxwell and Johnson 
2000; Bhagooli et al. 2021). In PAM fluorometry, a 3 μs 
pulse of light is released to induce pulsed chlorophyll fluo-
rescence emission. Pulsed chlorophyll fluorescence is 
amplified and measured with a synchronised recording sys-
tem, which allows us to eliminate background noise (Max-
well and Johnson 2000; Bhagooli et al. 2021). 

The attachment of coral fragments to polycarbonate bolts 
led to the establishment of more rapid and precise 
measurements of the ΔF/Fm′ of Acropora spp. using a 
PAM fluorometer (MINI-PAM II; Heinz Walz GmbH, 
Effeltrich, Germany) and the accessories prepared by the 
manufacturer (Kamei et al. 2020; Gushi et al. 2021). 

Of the various indices of photosynthetic efficiency, ΔF/ 
Fm′ or ϕPSII is suitable for precise measurements under light 
conditions in a standard laboratory. The photosynthetic pho-
tochemical reaction to light energy, ΔF = (Fm′-F)/Fm′, was 
estimated based on two parameters: F, the steady-state level 
of fluorescence under light, and Fm′, the maximal level of



fluorescence in the light-adapted state under light conditions 
(see Murchie and Lawson 2013). This method does not 
require a dark environment to measure the maximum efficacy 
of PSII, Fv′/Fm′ (Murchie and Lawson 2013), which is also 
used for chlorophyll fluorescence measurements of various 
symbiotic marine invertebrates (Bhagooli et al. 2021). The 
same part of the coral surface could be measured using MINI-
PAM II set with fibreoptics MINI-PAM/F1 and a distance 
leaf-clip 60° 2010-A (Heinz Walz GmbH, Effeltrich, 
Germany) (Gushi et al. 2021). The end piece of the 
fibreoptics was set 5 mm from the coral surface at 60° angle 
(Fig. 8.7) (Gushi et al. 2021). This method enables repeated 
and precise measurements at the exact position of corals by 
visually confirming the irradiation area on the coral surface 
under the same light conditions in the laboratory. Further-
more, preparing the printed photos of each coral taken at the 
beginning of the experiment helps more prompt and accurate 
measurements of ΔF/Fm′ using MINI-PAM II. 
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Fig. 8.7 Measurement method using a photosynthesis yield analyser MINI-PAM II with fibreoptics MINI-PAM/F1 and distance leaf-clip 2010-A 
(Heinz Walz GmbH). Reprinted from Gushi et al. (2021, Reg Stud Mar Sci 47, 101957) with permission from Elsevier. Copyright (2021) Elsevier B.V. 

8.9 Coral Bleaching Process 
Under Anthropogenic Chemicals and 
High Seawater Temperature 

The compact experimental system enables a detailed report 
on the bleaching process of Acropora spp. during 1- to 
2-week experiments in a laboratory located far from the 
coral reefs (Takeuchi et al. 2020; Gushi et al. 2021; Shitaoka 
et al. 2021). Due to the intermediate stage of the system 
presented here, coral pieces in previous studies were either 
not attached to polycarbonate bolts (Hirayama et al. 2017; 
Ishibashi et al. 2018, 2021) or were affixed using alone-alpha 
(Toagosei Co. Ltd., Minato-ku, Tokyo, Japan) (Kamei et al. 
2020). 

Kamei (2020) conducted a 7-day experiment using apical 
branches separated from a cultured A. tenuis exposed to 
extremely low concentrations of Irgarol at 20 ng/L and 

200 ng/L. Their experiment revealed that 20 ng/L of Irgarol 
significantly reduced ΔF/Fm′ by 8%, while the RGB values 
of coral were stable throughout the experiment (Kamei et al. 
2020). Hirayama et al. (2017) exposed apical branches of 
cultured A. tenuis to 1.0 and 10.0 μg/L Irgarol for 14 days at 
27.5 °C. In 1.0 μg/L treatments, the RGB values were nearly 
constant until day 5, and then increased toward white until 
day 14, the end of the experiment (Hirayama et al. 2017) 
(Fig. 8.8). In the 10 μg/L treatment, RGB values gradually 
increased from the beginning of the experiment. All apical 
branches of A. tenuis were estimated to bleach around day 
14 (1 μg/L) and day 10 (10 μg/L) (Hirayama et al. 2017). The 
gene expression of heat shock protein 90 (HSP90) was 
downregulated after 7 days of exposure to 1 μg/L Irgarol 
(Ishibashi et al. 2018). Heat shock proteins, including HSP 
90, are molecular chaperones that regulate protein structure 
and function during and after stress treatment. Ishibashi et al. 
(2021) investigated the molecular mechanisms underlying 
herbicide-induced bleaching of A. tenuis and its symbiotic 
dinoflagellates exposed to 1.0 and 10.0 μg/L Irgarol for 
7 days (see Ishibashi and Takeuchi 2023). Gushi et al. 
(2021) studied the combined effects of 30.0 °C and 1.0 μg/ 
L Irgarol on Acropora tenuis by measuring the RGB values 
and ΔF/Fm′ for 7 d. Although the RGB values and ΔF/Fm′ in 
the control (no herbicide) under 27.5 °C (temperature con-
trol) and 30.0 °C were nearly stable throughout the experi-
ment, the RGB values and ΔF/Fm′ in treatments with Irgarol 
significantly differed from those in the control under both 
temperatures (Gushi et al. 2021).

The ecotoxicity experiment system reported here is com-
posed of general research and aquarium equipment and 
devices. Our measurement method for coral health, including 
photosynthetic efficiency, is similarly based on general 
research equipment and software. Such a versatile and inex-
pensive system and the measuring methods could elucidate 
the details of the exposure of Acropora to Irgarol at environ-
mentally detected concentrations.
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Fig. 8.8 Succession of RGB 
values of Acropora tenuis 
exposed to control, control with 
solvent, 1.0 μg/L Irgarol 1051, 
and 10 μg/L Irgarol 1051. 
Reprinted from Hirayama et al. 
(2017, Mar Pollut Bull 
124, 678–686) with permission 
from Elsevier. Copyright (2017) 
Elsevier Ltd

8.10 Conclusion 

Coral reefs in tropical and subtropical zones are recognised as 
highly dynamic ecosystems with spectacularly high diversity. 
Climate change and anthropogenic impacts are threatening 

coral reefs worldwide, especially around the East China Sea 
(Takeuchi 2023a, b). Recently, ecotoxicity experiments on 
the effect of anthropogenic chemicals on corals have been 
carried out in advanced large-scale aquariums close to coral 
reefs, such as the National Sea Simulator (SeaSim) at the 
Australian Institute of Marine Science in Townsville, QLD,



Australia (see Nordborg et al. 2018, 2021; Flores et al. 2020, 
2021). The present compact method using widely available 
research and aquarium equipment and devices will allow 
scientists to conduct various ecotoxicity experiments, includ-
ing transcriptome analysis, at any university or research 
institute laboratory located far from coral reefs in subtropical 
and tropical areas. More detailed experiments, such as those 
investigating the effects of triple anthropogenic factors and/or 
common garden experiments using corals from different 
localities to elucidate genetic differences in corals, could be 
conducted by assembling multiple sets of our system into a 
large-scale system in the near future. 
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Effects of Anthropogenic Chemicals on Hermatypic 
Corals with Special Reference to Gene Expression 9 
Hiroshi Ishibashi and Ichiro Takeuchi 

Abstract 

Many studies have reported the adverse effects of various 
anthropogenic activities, including climate change and 
ocean acidification, on coral reefs. While the molecular 
effects of these environmental stressors on corals and 
symbionts have been well studied, the effect of anthropo-
genic chemicals on corals remains poorly understood. In 
this review, we investigated the potential toxic effects 
including bleaching by heavy metals (copper and cad-
mium), organotins (TBT, tributyltin), polycyclic aromatic 
carbons (PAHs) (anthracene, phenanthrene, and benzo[a] 
pyrene), polychlorinated biphenyls (PCBs, PCB118, rep-
resentative congener of PCBs, and Aroclor 1254, repre-
sentative PCB products), photosystem II herbicides 
(Diuron and Irgarol 1051), and other contaminants (caf-
feine, 4-nonylphenol, and oxybenzone) on gene expres-
sion biomarkers. The potential biomarkers mainly 
included chaperones (heat shock proteins HSP70 and 
HSP90 and calreticulin), components of the cytochrome 
P450 monooxygenase system, antioxidant enzymes (glu-
tathione S-transferase [GST], catalase [CAT], and super-
oxide dismutase [SOD]), and green and red fluorescent 
proteins (GFP and RFP). Another survey using DNA 
microarray and RNA sequencing (RNA-seq) identified 
hundreds to thousands of differentially expressed genes 
(DEGs) in corals and the symbiotic dinoflagellates. Bioin-
formatics analyses using DEGs also documented the 
potential effects of various gene ontology terms, 
pathways, and protein interaction networks. These 
findings using transcriptomic approach provide new 
insights into the potential molecular mechanisms 

underlying the toxic and bleaching effects of anthropo-
genic chemicals on corals and symbiotic dinoflagellates. 
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9.1 Introduction 

Coral reefs have been adversely affected by various anthro-
pogenic factors, such as climate change, ocean acidification, 
overfishing, disease, coastal development, and chemical 
pollutants. Many studies have described the potential molec-
ular mechanisms of coral bleaching by thermal stress at the 
molecular level (Portune et al. 2010; Moya et al. 2012; 
Palumbi et al. 2014; Kaniewska et al. 2015). Louis et al. 
(2017) reviewed the gene expression biomarkers (GEBs) of 
thermal stress in scleractinian corals. Many candidate GEBs, 
including certain heat shock protein genes, metabolic genes, 
oxidative stress genes, immune response genes, ion transport 
genes, and structural genes have been investigated, and some 
genes, such as hsp16, Cacna1, MnSOD, SLC26, and Nf-kB, 
have been identified as reliable indicators of thermal stress in 
corals (Louis et al. 2017). 

Contamination by anthropogenic chemicals, including 
pesticides and other environmental pollutants, has been 
reported in marine ecosystems around the East China Sea 
(Takeuchi 2023). These anthropogenic chemicals likely 
cause several ecotoxicological effects to hermatypic coral 
and its symbiotic flagellates. High Pb/Ca ratio was detected 
in the hermatypic coral Porites from a river mouth on 
Okinawa Island, Japan, suggesting the anthropogenic input 
of run-off from urban areas (Ramos et al. 2004). However, 
the molecular effects of anthropogenic chemicals on corals 
and symbionts are poorly understood. Although many studies 
have investigated the toxic effects of anthropogenic 
chemicals on corals and symbiotic dinoflagellates, few

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_9&domain=pdf
mailto:takeuchi@agr.ehime-u.ac.jp
https://doi.org/10.1007/978-3-031-27560-9_9#DOI


y

studies have examined their mode of action at the molecular 
level. In this section, we synthesize the current knowledge of 
coral GEBs and highlight the gaps in our understanding to 
identify directions for future work. 
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9.2 Effects of Anthropogenic Chemicals 
on Gene Expression 

9.2.1 Heavy Metals 

Exposure to heavy metals induces oxidative stress in many 
organisms through cellular biochemical reactions that pro-
duce reactive oxygen species (ROS) such as the superoxide 
anion radical (O2

-), hydrogen peroxide (H2O2), hydroxide 
radical (OH), and singlet oxygen (1 O2) (Lesser 2006; Weis 
2008). Under stable conditions, cells detoxify ROS through a 
variety of enzymatic and scavenging responses that directly 
detoxify reactive oxygen. Cells also upregulate cellular pro-
cesses that repair cellular damage, including the production 
of chaperone heat shock proteins (HSPs) and DNA damage 
repair proteins (De Nadal et al. 2011). However, the molecu-
lar effects of heavy metals on coral are not completely under-
stood. Copper (Cu) is a common chemical contaminant in 
coastal environments including coral reefs; it has been 
detected in seawater (ranging from 0.13 to 9.5 μg/L) 
(Kozelka and Bruland 1998) and polluted areas (ranging 
from 0.12 to 18.4 μg/L) (Jones 2010). Venn et al. (2009) 
investigated the impact of Cu on the reef coral Orbicella 
faveolata, previously known as Montastraea franksi, b  
analyzing the expression of several stress-related genes 
(P-glycoprotein, HSP70, and HSP90) in the coral host 
using real-time quantitative reverse transcription-PCR 
(qRT-PCR) (Table 9.1). They detected a significant increase 
in P-glycoprotein expression in corals exposed to 100 μg/L 
Cu for 4 and 8 h and to 30 μg/L Cu for 8 h. Similarly, HSP70 
was significantly upregulated after 4 h of exposure to 100 μg/ 
L Cu, and both HSP70 and HSP90 were significantly 
upregulated following 8 h exposure to 30 and 100 μg/L 
Cu. These data suggest that P-glycoprotein, HSP70, and 
HSP90 are inducible forms in O. faveolata and are activated 
under stressful conditions such as Cu exposure. Moreover, 
the response of P-glycoprotein and HSP70 was significant 
after 4 h and that of HSP90 after 8 h of exposure to 100 μg/L 
Cu. These findings suggest that P-glycoprotein and HSP 
genes are important markers that should be added to the 
suite of molecular indicators developed to identify cellular 
damage by chemical stressors in O. faveolata.

Schwarz et al. (2013) investigated the potential stress and 
detrimental effects in both O. faveolata and its algal 
symbionts exposed to Cu using ecotoxicological and 
microarray studies (Table 9.1). Corals exposed to 30 μg/L 
Cu for 48 h experienced significant DNA damage and 

displayed changes in the expression patterns of genes 
known to play roles in cellular and oxidative stress responses. 
Of the 1311 cDNAs printed on the arrays, 34 cDNAs from 
Cu-exposed corals showed significant changes in abundance 
relative to the controls. More than half of these genes 
exhibited no similarity to known genes according to 
BLAST annotation. Among the ten most highly upregulated 
genes were peroxidasin (a peroxidase), aldose reductase 
(a metabolic enzyme), melanocortin receptor 4 (a G-protein 
coupled receptor), and ETS1 (a transcription factor). Among 
the ten most highly downregulated genes were galaxin 
(a skeletonization protein), aquarius (an RNA processing 
protein), isopeptidase T (ubiquitination/protein degradation), 
and a protein that has been identified in breast carcinoma in 
humans. Of the 34 genes that were differentially expressed, at 
least 24% (8 genes) were known to play roles in cellular and 
oxidative stress. Oxidative stress genes that showed signifi-
cant changes in expression included the chaperone HSP90, 
the detoxification enzyme glutathione-S-transferase (GST), 
thioredoxin glutathione reductase, catalase (CAT), 
peroxidasin, cysteine protease cathepsin B, DNA damage 
repair enzyme rad24, and ETS-domain-containing transcrip-
tion factor related to ETS1. Coral-specific SCRIP2 expression 
was also significantly downregulated in response to Cu 
exposure. 

Yuyama et al. (2012) investigated the potential antifoulant 
tributyltin chloride (TBT-Cl)-responsive genes in Acropora 
tenuis juvenile polyps using high-coverage expression 
profiling (HiCEP) and qRT-PCR (Table 9.1). Tributyltin is 
one of the dominant organotin compounds used in antifoul-
ing paints (Dafforn et al. 2011), whereas A. tenuis is among 
the representative species of hermatypic corals in the Indo-
Pacific region including southern Japan. In their experiment, 
it was unclear whether the genes that showed decreased 
expression were actually downregulated in response to stress 
or merely reflected a reduced number of algal cells. There-
fore, Yuyama et al. (2012) focused on the upregulated genes 
in stressed polyps. HiCEP analysis revealed 25 upregulated 
genes in juvenile corals after exposure to 1 μg/L TBT-Cl for 
11 days. Of those, five genes that matched animal genes 
using the BLASTx homology search (GenBank/EMBL/ 
DDBJ), namely oxidative stress-responsive protein (Ox 
stress), HSP90, calreticulin (CRT), aquaglyceroporin, and 
methionine adenosyltransferase, and two genes matching 
the algal genes light-harvesting complex (LHC) and DnaJ-
like protein 1 were quantified by qRT-PCR. The results 
showed that the expression of CRT and Ox stress was 
induced by TBT-Cl, suggesting that TBT-Cl induces oxida-
tion and consequently suppresses the growth of corals. In 
endosymbiotic algae, the expression patterns of DnaJ-like 
protein 1, but not those of LHC, were altered by TBT-Cl, 
suggesting that DnaJ-like proteins may be sensitive to
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TBT-Cl and other stressors. These data confirm the negative 
effects of TBT-Cl on endosymbiotic algae. 
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Negri and Heyward (2001) demonstrated the effects of 
TBT and Cu on the inhibition of fertilization (4-hour treat-
ment) and larval metamorphosis (24-hour treatment) in the 
coral Acropora millepora using laboratory-based bioassays. 
The respective 50% inhibitory nominal concentrations (IC50) 
of TBT and Cu were 17.4 and 200 μg/L during fertilization 
and 110 and 2.0 μg/L during larval metamorphosis. These 
results suggest that the toxic effects of TBT and Cu vary at 
different stages of the life cycle, such as fertilization and 
larval metamorphosis, of A. millepora. 

Zhou et al. (2018) investigated the density of symbiotic 
zooxanthellae, the levels of crucial physiological activities, 
and the transcriptome of the hermatypic coral Pocillopora 
damicornis after acute exposure to elevated cadmium 
(Cd) concentrations (Table 9.1). The density of symbiotic 
zooxanthellae decreased significantly during the 12–24 h 
period and reached its lowest level at 24 h after acute Cd 
stress. No significant changes were observed in GST activity 
during the stress exposure, whereas the activities of caspase3 
significantly increased and that of superoxide dismutase 
(SOD) and CAT, as well as the concentration of glutathione, 
significantly decreased after Cd exposure. Moreover, 
transcriptome sequencing and bioinformatics analysis 
revealed 3538 significantly upregulated genes and 8048 sig-
nificantly downregulated genes 12 h after the treatment. 
There were 12 overrepresented gene ontology (GO) terms 
for significantly upregulated genes, mostly related to 
unfolded protein response, endoplasmic reticulum stress, 
and apoptosis. In addition, 32 GO terms mainly correlated 
with macromolecular metabolic processes were overrepre-
sented for significantly downregulated genes. These results 
suggest that acute Cd stress can induce apoptosis by 
repressing the production of antioxidants, elevating oxidative 
stress, and activating the unfolded protein response. 

9.2.2 Polycyclic Aromatic Carbons 

Polycyclic aromatic hydrocarbons (PAHs) consist of two or 
more benzene rings fused in various arrangements and are 
thought to be derived from three sources: fossil fuels, burning 
of organic matter, and the transformation of natural organic 
precursors by relatively rapid chemical/biological processes 
(see Neff et al. 2005; Takeuchi et al. 2009). The wide range of 
biological effects of PAHs so far reported include acute 
toxicity, carcinogenicity, mutagenicity, teratogenicity, and 
endocrine disrupting activity (see Takeuchi et al. 2009). 
Unlike polychlorinated biphenyls (PCBs), the concentrations 
of PAHs were reported to decrease with increasing trophic 
levels in the food web of shallow-water ecosystems 
(Takeuchi et al. 2009). PAHs pose a growing risk to coral 

reefs due to increasing shipping and petroleum extraction in 
tropical waters. The damaging effects of specific PAHs can 
be further enhanced by the presence of ultraviolet 
(UV) radiation, a condition known as phototoxicity 
(Yu et al. 2006). Woo et al. (2014) identified candidate 
genes whose transcript levels changed in response to PAH 
exposure using differential display polymerase chain reaction 
(DD-PCR) in a soft coral (Scleronephthya gracillimum). 
DD-PCR of coral colonies exposed to 100 μg/L of a standard 
mixture of PAHs for 24 h identified 37 types of candidate 
genes (20 upregulated and 17 downregulated genes), the 
functions of which included oxidative stress response, ribo-
somal structure maintenance, molecular chaperone activity, 
protein kinase activation and tumorigenesis, defense 
mechanisms, transcription, and other biological responses. 
These isolated gene candidates are thus potential molecular 
biomarkers for understanding coral responses to environmen-
tal stressors. 

Overmans et al. (2018) conducted laboratory experiments 
to examine the effects of anthracene and phenanthrene, both 
consisting of three fused benzene rings in PAHs, on SOD 
enzyme activity, gene expression patterns, settlement suc-
cess, and survival of Acropora tenuis planulae (Table 9.1). 
Another aim of their study was to establish whether 
co-exposure to environmentally relevant intensities of UVA 
(320–400 nm) increases the harmful effects of anthracene and 
phenanthrene through phototoxicity. The activity of SOD 
was reduced by anthracene, whereas phenanthrene and 
UVA exposure had no effect on the enzyme. The expression 
of MnSOD remained constant across all treatments. CAT, 
HSP70, and  HSP90 showed increased expression levels in 
larvae exposed to anthracene but not in those exposed to 
phenanthrene. The expression patterns of red fluorescent 
protein (RFP) and green fluorescent protein (GFP) showed 
little evidence of PAH-induced stress, apart from the signifi-
cant downregulation of GFP after phenanthrene treatment. 
Gene expression of p53 was upregulated in the presence of 
UVA but downregulated when exposed to PAHs. The influ-
ence of anthracene on stress-related biochemical pathways 
and gene expression in A. tenuis larvae was considerably 
greater than that of phenanthrene, and UVA-induced photo-
toxicity was evident only for anthracene. The combined 
effects of UVA and PAH exposure on larval survival and 
metamorphosis paralleled the sublethal stress responses, 
clearly highlighting the interaction of UVA with anthracene 
toxicity and, ultimately, affecting coral development. 

Benzo[a]pyrene (BaP), a five-ring polycyclic aromatic 
hydrocarbon, is known to possesses many adverse biological 
effects, including tumor formation, immunosuppression, ter-
atogenicity, hormonal effects, and disruption of protein–pro-
tein signaling pathways (Verma et al. 2012). BaP exerts 
pressure on corals owing to water discharge, oil spills, and 
coastal tourism. In earlier studies, Ramos and García (2007)



investigated the components of the cytochrome P450 
monooxygenase system (MFO) and antioxidant enzymes, 
such as CAT, SOD, and GST, in the coral Orbicella faveolata 
exposed to 0.01 and 0.1 mg/L BaP for 24 and 72 h 
(Table 9.1). They reported that the content of CAT and 
SOD in polyps and zooxanthellae and that of GST in polyps 
increased significantly at the highest BaP concentration and 
maximum exposure time. Cytochrome P420 was found in all 
colonies, and its content was the highest in colonies with the 
highest concentrations of the contaminant, whereas NADPH 
cytochrome c reductase activity and pigment concentrations 
did not vary between treatments (Ramos and García 2007). 
Their study is the first report on the induction of both 
detoxifying mechanisms, the MFO system and antioxidant 
enzymes, upon acute exposure to an organic contaminant in 
the reef-constructing coral species O. faveolata. 
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Xiang et al. (2019) investigated the physiological 
response, oxidative stress, and stress-related genetic expres-
sion in two species of Acropora (A. formosa and A. nasuta) 
exposed to 10 and 40 μg/L BaP for 24 h and 72 h. Their 
results showed that BaP affects the health of zooxanthellae in 
coral symbiosis after 72 h exposure due to a significant 
decline in chlorophyll a concentrations in Acropora spp. 
during this period. Exposure to 10 μg/L BaP for 24 h induced 
a serious oxidative damage in Acropora spp., causing a 
significant decline in SOD activity in A. formosa and its 
increase in A. nasuta. The P-glycoprotein was more sensitive 
in A. formosa, whereas HSP70 was more sensitive in 
A. nasuta. Sensitivity to BaP exposure differed between 
these two coral species based on antioxidant defense patterns, 
with A. formosa having a lower ability to resist organic 
pollutants in coral reefs. Further ecotoxicological studies 
are needed to investigate the impact of chemical pollutants 
on corals and compare the different response mechanisms 
among coral species. 

9.2.3 Polychlorinated Biphenyls 

PCBs are a group of widespread contaminants listed as per-
sistent organic pollutants (POPs) by the Stockholm Conven-
tion. PCBs are well known to biomagnify at successively 
higher trophic levels in food webs of shallow-water 
ecosystems (see Matsuo et al. 2009). Wiens et al. (2000) 
investigated the effects of thermal stress, Cd, and PCB118, 
on the expression of HSP90 in octocoral Dendronephthya 
klunzingeri (Table 9.1). PCB118, which is one of the high 
toxicity congeners of PCBs known as dioxin-like PCBs, were 
also one of the main congeners detected in fish in the Far East 
Asia (Matsumoto et al. 2014, 2016). Coral specimens were 
injected with 1 mL of PCB118 (0.1 mg/mL in corn oil) per 
10 g tissue and samples were collected 2 days later. Western 
blot analysis revealed that the amount of HSP90 in 

D. klunzingeri was strongly increased after treatment with 
PCB118. 

Chen et al. (2012) investigated the acute toxicity of 
Aroclor 1254 on the scleractinian coral Stylophora pistillata. 
Aroclor 1254 is one of the commercial PCB mixtures pro-
duced in the USA, and similar to Kaneclor 400 made in Japan 
and Copen A-40 in Germany (Takasuga et al. 2006). Coral 
nubbins were incubated in either control seawater or seawater 
dosed with PCBs (~300 ng/L) for 96 h. The effect of PCB 
exposure on coral gene expression at 4 h post-exposure was 
tested using suppression subtractive hybridization (SSH) and 
qRT-PCR. Photosystem II (PSII) activity of the 
zooxanthellae was measured at 96 h. After exposure, the 
nubbins were moved into clean seawater, and their survival 
and growth were observed for another 50 days. The results 
revealed that all nubbins survived during the exposure in the 
following 50-day recovery period. The PSII activity and coral 
growth were not affected by PCB exposure. SSH analysis 
identified 26 upregulated and 28 downregulated clones, 
which were sequenced for gene expression analysis; 15% of 
these sequences were identified, including genes involved in 
general stress response, peptide metabolism, cellular recep-
tor, cytoskeleton organization, membrane trafficking, and 
oxidative stress response (Table 9.1). These results suggest 
that acute exposure of S. pistillata to Aroclor 1254 at 300 ng/ 
L did not affect coral survival, photosynthesis, or growth but 
may have altered the expression of certain genes involved in 
various important cellular functions. 

9.2.4 Herbicides 

PSII herbicides such as Diuron have been shown to affect 
photosynthesis in corals at low environmentally relevant 
concentrations (Mercurio et al. 2018). PSII herbicides act 
by inhibiting photosynthetic electron transport in chloroplasts 
and are used to control redundant algal growth on submerged 
structures (Oettmeier 1999; Jones and Kerswell 2003). 

Diuron (IUPAC name: 3-[3,4-dichlorophenyl]-1,1-
dimethylurea) is commonly used in catchments that drain 
into the Great Barrier Reef lagoon and Okinawa Prefecture 
(Kitada et al. 2009; Kennedy et al. 2012; Takeuchi 2023). 
The copper-based antifouling paints mixed with several 
“booster” agents including Diuron have replaced butyltin-
containing antifouling paints (Manzo et al. 2006; Dafforn 
et al. 2011). Thus, Diuron potentially reduces photosynthesis 
in Symbiodinium, a dinoflagellate symbiont associated with 
reef corals. Many studies on the effects of Diuron exposure 
on photosynthetic activity of zooxanthellae symbiotic with 
corals have been published previously (Oettmeier 1999; 
Jones and Kerswell 2003; Cantin et al. 2007; Katsumata 
and Takeuchi 2017). However, the molecular mechanisms 
of Diuron in corals are not completely understood. Yuyama



et al. (2012) investigated the potential Diuron-responsive 
genes in Acropora tenuis juvenile polyps using the HiCEP 
and qRT-PCR methods (Table 9.1). HiCEP analysis revealed 
49 upregulated genes in juvenile corals after exposure to 
10 μg/L Diuron for 13 days. Of the 49 upregulated genes, 
five in corals (Ox stress, HSP90, CRT, aquaglyceroporin, 
and methionine adenosyltransferase) and two in algae 
(LHC and DnaJ-like protein 1) were measured by 
qRT-PCR (Table 9.1). Diuron caused an increase in the 
expression levels of aquaglyceroporin and CRT in the coral 
and DnaJ-like protein in Symbiodinium. The expression of 
neither Ox stress nor HSP90 in coral was markedly changed 
by Diuron, suggesting a direct effect of Diuron on the coral. 
In contrast, the LHC of Symbiodinium was downregulated 
under Diuron-induced stress. Previous studies have reported 
that photobleaching of Symbiodinium cultures is associated 
with the loss of chlorophyll a–chlorophyll c2–peridinin-pro-
tein complexes (acpPC), which constitute the majority of 
light-harvesting complex proteins (Takahashi et al. 2008). 
These results suggest that photoinhibition by Diuron causes 
damage to LHC in Symbiodinium. However, the only gene 
showing increased expression in response to all three stresses 
(thermal, TBT-Cl, and Diuron) was the coral gene coding for 
the oxidative stress-responsive protein (Ox stress), 
suggesting that oxidative stress generally occurs in each 
stress-exposed polyp. 
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Irgarol 1051 (IUPAC name: 2-N-tert-butyl-4-N-
cyclopropyl-6-methylsulfanyl-1,3,5-triazine-2,4-diamine), 
as well as Diuron, is a widely used booster agent that is mixed 
with copper-dominated antifouling biocides (Manzo et al. 
2006; Dafforn et al. 2011). To quantitatively evaluate the 
bleaching effects of Irgarol 1051 on corals, our research 
group developed a digital color imaging system based on 
NEF (RAW) files for studying corals in the laboratory setting 

using a commercially available digital single-lens reflex cam-
era and a wireless speed light system (Hirayama et al. 2017). 
Using this assay system, we evaluated the RGB color of 
Acropora tenuis in response to Irgarol. After the exposure 
of A. tenuis branches to 1 and 10 μg/L Irgarol 1051 for 
14 days, RGB values increased, moving toward the “white” 
end of the spectrum, with increasing Irgarol 1051 concentra-
tion. In contrast, a 7-day exposure of the coral to ecologically 
relevant concentrations (20 ng/L and 200 ng/L) of Irgarol 
1051 decreased the maximum effective quantum yield (ΔF/ 
Fm′) in symbiotic dinoflagellates (Kamei et al. 2020). These 
results suggest that the threshold of chlorophyll fluorescence 
in symbiotic dinoflagellates is less than 20 ng/L Irgarol 1051, 
which is close to ecologically relevant concentrations in 
tropical to subtropical waters. 

Fig. 9.1 Heat shock protein 
90 (HSP90) in Acropora tenuis. In  
silico homology modeling of 
A. tenuis HSP90 based on the 
X-ray crystal structure of yeast 
Hsp90-Sba1 closed chaperone 
complex (Protein Data Bank ID: 
2CG9; Ali et al. 2006) was 
constructed using the Molecular 
Operating Environment (MOE) 
program (Chemical Computing 
Group, Inc., Montreal, Canada) as 
previously reported (Ishibashi 
et al. 2019)

In contrast to the bleaching effects of Irgarol 1051, there 
are few reports on the molecular mechanism of Irgarol 1051 
in bleached corals. In an earlier study, HSP70 protein synthe-
sis was induced in Madracis mirabilis exposed to Irgarol 
1051 (10 μg/L for 8 h and 24 h) for 24 h (Downs and 
Downs 2007). However, little information is available on 
the nucleotide sequence and characterization of HSPs in 
corals (Tom et al. 1999; Hashimoto et al. 2004). To elucidate 
the effects of Irgarol 1051 on gene expression in hard corals, 
we initially isolated full-length cDNA encoding HSP90 from 
A. tenuis, which has a deduced open reading frame of 
732-amino acid residues and a predicted molecular mass of 
84.5 kDa (Ishibashi et al. 2018) (Fig. 9.1). The complete 
sequence of A. tenuis HSP90 is available under GenBank 
accession no. LC314154. Phylogenetic analysis using the 
HSP90 amino acid sequences from vertebrates, insects, 
mollusks, crustaceans, cnidarians, flatworms, and bacteria 
revealed that A. tenuis HSP90 was positioned with the 
HSP90s of cnidarian species and showed high similarities



with O. faveolata HSP90β-like (97.3%), A. digitifera HSP90-
α-like (96.5%), Exaiptasia pallida HSP90α-like (93.4%), and 
Nematostella vectensis HSP90α (93.1%). In addition, five 
conserved HSP90 family signatures (signatures 1–5), the 
MEEVD consensus sequence, ATP-binding GxxGxG motif, 
lysine-rich nuclear localization signals, and protein-binding 
leucine-zipper Lx6Lx5Lx6Lx6L motif, were identified and 
conserved in the deduced amino acid sequence of A. tenuis 
HSP90.
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We further analyzed the gene expression of HSP90 in 
corals after exposure to 1 or 10 μg/L Irgarol 1051 for 
7 days. The body color of corals in the 10 μg/L treatment 
group was significantly whiter (bleached), whereas no such 
effects were observed in the 1 μg/L treatment group 
(Fig. 9.2A). However, the expression level of coral HSP90 
was significantly downregulated after exposure to both 1 and 
10 μg/L Irgarol 1051 (Fig. 9.2A). We also measured HSP90 
and HSP70 in symbiotic algae with corals (Kamei et al. 
2020). The expression of HSP90 and HSP70 in symbiotic 
dinoflagellates was upregulated after 7 days of exposure to 
both Irgarol 1051 concentrations (20 ng/L and 200 ng/L), 
whereas HSP90 in the coral was not upregulated (Fig. 9.2B). 

These results suggest that HSP90 and HSP70 in corals and 
symbiotic dinoflagellates may be useful molecular 
biomarkers for predicting bleaching caused by environmental 
stressors such as the herbicide Irgarol 1051. 

Fig. 9.2 Photographs, RGB 
values, and gene expression of 
heat shock protein 90 (HSP90) 
and calreticulin (CRT) in the coral 
Acropora tenuis, and maximum 
effective quantum yield (ΔF/Fm′) 
and gene expression of HSP70 
and HSP90 in symbiotic 
dinoflagellates exposed to Irgarol 
1051 for 7 days. Based 
on Ishibashi et al. (2018) and 
Kamei et al. (2020) 

We also investigated the transcriptomes of A. tenuis and 
its symbiotic dinoflagellates to elucidate the molecular 
mechanisms underlying Irgarol-induced bleaching (Ishibashi 
et al. 2021). RNA sequencing (RNA-Seq) revealed differen-
tially expressed genes (DEGs) in corals and symbiotic 
dinoflagellates following a 7-day Irgarol exposure (1 and 
10 μg/L) (Fig. 9.3). We identified 142 (100 up- and 
42 downregulated) and 109 (40 up- and 69 downregulated) 
DEGs in the coral after exposure to 1 and 10 μg/L Irgarol 
1051, respectively. A comparison of these DEGs revealed 
that 58 genes, including GFP, blue-light-sensing photorecep-
tor (cryptochrome: cry1), chromoprotein, caspase 8, and 
nuclear receptor (AmNR7), were shared by the 1 and 10 μg/ 
L Irgarol treatment groups. In symbiotic dinoflagellates, we 
identified 111 (97 up- and 14 downregulated) and 116 (15 up-
and 101 downregulated) DEGs after exposure to 1 and 10 μg/ 
L Irgarol 1051, respectively. A comparison of these DEGs 
showed that 55 genes, including light-harvesting protein-



coding, PSII, heat shock proteins (HSP70 and HSP90), and 
ubiquitin-related genes, were present in both 1 and 10 μg/L 
Irgarol 1051 treatment groups. Bioinformatic analyses 
revealed that both Irgarol 1051 treatments disrupted various 
GO terms, pathways, and protein interaction networks, which 
were different in corals (e.g., oxidative phosphorylation, 
metabolic pathway, transforming growth factor-β signaling 
pathway, adherens junction, and apoptosis) and symbiotic 
dinoflagellates (e.g., protein processing in endoplasmic retic-
ulum, carbon fixation in photosynthetic organisms, metabolic 
pathway, and photosynthesis) (Fig. 9.4). Our study provides 
new insights into the potential molecular mechanisms under-
lying the bleaching effect of PSII herbicides such as Irgarol 
on corals and symbiotic dinoflagellates. 
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Fig. 9.3 Venn diagram showing differentially expressed genes (DEGs) in the coral Acropora tenuis and symbiotic dinoflagellates after 7-day 
exposures to 1 μg/L (light blue) and 10 μg/L (purple) Irgarol 1051. Based on Ishibashi et al. (2021)

9.2.5 Other Chemicals 

Nonylphenol is found in various pharmaceuticals and per-
sonal care products (PPCPs). It is one of the major 
components of alkylphenol production, which is used as 
raw material in industrial detergents, paint ingredients, wet-
ting agents, cosmetics, and domestic cleaning compounds 
(Takeuchi et al. 2009). Nonylphenol concentration decreases 
with increasing trophic levels in the food web of shallow-
water ecosystems (Takeuchi et al. 2009). Ubiquitous 
nonylphenol ethoxylate contaminants in marine 
environments are of great concern. Rougée et al. (2021) 
investigated the effects of 4-nonylphenol (4-NP), a 
xenoestrogen, on endocrine and metabolic homeostasis in 
the hermatypic coral Pocillopora damicornis (Table 9.1). 
4-NP is the most produced nonylphenol isomer. Coral 

colonies were chronically exposed (42 days) to a sublethal 
concentration (1 μg/L) of 4-NP and sampled during the 
coral’s lunar reproductive cycle. Although the activity of 
steroidogenic enzymes (cytochrome P450 [CYP] 
17, CYP19, and 3-β-hydroxysteroid dehydrogenase) and the 
conjugation enzyme GST were not altered, significant 
increases in the activity of the steroid-clearing enzyme 
UDP-glycosyltransferase (UGT) were observed. The natural 
fluctuation of UGT activity with the lunar cycle was replaced 
by consistently high UGT activity throughout the reproduc-
tive cycle during 4-NP exposure. These results suggest that 
environmentally relevant levels of 4-NP may affect the repro-
ductive health of corals and threaten the persistence of coral 
reefs. 

Caffeine (IUPAC name: 1,3,7-trimethylpurine-2,6-dione) 
is a widely consumed psychoactive drug ubiquitous in urban 
wastewater. Pollack et al. (2009) employed two-dimensional 
polyacrylamide gel electrophoresis and peptide mass spec-
trometry to identify proteins sensitive to caffeine exposure in 
endosymbionts of four species of coral algae belonging to 
three widely distributed clades: clade A Symbiodinium 
microadriaticum (A), clade B Symbiodinium sp. from 
Aiptasia pallida (B6), clade B Symbiodinium sp. from 
Pseudoterogorgia bipinnata (B7), and clade C Symbiodinium 
goreaui (C). LaJeunesse et al. (2018) proposed that evolu-
tionarily divergent Symbiodinium “clades” are equivalent to 
genera in the family Symbiodiniaceae; thus clade B 
Symbiodinium sp. and clade C Symbiodinium goreaui corre-
spond to Breviolum sp. and Cladocopium goreaui, respec-
tively. Exposure of corals to 60 mg/L caffeine upregulated 
some and downregulated other polypeptides in algal species, 
and commonly affected HSPs such as HSP90, HSP70, and



HSP60. Although the results have important implications for 
wastewater processing and management and coral reef man-
agement globally, Pollack et al. (2009) concluded that more 
work is needed to better understand the role of HSPs in corals 
and their algal symbionts. Aguirre-Martínez et al. (2015) 
reported that 0.1 μg/L caffeine upregulated the activity of 
dibenzyl fluorescein dealkylase and glutathione S-transferase 
in bivalve Corbicula fluminea. 
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Fig. 9.4 Kyoto Encyclopedia of 
Genes and Genomes (KEGG) 
pathways changed in the coral 
Acropora tenuis and symbiotic 
dinoflagellates after 7-day 
exposures to 1 μg/L (light blue) 
and 10 μg/L (purple) Irgarol 
1051. Based on Ishibashi et al. 
(2021)

Benzophenone-3 (IUPAC name: [2-hydroxy-4-
methoxyphenyl]-phenylmethanone; BP-3; oxybenzone) and 
related BPs, which are categorized as organic UV filters and 
used in various PPCPs, have been detected in seawater at 
nanogram and microgram per liter levels and have been 
suggested as an emerging class of chemical contaminants. 
Downs et al. (2016) reported the effects of oxybenzone on the 
larval form (planula) of the coral Stylophora pistillata. The 
50% and 20% lethal concentration response (LC50 and LC20) 
values (4 h in the light) for cells of seven different coral 
species ranged from 8 to 340 μg/L and from 0.062 to 8 μg/ 
L, respectively. In contrast, contamination of oxybenzone 
ranged from 75 μg/L to 1.4 mg/L in the U.S. Virgin Islands 
coral reef and from 0.8 to 19.2 μg/L in Hawaiian sites. 
Furthermore, He et al. (2019) demonstrated the toxicity and 
bioaccumulation of 2,4-dihydroxybenzophenone (BP-1), 
BP-3, sulisobenzone (BP-4), and dioxybenzone (BP-8) in 
larvae and adults of two coral species, Pocillopora 
damicornis and Seriatopora caliendrum (concentrations 
ranging from 0.1 to 1000 μg/L). They revealed that BP-1 
and BP-8 were up to 10 times more toxic to corals than BP-3 
and were generated as metabolites of BP-3 in coral tissues. In 
addition, toxic sensitivities to BP exposure differed between 
coral species and at different life stages. BP-3, BP-1, and 
BP-8 pose high to medium risks to the health of corals in 
popular recreational areas in Taiwan and Hong Kong. 
Another survey demonstrated the acute toxic effects of 
BP-3 on the colonial hermatypic coral Galaxea fascicularis 
(Conway et al. 2021). The LC50 values for the three acute 
toxicity tests were similar and averaged at 6.53 ± 0.47 mg/L 
nominal concentration of BP-3 (4.45 mg/L measured 

dissolved BP-3). Using the calculated LC50 with measured 
concentrations from a high-quality UV filter monitoring 
study in Hawaii, the preliminary conservative risk quotient 
for BP-3 was calculated to be 0.032 (Conway et al. 2021). 
These results suggest that BP-3 likely does not pose an acute 
mortality risk to corals; however, additional testing is 
required to determine the sublethal effects of BP-3 under 
environmentally relevant concentrations and long-term 
exposures and to elucidate the molecular mechanism of the 
adverse effects of BP-3 in corals. 

9.3 Future Directions 

This review presented the potential toxic effects and 
endpoints including bleaching by heavy metals (copper and 
cadmium), organotins (tributyltin), polycyclic aromatic 
carbons (anthracene, phenanthrene, and benzo[a]pyrene), 
polychlorinated biphenyls (PCB118 and Aroclor 1254), 
PSII herbicides (Diuron and Irgarol 1051), and other 
contaminants (4-nonylphenol, caffeine, and oxybenzone) on 
corals and symbiotic dinoflagellates, and summarized the 
potential biomarkers such as HSPs, GFP and RFP, cry1, 
GST, CAT, SOD, light-harvesting proteins, and PSII proteins 
for both species (Fig. 9.5). In contrast, some of the genes 
affected by anthropogenic chemicals also respond to heat 
stress (Louis et al. 2017). However, limited information is 
available on the difference in the potential bleaching 
mechanisms between chemical exposure and thermal stress 
in corals and symbiotic dinoflagellates. In addition to 
bleaching, further studies need to investigate the relationship 
between other toxic effects/endpoints (e.g., oxidative stress, 
DNA damage, growth, and survival) and the responses of 
potential biomarker genes to anthropogenic chemicals in 
corals and symbiotic dinoflagellate (Fig. 9.5). The findings 
presented here provide new insights into the potential molec-
ular mechanisms underlying the toxic and bleaching effects 
of anthropogenic chemicals on corals and symbiotic 
dinoflagellates.
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Fig. 9.5 Schematic diagram of the relationship between potential toxic 
effects/endpoints and biomarker gene expression responses caused by 
exposure to anthropogenic chemicals in corals and symbiotic 
dinoflagellates. Based on the following literatures (Wiens et al. 2000; 

Ramos and García 2007; Pollack et al. 2009; Venn et al. 2009; Chen 
et al. 2012; Yuyama et al. 2012; Schwarz et al. 2013; Woo et al. 2014; 
Ishibashi et al. 2018; Overmans et al. 2018; Zhou et al. 2018; Xiang 
et al. 2019; Kamei et al. 2020; Ishibashi et al. 2021; Rougée et al. 2021) 

Shinzato et al. (2011) were the first to report the draft 
genome sequence of the coral Acropora digitifera (eggs, 
gastrulae, planulae, polyps, and adults) using next-generation 
genome sequencing. In contrast, Shoguchi et al. (2013) 
reported a draft genome sequence of Symbiodinium minutum 
(currently treated as Breviolum minutum) (LaJeunesse et al. 
2018). Molecular resources are critical for understanding 
resilience to the changing environment and chemical stress 
responses in coral species, and yet such resources are unavail-
able for most scleractinian corals. In a recent study, Shinzato 
et al. (2021) reported the complete genome sequences of 
15 Acropora species and three other acroporid taxa belonging 
to the genera Montipora and Astreopora to examine genomic 
novelties that explain their evolutionary success. Zhang et al. 
(2019) reported comprehensive transcriptome resources for 
14 common species of scleractinian corals in the South China 
Sea, including a few structure-forming species, and 
constructed a publicly accessible database (www.comp. 
hkbu.edu.hk/~db/CoralTBase). A transcriptomic approach 
also revealed sex- and phase-specific gene expression profiles 
in ovaries and testes at different developmental phases from a 
gonochoric coral, Euphyllia ancora (Chiu et al. 2020). These 
resources will facilitate not only functional studies using 
these corals to understand the molecular basis of stress 
responses and adaptation to anthropogenic chemicals, but 
will also assist comparative transcriptomic studies on other 
species of corals and more distantly related cnidarians. 

Cell culture of corals may be useful for elucidating the 
molecular mechanisms of bleaching by chemical stress. 
Recently, Roger et al. (2021) conducted a thorough review 
and tested available methods (i.e., cell dissociation, isolation, 
sorting, attachment, and proliferation) of coral cell culture. 

These authors combined the most effective and reproducible 
techniques to consolidate the culture methods and generate 
uncontaminated coral cell cultures for ~7 days (10 days max-
imum). Moreover, they suggested that the development of 
methods for cell separation and identification in conjunction 
with further investigations into coral cell type-specific meta-
bolic requirements will allow us to tailor growth media for 
optimized monocultures as a tool for studying essential reef-
building coral traits such as symbiosis, wound healing, and 
calcification at multiple scales. 

A recently created new genome-editing technology, 
CRISPR/Cas9, can be applied to many model and 
non-model organisms not only to generate loss-of-function 
mutations, but also for introduction of more subtly modified 
genes, tagging of proteins, and large-scale genomic 
restructuring. A CRISPR/Cas9 system has been developed 
for cnidarians, such as the sea anemone Nematostella 
vectensis and the hydrozoan Hydractinia echinata; however, 
this system has not been available for coral species. Cleves 
et al. (2018) demonstrated efficient genome editing using the 
CRISPR/Cas9 system that targets genes encoding fibroblast 
growth factor 1a (FGF1a), GFP, and RFP in the coral 
Acropora millepora. CRISPR/Cas9-based gene editing, as 
well as genomic and transcriptomic analyses, are useful 
technologies that allow rigorous testing of gene function in 
coral species to understand the bleaching mechanism of 
corals and their symbiotic dinoflagellates by anthropogenic 
chemicals. 
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Abstract 

Climate change, including increasing seawater tempera-
ture combined with various local stresses, leads to coral 
bleaching and changes in the native genera of coral reefs 
of the Ryukyu Archipelago in the East China Sea. The 
high density of gross domestic projects, excessive use of 
pesticides, and other agricultural activities have led to a 
decline in terrestrial water quality on the Ryukyu Archi-
pelago Islands. In addition to red-soil problems, the estab-
lishment of systematic monitoring across major sources of 
pollution, including river water, treated wastewater, and 
military bases, as well as the development of a cost-
efficient water treatment system, is necessary. The upwell-
ing of deeper waters near the Ryukyu Archipelago might 
mitigate the increase in seawater temperature. The occur-
rence of local internal tides and protection from continen-
tal anthropogenic pressure would promote coral reef 
conservation. Prompt monitoring of coral reefs using 
advanced technologies, as well as the implementation of 
recently developed cutting-edge technologies in ecotoxi-
cology, including “coral-on-a-chip,” will aid coral reef 
management. Various technologies for the establishment 
of artificial coral reefs are required in response to the rising 
sea level. 
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10.1 Introduction 

Recent worldwide bleaching events driven by unprecedented 
global heat waves have changed the approach to coral reef 
management and policy (Anthony et al. 2020). To sustain 
coral reefs in the long term, reducing greenhouse gas 
emissions will be necessary (Anthony et al. 2020). However, 
IPCC (2018) estimated that coral reefs of the world would 
decline by 70–90% with global warming of 1.5 °C above the 
pre-industrial level, and even larger losses (>99%) are 
projected at 2.0 °C. Moreover, anthropogenic pressures on 
coral reefs in the near future are a combination of global and 
local pressures (Burke et al. 2011). Thus, the number of years 
left for planning and implementing the conservation 
measures of coral reef ecosystems is limited. 

Ultimately, solutions to the climate challenge for coral 
reefs should consider what our society wants, what we can 
achieve technically and economically, and what we can 
implement rapidly (Anthony et al. 2020). However, defining 
multiple objectives is often conflicting for complex social-
ecological systems, including coral reefs (Anthony et al. 
2020). The future conditions of coral reefs will depend on 
the trajectory of global emissions and their decreasing capac-
ity to build resilience to more frequent bleaching events 
through local stresses (Hughes et al. 2018). 

The coral reefs of the Ryukyu Archipelago provide vari-
ous ecoservices: they serve as natural breakwater and fishing 
grounds, are used for building materials, decorations, 
souvenirs, as tourist attraction, and training grounds for vari-
ous educational activities, and are important elements of 
regional cultures (The Ministry of the Environment, Japan, 
2017 [2016]). Climate change, including increasing seawater 
temperature combined with various local stresses, has led to 
coral bleaching and changes in the native genera of coral 
reefs in the East China Sea (Hongo and Yamano 2013; Harii 
et al. 2014; Takeuchi 2023b). Takeuchi (2023b) summarized 
the exposure of coral reefs in the Ryukyu Archipelago to 
various terrestrial anthropogenic impacts released into the sea

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-27560-9_10&domain=pdf
mailto:takeuchi@agr.ehime-u.ac.jp
https://doi.org/10.1007/978-3-031-27560-9_10#DOI


as a result of high precipitation and short river lengths 
(Fig. 10.1). The prevalence and geographic distribution of 
coral diseases have increased along the islands of the Ryukyu 
Archipelago, at least since 2000 (Yamashiro et al. 2023). 
Ocean acidification caused by elevated CO2 concentrations 
indicates that coral calcification may have already decreased 
from a pre-industrial level, and further progress of acidifica-
tion is expected to increase the risk for coral reef degradation 
and accompanied species compositional changes under cli-
mate change scenarios (Suzuki et al. 2023). 

168 I. Takeuchi

Fig. 10.1 Runoff of terrestrial waters into coastal area after rainfall 
along the west coast of Ogimi-son located in the northern part of 
Okinawa Island. The image was captured on 21 November 2021 during 

a regular flight from Matsuyama Airport, Ehime, Japan to Naha Airport, 
Okinawa, Japan 

The selection of priority localities for coral reef conserva-
tion in the Ryukyu Archipelago has been mainly based on the 
evaluation by Large-scale Reef Monitoring Team of the 
Japanese Coral Reef Society’s Conservation Committee, the 
status of coral coverage surveys conducted from 1989 to 
1992 and in 2006 and the assessment of “potential” coral 
growth based on physical environmental data analysis (see 
WWF Japan 2010). The Action Plan to Conserve Coral Reef 
Ecosystems in Japan 2016–2020 addressed the following 
three priority issues: (1) promotion of measures against red 
soil sediments and nutrient salts from the land, (2) promotion 
of sustainable tourism in coral reef ecosystems, and (3) estab-
lishment of a relationship between community life and coral 
reef ecosystems (The Ministry of the Environment, Japan 
2017[2016]). However, to consider the conservation of 
coral reefs under various anthropogenic pressures, selecting 

prioritized methodologies and localities for coral reef conser-
vation is necessary, because resources that could be used for 
conservation widely differ from resources necessary for con-
servation (Anthony et al. 2020). Moreover, the coral reefs in 
the East China Sea are located in the most economically 
developed areas in the world (Takeuchi 2023a, b). 
Maintaining adequate economic growth with developed 
industries and technologies is also one of the key factors for 
considering the quality of life of people inhabiting nearby 
coral reefs of the East China Sea. 

In this chapter, I present the perspective for the future 
conservation of coral reefs in the Ryukyu Archipelago 
under the present critical pressure by climate change and 
the accumulation of various anthropogenic impacts. 

10.2 Monitoring and Reducing Terrestrial 
and Coastal Impacts 

The “local” (viz. water quality improvement) as well as the 
“global” (viz. CO2 reduction) should be considered as a 
function in the model to reduce the future likelihood of 
mass coral bleaching (Wooldridge 2009). Wooldridge 
(2009) estimated that the reduction in end-of-river dissolved 
inorganic nitrogen (DIN) of >50–80% is equivalent to 
2.0–2.5 °C of the upper thermal bleaching limit in the high-



risk inshore areas of the Great Barrier Reef (GBR), Australia. 
Numerous rivers in the catchment areas of the GBR discharge 
pollutants from agricultural, urban and mining 
activities (Brodie et al. 2012). The major pollutants are 
suspended sediments from cattle grazing areas, nitrate from 
fertilizer applications on crop lands, and herbicides from 
various land uses (Brodie et al. 2012). Shitaoka et al. 
(2021) suggested that seawater temperature of 30 °C, which 
was previously considered a moderate heat stress temperature 
(Fujise et al. 2014), is a normally inhabitable environmental 
temperature for Acropora tenuis and A. digitifera along the 
coast of southern Japan. The seawater temperature of 30 °C is  
1 °C above the monthly mean of the hottest month at 
Okinawa Island, southern Japan (Kayanne 2017). Hongo 
and Yamano (2013) mentioned that high turbidity caused 
by terrestrial runoff in the post-World War II era could have 
reduced the resilience of tabular and branching Acropora 
spp., including A. digitifera, to severe thermal stress events 
around Okinawa Island. Thus, reducing the terrestrial and 
other impacts would increase the survival of Acropora spp. 
at ~30 °C in the Ryukyu Archipelago. 
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To protect the GBR, the State of Queensland and 
Australian governments set a reef water quality protection 
plan to minimize pollutants from diffuse sources and reduce 
their entry into the GBR (The State of Queensland and 
Commonwealth of Australia 2003). The two major 
objectives were: (1) reducing the load of pollutants in the 
waters entering the GBR and (2) rehabilitating and conserv-
ing the Reef catchment areas involved in removing water-
borne pollutants. The actions undertaken by the Reef Plan 
were not effective in solving the declining water quality in the 
reef (The State of Queensland 2009). Contaminants derived 
from adjacent lands, including suspended sediments, 
nutrients, and pesticides, were in the range of concentrations 
that were likely to cause environmental harm (The State of 
Queensland 2009). Therefore, the Reef Water Quality Pro-
tection Plan was updated to reduce the runoff of photosystem 
II-inhibiting herbicides, including Diuron, which is one of the 
dominant herbicides used in Okinawa (Takeuchi 2023b), 
decrease nitrogen, phosphorus, and total suspended solids 
from agricultural land, and promote improved land manage-
ment practices (The State of Queensland 2009). 

Takeuchi (2023a, b) reported that gross domestic product 
(GDP) density values and pesticide use are high in countries 
around the East China Sea. These intensive economic and 
agricultural activities lead to a decline in terrestrial water 
quality on the islands of the Ryukyu Archipelago (Yamano 
et al. 2015; Takeuchi 2023b) (Fig. 10.2). The biological 
oxygen demand (BOD) and suspended particulate matter 
(SPM) at river mouths is indicative of strong positive 
relationships with human population density within river 
catchment areas along the coast of Okinawa Island (West 
and Van Woesik 2001).

Sewage is discharged in waters surrounding more than 
90% of coral reefs in the world (Wear and Thurber 2015). 
Wear and Thurber (2015) reviewed the occurrence of multi-
ple stressors in sewage, such as freshwater, inorganic 
nutrients, pathogens, endocrine disrupters, suspended solids, 
sediments, and heavy metals, on coral growth and/or repro-
duction. In Florida Keys, Florida, USA, the release of sewage 
induces white pox in hermatypic coral Acropora palmata via 
the fecal enterobacterium Serratia marcescens (Sutherland 
et al. 2010). Most public sewage systems in Japan are 
operated by a conventional activated sludge system, which 
is composed of an aeration tank (first tank) for biological 
degradation and a sedimentation tank (second clarifier) for 
separating solid sludge from wastewater. Takeda et al. (2018) 
estimated that the treatment waters of Okinawa Prefecture 
contain several anthropogenic chemicals including linear 
alkylbenzene sulfonate (LAS) at high levels (see 
Takeuchi 2023b). Thus, the present public sewage system 
seems to be therefore insufficient for avoiding ecological 
risks for the coral reefs on the islands of Okinawa Prefecture. 
The sewerage population rate of Okinawa Prefecture is 
72.0% and lower than the average of 79.7% estimated for 
Japan (Okinawa Prefecture 2021). High concentrations of 
pharmaceutical and personal care products (PPCPs) have 
been detected in the rivers of southern Okinawa Island 
(Mano et al. 2017). This indicates inefficient onsite treatment 
facilities for areas that are not connected to public systematic 
sewage systems. Sewerage development in Ishigaki City, 
Okinawa Prefecture, started not in the downtown area of 
southern Ishigaki Island but in the Kabira District (Ishigaki 
City 2020). This district is located in the northern part of the 
island facing Kabira Bay, which is known for black pearl 
aquaculture and is a major tourist destination for its coral 
reefs with >200 species of corals (Ishigaki City 2020). The 
local governments, at least that of Ishigaki City, are aware of 
the challenges coral reef conservation faces in relation to 
onsite treatment facilities. Thus, as a first step, promoting a 
network of systematic public sewage systems. is urgently 
required, while the current public sewage system is insuffi-
cient (see Takeuchi 2023b). 

Mitchell (2020) recently mentioned serious environmental 
threats to Okinawa associated with per- and polyfluoroalkyl 
substances (PFASs) and other chemicals originating from 
military bases. The tourism sector has grown considerably 
over the last two decades in the Pulau Redang and Pulau 
Tioman coral resort islands located off the east coast of 
Peninsular Malaysia, and minimal sewage treatment could 
threaten the resilience of coral reefs (Lachs et al. 2019). 
Similar situation is expected for the islands of the Ryukyu 
Archipelago, where tourism is one of the dominant economic 
sectors (Okinawa Prefecture 2018) and the sewerage rate of 
Okinawa Prefecture is lower than the Japan’s average 
(Okinawa Prefecture 2021). Livestock wastes are also



considered the source of pollutants in rivers and tidal flats of 
Okinawa Island (Tashiro et al. 2003; Mano et al. 2017). In 
addition to these terrestrial anthropogenic impacts, Takeuchi 
(2023b) confirmed anthropogenic contamination originating 
from antifouling paints in the coastal regions of the Ryukyu 
Archipelago. 
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Fig. 10.2 Concept for the coral reef conservation along the coasts of the Ryukyu Archipelago in the East China Sea. FAIR, findable, accessible, 
interoperable, and reusable data, was advocated by Quay et al. (2022)

There are two cross-disciplinary movements 
revolutionizing the storage and management of 
scientific data: “Open Science” initiative for reducing 
restrictions to accessing scientific data, and making data 
findable, accessible, interoperable, and reusable (FAIR) 
(Quay et al. 2022). Quay et al. (2022) advocates for FAIR 
and open (FAIR/O) data standards in water treatment 
research. Data integrity in the water treatment research sector 
is often limited by a small number of observational datasets 
and inadequate data documentation (Quay et al. 2022). 
Strong integration research requires the use of underlying 
research data, easy recombination with other interoperable 
research datasets, and holistic evaluation of integrated data 

(Quay et al. 2022). This situation, as defined by Quay et al. 
(2022) along with the analysis of ecotoxicity of anthropo-
genic chemicals, would be applicable to water quality moni-
toring of coral reefs under various anthropogenic stresses. 

Recently, Zhang et al. (2021) studied the occurrence and 
distribution of 484 chemicals, including 296 pesticides and 
156 pharmaceuticals, in mariculture areas and rivers of 
Dailan flowing into the Yellow Sea, north of the East China 
Sea. The authors utilized liquid chromatography-quadrupole 
time-of-flight mass spectrometry (LC-QTOF-MS) with 
sequential window acquisition of all theoretical fragment-
ion spectra aquation (SWATH) to identify targeted anthropo-
genic chemicals. LC-QTOF-MS is one of the best analytical 
methods for simultaneous analysis of various chemicals, and 
SWATH is one of the three data acquisition methods for 
simultaneous measurements in LC-QTOF-MS (Kadokami 
and Ueno 2019). 

Since the first report on membrane bioreactor (MBR) 
technology in 1969, MBRs have been increasingly used in



treatment of wastewater with a capacity of up to several 
100,000 population equivalents (p.e.) owing to their capacity 
for controlled biomass retention, improved effluent quality, 
and decreased footprint (Kraume and Drews 2010; Al-Asheh 
et al. 2021). Population equivalent of one is equal to 60 g 
of BOD/24 h, which corresponds to the mean oxygen 
demand of the wastewater produced by one person per day. 
MBR combines biological processes with membrane filtra-
tion, such that treated wastewater is separated from 
microorganisms in a membrane module, and biomass is 
degraded inside a bioreactor tank (Al-Asheh et al. 2021). In 
China, MBR applications have been growing exponentially 
from the first pilot test of 10 m3 /d in 1999 to the first 
application with capacity of 110,000 m3 /d for municipal 
water 10 years later (Li et al. 2019). Beijing Huaifang 
Water Reclamation Plant complicated 2017 possesses the 
capacity of 600,000 m3 /d for municipal water (Li et al. 
2019). To further improve the elimination capacity, hybrid 
MBRs, which are combined with wastewater technologies 
other than the conventional activated sludge process, have 
also been proposed (Kraume and Drews 2010). 
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Fig. 10.3 Size and molecular mass of pollutants and pathogens that can be removed by different water filtering techniques. Adapted with 
permission from Keller et al. (2022, ACS EST Eng 2, 273–291). Copyright (2022) American Chemical Society 

The development of cutting-edge technologies for water 
treatment is required not only for conserving coral reefs but 
also for providing direct potable reuse of treatment water 
(Keller et al. 2022). Figure 10.3 shows the different removal 
performance of each water treatment technology per particle 

size based on Keller et al. (2022). Low-pressure 
microfiltration (MF) and ultrafiltration (UF) membranes are 
suitable for removing large (>200 Da) organic molecules 
after primary and secondary wastewater treatments (Keller 
et al. 2022). Reverse osmosis (RO) membranes remove most 
of the smaller organic molecules (down to 150–200 Da), 
divalent ions, and a fraction of the monovalent ions (Keller 
et al. 2022). Wang et al. (2018) reported that integrated 
membrane systems of MBR treatment with RO or 
nanofiltration (NF) membrane treatment can achieve even 
higher removal rates of >95% for most of PPCPs in munici-
pal wastewater. At least several compounds of PPCPs induce 
damages to corals and other marine invertebrates at environ-
mentally equivalent concentrations (Takeuchi 2023b). Mano 
et al. (2017) reported that the recharge of rivers with 
reclaimed water subjected to advanced treatment (RO or 
NF) could improve the water quality of the rivers in southern 
Okinawa Island by diluting the concentrations of PPCPs. The 
use of an ion-exchange resin cartridge or RO is recommended 
when making artificial seawater for eco-toxicological 
experiments on Acropora spp. and for rearing ornamental 
corals (Takeuchi and Takayama 2023). 

As the energy required per unit of treated water increases 
significantly, it is critical to consider the energy consumption 
for operating water treatment systems (Keller et al. 2022). A 
treatment system with RO (or NF) has 80–90% higher energy



requirements than alternatives such as microfiltration-
ozone-biological activated carbon (MF-O3-BAC) (Keller 
et al. 2022). While RO or equivalent filtering equipment is 
needed to control the concentration of PPCPs, the energy 
efficiency of these high-quality systems becomes an impor-
tant factor in the selection of wastewater treatments. It is 
desirable to develop RO or an equivalent technology that 
can remove PPCPs with best economical running costs and 
energy consumption. 
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Recently, various renewable energy sources, such as solar 
thermal technologies, wind, hydroelectric, biomass and geo-
thermal energy, as well as hybrid systems based on these 
technologies, have been used for desalination of seawater for 
industrial and household purposes, including drinking water, 
industry, and crop irrigation (Bundschuh et al. 2021). For 
islands, such as the Ryukyu Islands, the introduction of 
renewable energy will contribute to the development of 
effective and economical water treatment technologies and 
positively affect the conservation of coral reef environments. 

Thus, the innovation of more effective technologies in 
water treatment systems and on-site treatment facilities 
should concentrate on two points, improvement of the 
removal efficiency and energy costs. 

10.3 Selecting Area less Affected by 
Continental Anthropogenic Pressures 

The coastal region of the East China Sea is the area with the 
highest frequency of pesticide use worldwide (see Takeuchi 
2023a). Pesticide production and usage in China have been 
rapidly increasing since 1990, positioning China among the 
top producers and consumers of pesticides in the 2010s 
(Grung et al. 2015). The seasonal fluctuation in the concen-
tration of hexachlorocyclohexanes (HCH) and 
dichlorodiphenyltrichloroethane and its metabolites (DDT) 
in the East China Sea and northern South China Sea suggests 
long-range oceanic transport into the Western Pacific from 
these marginal seas (Ya et al. 2019). Takeuchi (2023b) 
estimated that the prevailing northwest wind in winter drives 
anthropogenic contamination and plastic wastes originating 
from China over the Ryukyu Archipelago via the surface 
layer of the East China Sea. A survey conducted nearly 
20 years ago confirmed that marine debris originating from 
southern China and Taiwan Island washes up on the coasts of 
the Ryukyu Archipelago (Fujieda et al. 2006). Thus, the 
analysis of stranded marine debris can help in the selection 
of coral reefs less affected by continental anthropogenic 
pressures. Takeuchi (2023b) recorded the stranding of pum-
ice from a volcano near the Ogasawara Islands on the north-
ern coast of Okinawa Island. Coral reefs along the coast 
where large amounts of pumice wash up are likely exposed 
to contaminants from the continent and Taiwan Island. 

Surface currents on the ocean, however, are the most 
complex flows dominated by non-homogeneous, 
non-isotropic, and non-stationary processes with temporal 
variability on an hourly to yearly time scale (Choi et al. 
2021). A major breakthrough in the technology for 
generating surface currents has been facilitated by the 
advancement of satellite remote sensing (Choi et al. 2021). 
Choi et al. (2021) proposed a strategy for the production of 
operational surface currents using geostationary satellite data, 
the particle image velocimetry (PIV) method, and deep 
learning-based evaluation for estimating real-time ocean sur-
face currents. This strategy enables identification of priority 
places for conservation likely not affected by anthropogenic 
effects of continental and Taiwan Island origin (Fig. 10.2). 

10.4 Selecting Mitigating Areas Under 
Climate Change 

The coral reefs situated along the Ryukyu Archipelago are 
located in the areas where the progress of climate change is 
relatively slow due to the complicated topography of the 
islands of the Archipelago (Takeuchi 2023b). The rate of 
increase in seawater temperature in the Sakishima Islands 
locating western part of the Ryukyu Archipelago is lower 
than that in the seas around Japan (Japan Meteorological 
Agency 2021; Takeuchi 2023b). The slower acidification of 
seawater near the Ryukyu Archipelago has also been reported 
(Lui et al. 2015; Takeuchi 2023b). 

A relatively large upwelling of deeper water is present in 
the Pacific near the Ryukyu Archipelago (Gopalakrishnan 
et al. 2013). The simulations of Gopalakrishnan et al. 
(2013) indicated the presence of upwelling and associated 
cyclonic circulation, including the Taiwan Strait outflow 
induced by the northward flow of the Kuroshio Current 
northeast of Taiwan. They estimated that a cold-water patch 
(3 °C colder than the ambient water at 50 m depth at the 
approximately 100 km spatial scale) extended to the Mien-
Hua Canyon, nearly 100 km northeast of Taiwan on the 
continental shelf of the East China Sea. Their model also 
predicted that upwelling events occur more frequently in 
spring and summer, when the core of the Kuroshio tends to 
flow away from the east coast of Taiwan, than in autumn and 
winter, when the core of the Kuroshio is located closer to the 
east coast of Taiwan (Gopalakrishnan et al. 2013). 

The Okinawa Trough, with a depth greater than 2000 m, is 
separated from the Pacific by a submarine ridge associated 
with the Ryukyu Archipelago (Nishina et al. 2016). The 
Kerama Gap, located south of Okinawa Island, is narrow 
(50 km wide), but an 1100 m deep channel connecting the 
Pacific to the Okinawa Trough (Nishina et al. 2016). The 
strong turbulent mixing in the Kerama Gap caused by the 
breaking of internal gravity waves and/or hydraulic jumps



also supplies buoyancy for upwelling deep water over the 
southern Okinawa Trough (Nishina et al. 2016). 
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The Kuroshio Current across the Tokara Strait, north of 
the Amami Islands, flows from the East China Sea to the 
Pacific Ocean. The Kuroshio Current strongly interacts with 
the topography around the Tokara Strait (Liu et al. 2019). The 
lees of Tokara Islands drive in the upwelling current that is 
0.3–0.5 °C colder than the surrounding waters (Liu et al. 
2019). 

In addition to these relatively large-scale upwellings, local 
internal tides have been reported from several places along 
the west coast of Okinawa Island (Nakaza et al. 2006; Rouf 
and Nakaza 2014). Rouf and Nakaza (2014) recorded the 
occurrence of a cross-shore intertidal current, together with 
a current flowing nearly parallel to the coastline at Genka 
Bay, northwest of Okinawa Island. The intertidal current 
changes the vertical temperature profile, even near the shore 
regions (Rouf and Nakaza 2014). Thus, intertidal currents are 
considered to form a unique cooling system that is stronger in 
the summer (Rouf and Nakaza 2014). The same cold inter-
tidal current toward the coastlines was also observed near the 
Zampa Cave close to the middle of the west coast of Okinawa 
Island (Nakaza et al. 2006). 

Thus, the complicated topography along the Ryukyu 
Islands would interfere with various sizes of upwelling and 
local intertidal currents, both of which bring cold waters, 
especially in summer (Gopalakrishnan et al. 2013; Rouf and 
Nakaza 2014). These deeper seawaters might be less 
contaminated with various anthropogenic chemicals than 
surface waters. Thus, the coral reefs there might avoid a 
drastic decline at seawater temperature of 1.5 °C above the 
pre-industrial level (IPCC 2018). 

Detailed oceanographic observations for elucidating 
localities and scales of upwelling and intertidal currents 
lead to the identification of prioritized areas for coral reef 
conservation, where the increase in seawater temperature and 
decrease in pH are mitigated under climate change 
(Fig. 10.2). 

The southern coast of Sesoko Island is one of the places 
that might be less influenced by continental pollutions and be 
exposed to local currents. When the sea level rises from low 
tide to high tide, seawater flows along the southern coast of 
Sesoko Island from the East China Sea side to Okinawa 
Island. Although Acropora is the most declined hermatypic 
coral along the coast of Okinawa Islands (Hongo and 
Yamano 2013; Harii et al. 2014), the dense community 
composed of large table-like and bush-like Acropora spp. 
continues to survive there (Fig. 10.4), unlike the coral reefs 
off the southeastern coast of Sesoko Island (Sakai et al. 2019; 
Takeuchi and Yamashiro 2022). An extremely large micro-

atoll type of Porites colony >10 m in diameter was recently 
found near the Acropora community (Takeuchi and 
Yamashiro 2017).

10.5 Prompt Coral Reef Monitoring 
Technology 

Recent developments in advanced technologies have enabled 
a previously unimaginable prompt and cost-effective moni-
toring of coral reefs. 

Monitoring of coral reef ecosystems requires prompt feed-
back, especially during coral bleaching. Drones (unmanned 
aerial vehicles, UAV) can capture detailed imagery of coral 
reefs with pixel size on the order of centimeters and with high 
flexibility in timing and frequency of image capture (Joyce 
et al. 2019). A series of downward images captured from one 
or more drone flights can be stitched together to produce 
image mosaics or orthomosaics (see Joyce et al. 2019, 
Takeuchi and Yamashiro 2022). David et al. (2021) 
reconstructed shallow-water reefs (<1 m) using consumer-
grade UAVs and structure from motion–multi view stereo 
(SfM-MVS) techniques and obtained the best results by 
placing ground control points in water with no refraction 
correction. 

Underwater structure from motion (SfM) photogrammetry 
is another increasingly relevant technique for mapping the 
substrate complexity of shallow-water environments, includ-
ing coral reefs (Bayley and Mogg 2020; Ventura et al. 2022). 
Bayley and Mogg (2020) reported a protocol for the collec-
tion, analysis, and display of 3D coral reef data using primar-
ily open-source software. Ventura et al. (2022) provided an 
SfM-based protocol for monitoring seagrass communities 
based on the images obtained by a SCUBA diver aided by a 
diver propulsion vehicle (DPV) equipped with a de facto 
action camera, GoPro Hero 5 Black (Ventura et al. 2022). 
Mizuno et al. (2020) developed an efficient image collection 
system using the “Speedy Sea Scanner (SSS)” in which six 
digital cameras were set up on a towed body for coral reef 
survey. The SSS was towed like a glider by a boat at a speed 
of 2–3 knots during the survey (Mizuno et al. 2020). The 
recent rapid development of electric surfboards (Chakravarthi 
2020) with action cameras aids the prompt monitoring of 
coral reefs. 

Enhancing the comparability of nutrient concentrations 
using different methods in seawater is required to augment 
the quality and utility of measured concentrations in global 
databases (Daniel et al. 2020). Daniel et al. (2020) discussed 
the standardization of technical and analytical controls car-
ried out on three dominant types of nutrient sensors currently



available in situ: wet chemical analyzers, ultraviolet optical 
sensors, and electrochemical sensors. Wei et al. (2021) 
reported that electrochemical technologies are the most suit-
able candidates for marine nutrient monitoring systems 
because of their miniaturization, low reagent consumption, 

and easy combination with automated devices. Mowlem et al. 
(2021) reviewed the development of in situ lab-on-chip 
(LOC) technology using microfluidics. As of 2021, nitrate, 
nitrite, phosphate, silicate, iron, and pH sensors are currently 
commercially available (Mowlem et al. 2021). LOC sensors
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Fig. 10.4 Healthy Acropora community off the southern coast of Sesoko Island located northwest of Okinawa Island. a, Location on the map; b, 
Aerial image taken on 13 July 2018 using a DJI Phantom 4 Professional (DJI Co. Ltd., Guangdong, China)



that can be used for the turbulence environment in shallow 
coral reefs around small islands have been developed. 
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10.6 Cutting-Edge Technologies of Coral 
Ecotoxicology Assays 

Organisms are exposed to a mixture of thousands of natural 
and anthropogenic chemicals throughout their lifetime 
(Scholz et al. 2022). Monitoring anthropogenic chemicals in 
water based on chemical analysis alone cannot assess 
the toxicity of these chemicals to aquatic species and 
ecosystems (Schuijt et al. 2021). The anthropogenic 
chemicals and their mixtures induce various stresses at the 
sub-organism level, including xenobiotic metabolism, oxida-
tive stress, genotoxicity, photosynthesis inhibition, neurotox-
icity, endocrine disruption, cellular energy metabolism, 
immunotoxicity, hematological markers, and histopathology 
(Schuijt et al. 2021). 

Recently, the behavioral response of bivalves to anthropo-
genic chemicals have been used as a biomarker to monitor 
various anthropogenic chemical substances and hypoxic 
water (Hartmann et al. 2016; Chmist et al. 2019; Oh et al. 
2021; Mbah et al. 2021). Modern software and “Hall sensor” 
technology have enabled real-time monitoring of the mussel 
filtration behavior at a very high resolution (Hartmann et al. 
2016). The Hall sensor is a magnetoelectric device for mea-
suring unusual valve movements originally developed for 
early detection of noxious blooms of the dinoflagellate 
Heterocapsa circularisquama (Nagai et al. 2006). Oh et al. 
(2021) developed a monitoring system using shell valve 
movements (SVMs) of the Pacific oyster Crassostrea gigas 
for hypoxic water. The SVMs were continuously recorded in 
a data logger as the changes in the output voltages 
(mV) between the Hall element sensor attached to the left 
valve and the magnet on the right valve (Oh et al. 2021). 
The Okinawa Prefectural Fisheries Experiment Station has 
been conducting the seeding production of three species of 
giant clams, Tridacna crocea, T. derasa, and T. squamosa, 
and the distribution of their juveniles to local fishery 
associations for further aquaculture (Iwai et al. 2006). 
Thus, aquacultured giant clams would be suitable for 
biomonitoring of various stresses in coral reefs around the 
East China Sea. 

Various cutting-edge biomonitoring technologies have 
been developed in recent times. A microbial fuel cell 
(MFC), a small device that converts chemical energy into 
electricity through the catalytic activities of microorganisms, 
is considered a prospective alternative energy source, waste-
water treatment process, and biosensor for oxygen and 
pollutants (Kim et al. 2007). ElMekawy et al. (2018) reported 
that MFC-based biosensors have outstanding potential for the 
rapid and real-time monitoring of water source quality. 

As Campana and Wlodkowic (2018) pointed out, 
microfluidic lab-on-a-chip technologies are one of the most 
remarkable outcomes of bioengineering, enabling the devel-
opment of an entirely new generation of bioanalytical instru-
mentation. The “organ-on-a-chip” is a system containing 
engineered or natural miniature tissues grown inside 
microfluidic systems (Leung et al. 2022). Shapiro et al. 
(2016) designed a coral-on-a-chip using a silicone elastomer 
that could keep a single polyp of Pocillopora damicornis on a 
simple straight channel (4 cm × 3 mm  × 0.1 mm) on the upper 
surface of a rectangular plate made of silicone elastomer 
(Fig. 10.5). The experimental system reported by Shapiro 
et al. (2016) is extremely compact compared with those 
reported in this book (Takeuchi and Takayama 2023). Pang 
et al. (2020) maintained bailed-out single polyps of 
P. damicornis for more than 15 days on a microfluidic chip 
they developed. A single polyp of P. damicornis bailed out 
due to an increase in salinity (Shapiro et al. 2016) or calcium-
free artificial seawater (Pang et al. 2020). Once a general 
bailing or dividing method that can be implemented for 
other coral genera including Acropora is established, coral-
on-a chip combined with comparative transcriptomic gene 
analysis (Ishibashi and Takeuchi 2023) will enable various 
types of experiments for prompt and high accuracy evalua-
tion of suitable environments for corals.

10.7 Conservation of Coral Reefs Under 
Increasing Sea Level 

Due to the climate change, the seawater level is estimated to 
rise from +0.30 m to +1.30 m over the twenty-first century 
according to the Representative Concentration Pathway 
(RCP) 2.6 and RCP 8.5, respectively (OECD 2019). The 
reinforcement of typhoons triggered by climate change will 
also increase the risk of coastal damage by increasing wave 
height over coral reefs at the coastline due to wave setup 
influenced by rising wave height in the outer ocean (Hongo 
and Kiguchi 2021). Hongo and Kiguchi (2021) estimated that 
reef production at a rate of 3–10 kg CaCO3/m

2 /y by 2100 is 
required to maintain a healthy reef. This rate of reef produc-
tion entails vigorous growth of corals and other calcareous 
organisms, including the green algae Halimeda spp. (Hongo 
and Kiguchi 2021). Moreover, the construction of artificial 
structures along shorelines has recently increased because of 
societal responses to reduce flood and erosion risks from 
rising sea levels and more extreme storms resulting from 
climate change (Morris et al. 2019). 

Thus, the development of artificially enhanced healthy 
coral reefs for reducing the risks to seashore line and rein-
forcement typhoons caused by climate change is one of the 
matters that needs urgent action. The coral reefs along the 
coasts of the islands in the East China Sea are in the areas



with high GDP (Takeuchi 2023a). The ecologically 
engineered shorelines should be designed to be multifunc-
tional with potentially valuable benefits to multiple 
stakeholders, as each of them has their own objectives (see 
Morris et al. 2019). 
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Fig. 10.5 Schematic diagram of the workflow for setting up the coral on-a-chip platform using bailing out polyp of Pocillopora damicornis. 
Figure is reprinted from Shapiro et al. (2016, Nat Commun 7, 10860) under Creative Commons CCBY

Omori (2019) reviewed the research and technologies for 
coral restoration. A large number of small fragments 
separated from donor colonies should be attached to artificial 
substrata and kept in a nursery for some time until they grow 
to an adequate size for outplanting (Omori 2019). Two 
underwater farms for donor colonies were established off 
Onna Village on the west coast of Okinawa Island (Zayasu 
and Shinzato 2016; Higa et al. 2017). One of the major 
techniques employed in the farms is the coral pole culture 
method (Hibitate-shiki in Japanese), in which donor coral 
colonies are attached on forested iron poles 50 cm above 
the seafloor at a depth of 2–3 m (Higa et al. 2017; Omori 
2019). Underwater farms become spawning hubs that pro-
duce millions of larvae near coastal areas (Zayasu and 
Shinzato 2016; Higa et al. 2017; Omori 2019). 

Recently, 3D printers have been used to construct a wide 
range of substrates, from tiny bionic corals to artificial coral 
reefs, for coral reef conservation (Lange et al. 2020; 
Wangpraseurt et al. 2020; Albalawi et al. 2021). Lange 
et al. (2020) developed a method for creating artificial reef 
creatures on hexagonal, solid, 152–228 cm in diameter, clay 
tiles using a robotic 3D printing method. Albalawi et al. 
(2021) presented a new eco-friendly and sustainable 
approach, “3D CoraPrint,” using 3D scanning based on natu-
ral coral skeletons (Fig. 10.6). They developed a coral-like 
printable calcium carbonate photoinitiated ink (CCP) by 

mixing calcium carbonate with a commercially available 
photocurable resin (Albalawi et al. 2021). A live coral was 
scanned using the Creaform scanning system and converted 
to the coral’s physical structure using a computer-aided 
design (CAD) model (Albalawi et al. 2021). Then, the CCP 
coral model was made directly or by polylactic acid (PLA) 
molding (Albalawi et al. 2021). Wangpraseurt et al. (2020) 
developed 3D-printed bionic corals produced with a 3D 
bioprinting platform. The 3D printed bionic corals mimic 
the morphological features of living coral tissue and the 
underlying skeleton with micron resolution (Wangpraseurt 
et al. 2020). These bionic corals could maintain microalgae 
with high densities of up to 109 cells/mL (Wangpraseurt et al. 
2020). Thus, manipulations using artificial substrates made 
by 3D printers will contribute to the faster development of 
coral reef ecosystems under rising sea surface conditions in 
the near future.

Studies on the production of coral reef ecosystems under 
the rising sea level and various cutting-edge technologies are 
a research project of imminent importance. These studies 
could also help to improve various aspects of the quality of 
life of residences on coral reef islands along the East 
China Sea. 

Recent rapid advances in cutting-edge science and tech-
nology allow us to do things that were considered extremely 
challenging several decades ago. For example, the COVID-
19 pandemic has led to a tech-celebration in healthcare, with 
the adoption of telemedicine taking place almost overnight 
(Cowie and Lam 2021). Remote consultation and monitor-
ing, including mobile health and wearable tools, are essential 
to replace (or at least support) the traditional face-to-face



interaction between clinicians and their patients. Further 
innovations in digital technologies are required to ensure 
rapid feedback in various methods for coral reef monitoring 
in order to conserve reefs under different anthropogenic 
pressures and also to enable a broad range of stakeholders 
to prepare for increasing sea level. 
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Fig. 10.6 Diagram of the 3D CoraPrint’s fabrication methods. Reprinted from graphic abstract with permission from Albalawi et al. (2021, ACS 
Sustain Chem. Eng 9, 12634–12645). Copyright (2022) American Chemical Society
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