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Abstract: 
 

 The frequency and severity of global bleaching events are increasing, 

due to the rise of anthropogenic CO2 in the atmosphere. As our oceans keep 

warming up, understanding the mechanisms driving thermal tolerance in reef-

building corals is of outstanding importance. In Kenting National Park, 

southern Taiwan, there is a ‘Variable Site’ (VS) that is influenced by the 

constant hot-water effluent from a nuclear power plant outlet and 

temperatures during the summer can be 3 °C higher that at any other site 

within Kenting. It is also influenced by a monthly upwelling that makes 

seawater temperature to fluctuate up to 8 °C in one day. In this dissertation, I 

collected samples of Leptoria phrygia from the VS and from a ‘Stable Site’ 

(SS) that is not affected by high temperature or high temperature fluctuations 

within Kenting and compared physiological parameters to elucidate the 

mechanisms this species has to survive in the VS (Chapters II and III). 

Results suggest that L. phrygia is a species that presents multi-symbiont 

association and inter-colony variation in SS: most colonies associated with 

Cladocopium spp. (stress-sensitive), some colonies had co-dominance 

between Durusdinium glynnii and Cladocopium spp., and very few associated 

only with D. glynnii (stress-resistant). Meanwhile in the VS, L. phrygia 

associated all year long with D. glynnii (>90% dominance). I found out that 

only those colonies with a co-dominance exhibited temporal variation, and I 

hypothesize that those co-dominant colonies might be able to survive future 

scenarios of climate change by modifying the relative abundance of both 

symbionts. If the environment becomes stressful, it becomes Durusdinium-

dominant similar to the current situation in the VS.  

 Furthermore, I performed a reciprocal transplantation experiment with 

L. phrygia and Porites lutea between both sites, to understand the 

acclimatisation processes to thermal stress (in the summer) and to high 

temperature variation throughout the year (Chapter IV). Results indicate that 

both species have different mechanisms to resist stress and to acclimatise to 

their new environment. Leptoria phrygia is dependent on the different 

Symbiodiniaceae association and is able to acclimatise faster than P. lutea, 

 



	 iii	

but only if it presents co-dominance of Cladocopium spp. and Durusdinium 

spp. within the colony. If they are >90% Cladocopium-dominant, then they 

cannot survive high temperatures in the summer in VS. In contrast, P. lutea 

acclimatise to the new environment slower and modified both partners 

physiology to confront changes in the environment. The results of this 

dissertation increase our knowledge on coral physiology and specifically on 

the differences between species. Even though both species are able to 

acclimatise to rapid changes in climate using different mechanisms, it is 

imperative to change completely our societal dependence on fossil fuels, in 

order to address the root causes of climate change. 

 

 

Keywords: Leptoria phrygia, Acclimatisation, High temperature variability, 

Kenting, Porites lutea, Durusdinium, Cladocopium.  
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CHAPTER I: General Introduction 

Background 

Since the last century, scleractinian coral reef ecosystems have 

undergone a decrease in biodiversity and ecological functioning (Wilkinson 

2000, Gardner et al. 2003, Pandolfi et al. 2003, Bruno and Selig 2007, De’ath 

et al. 2012), formerly attributed to the direct and indirect effects of overfishing 

(Jackson et al. 2001, Valentine and Heck 2005), pollution from agriculture, 

sewage runoff, and land development (Dubinsky and Stambler 1996, 

McCulloch et al. 2003, Fabricius 2005). Currently, along with the exponential 

increase of the human population (Cohen 1995) and our societal dependence 

on carbon fossil fuels, these local threats have been compounded by the 

impacts of global climate change in the oceans (Hughes et al. 2003, Hoegh-

Guldberg et al. 2007, D’Angelo and Wiedenmann 2014). The impact of 

increasing greenhouse gases in the atmosphere is leading to a global 

increase in seawater temperatures that has caused mass bleaching events 

(Hoegh-Guldberg 1999, Fitt et al. 2001, Coles and Brown 2003, Hughes et al. 

2003, Hoegh-Guldberg et al. 2007). These global bleaching events are 

becoming more frequent (1998, 2010 and 2014–17) and severe (Hoegh-

Guldberg 1999, Hoegh-Guldberg et al. 2007, Heron et al. 2016, Hughes et al. 

2017a, Hughes et al. 2017b, Eakin et al. 2019, Skirving et al. 2019), leaving 

coral reefs vulnerable and unable to recover. The 2014–2017 mass bleaching 

event, which lasted 36 months and spanned four calendar years, was the 

longest-lasting, most widespread, and probably most damaging event on 

record (Ku‘ulei et al. 2017, Frade et al. 2018, Burt et al. 2019, Eakin et al. 

 



Chapter	I:	General	Introduction	

	 2	

2019, Harrison et al. 2019, Head et al. 2019, Raymundo et al. 2019, Skirving 

et al. 2019, Vargas-Ángel et al. 2019), and stands out as unique by spanning 

all phases of the El Niño-Southern Oscillation cycle of 2017, being the 

warmest non-El Niño year ever recorded (Hartfield et al. 2018, Eakin et al. 

2019). Therefore, it is of great importance to understand the mechanisms 

corals have to survive thermal stress and to study which species will be able 

to survive these bleaching events. 

Coral bleaching is defined as the loss of colour, due to the partial or 

total loss of Symbiodiniaceae dinoflagellates and/or the reduction of their 

photosynthetic pigments, that exposes the white calcium carbonate of the 

coral skeleton (Figure 1A) (Glynn 1993, Douglas 2003). Bleaching is a 

generalized stress response to environmental perturbations such as aerial 

exposure, sedimentation, eutrophication, exposure to heavy metals, high UV 

radiation, and extreme changes in salinity and temperature (Glynn 1993, 

Brown 1997b, Coles and Brown 2003, Obura 2009), however, at large scales 

is triggered by high seawater temperatures (exceeding normal summer 

maxima) in combination with high solar radiation (Glynn 1993, Brown 1997b, 

Fitt et al. 2001, Coles and Brown 2003, Douglas 2003, Hughes et al. 2003, 

Jokiel 2004). Scleractinian corals possess molecular protective mechanisms, 

such as heat shock proteins and antioxidant enzymes to resist thermal stress 

(Brown 1997b, Coles and Brown 2003, Lesser 2006), or mycosporine amino 

acids (MAA) and fluorescent pigments to resist light stress (Figure 1B) (Brown 

1997b, Salih et al. 2000, Shick and Dunlap 2002, Coles and Brown 2003). 

The cellular mechanism of bleaching starts with the photoinhibition process 

within the photosynthetic apparatus of the endosymbionts, which results in the 
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build-up of free electrons that react to form reactive oxygen species (ROS) 

(Tchernov et al. 2004, Weis 2008). The proliferation of harmful ROS leads to 

the degradation, exocytosis, or apoptosis of symbiont cells by the coral host 

(Weis 2008), in order to avoid cellular damage (Lesser 2006). If the duration 

of the thermal stress extends beyond their physiological ability to recover, 

corals cannot survive without their main symbiotic partners (Glynn 1993, Fitt 

et al. 2001, Jokiel 2004). Even though the molecular process of bleaching is 

similar across coral species, variations in the mechanism to resist and survive 

thermal stress exist among different coral species (Figure 1B,C) (Coles and 

Brown 2003, Douglas 2003, Jokiel 2004).  

 

Mechanisms to survive thermal stress 

1. Thermally tolerant endosymbionts  

 By associating with stress-resistant symbionts some coral species are 

able to acquire increased thermal tolerance (Table 1). Within the 

Symbiodiniaceae, species like Durusdinium spp. (previously clade D) (Rowan 

2004, Berkelmans and van Oppen 2006, Stat and Gates 2011), Cladocopium 

C15 (Levas et al. 2013) and C. thermophilum C3 (Hume et al. 2015, Hume et 

al. 2016) are resistant to thermal stress. Dinoflagellates in the genus 

Durusdinium are extremophiles inhabiting stressful environments of thermal 

stress, high temperature fluctuations, sedimentation and high-latitudinal 

marginal reefs (Chen et al. 2003, Chen et al. 2005, Lien et al. 2007, 

LaJeunesse et al. 2010a, Hsu et al. 2012, Keshavmurthy et al. 2012 , 

Keshavmurthy et al. 2014, Wham et al. 2017, Kao et al. 2018, LaJeunesse et 
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al. 2018, Carballo-Bolaños et al. 2019). In recent decades, Durusdinium spp. 

have generated a lot of interest because it proliferates in bleached  
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Figure 1. A. Onset of a bleaching process in a colony of Acropora spp., 
in Kenting, Taiwan 2015 (Photo: J. Wei); B. Bleaching event showing 
colonies with fluorescent pigments as a protective mechanism (a) and 
already bleached colonies (b), in Okinawa, Japan 2016 (Photo: S.-Y. 
Yang); C. Intra‐specific: between Montipora spp. colonies (a) and 
between Isopora palifera colonies (b), inter‐specific: between Montipora 
spp. and I. palifera colonies (c) and intra‐colony: within Leptoria phrygia 
colony (d) responses to thermal stress in Kenting, Taiwan 2016 (Photo: 
R. Carballo-Bolaños). 

 

corals (Jones et al. 2008, Lajeunesse et al. 2009, Hsu et al. 2012, Silverstein 

et al. 2015, Kao et al. 2018), protecting against thermal stress by providing 1 

to 1.5 °C of thermal tolerance (Berkelmans and van Oppen 2006). 

Durusdinium spp. maintain high photochemical efficiency when exposed to 

high temperatures compared to symbionts from other genera (Breviolum or 

Cladocopium) (Rowan 2004, Oliver and Palumbi 2011a, Cunning et al. 2017) 

and are able to fix more carbon and assimilate more nitrogen (Baker et al. 

2013b). Furthermore, D. trenchii has been found to provide tolerance to cold 

stress too (LaJeunesse et al. 2010b, Silverstein et al. 2017).  

Some species of corals are capable of shifting the relative abundance of 

their dominant symbionts when exposed to thermal stress; background 

symbionts, which can represent <10% of the overall Symbiodiniaceae 

community (Mieog et al. 2007, Kao et al. 2018), become dominant, conferring 

thermal tolerance to the holobiont. Even though many coral species are able 

to associate with a heterogeneous community of Symbiodiniaceae (Baker 

2003, Silverstein et al. 2012), others do not change their dominant symbiont 

even when bleaching (Goulet 2006), showing a long-term symbiotic 

adaptation between coral host and its dominant symbiont (Thornhill et al. 

2006a, Thornhill et al. 2006b, Stat et al. 2009, Thornhill et al. 2009).  
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Table 1. Summary of the different mechanisms of resistance to thermal 
stress. 
	

Mechanism Description References 
Association with thermally 

tolerant endosymbionts 

Increased thermal tolerance by association 
with stress resistant symbionts, e.g.: 
Durusdinium spp. 

(Chen et al. 2003, Rowan 2004, Chen et al. 2005, Berkelmans 
and van Oppen 2006, Hsu et al. 2012, Keshavmurthy et al. 
2014, Cunning et al. 2015, Silverstein et al. 2015, Wham et al. 
2017, Kao et al. 2018, Carballo-Bolaños et al. 2019) 

A
cc

lim
at

is
a-

tio
n 

Thermal stress 
After experiencing thermal stress, corals 
show a ‘thermal memory’ and react better 
to subsequent thermal stress 

(Maynard et al. 2008, Middlebrook et al. 2008, Bellantuono et 
al. 2012, Guest et al. 2012, Brown et al. 2015, Putnam and 
Gates 2015, Fisch et al. 2019) 

High temperature 
variability 

Corals living in places with high 
temperature variability show better respond 
to thermal stress 

(Thompson and van Woesik 2009, Oliver and Palumbi 2011a, 
Mayfield et al. 2013, Palumbi et al. 2014, Safaie et al. 2018) 

Adaptation 
Changes in the genetic composition 
transfer to the next generation through 
natural selection 

(Van Oppen et al. 2011, Howells et al. 2012, Fine et al. 2013, 
Dixon et al. 2015, Chakravarti et al. 2017, Krueger et al. 2017, 
Torda et al. 2017, Eirin-Lopez and Putnam 2019) 

Heterotrophy (Mixotrophy) Corals ingest all nutrients that cannot 
receive from the symbionts 

(Grottoli et al. 2006, Rodrigues and Grottoli 2007, Borell and 
Bischof 2008, Borell et al. 2008, Anthony et al. 2009, Hughes 
et al. 2010, Hughes and Grottoli 2013, Baumann et al. 2014, 
Grottoli et al. 2014, Levas et al. 2016) 

	
 

2. Acclimatisation (phenotypic plasticity) 

Phenotypic plasticity refers to different phenotypes that can be 

generated from a single genotype in response to different environmental 

conditions (Pigliucci et al. 2006). These phenotypic changes are reversible 

and dependent on the boundaries of each organism’s genotype (Coles and 

Brown 2003). In this context, acclimatisation refers to the phenotypic changes 

of corals in their natural environment, while acclimation refers to short-term 

phenotypic changes under manipulative experimental conditions in the 

laboratory. Previously, in coral reef ecology studies the term ‘phenotypic 

adaptation’ has been used as substitute for ‘acclimatisation’ due to the life 

cycle of most coral species that span many decades (Buddemeier and Fautin 

1993, Brown 1997a, b, Brown and Cossins 2011), but recently with 

technological advances most studies are recognizing that what used to be 

called adaptive processes are in fact acclimatisation processes (Edmunds 

and Gates 2008). 
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Reciprocal transplantation experiments (RTE) are a well-known 

method to quantify acclimatisation mechanisms by measuring differences in 

physiological parameters across environmentally different sites, locations or 

regions. For example, a RTE of Porites lobata between a fore reef (site 

impacted by high wave action, oceanic swells and storms) and back reef 

(sheltered site) at two neighbouring islands in American Samoa, showed 

phenotypic plasticity in mean annual skeletal extension rates, mean bulk 

densities and mean annual calcification rates after only six months, with all 

three variables measured in the transplanted corals approximating values to 

the corals originally from the site (Smith et al. 2007). In another study in the 

Red Sea, Sawall et al. (2015) found optimal calcification rates at 28–29 °C 

throughout all populations of Pocillopora verrucosa with evident differences in 

temperature fluctuations between the northern (21–27 °C) and southern (28–

33 °C) parts of the Red Sea, supporting high phenotypic plasticity due to low 

genetic divergence between north and south coral host populations.  

 

2.1 Thermal stress acclimatisation 

Multiple studies have identified a direct link between thermal 

preconditioning and bleaching susceptibility (Table 1) (Maynard et al. 2008, 

Middlebrook et al. 2008, Bellantuono et al. 2012, Guest et al. 2012, Brown et 

al. 2015, Putnam and Gates 2015, Hawkins and Warner 2017, Coles et al. 

2018, Fisch et al. 2019, Hughes et al. 2019). After exposing corals to short-

term thermal preconditioning experiments, only preconditioned corals did not 

bleach during a heat-stress experiment (Table 2) (Middlebrook et al. 2008, 

Bellantuono et al. 2012), despite maintaining their Symbiodiniaceae and the 
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bacterial community (Bellantuono et al. 2012). Moreover, other studies have 

compared coral responses of the first major mass bleaching event in 1998 

with subsequent stronger bleaching events (Maynard et al. 2008, Guest et al. 

2012). Maynard et al. (2008) surveyed the same sites in 1998 and after a 

more severe bleaching event in 2002, which featured exposure to twice as 

many degree heating weeks (DHW) and 15% higher solar irradiance, corals 

acclimatised, and exhibited less bleaching than in 1998. In a similar study, 

Guest et al. (2012) demonstrated how coral bleaching was less severe after 

the 2010 large-scale bleaching event in Southeast Asia in locations that 

previously showed high bleaching in 1998 (Singapore and Malaysia), and had 

greater historical temperature variability and lower rates of warming. 

Meanwhile, corals in Indonesia were unaffected by bleaching in 1998, but 

showed high mortality in 2010. Consequently, corals acclimatised to previous 

thermal stress events, but also those living in sites with highly variable 

temperatures presented higher tolerance (Guest et al. 2012). 

Brown et al. (2015) demonstrated ‘long-term environmental memory’ 

during the bleaching event in 2010. In 2000, coral colonies were rotated 180° 

in a manipulative experiment (Brown et al. 2000). During the bleaching event 

of 2010, the sides of colonies exposed to high solar radiation before rotation 

in the 2000 experiment, retained four times as many symbionts than the sides 

exposed to low solar radiation, despite experiencing higher radiation for 10 

years (Brown et al. 2015). These experiments provide evidence that long-term 

acclimatisation to local conditions enhances thermal tolerance during 

bleaching events (Table 2). Coles et al. (2018) showed evidence of 

acclimatisation to increasing seawater temperatures by replicating a bleaching 
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experiment from 1970 at the same location in 2010. Because sea-surface 

temperature (SST) has steadily increased 1.13 °C over the last four decades, 

the authors experimentally increased 2.2 °C of ambient temperatures. Corals 

in 2017 showed higher calcification rates, delayed bleaching, and mortality 

compared to corals in 1970 (Table 2) (Coles et al. 2018). Unfortunately, 

despite increased temperature tolerance in local corals, Hawaii suffered high 

coral mortality (34%) during the 2014–2017 global bleaching event, showing 

that high-temperature acclimatisation processes may not be occurring quickly 

enough to mitigate the projected length and intensity of future bleaching 

events (Coles et al. 2018). 

 

2.2 Acclimatisation to high temperature variability 

A series of backreef pools exhibiting tidal temperature variability on the 

island of Ofu, American Samoa, present a unique environment to study 

physiological differences between conspecific corals at small-spatial scales 

(Thomas et al. 2018). Using genetically identical coral fragments in a heat-

stress experiment from both pools, Oliver and Palumbi (2011a) provided 

evidence of increased thermal tolerance when corals have acclimatised to 

high temperature variability (Table 2). Corals from the highly variable (HV) 

pool showed lower mortality and higher photochemical efficiency, while those 

from the moderately variable (MV) pool suffered increased mortality and lower 

photochemical efficiency related to symbiont species. Corals associated with 

Durusdinium spp. exhibited an intermediate decline in photochemical 

efficiency, while those associated with Cladocopium spp. showed the highest 

decline (Oliver and Palumbi 2011a). 
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Table 2. Studies performed to test acclimatisation to thermal stress and 
high temperature variability at different locations around the world.   
 

Study Temp/ 
DHW Duration Location Species Main results Ref. 

Precondition + HSE 
28 °C 

(precond.) 10 d 
GBR, Australia Acropora 

millepora 
No bleaching in pre-
conditioned corals 

(Bellantuo
no et al. 
2012) 31 °C (HSE) 8 d 

Precondition + HSE 
31 °C 

(precond.) 
2 d 

 GBR, Australia Acropora 
aspera 

No bleaching in pre-
conditioned corals 

(Middlebr
ook et al. 

2008) 34 °C (HSE) 6 d 

Comparison 
1998/2002 BE 

DHW = 2002 
> 1998 

Bleaching 
survey GBR, Australia 

Acropora 
spp., 

Pocillopora 
spp., Porites 

spp. 

Less mortality in 2002 
(Maynard 

et al. 
2008) 

Comparison 
1998/2010 BE 

DHW = 
Malaysia + 

Singapore > 
Indonesia 

Bleaching 
survey 

Indonesia, 
Malaysia, 
Singapore 

Acropora 
spp., 

Pocillopora 
spp., 

Low bleaching in 
Malaysia and Singapore 

(Guest et 
al. 2012) 

Survey 2010 BE - Bleaching 
survey Thailand Coelastrea 

aspera 

Less bleaching in high 
irradiance colony sides 
(decadal environmental 

‘memory’) 

(Brown et 
al. 2015) 

Comparison 
1970/2017 HSE 31.4 °C  31 d Hawaii, USA 

Montipora 
capitata, 

Pocillopora 
damicornis, 

Lobactis 
scutaria 

Higher calcification, 
delayed bleaching and 

mortality in 2017  

(Coles et 
al. 2018) 

HSE (HV and MV) 31.5 °C 5 d American 
Samoa 

Acropora 
hyacinthus 

Mortality and 
photochemical efficiency 

decline: 
HV+Durusdinium< 
MV+Durusdinium< 
MV+Cladocopium  

(Oliver 
and 

Palumbi 
2011a) 

HSE from RT (HV 
and MV) 34 °C 3 h American 

Samoa 
Acropora 

hyacinthus 

Acclimatised: MV to HV 
increased heat 

resistance; HV to MV 
reduced chl a retention; 
Different expression of 

74 genes 

(Palumbi 
et al. 
2014) 

HSE (HV and LV) 30 °C 270 d Taiwan Pocillopora 
damicornis, 

Acclimatised: HV = 
control in all parameters 

(Mayfield 
et al. 
2013) 

Comparison 
1998/2005-06 BE 

(HV - LV) 
-  Bleaching 

survey 

Egypt, 
Madagascar, 
Seychelles, 
Australia, 

Guam, Kiribati, 
Cook Islands 

Multiple 
species 

Less bleaching in HV 
sites 

(Thompso
n and van 

Woesik 
2009) 

Comparison 
multiple BEs (HV - 

LV) 
- Bleaching 

survey 

Western 
Indian Ocean, 
Pacific Ocean, 

Caribbean 
Sea, GBR, 
Red Sea  

Multiple 
species 

Less bleaching in HV 
sites 

(Safaie et 
al. 2018) 

HSE = Heat Stress Experiment, HV = High Variable, MV = Moderate Variable, LV = Low 
Variable, RT = Reciprocal Transplantation, BE = Bleaching Event, DHW = Degree Heating 
Weeks, d = days, h = hours, GBR = Great Barrier Reef.  
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Palumbi et al. (2014) performed reciprocal transplantations of corals between 

HV and MV pools and subjected those corals to a heat stress experiment to 

test for acclimatisation responses to thermal stress (Table 2). Corals acquired 

heat sensitivity based on the pool they were transplanted to: MV pool corals 

acquired heat resistance when moved to HV pool, but not to the same extent 

of HV conspecifics, while HV to MV transplantees experienced reduced 

chlorophyll a retention, similar to the levels of native corals	 (Palumbi et al. 

2014). Mayfield et al. (2013) performed a thermal stress experiment with 

corals from a site in Taiwan exhibiting high daily temperature fluctuations and 

found that, under HV conditions, physiological parameters behaved similarly 

to those in control corals, suggesting that individuals living under HV 

temperatures can acclimate to high temperatures that would cause bleaching 

and mortality in unacclimated corals from other regions (Table 2) (Mayfield et 

al. 2013). 	

Some studies have compiled data of past bleaching events, in an effort 

to link patterns of bleaching susceptibility within sites under high temperature 

variability, in a worldwide context (Thompson and van Woesik 2009, Safaie et 

al. 2018). Sites characterized by a high-frequency pattern of temperature 

variability experienced higher thermal stress during both bleaching events, 

with extensive bleaching reported during 1998. However, in 2005–2006, these 

sites experienced reduced bleaching compared to sites under low frequency 

patterns, due to the acclimatisation of corals to thermal stress after the 1998 

bleaching event and selective adaptation of resilient corals that survived the 

bleaching event (Thompson and van Woesik 2009). Safaie et al. (2018) 

explored this concept further by collecting in situ data with remotely sensed 
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datasets from different reef locations around the globe, along with 

spatiotemporally coincident quantitative coral bleaching observations. Corals 

regularly exposed to temperature fluctuations on daily or tidal timescales 

became acclimatised to thermal stress and resistant to bleaching events. 

More importantly, these patterns of high-frequency temperature variability to 

bleaching occur in many reefs worldwide (Safaie et al. 2018). 

 

3. Adaptation 

Adaptation, strictly defined, refers to changes in the genetic 

composition of a population that are passed onto the next generation through 

natural selection (Table 1) (Brown 1997a, Coles and Brown 2003, Edmunds 

and Gates 2008). The major concern regarding global climate change is that 

the current rate of environmental changes will outpaced the evolutionary 

capabilities of corals to adapt (Hoegh-Guldberg 1999, Hughes et al. 2003, 

Hoegh-Guldberg et al. 2007, Hoegh-Guldberg 2012, Hughes et al. 2017a). 

Recent evidence has shown that, in addition to phenotypic plasticity and 

acclimatisation, other adaptive responses in corals, such as trans-

generational plasticity (Torda et al. 2017), epigenetics (Durante et al. 2019, 

Eirin-Lopez and Putnam 2019), and somatic mutations (Van Oppen et al. 

2011) might contribute to resilience under thermal stress. Moreover, the fast 

rate of asexual reproduction within the Symbiodinaceae (days to weeks in 

hospite) (Wilkerson et al. 1988) in combination with large population sizes 

within corals (~ 1-5 x 106 cells cm-2) (Fitt et al. 2000) provides the potential for 

random mutations to develop that might enable corals to resist thermal stress 

(Van Oppen et al. 2011).  
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Few studies have examined adaptation to local thermal history in 

Symbiodiniaceae dinoflagellates (Howells et al. 2012, Chakravarti et al. 2017) 

Howells et al. (2012) demonstrated adaptive capacity with C. goreaui 

(formerly type C1) in corals from two sites in the GBR with dissimilar thermal 

histories. Corals hosting C. goreaui from the cooler site presented 

photodamage and bleaching, while those from the hotter site exhibited no 

signs of stress and greater growth (Howells et al. 2012). Chakravarti et al. 

(2017) tested adaptation to thermal tolerance of C. goreaui through 

experimental evolution. Dinoflagellates were cultured in vitro at elevated 

temperature of 31 °C for ~80 generations (2.5 y), while wild-types were reared 

at 27 °C ambient temperature, then both cultures were tested at both 

temperatures. To measure physiological responses in hospite, both types 

(thermally selected and wild types) were inoculated into aposymbiotic recruits 

of three coral species and were exposed to both temperatures similar to in 

vitro experiments (Chakravarti et al. 2017). Symbionts reared in vitro 

performed better in photophysiology and growth at both temperatures, and 

showed lower levels of extracellular ROS. In contrast, wild-type symbionts 

were unable to photosynthesise or grow at high temperatures, and produced 

17 times more extracellular ROS (Chakravarti et al. 2017). The differences 

were less obvious in hospite than in vitro. Cultures of corals inoculated with 

the thermally tolerant symbionts showed no difference in growth between 27 

and 31 °C, while those inoculated with wild-types showed a negative growth 

trend at 31 °C, confirming an adaptation to thermal stress in C. goreaui after 

many generations living under high temperature (Chakravarti et al. 2017).  
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Dixon et al. (2015) revealed genetic data from the coral host that forms 

the heritable basis of temperature tolerance by performing a cross-fertilization 

experiment with coral colonies from two thermally divergent locations in GBR. 

The authors measured heat tolerance using the survivorship rate of larvae 

exposed to high temperatures and found that parents from the warmer 

location conferred significantly higher thermo-tolerance to their offspring, up to 

10 fold increase in odds of survival, in comparison to parents from the cooler 

location. Dixon et al. (2015) also identified “tolerance-associated genes” 

(TAG’s), whose expression before stress predicted high survivorship rates in 

larvae under thermal stress, dissimilar from frontloaded genes (Barshis et al. 

2013). When TAG expression was compared with parental colonies after 

three days of heat stress, they were negatively correlated with long-term heat 

stress response similar to the larval response, indicating that the larval heat 

tolerance results from the absence of pre-existing stress and not from prior 

up-regulation of heat stress genes through frontloading (Dixon et al. 2015).  

Krueger et al. (2017) presented evidence that Stylophora pistillata 

underwent selection for heat tolerance in the Red Sea, after spending 47 days 

at 1–2 °C above their long-term summer maximum and showed an increase 

in primary productivity. Fine et al. (2013) demonstrated how different corals 

species showed no signs of stress after exposure to 33 °C for four weeks and 

proposed that corals that colonised the Gulf of Aqaba after the last ice age 

had to cross exceedingly warm waters (> 32 °C in the summer) at the 

entrance of the Red Sea, maintaining this adaptation to heat tolerance until 

the present day. 
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4. Heterotrophy (Mixotrophy) 

Heterotrophic carbon can become a significant energy source for some 

coral species when phototrophic carbon is unavailable, such as during a 

bleaching event (Table 1) (Houlbrèque and Ferrier‐Pagès 2009). Some 

studies have shown how heterotrophy replenished energy reserves in corals 

exposed to high temperatures (Grottoli et al. 2006) and during the recovery 

phase (Rodrigues and Grottoli 2007). Similarly, Borell and Bischof (2008) 

showed higher photochemical efficiency in fed corals compared to unfed 

corals after a mild thermal stress experiment. Also, Borell et al. (2008) 

demonstrated how heterotrophy sustained photosynthetic activity and energy 

reserves in thermally stressed corals.  

 In a study which developed an energy-budget model linking coral 

bleaching and mortality risk, authors concluded that the time between the start 

of severe bleaching and the beginning of mortality is influenced by the amount 

of lipid stores corals have before the bleaching event and their capacity to 

acquire energy through heterotrophy (Anthony et al. 2009). With a stable 

isotope 13C pulse-chase labelling experiment, Hughes et al. (2010) 

demonstrated that, after exposure to high temperatures, coral hosts 

incorporated heterotrophic labelled carbon for storage and to stimulate 

endosymbiont recovery. Even after recovery from bleaching, 75% of carbon in 

newly acquired lipids was sourced heterotrophically (Baumann et al. 2014), 

and corals continued assimilating heterotrophic carbon for up to 11 months 

after the bleaching experiment (Hughes and Grottoli 2013). Nonetheless, the 

capacity for heterotrophic plasticity is compromised after two consecutive 

bleaching events (Levas et al. 2016). Researchers experimentally bleached 
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corals for 2.5 weeks, transferred corals to the field for recovery, and then 

repeated the bleaching experiment after one year. After the first thermal 

stress experiment, zooplankton and dissolved organic carbon (DOC) allowed 

the metabolic demand of bleached corals to be met; however, neither form of 

heterotrophic carbon was able to contribute to the energy budget of both 

species after the second bleaching experiment, suggesting that the capacity 

for heterotrophic plasticity is compromised under annual bleaching events 

(Levas et al. 2016), and corals need to depend on their energy reserves 

and/or symbiont association to survive repeated bleaching (Grottoli et al. 

2014).  

 

Research overview 

The frequency of global bleaching events are increasing, due to the rise of 

anthropogenic CO2 in the atmosphere (Hughes et al. 2017b). As our oceans 

keep warming up, understanding the mechanisms driving thermal tolerance in 

reef-building corals is of outstanding importance. Furthermore, those coral 

species thriving in present day extreme thermal environments, including sites 

influenced by high thermal stress or sites with high levels of temperature 

variation at fine special-scales (Thomas et al. 2018), offer important insight 

into the mechanisms of thermal tolerance and the future capacity for coral 

species to cope with a rapidly warming planet (Palumbi et al. 2014, Hughes et 

al. 2017a, Hughes et al. 2017b).  

In Kenting National Park (KNP), southern Taiwan, there is a site that is 

influenced by the constant hot-water effluent from a nuclear power plant 

outlet. At this ‘Variable Site’ (VS), temperatures during the summer can be 2 – 
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3 °C higher that at any other site within KNP, and it is also influenced by a 

monthly upwelling that makes seawater temperature to fluctuate up to 8 °C in 

one day (Lee et al. 1997, Peir 2011, Keshavmurthy et al. 2019). By comparing 

physiological parameters of conspecific corals living in this climate-changed 

simulator with a ‘Stable Site’ (SS) within KNP that is not affected by high 

temperatures or high temperature fluctuations, I raised the questions: 

! How do conspecific corals live in two environments with different 

temperature regimes?  

! What are the physiological differences amongst corals from different 

sites?  

! What mechanisms allow them to survive in variable environmental 

conditions? 

! How does symbiont identity influenced the physiology of corals living in 

different environmental conditions? 

 

In this dissertation I focused on two species of corals: Leptoria phrygia and 

Porites lutea. Both species have been reported to associate each with 

different stress-resistant symbionts in KNP (Keshavmurthy et al. 2014). Thus, 

the ‘association with thermally tolerant symbionts’ is one of the mechanisms 

that I am interested to investigate, at the same time complement it with 

‘acclimatisation’ mechanisms to a thermally stressful environment that these 

two species have and their nutritional changes (autotrophy/heterotrophy). 

To answer the research questions of this dissertation, I set up two general 

aims:  
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1. To determine physiological differences in Leptoria phrygia as a function 

of symbiont identity when living at two sites with contrasting seawater 

temperature regime; and  

2. To determine the acclimatisation processes with the use of a reciprocal 

transplantation experiment by comparing physiological parameters 

between Leptoria phrygia and Porites lutea for 18 months when living 

at two sites with contrasting seawater temperature regime. 

 

I introduce my research topic in Chapter I; in Chapter II, I report the results 

on the physiological differences of L. phrygia from both sites and how the 

seawater temperature influenced the symbiont association and its responses 

in photochemical efficiency, symbiont density and chlorophyll a concentration, 

so as to achieve the general objective 1. In Chapter III, I present some 

insights in the differences in δ13C and δ15N isotopic niche when L. phrygia 

associates Cladocopium spp. or Durusdinium spp, as a continuation from 

Chapter II. In Chapter IV, I report the results of 18 months reciprocal 

transplantation experiment design to understand the acclimatisation 

processes to thermal stress (in the summer) and to high temperature variation 

that these two species associated with stress resistant symbionts have (L. 

phrygia with D. glynnii and P. lutea with Cladocopium C15), in order to 

achieve the general objective 2. Different physiological parameters were used 

from the symbiont: photochemical efficiency, symbiont density and chlorophyll 

a concentration; from the coral host: total soluble proteins; and lipid 

concentration from both fractions. In Chapter V, I present the main 
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conclusions from my research and I discuss how corals might respond to 

future climate change scenarios, according to my main findings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* A substantial part of this chapter was published in December 2019 in the special issue 

‘Coral Reef Resilience’ as: Carballo-Bolaños C, Soto D, Chen CA (2020) Thermal stress and 

resilience of corals in a climate-changing world. J. Mar. Sci. Eng. 8(1): 15; 

https://doi.org/10.3390/jmse8010015  
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CHAPTER II: Temporal variation and 

photochemical efficiency of species in 

Symbiodiniaceae associated with coral Leptoria 

phrygia (Scleractinia; Merulinidae) exposed to 

contrasting temperature regimes 1 

 

Abstract: 

The Symbiodinaceae are paradoxical in that they play a fundamental role in 

the success of scleractinian corals, but also in their dismissal when under 

stress. In the past decades, the discovery of the endosymbiont’s genetic and 

functional diversity has led people to hope that some coral species can 

survive bleaching events by associating with a stress-resistant symbiont that 

can become dominant when seawater temperatures increase. The variety of 

individual responses encouraged us to scrutinize each species individually to 

gauge its resilience to future changes. Here, we analyse the temporal 

variation in the Symbiodinaceae community associated with Leptoria phrygia, 

a common scleractinian coral from the Indo-Pacific. Coral colonies were 

sampled from two distant reef sites located in southern Taiwan that differ in 

temperature regimes, exemplifying a ‘variable site’ (VS) and a ‘steady site’ 

(SS). We investigated changes in the relative abundance of the dominant 

symbiont and its physiology every 3-4 months from 2016-2017. At VS, 11 of 

the 12 colonies were dominated by the stress-resistant Durusdinium spp. 

(>90% dominance) and only one colony exhibited co-dominance between 

Durusdinium spp. and Cladocopium spp. Every colony displayed high 

photochemical efficiency across all sampling periods, while showing temporal 

differences in symbiont density and chlorophyll a concentration. At SS, seven 
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colonies out of 13 were dominated by Cladocopium spp., five presented co-

dominance between Durusdinium spp./Cladocopium spp. and only one was 

dominated by Durusdinium spp. Colonies showed temporal differences in 

photochemical efficiency and chlorophyll a concentration during the study 

period. Our results suggest that VS colonies responded physiologically better 

to high temperature variability by associating with Durusdinium spp., while in 

SS there is still inter-colonial variability, a feature that might be advantageous 

for coping with different environmental changes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 This chapter was published in June 2019 as: Carballo-Bolaños R, Denis V, Huang Y-Y, 

Keshavmurthy S, Chen CA (2019) Temporal variation and photochemical efficiency of 

species in Symbiodinaceae associated with coral Leptoria phrygia (Scleractinia; Merulinidae) 

exposed to contrasting temperature regimes. PLoS ONE 14(6): e0218801. 
https://doi.org/10.1371/journal. pone.0218801 
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Introduction  
The success of coral reefs in tropical oligotrophic waters is often 

attributed to the symbiotic relationship between scleractinian corals and 

dinoflagellates algae. The Symbiodiniaceae are intracellular photosynthetic 

organisms that supply up to 95% of the coral host’s energy requirements in 

optimum conditions (Muscatine 1990). However, this subtle relationship is 

commonly disrupted under stressful environmental conditions, such as 

abnormally high seawater temperatures, in what is known as coral bleaching. 

Due to climate change and anthropogenic increases in seawater surface 

temperatures, bleaching events are becoming more frequent and severe 

(Hughes et al. 2017b). Many coral reefs worldwide are now recurrently 

affected by mass bleaching events and mortality and, consequently, may 

become scarce within the next 20-30 years (Hoegh-Guldberg 1999). One 

well-known asset that some coral species have to survive bleaching events is 

their ability to associate with a functionally diverse community of symbionts, 

and to adjust their relative abundances to favour those better fitted to endure 

temperature variations (Buddemeier and Fautin 1993, Berkelmans and van 

Oppen 2006, Silverstein et al. 2015).  

The family Symbiodiniaceae is highly diverse and corals typically 

associate with members from the genera Symbiodinium (formerly Clade A), 

Breviolum (formerly Clade B), Cladocopium (formerly Clade C), and 

Durusdinium (formerly Clade D) (LaJeunesse et al. 2018). Durusdinium spp. 

are extremophile endosymbionts that have been found in stressed habitats, 

such as those with high temperature (LaJeunesse et al. 2010a, Oliver and 

Palumbi 2011b, Hsu et al. 2012, Keshavmurthy et al. 2014), high turbidity 
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(LaJeunesse et al. 2010a) or located in high latitudinal marginal reefs (Chen 

et al. 2003, Lien et al. 2007, Lien et al. 2013). In order to survive, some corals 

are able to increase the relative abundance of Durusdinium trenchii during 

and after bleaching events (Baker et al. 2013a). Some examples of this 

mechanism are found in species such as Acropora millepora in Australia 

(Jones et al. 2008); Orbicella annularis, Siderastrea siderea, Agaricia spp., 

and Montrastraea cavernosa in Barbados (Lajeunesse et al. 2009); and 

Isopora palifera in Taiwan (Hsu et al. 2012). It is a species- and location-

specific mechanism that changes with environmental conditions (Stat et al. 

2009, Thornhill et al. 2009, Baker et al. 2013a). Some examples include 

Pocillopora damicornis, Seriatopora hystrix, Stylophora pistillata, Favites 

abdita, Goniastrea favulus, A. millepora, I. palifera in Australia (Stat et al. 

2009) and O. faveolata and O. annularis in the Florida Keys and the Bahamas 

(Thornhill et al. 2009), which did not change their symbiotic composition 

during and after thermal stress. Because the systematics of the 

Symbiodinaceae family is still a work in progress, there are many 

dinoflagellates that have not yet been identified to the species level. 

Therefore, the former sub-clade or type is used after the genera. Within the 

Cladocopium genus there are some species that have been recognized to be 

thermally resistant, such as Cladocopium C15. In Australia, Porites lutea 

colonies revealed that, when experimentally heated, corals hosting 

Cladocopium C15 maintained higher maximum photochemical efficiency 

(Fv/Fm) than those hosting Cladocopium C3 (Fisher et al. 2012). Similar 

results were found in Porites lobata from Hawaii; colonies that were 

experimentally bleached could maintain gross photosynthetic rates similar to 
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control colonies when hosting Cladocopium C15. Moreover, this thermally 

tolerant symbiont helped the coral recover faster from bleaching by 

contributing 96% of the host’s daily metabolic demand, even when chlorophyll 

a levels were significantly lower than in the control (Levas et al. 2013).  

The capacity to associate with multiple Symbiodinaceae genera is 

considered a widespread phenomenon (Baker 2003, Silverstein et al. 2012). 

Some coral species can maintain a stable association with their dominant 

symbiont across their lifetime (Goulet 2006), including during and after stress 

events (Stat et al. 2009, Thornhill et al. 2009). Alternatively, some species are 

capable of shifting the relative abundance of their dominant partner to 

background symbionts when exposed to stress (Berkelmans and van Oppen 

2006, Silverstein et al. 2015, Cunning et al. 2017). Those background 

symbionts are usually considered to initially represent <10% of the overall 

Symbiodinaceae community within one colony (Mieog et al. 2007, Mieog et al. 

2009). A third scenario, documented for a very few number of species is to 

have a different symbiont dominating distinct areas within the coral colony 

(Table 1). In this study, I refer to multi-symbiont dominance on the colony 

scale, but each microhabitat within the colony can have its own dominant 

symbiont. For example, the dominant symbiont may be different between the 

top part of the colony and the lowest part. In the Caribbean, this has been 

documented in the Orbicella spp. complex (including O. annularis, O. 

faveolata and O. franski) since the 90’s (Table 1) (Rowan and Knowlton 1995, 

Rowan et al. 1997, Toller et al. 2001, Kemp et al. 2015). These massive 

corals associate with multiple dominant symbionts in response to different 

light gradients, creating different microhabitats within the same coral colony. 
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In O. faveolata—the top part of the colony, with high-irradiance—was 

dominated by Symbiodinium sp. and Breviolum sp., while the side or shaded 

parts of the colony were dominated by Cladocopium sp. (Rowan et al. 1997, 

Kemp et al. 2015). The same pattern was observed between colonies living at 

different depths: those living in shallow waters with high light intensity were 

dominated by Symbiodinium sp. and Breviolum sp., whereas Cladocopium sp. 

dominated those colonies living in deep waters (Rowan et al. 1997). In the 

Pacific, Isopora palifera colonies from southern Taiwan presented multi-

symbiont dominance between Cladocopium C3 and D. trenchii (Table 1) 

(Chen et al. 2005, Hsu et al. 2012). The relative abundance of both symbionts 

varied across the study period and D. trenchii became highly abundant in 

some colonies after the 1998 bleaching event (Chen et al. 2005). The relative 

abundance of D. trenchii decreased afterwards and Cladocopium C3 became 

dominant almost 10 years after the bleaching event (Hsu et al. 2012). These 

differences in the dominant symbiont between Symbiodiniaceae genera 

explain why certain colonies, or parts of the colony, bleach and some do not 

during natural bleaching events (Rowan et al. 1997); they also explain how 

Symbiodiniaceae can cope with and recover from a bleaching event by 

shuffling their relative abundance (Hsu et al. 2012). These species are able to 

cope with environmental fluctuations, presenting a long-term ecological and 

evolutionary coral-Symbiodinaceae specialization strategy (Rowan et al. 

1997, Kemp et al. 2015).  
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Table 1. Studies reporting co-dominance of different symbiont genera within a 
single colony.  

Host	species	 Symbiont	genera/species	 Study	site	 Genetic	method	
for	ID	 Ref.	

Orbicella	annularis	
O.	faveolata	

Symbiodinium,	Breviolum,	Cladocopium	
Symbiodinium,	Breviolum,	Cladocopium	

San	Blas	Archipelago,	Panama	
	

srRNA	-RFLP		 (Rowan	
and	
Knowlt
on	
1995,	
Rowan	
et	al.	
1997)	

O.	annularis	
	
O.	faveolata	
	
O.	franski	

Symbiodinium,	Breviolum,	Cladocopium,	
Durusdinium	
Symbiodinium,	Breviolum,	Cladocopium,	
Durusdinium		
Symbiodinium,	Breviolum,	Cladocopium,	
Durusdinium	

San	Blas	Archipelago,	Panama	 srRNA	-RFLP			 (Toller	
et	al.	
2001)	

Acropora	tenuis	
A.	valida	

Cladocopium,	Durusdinium		
Cladocopium,	Durusdinium	

Great	Barrier	Reef,	Australia	 rDNA-ITS1,	SSCP	 (van	
Oppen	
et	al.	
2001)	

A.	valida	 Cladocopium,	Durusdinium	 Great	Barrier	Reef,	Australia	 rDNA-ITS1,	SSCP	 (Ulstru
p	and	
van	
Oppen	
2003)	

Isopora	palifera	 Cladocopium,	Durusdinium	 Kenting	National	Park,	
Taiwan	

lsrRNA	-RFLP			 (Chen	
et	al.	
2005)	

O.	faveolata	
O.	annularis	
	
O.	franski	
	
	
Siderastrea	siderea	

B.	minutum,	Cladocopium	C12	
B.	minutum,	Brevolium	B10,	
Cladocopium	C3,	D.	trenchii	
B.	minutum,	Cladocopium	C12	
B.	minutum,	Brevolium	B10,	
Cladocopium	C3,	D.	trenchii	
Brevolium	B5a,	Cladocopium	C3	

Lee	Stoking	Islands,	Bahamas	
Upper	Florida	Keys,	USA	
	
Lee	Stoking	Islands,	Bahamas	
Upper	Florida	Keys,	USA	
	
Upper	Florida	Keys,	USA	

ITS2-DGGE	 (Thorn
hill	et	
al.	
2006b)	

O.	annularis	
O.	faveolata	
	
	
Stephanocoenia	
intersepta		
	

B.	minutum,	C7,	Cladocopium	C3	
Symbiodinium	A3,	B.	minutum,	
Brevolium	B17,	Cladocopium	C7	and	D.	
trenchii	
Symbiodinium	A3b,	Symbiodinium	A3,	
Cladocopium	C3,	Cladocopium	C16,	
Cladocopium	C54	

Carrie	Bow	Cay,	Belize	
	

ITS2-DGGE	 (Warne
r	et	al.	
2006)	

A.	valida	 C.	goreaui,	Cladocopium	C2	and	
Symbiodinium	

Great	Barrier	Reef,	Australia	 rDNA-ITS1,	SSCP	 (Ulstru
p	et	al.	
2008)	

I.	palifera	 Cladocopium	C3,	D.	trenchii	 Kenting	National	Park,	
Taiwan	

ITS2-DGGE	 (Hsu	et	
al.	
2012)	

O.	faveolata	 Symbiodinium	A3,	Brevolium	B17,	
Cladocopium	C7,	D.	trenchii	

Puerto	Morelos,	Mexico	 ITS2-DGGE	 (Kemp	
et	al.	
2014)	

O.	faveolata	 B.	minutum,	Cladocopium	C7a,	D.	
trenchii	
Symbiodinium	A3,	B.	minutum,	
Brevolium	B17,	Cladocopium	C7	
Symbiodinium	A3,	B.	minutum,	
Brevolium	B17,	Cladocopium	C7,	D.	
trenchii	
B.	minutum,	Cladocopium	C3	

Exuma	Cay,	Bahamas	
	
Carrie	Bow	Cay,	Belize	
	
Puerto	Morelos,	Mexico	
	
	
Upper	Florida	Keys,	USA	

ITS2-DGGE	 (Kemp	
et	al.	
2015)	

Studies in light grey are from the Indo-West Pacific Ocean. 
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In the present chapter, I describe the temporal dynamics of 

Cladocopium spp. and Durusdinium spp. associated with the sub-massive 

brain coral Leptoria phrygia (Ellis and Solander, 1786) in Kenting National 

Park, southern Taiwan. I monitored symbiont community changes and 

performance in coral colonies from two shallow reef flats exposed to 

contrasting seawater temperature regimes. The average shallow water 

temperatures at the ‘Outlet’ reef flat can be up to 2 - 3 °C higher than other 

coral reef sites during the summer (Fan 1991, Peir 2011). Furthermore, a tidal 

upwelling (Lee et al. 1997, Jan and Chen 2009) causes daily temperature 

fluctuation that can reach 6 - 8 °C; we considered this our “variable site” (VS). 

Temperatures at the ‘Wanlitong’ reef flat are steadier (daily seawater 

temperature fluctuations <3 °C); I considered this my “stable site” (SS). My 

specific objectives were to: (1) investigate whether the relative abundance of 

endosymbionts changes are in line with temporal changes in local 

environments from both sites, and (2) characterise the dynamics of the 

endosymbionts’ physiology (photochemical efficiency, symbiont density, and 

chlorophyll a concentration) caused by these temporal changes. 

 
 

Materials and methods 

Study sites and temperature data 

 Both Variable Site (VS) and Stable Site (SS) are located within Kenting 

National Park (KNP) in southern Taiwan (Fig. 1). They are less than 20 km 

apart but have very different seawater temperature regimes. VS is located 

next to a nuclear power plant outlet in Nanwan Bay (21° 55' 53.7" N - 120° 44' 
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42.7" E), where it is influenced not only by the hot-water effluent from the 

power plant throughout the year, but also by a spring tide upwelling which 

reduces the daily seawater temperature (Jan and Chen 2009, Peir 2011). SS 

is located outside Nanwan Bay (21° 59' 43.9" N - 120° 42' 23.2" E) and is 

protected from the effects of the upwelling and the thermal pollution from the 

nuclear plant (Keshavmurthy et al. 2014). Leptoria phrygia is a common 

species at both sites, found in shallow waters and associated with 

Durusdinium trenchii in VS and Cladocopium C1 in SS (Keshavmurthy et al. 

2014). Similarly, other species such as Isopora palifera and Platygyra verweyi 

living in VS were dominated by D. trenchii and associated with a mixture of D. 

trenchii and Cladocopium spp. or only with Cladocopium spp. at other sites in 

KNP (Hsu et al. 2012, Keshavmurthy et al. 2012 , Keshavmurthy et al. 2014, 

Kao et al. 2018).  

 Temperature loggers (Onset HOBO 64K Pendant® data loggers, 

accuracy ±0.5 °C, resolution 0.14 °C, USA) were deployed at a depth of 3 m 

at each site and temperatures were recorded at 1 hr intervals from June 2016 

to June 2017. The mean monthly temperature, mean monthly maximum and 

minimum temperatures and mean monthly temperature variability (defined as 

the mean monthly maximum temperature minus the mean monthly minimum 

temperature) were calculated at each site for comparison. 
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Figure 1. Study sites in Nanway Bay, southern Taiwan. Both sites are located 
within Kenting National Park: Variable Site (VS) in the power plant outlet 
(21°55'53.7"N 120°44'42.7"E) and Stable Site (SS) in Wanlitong (21°59'43.9"N 
120°42'23.2"E).  
 

Sample collection, photochemical efficiency and 

preservation 

Twelve and 13 large colonies were randomly selected at VS and SS, 

respectively, and tagged with a minimum distance of 7 - 10 m among them to 

avoid picking up clones. Coral colonies were sampled at an interval of 3 - 4 

months (in August, December 2016 and March 2017) to characterize 

seasonal differences typifying the tropical monsoon climate of Kenting. Five 

nubbins were collected from each colony using a pneumatic drill connected to 

a regulator on a scuba diving tank and equipped with a core bit (∅ 2.8 cm). 

Nubbins were sampled at distances of 10 - 20 cm apart longitudinally from the 

top to the bottom of the colony (top part of the colony, top middle part, middle 
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part, bottom middle part and bottom part). All collected nubbins were 

transported in coolers filled with seawater to the wet laboratory of the nearby 

National Museum of Marine Biology and Aquarium (NMMBA) and placed in 

tanks under flowing seawater to emulate field conditions. Dark-adapted 

maximum photochemical efficiency (Fv/Fm) of PSII was quantified using a 

diving-PAM (Heinz Walz GmbH, Germany; settings: Saturating intensity=8, 

Saturating width=0.8, Gain=4, Damping=2), keeping a fixed distance between 

the fibre and the sample by attaching a 1 cm probe extension. Dark-adapted 

(Fv/Fm) measurements were done approximately two hours after sunset, due 

to logistical constraints. A test was performed to see if (Fv/Fm) values after 

two hours were different from those after only 30 minutes for L. phrygia; 

results showed similar values.  Nubbins were then immediately snap-frozen in 

liquid nitrogen and stored at -80 ºC for transportation and further processing.  

 

Laboratory analyses 

 Each coral sample was defrosted, inspected for contaminants, and a 

small subsample of coral tissue (~6 mm) was cut and stored in an Eppendorf 

tube with 95% Ethanol for molecular analysis. Remaining coral tissue was 

then air-brushed (Johannes and Wiebe 1970) from the skeleton using 

approximately 15 ml of filtered seawater (0.2 µm). Resulting slurry (Vi) was 

homogenized using a Homogenizer Stirrer (WiseStir® HS-30E, Germany). 

 

Surface area  

The surface area of the remaining coral skeleton was measured using 

a 3D scanner (HP David SLS-2 3D structured light scanner Pro S3, 
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resolution/precision up to 0.1% of scan size down to 0.06 mm, max mesh 

density: 1,200,000 vertices per scan; USA) equipped with a 360 ° turntable 

and area calculations were done using the open source software Meshlab 

(Cignoni et al. 2008); data were presented in cm2. 

 

Symbiont density 

 Symbiont density was determined from a 10% aliquot of Vi by counting 

cells with 6-8 replicates per sample using a Neubauer hemocytometer 

(Assistant, Germany) under a light microscope (BX40 Olympus, Japan). This 

cell count was then normalized to the surface area of the nubbin, and 

presented as number of symbiont cells per cm2.   

 

Chlorophyll a concentration 

 Another 10% aliquot of Vi was centrifuged at high speed (5 min, 14000 

xg). The supernatant was removed; 1 ml of 90% acetone was added to the 

pellet and incubated in total darkness at -20 ºC overnight for photosynthetic 

pigment extraction (Fitt et al. 2000). After centrifugation for 1 min at 10000 xg, 

supernatant absorbance was read at 630, 647 and 664 nm wavelengths from 

triplicate aliquots of 200 µl each, using a spectrometer (SpectroStar nano 

absorbance reader BMG-LabTech, Germany) with three wells containing 200 

µl of 90% acetone as a blank. The chlorophyll a concentration was then 

calculated using the equations from Jeffrey and Humphrey (1975): Chla = 

11.85 A664 – 1.54 A647 – 0.08 A630. Chlorophyll a concentration was then 

normalized per cm2 of the nubbin’s surface area and the symbiont density and 

presented as pg of chlorophyll a concentration per symbiont cell per cm2. 
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Molecular analysis 

DNA extraction 

Genomic DNA was extracted using a modified high salt method 

(Ferrara et al. 2006a). Briefly, for tissue incubation, 30 mg of coral tissue (~ 3 

- 4 polyps) was cut and incubated overnight at 55 - 60 ºC using 200 µl lysis 

buffer (1M Tris-Boric 25 ml, 0.5M EDTA pH8 10 ml, 20% SDS 10 ml, 5M NaCl 

2 ml, ddH2O 53 ml) and 10 µl proteinase E (10 mg/ml). For DNA precipitation, 

210 µl 7M-NaCl was added, vortexed for 30 seconds at maximum speed and 

centrifuged for 30 minutes at 10000 xg. The supernatant was transferred to a 

new tube and 420 µl of 100% isopropanol were added and gently mixed for 

five minutes. Samples were incubated at -20 ºC for at least two hours. For 

DNA purification, samples were centrifuged (30 minutes at 16000 xg) and 

rinsed with 150 µl of 70% ethanol stored at -20 ºC and centrifuged again (5 

minutes at 16000 xg); this rinsing step was repeated three times. Ethanol was 

removed from the tubes, which were dried under the hood for 1-2 hours. The 

DNA was eluted with 150 µl of preheated (65 ºC) 1X TE buffer. The total 

concentration of genomic DNA was determined using a NanoDrop 2000 

(Thermal Scientific, USA).  

 

Quantitative PCR (qPCR) 

Relative abundances of Cladocopium sp. and Durusdinium sp. were 

measured by amplifying the ITS1 region using the LightCycler® 480 

Instrument II (Roche, Switzerland) with a modified protocol from Mieog et al. 

(2007). The following primers were used: nuclear ITS1 universal forward 

primer (UF, 5’-AAGGAGAAGTCGTAACAAGGTTTCC-3’), nuclear ITS1 C-
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specific reverse primer (CR, 5’-AAGCATCCCTCACAGCCAAA-3’), and ITS1 

D-specific reverse primer (DR, 5’-CACCGTAGTGGTTCACGTGTAATAG-3’) 

(Ulstrup and van Oppen 2003). Each 10 µl qPCR reaction consisted of 5 µl of 

1x SYBR Fast Master Mix, 0.5 µl of UF primer (2 nM/µl), 0.5 µl of CR or DR 

primer (2 nM/µl), 1.5 µl of ddH2O and 2.5 µl of DNA templates (equal to 1 ng 

of genomic DNA). The two-step qPCR reactions were set at 95 ºC for 15 

seconds and 60 ºC for one minute. 40 cycles were performed in total. Melting 

curves were generated to start at 60 ºC with an increase of 0.11 ºC/s until it 

reached 95 ºC, then followed by a cooling step to 40 °C for 30 seconds. The 

ratio of Durusdinium (D) to Cladocopium (C) was calculated using the formula: 

ratio=D/(C+D) from triplicate measures per sample. A correction was done to 

account for the differences in copy numbers between Cladocopium and 

Durusdinium genera following Mieog et al. (2007).  

 

Symbiont identification – (DGGE) 

 Denaturing gradient gel electrophoresis (DGGE) was used for symbiont 

identification. The ribosomal internal transcribed spacer 2 (ITS2) region was 

amplified with the primers ITSintfor2: 5’-GAATTGCAGAACTCCGTG-3’, and 

ITS2clamp: 5’-CGCCCGCCGCGCCCCGCGCCCGTCCCGCGGGATCCAT-

ATGCTTAAGTTCAGCGGGT-3’ and touch-down PCR protocol (LaJeunesse 

2002). Each PCR product was loaded onto an acrylamide denaturing gradient 

gel (45 - 80%) and then electrophoresed at a voltage of 115 for 15 hours 

(CBS Scientific system, USA). Gels were stained with SYBR gold (Invitrogen, 

USA) for 30 minutes and photographed for further analysis. The most 

significant band of each PCR product was cut from the gel and eluted in 100 
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µl of distilled water for a few hours. Re-amplification was performed with 1 µl 

of the sample following a protocol similar to touch-down PCR-DGGE, but 

using a reverse ITS2 primer without the clamp (LaJeunesse 2002), and the 

product was sent for sequencing. The resulting sequences were trimmed, 

cleaned and blasted against the database of the National Center for 

Biotechnology Information (NCBI) to determine Symbiodiniaceae genus. 

 

Statistical analysis 

 Mean monthly temperature, mean maximum/minimum temperature and 

mean monthly temperature variability (defined as the mean monthly maximum 

minus the mean monthly minimum temperature) were calculated for each site 

and the differences between VS and SS during the study period were tested 

using the non-parametric Mann-Whitney-Wilcoxon test after confirming that 

data from most months were not normally distributed. Data from all measured 

physiological parameters were checked for normality and homogeneity of 

variances (Q-Q plot and Fligner test) and all were normally distributed and 

presented homoscedasticity. A linear mixed model was used to test the effect 

of sampling times as the fixed effect (with three levels) at each site, using 

colony as the random effect. Similarly, to compare between sites at each 

sampling time, a linear mixed model was used with site as the fixed effect 

(with two levels) and using colony as the random effect. P-values were 

obtained by likelihood ratio test of the full model against the model without the 

effect in question. This was performed for each of the physiological 

parameters measured. All samples at both sites were combined and the non-

parametric Spearman correlation was used to test for monotonic correlations 
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between each temperature measurement independently (mean monthly 

temperature, mean monthly maximum temperature, mean monthly minimum 

temperature and mean monthly temperature variability) and Durusdinium spp. 

association. All statistical analyses were performed in R (version 3.4.1) (R-

Core-Team 2017), using the ‘lme4’ package for the linear mixed model 

analysis (Bates et al. 2012). All data were presented as mean ± standard 

deviation (S.D.).  

 

 

Results 

Seawater temperature differences between sites 

Both sites displayed different seawater temperature regimes (Fig. 2) 

from June 2016 to June 2017. Mean monthly temperature in VS ranged from 

25.4 ± 0.9 °C to 31.0 ± 1.1 °C while in SS it ranged from 23.7 ± 0.7 °C to 29.7 

± 0.6 °C, making it significantly higher in VS than in SS (Mann Whitney test, 

p<0.05). June 2017 was the only month in which there was no significant 

difference in mean monthly temperatures between sites (Mann Whitney test, 

p=0.58). During the summer of 2016, July exhibited the maximum mean 

temperature of the year in VS (32.3 ± 0.9 °C), which was significantly different 

to that in SS (30.4 ± 0.6 °C). In the winter of 2017, January showed the 

minimum mean temperature of the year in VS (24.6 ± 0.9 °C), which was 

significantly different from that in SS (23.1 ± 0.7 °C; Table in S1 Table). The 

mean monthly temperature variability (mean monthly maximum temperature 

minus the mean monthly minimum temperature) was also significantly 
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different between sites. Mean monthly temperature variability was significantly 

higher in VS (1.5 ± 0.5 °C to 3.2 ± 1.1 °C) than in SS (0.7 ± 0.4 °C to 1.6 ± 0.8 

°C) during the study time (Mann Whitney test, p<0.05) (Fig. 2, Table in S1 

Table). 

 

Figure 2. Seawater daily temperatures recorded for June 2016 to July 2017 at 
both sites. SS=Stable Site, VS=Variable Site. Each dot represents hourly 
measurements. The black line indicates the mean daily temperature in SS and the 
grey line represents the mean daily temperature in VS. Vertical grey bands represent 
each sampling time (August, December 2016 and March 2017). 
 

Symbiodiniaceae association 

Among the 12 colonies sampled in VS, Durusdinium spp. dominated in 

11 (>90%), and none showed temporal variation across the entire study 

period. One colony exhibited co-dominance between Cladocopium spp. and 

Durusdinium spp. (COL10, Table 2) and presented variation: Durusdinium 

spp. dominated the Symbiodiniaceae community in August 2016 (54%), 

increased in December 2016 (87%) and decreased in March 2017 (77%, Fig. 

3). Of the 13 colonies at SS, seven were dominated by Cladocopium spp. 
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(>90%), five presented co-dominance between genera in Cladocopium and 

Durusdinium, and only one was Durusdinium spp.-dominant (>90%; Fig. 3). 

Similar to what was observed in VS, there was no variation in those colonies 

that were either Cladocopium spp.- or Durusdinium spp.-dominant during the 

entire study period. Only those five Cladocopium spp./Durusdinium spp. co-

dominated colonies presented temporal variability (Fig. 3). (For more detailed 

information see S2 Table).  

DGGE and subsequent sequencing of the major bands confirmed that 

D. glynnii (GenBank accession number MK127922) was the most dominant 

Durusdinium endosymbiont found at both sites. There was also inter-colonial 

variation in those Cladocopium spp.-dominated colonies in SS. Cladocopium 

C3w (GenBank accession number MK127920) and Cladocopium C21a 

(GenBank accession number MK127921) were the two most dominant 

endosymbionts found in different colonies (Table 2, Fig. 4). This difference 

between Cladocopium spp. was identified in the DGGE band profiling (Fig. 4) 

and later confirmed by sequencing. Cladocopium C3w showed only one 

dominant band in the DGGE profile (Fig. 4) and was dominant in five colonies 

(COL4, COL5, COL7, COL9, and COL12; Table 2). Cladocopium C21a 

displayed two bands (heteroduplex) in the DGGE profile (Fig. 4) and was 

dominant in three colonies (COL6, COL10 and COL11; Table 2).  

 
 
Table 2. Dominant symbiont identified with DGGE and subsequent sequencing 
at both sites.  
 

	
VS	 SS	

COL1	 -	 D.	glynnii	/	Cladocopium	sp.	
COL2	 D.	glynnii	 D.	glynnii	/	Cladocopium	sp.	
COL3	 D.	glynnii	 D.	glynnii	/	Cladocopium	C3w	
COL4	 D.	glynnii	 D.	glynnii	/	Cladocopium	C3w	

 



	Chapter	II:	Symbiodiniaceae	community	of	Leptoria	phrygia	

	 38	

COL5	 D.	glynnii	 Cladocopium	C3w	
COL6	 D.	glynnii	 Cladocopium	C21a	
COL7	 D.	glynnii	 Cladocopium	C3w	
COL8	 -	 D.	glynnii	
COL9	 D.	glynnii	 Cladocopium	C3w	
COL10	 D.	glynnii	/	Cladocopium	C21a	 Cladocopium	C21a	
COL11	 D.	glynnii	 Cladocopium	C21a	
COL12	 D.	glynnii	 Cladocopium	C3w	
COL13	 D.	glynnii	 -	
COL15	 D.	glynnii	/	Cladocopium	C3w	 -	
COL16	 -	 D.	glynnii	/	Cladocopium	C3w	

VS = Variable Site, SS = Stable Site, “-“ = not sampled. 

 

 

 

Figure 3. Pie charts showing symbiont associations between Cladocopium 
spp. and/or Durusdinium spp. Each pie chart represents the mean values per 
colony during three sampling times in August 2016 (Aug 2016), December 2016 (Dec 
2016) and March 2017 (Mar 2017); variable site n=12 colonies (top) and stable site 
n=13 colonies (bottom).  
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Figure 4. Denaturing gradient gel electrophoresis (DGGE) from selected 
colonies at each site. SS = Stable Site, VS = Variable Site. Arrows indicate the 
main bands excised for sequencing as examples. Lanes 1 and 2 represent 
Cladocopium C21a (with double bands) and Cladocopium C3w references, 
respectively. Lane 12 represents D. glynnii reference. Lanes 3-7 are colonies from 
SS dominated either by Cladocopium C3w (COL7 and COL9) or Cladocopium C21a 
(COL10 and COL11) or co-dominated by Cladocopium sp. and D. glynnii (COL2). 
Lanes 8-10 are colonies from VS dominated by D. glynnii (COL2, COL3 and COL4) 
and lane 11 is the colony with co-dominance between Cladocopium sp. and D. 
glynnii. 
 

Correlation between Durusdinium spp. and 

temperature 

I found significant positive monotonic correlation (rs
 = 0.37, p<0.05) 

between the mean maximum temperature and the percentage of Durusdinium 

spp (Fig. 5A), as well as between the temperature variability and the 

percentage of Durusdinium spp. (rs
 = 0.65, p<0.05) during the study period 

(Fig. 5B).  
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Figure 5. Correlation between mean maximum temperature and the percentage 
of Durusdinium spp. (A) and between delta temperature (mean monthly 
maximum – mean monthly minimum) and the percentage of Durusdinium spp. 
(B). SS = Stable Site, VS = Variable Site; each dataset represents a sampling time. 
The shaded area represents 95% confidence interval. 
 

Physiological parameters 

In VS, there was no temporal variation and no significant difference in 

photochemical efficiency across all sampling times (χ2(2)= 4.90, p=0.09) and 

coral colonies maintained similar mean Fv/Fm during all sampling months 

(August: 0.66 ± 0.03, December: 0.66 ± 0.03 and March: 0.67 ± 0.04; Fig. 

6A). In contrast, colonies in SS presented significant temporal variation 

(χ2(2)= 98.00, p<0.05), with a mean Fv/Fm of 0.58 ± 0.06 in August (2016), 

0.63 ± 0.02 in December (2016) and 0.66 ± 0.02 in March (2017) (Fig. 6A). 
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Photochemical efficiency was statistically different between the two sites in 

August (χ2(1)= 53.01, p<0.05) and December 2016 (χ2(1)= 30.13, p<0.05) but 

not in March 2017 (χ2(1)= 2.08, p=0.15).  

There was temporal variation in symbiont density in VS. Mean values 

were significantly different between months (χ2(2)= 7.99, p<0.05; Fig. 6B), 

increasing from 3.70 ± 1.66 x106 cells cm-2 (August 2016) to 4.54 ± 1.68 x106 

cells cm-2 (December 2016), then decreasing again to 4.06 ± 1.53 x106 cells 

cm-2 (March 2017). However, in SS there was no significant difference in 

density between sampling times (χ2(2)= 3.78, p=0.15; Fig. 6B). Symbiont 

density was only statistically different between sites in December 2016 (χ2(1)= 

12.70, p<0.05).  

Chlorophyll a concentration was significantly different between the two 

sites in December 2016 (χ2(1)= 31.74, p<0.05) and March 2017 (χ2(1)= 21.53, 

p<0.05), but showed no significant difference in August 2016 (χ2(1)= 0.03, p= 

0.87). Within each site, chlorophyll a concentration was also significantly 

different across sampling times (χ2(2)=  33.90, p<0.05 for VS; χ2(2)=  116.2, 

p<0.05 in SS). Chlorophyll a concentration increased at both sites from 

August to December 2016 and decreased again in March 2017 (Fig. 6C). 

 

 

Discussion 

In this study I characterised Symbiodiniaceae communities of Leptoria 

phrygia from two sites with contrasting temperature regimes. This species has 

been reported to associate with Cladocopium and Durusdinium in American 

Samoa (Oliver and Palumbi 2011b), and, in KNP, southern Taiwan, L. phrygia 
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is also known to host both genera within the same colony (Keshavmurthy et 

al. 2014). My study demonstrates that the stress-resistant Durusdinium spp. 

dominated almost all colonies in VS. In contrast, coral colonies in SS 

presented three different types of associations: 1) dominated by Cladocopium 

(54%), 2) co-dominated by Cladocopium and Durusdinium (39%) and 3) 

dominated by Durusdinium (7%). Nonetheless, in both VS and SS, those 

colonies dominated by a single genus—i.e., Durusdinium or Cladocopium 

only—continued to be dominated by that genus through time. Even the 

dominant species within those colonies remained the same, e.g., 

Cladocopium C3w or Cladocopium C21a in the Cladocopium-dominated 

colonies and D. glynnii in the Durusdinium-dominated colonies.  

However, there was distinct temporal variation in colonies with multi-

symbiont dominance (co-dominated by two genera), particularly those from 

SS.  

Durusdinium can tolerate 1.0 to 1.5 °C higher than Cladocopium in 

Acropora millepora (Berkelmans and van Oppen 2006). My results showed 

that there is a significant positive correlation between the mean maximum 

temperature and the percentage of Durusdinium spp. a phenomenon also 

documented under natural conditions in previous studies (Oliver and Palumbi 

2009, Cooper et al. 2011, Oliver and Palumbi 2011b). I also found significantly 

higher correlation between high temperature variability and the percentage of 

Durusdinium spp. That might be the main reason why almost all colonies in 

VS are associated with the stress-resistant Durusdinium spp. Other studies  
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Figure 6. Physiological parameters measured photochemical efficiency (Fv/Fm) 
(A), symbiont density (million cells cm-2) (B) and chlorophyll a concentration 
(pg per symbiont cells) (C). All measurements present the median values of all 
colonies together per sampling time: August 2016 (Aug 2016), December (Dec 2016) 
and March 2017 (Mar 2017); SS = Stable Site, VS = Variable Site. 
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also found that coral communities living at this thermally variable site were 

dominated by D. trenchii (Hsu et al. 2012, Keshavmurthy et al. 2012 , Kao et 

al. 2018). Another survey done at the same site reported that species from the 

genera Acropora, Cyphastrea, Goniastrea, Isopora, Platygyra, Favites, 

Pocillopora, Acanthastrea, and Leptoria associated with D. trenchii at 3 m 

deep in VS, while at 7 m deep the same species associated with Cladocopium 

spp. (C1, C3, C21a and C15) (Keshavmurthy et al. 2014). This difference in 

symbiont communities between depths implies that the hot water from the 

power plant outlet only affects the shallow waters in VS (Keshavmurthy et al. 

2014).  

My results indicate that, in addition to high temperature, large 

temperature variability also plays an important role in determining symbionts 

associations; this concurs with a study of four common taxa sampled from 

four different sites with a gradient of temperature variability in Kenya over 10 

years (McClanahan et al. 2015). The study showed that Pavona and 

Pocillopora were the genera that best survived bleaching events, including the 

global bleaching event of 1998; similar to my study, most colonies in these 

two genera lived in the sites with the highest temperature variability and were 

associated with Durusdinium sp. (McClanahan et al. 2015).  

Those colonies in SS presenting intra-colonial variation, plus a 

Durusdinium spp.-dominated colony (46% of all colonies sampled), have the 

stress-resistant symbiont that provides higher resilience to bleaching events 

than other taxa. Those Cladocopium/Durusdinium co-dominated colonies 

presented temporal variability in the dominant symbionts, which offers a 

ground for corals to shuffle the relative abundances of their dominant 
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symbiont (Bay et al. 2016). This suggests that L. phrygia’s inter-colonial 

variation might be an ecological advantage, because coral species that host 

symbionts resistant to variable conditions will most likely survive climate 

warming events (Goulet 2006, Silverstein et al. 2012, Cunning et al. 2015, 

Silverstein et al. 2015).  

This theory that inter-colonial variation provides ecological advantage 

has been experimentally simulated with two species in the Caribbean with 

multi-symbiont associations, Montastraea cavernosa and O. faveolata 

(Cunning et al. 2015, Silverstein et al. 2015). Corals were stressed with high 

temperatures to induce bleaching. They recovered by increasing their 

abundance of the resistant symbiont D. trenchii and maintaining this 

association after recovery for three months at 29 °C (Cunning et al. 2015, 

Silverstein et al. 2015). Researchers exposed M. cavernosa corals to a 

subsequent bleaching heat stress and determined that those D. trenchii-

dominated corals were more resistant to bleaching and lost fewer symbionts 

than before (Silverstein et al. 2015).  

Durusdinium trenchii has been found to increase bleaching thresholds 

by 1.0 to 1.5 °C under high temperature stress (Berkelmans and van Oppen 

2006, Stat and Gates 2011, Silverstein et al. 2015) by maintaining a high 

photochemical efficiency compared to other symbionts from the Breviolum 

and Cladocopium genera (Oliver and Palumbi 2011a, Cunning et al. 2017). 

My study suggests that species living in VS are able to resist high summer 

temperatures and temperature variability by hosting Durusdinium spp. 

Colonies in VS did not display any signs of stress when their maximum 

photochemical efficiency was measured, even during the summer, when 
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mean maximum temperatures reached 32.3 ± 0.9 °C and were significantly 

higher than in SS. All colonies in this highly variable thermal environment 

showed mean Fv/Fm higher than 0.66 ± 0.03 (see Fig. 6-A).  

In the southern Great Barrier Reef, A. valida, a species dominated by 

multiple Cladocopium and Symbiodinium symbionts, did not present seasonal 

variation in photochemical efficiency (Ulstrup et al. 2008). But the lack of 

seasonal variation was explained by changes in the relative abundance of its 

symbionts, because most colonies increased their percentage of 

Symbiodinium sp. after a bleaching event in the summer. Therefore, they 

maintained high photochemical efficiency during the winter (Ulstrup et al. 

2008). In contrast, SS colonies varied their photochemical efficiency through 

sampling times by increasing Fv/Fm during the winter. Similar results were 

found in the Caribbean in Orbicella spp. (Warner et al. 2002) and in the South 

China Sea in three Acropora spp., Pavona decussata and Porites lutea (Xu et 

al. 2017). Durusdinium spp. not only are advantageous to corals under high 

temperature, they can also resist cold temperature stress (Silverstein et al. 

2017).  

M. cavernosa corals dominated by either D. trenchii or Cladocopium 

C3 were experimentally exposed to temperatures down to 15 °C and, when 

measuring the symbiont photochemical efficiency, both coral colonies showed 

photodamage. Those corals dominated by D. trenchii neither bleached nor 

died, while Cladocopium C3-dominated corals bleached, losing 94% of their 

symbionts (Silverstein et al. 2017). Similarly, Pocillopora spp. corals 

associated with D. glynnii better survived a cold bleaching event in 2008 in the 

Gulf of California (LaJeunesse et al. 2010b). All colonies associated with 
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Cladocopium C1b-c bleached during the cold event and 56% suffered partial 

or total mortality, whereas those colonies associated with D. glynnii neither 

bleached nor showed any mortality (LaJeunesse et al. 2010b).  

During my study period, there was no sign of bleaching from stress at 

either site, and corals in VS exhibited an increase in symbiont density during 

December 2016 following natural temporal fluctuations, which caused a 

significant difference between sites. In SS, there was high variability between 

colonies in 2016; therefore mean values of symbiont density in December 

were comparable to those in August.  

Similar results as in VS were found for A. muricata in a long-term 

monitoring study (6 years) in Mauritius: symbiont densities were three times 

higher during the autumn and winter than the spring and summer, and the 

authors found that symbiont density positively correlated with nitrate 

concentrations (Fagoonee et al. 1999). In the Caribbean, a long-term 

monitoring study (4 years) found similar results: A. cervicornis, A. palmata, O. 

annularis and O. faveolata presented higher values during the winter (Fitt et 

al. 2000). A study in the Red Sea described this same seasonal variation in P. 

verrucosa, with higher densities during the winter (Sawall et al. 2014).  

This difference in symbiont density between seasons has been 

explained by dynamic photoinhibition, where carbon fixation decreased due to 

down-regulation of photosynthesis when there is high light, such as during the 

summer (Fitt et al. 2000). Additionally, chlorophyll a concentration values 

showed temporal fluctuations due to this dynamic photoinhibition related to 

high light and temperature during the summer (Brown et al. 1999, Warner et 
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al. 2002, Scheufen et al. 2017). Both sites in my study presented lower values 

during the summer and increased values in the winter.  

In summary, understanding the physiological plasticity of a species 

such as Leptoria phrygia living in different environments allows me to 

establish different mechanisms that species could use to withstand future 

climate change. Here, I examined the multi-symbiont association in L. phrygia 

in a stable environment and compared it to the same species living at a site 

with high temperature variability. My results suggest that those corals living in 

variable environments provide important information on coral resilience during 

environmental perturbations. Coral colonies in VS dominated by Durusdinium 

spp. had better physiological responses and were able to cope better with the 

high variability in seawater temperature. These results raise the question of 

whether the symbiont community of coral species such as L. phrygia may 

have been selected by the environmental conditions they live in. In addition, 

only those Durusdinium/Cladocopium-dominated colonies presented temporal 

variability. No matter the environmental conditions they lived in, those 

Durusidinum spp.- and Cladocopium spp.-dominated colonies maintained the 

same dominant symbiont at all times. These results also question the role of 

the coral host in deciding which Symbiodinaceae community to associate 

with. In order to answer these questions and to have a better understanding of 

how highly variable environments will respond to future climate change, I 

recommend further experimental work between both sites, such as 

transplantation experiments; I also recommend measuring the physiological 

parameters of all partners in the holobiont. It will also be interesting to 

investigate if species already dominated by Durusdinium spp. will be able to 
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survive more recurrent bleaching events (Hughes et al. 2017b) or prolonged 

thermal stresses (Kao et al. 2018) in the future.  

 
As a continuation of this Chapter, in Chapter III I provide some insights 

in the differences of Durusdinium-dominant and Cladocopium-dominant corals 

with the use of δ13C and δ15N isotopic niche and how it varies through time. 

 
 
 
 
 
 
Supplemental Information: 
 
 
S1 Table. Seawater temperature information at both sites from June 
2016 to June 2017.  

 
 
Months in which sampling was performed are in grey. Abbreviations: 
MMT°=Mean monthly temperature, MMMax T°=Mean monthly maximum 
temperature, MMMin T°=Mean monthly minimum temperature, ΔT°=maximum 
temperature-minimum temperature, VS=Variable Site, and SS=Stable Site. 
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S2 Table. Percentage of Durusdinium spp. at both sites.  
Variable	Site		 	 Stable	Site		

Colony	 Sample		 August'16	 December'16	 March'17	
	

Colony	 Sample		 August'16	 December'16	 March'17	
COL2	 2-1	 100	 100	 100	

	
COL1	 1-1	 6	 4	 98	

		 2-2	 100	 100	 100	
	

		 1-2	 34	 50	 84	
		 2-3	 100	 99	 100	

	
		 1-3	 68	 79	 62	

		 2-4	 100	 99	 99	
	

		 1-4	 87	 47	 100	
		 2-5	 100	 100	 100	

	
		 1-5	 88	 99	 86	

COL3	 3-1	 100	 100	 100	
	

COL2	 2-1	 48	 60	 64	
		 3-2	 100	 100	 100	

	
		 2-2	 92	 87	 84	

		 3-3	 100	 100	 100	
	

		 2-3	 98	 99	 100	
		 3-4	 100	 100	 100	

	
		 2-4	 91	 95	 98	

		 3-5	 100	 		 		
	

		 2-5	 37	 100	 99	
COL4	 4-1	 100	 100	 100	

	
COL3	 3-1	 100	 95	 32	

		 4-2	 100	 100	 100	
	

		 3-2	 87	 95	 40	
		 4-3	 99	 100	 100	

	
		 3-3	 100	 74	 91	

		 4-4	 100	 97	 100	
	

		 3-4	 99	 99	 68	
		 4-5	 99	 100	 100	

	
		 3-5	 100	 98	 100	

COL5	 5-1	 96	 100	 100	
	

COL4	 4-1	 0	 0	 0	
		 5-2	 100	 100	 100	

	
		 4-2	 0	 22	 0	

		 5-3	 97	 100	 100	
	

		 4-3	 1	 75	 3	
		 5-4	 100	 100	 100	

	
		 4-4	 29	 8	 10	

		 5-5	 100	 100	 99	
	

		 4-5	 30	 0	 0	
COL6	 6-1	 99	 100	 100	

	
COL5	 5-1	 0	 0	 0	

		 6-2	 98	 100	 99	
	

		 5-2	 0	 0	 0	
		 6-3	 100	 100	 99	

	
		 5-3	 1	 0	 0	

		 6-4	 100	 97	 100	
	

		 5-4	 0	 0	 0	
		 6-5	 100	 100	 100	

	
		 5-5	 0	 3	 0	

COL7	 7-1	 100	 100	 100	
	

COL6	 6-1	 0	 0	 0	
		 7-2	 100	 100	 100	

	
		 6-2	 0	 0	 0	

		 7-3	 99	 100	 100	
	

		 6-3	 0	 0	 0	
		 7-4	 		 100	 100	

	
		 6-4	 0	 0	 0	

		 7-5	 		 100	 100	
	

		 6-5	 0	 0	 0	
COL9	 9-1	 100	 100	 100	

	
COL7	 7-1	 		 0	 0	

		 9-2	 100	 100	 99	
	

		 7-2	 		 0	 0	
		 9-3	 100	 100	 100	

	
		 7-3	 		 0	 0	

		 9-4	 100	 100	 100	
	

		 7-4	 		 0	 0	
		 9-5	 100	 100	 100	

	
		 7-5	 		 0	 1	

COL10	 10-1	 59	 99	 100	
	

COL8	 8-1	 99	 100	 100	
		 10-2	 86	 93	 80	

	
		 8-2	 100	 100	 100	

		 10-3	 16	 78	 100		
	

		 8-3	 100	 100	 100	
		 10-4	 26	 92	 39	

	
		 8-4	 100	 100	 100	

		 10-5	 80	 72	 63	
	

		 8-5	 100	 100	 100	
COL11	 11-1	 98	 94	 98	

	
COL9	 9-1	 1	 0	 0	

		 11-2	 100	 100	 100	
	

		 9-2	 0	 0	 0	
		 11-3	 100	 100	 100	

	
		 9-3	 0	 0	 0	

		 11-4	 100	 98	 100	
	

		 9-4	 0	 0	 0	
		 11-5	 100	 98	 100	

	
		 9-5	 0	 0	 0	

COL12	 12-1	 100	 99	 100	
	

COL10	 10-1	 		 0	 0	
		 12-2	 100	 100	 100	

	
		 10-2	 		 0	 0	

		 12-3	 100	 100	 100	
	

		 10-3	 		 0	 0	
		 12-4	 100	 100	 100	

	
		 10-4	 		 0	 0	

		 12-5	 100	 98	 100	
	

		 10-5	 		 0	 0	
COL13	 13-1	 100	 100	 100	

	
COL11	 11-1	 0	 		 0	

		 13-2	 100	 98	 100	
	

		 11-2	 0	 		 0	
		 13-3	 100	 99	 100	

	
		 11-3	 0	 		 0	

		 13-4	 100	 97	 100	
	

		 11-4	 0	 		 0	
		 13-5	 100	 100	 100	

	
		 11-5	 0	 		 0	

COL15	 15-1	 100	 93	 98	
	

COL12	 12-1	 0	 0	 		
		 15-2	 97	 	95	 100	

	
		 12-2	 0	 0	 		

		 15-3	 100	 	99	 100	
	

		 12-3	 0	 0	 		
		 15-4	 97	 	98	 74	

	
		 12-4	 0	 0	 		

		 15-5	 77	 	95	 	88	
	

		 12-5	 0	 0	 		

	 	 	 	 	 	
COL16	 16-1	 0	 0	 0	

	 	 	 	 	 	
		 16-2	 0	 6	 3	

	 	 	 	 	 	
		 16-3	 0	 7	 0	

	 	 	 	 	 	
		 16-4	 7	 15	 79	

	 	 	 	 	 	
		 16-5	 87	 92	 100	
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CHAPTER III: Differences in δ13C and δ15N 

isotopic niches of Leptoria phrygia associated 
with Cladocopium spp. or Durusdinium spp. 
symbionts 
 

 

Abstract 

Coral reef ecosystems owe their success to the functional diversity of their 

Symbiodiniaceae endosymbionts. For example, by associating with stress-

resistant symbionts in the Durusdinium genus, some corals are able to 

acquire increased thermal tolerance. However, without stress symbionts in the 

genus Cladocopium fix more carbon and assimilate more nitrogen than 

Durusdinium spp. In this study, I try to understand differences of δ13C and 

δ15N in Leptoria phrygia associating with different symbionts at two sites with 

contrasting temperature regime in the South of Taiwan. I found significant 

differences in δ13C and δ15N isotopic niches between Durusdinium-dominant 

and Cladocopium-dominant corals. They modified their isotopic signal 

according to the seawater temperature, presenting temporal variation in 

isotopic niche, but maintaining a strong symbiosis between algae symbiont 

and coral host. This variation represents an ecological advantage when 

dealing with environmental changes, because L. phrygia associates with both 

Durusdinium spp. and Cladocopium spp. and it modifies their relative 

abundance for the holobiont’s convenience. For instance, in the variable site 

corals displayed a stable association with Durusdinium spp. throughout the 

year, in order to deal with the high temperature variability they are constantly 

exposed to.  
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Introduction 

The ecological success of coral reefs ecosystems in oligotrophic 

waters from the tropics resides in the symbiotic relationship of hermatypic 

corals with Symbiodiniaceae dinoflagellates. Corals have the ability to be 

primary producers, herbivores, carnivores, detritivores and also dissolved 

organic carbon feeders (Houlbrèque and Ferrier ‐ Pagès 2009). The 

endosymbiotic dinoflagellates photosynthetically fix inorganic carbon (Furla et 

al. 2000, Davy et al. 2012) and translocate to the host up to 100% of its daily 

carbon requirements (Muscatine et al. 1981). The coral host acquires carbon 

by directly preying on zooplankton (Goreau et al. 1971, Grottoli et al. 2006, 

Palardy et al. 2008), via uptake of dissolved organic carbon (DOC) (Levas et 

al. 2013), or particulate organic carbon (POC) (Anthony and Fabricius 2000). 

Corals also acquire nitrogen through heterotrophy via particulate organic 

nitrogen (PON) (Houlbrèque and Ferrier‐Pagès 2009),  as dissolved organic 

nitrogen (DON; e.g.: Urea, FAAs) (Grover et al. 2006, 2008), or directly from 

the seawater as dissolved inorganic nitrogen (DIN; e.g.: ammonium and 

nitrate) (Muscatine and D'elia 1978, Grover et al. 2002, Grover et al. 2003). 

The symbiotic algae can also acquired nitrogen from the host’s catabolic 

ammonium (Rahav et al. 1989) and the coral host is able to recover any 

nitrogen previously incorporated by the algae via extracellular release or cell 

degradation (Tanaka et al. 2018). 

In corals inhabiting shallow waters the translocation of photosynthates 

from the symbiont is typically high and support processes such as growth and 

respiration (Muscatine et al. 1981, McCloskey et al. 1984, Muscatine 1990). 
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However, as light attenuates with depth, some corals tend to become more 

heterotrophic to compensate for the lack of photosynthetically fixed carbon 

(McCloskey et al. 1984, Alamaru et al. 2009, Houlbrèque and Ferrier‐Pagès 

2009). These modifications in feeding behavior are species-specific 

(Houlbrèque and Ferrier‐Pagès 2009, Maier et al. 2010, Nahon et al. 2013). 

Furthermore, the nutritional interaction between symbionts and coral hosts 

can be modulated by changes in the environment and food availability (Sawall 

et al. 2011, Tremblay et al. 2013, Tremblay et al. 2014, Hoogenboom et al. 

2015). Nowadays, as seawater temperatures rise, coral bleaching illustrates 

this nutritional changes by forcing an increasing number of species to 

compensate the loss of photoautotrophically acquired carbon by heterotrophic 

feeding and/or consumption of stored energy reserves (Grottoli et al. 2006, 

Rodrigues and Grottoli 2007, Grottoli and Rodrigues 2011, Seemann et al. 

2012, Baumann et al. 2014). Understanding these changes is important 

because currently, corals are under the threat of global climate change 

(Hughes et al. 2017a), and episodes of bleaching associated with El Niño 

events are becoming more frequent and stronger (Hughes et al. 2017b).  

Stable carbon δ13C (13C:12C) and nitrogen δ15N (15N:14N) isotopic 

composition allow to understand the nutritional changes in trophic ecology 

(Bearhop et al. 2004, Fry 2006) and specially in marine mutualistic symbiosis 

(Ferrier‐Pagès and Leal 2019). δ13C values provide information of the 

possible food sources (DeNiro and Epstein 1978, Muscatine et al. 1989) and 

becomes enriched by only 0.4 ‰ to 1.0 ‰ between prey and consumer 

(Muscatine et al. 1989, McCutchan Jr et al. 2003). Thus, in corals the host will 
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have very similar values to those of their endosymbionts (Fry and Sherr 

1989), because values mainly derived from the photosynthetic carbon 

translocated from symbiont to host (Ferrier‐Pagès and Leal 2019). However, 

corals may present a lower δ13C when they become more heterotrophic, 

which reflects the carbon isotopic signature of their main food source 

(Muscatine et al. 1989, Heikoop et al. 2000). δ15N values provide information 

on the nutritional modes in food webs. Typically, a consumer is enriched by 

2.3 ‰ to 3.4 ‰ over that of its diet (Minagawa and Wada 1984). In carnivores 

δ15N fractionation is relatively stable (3.2 ‰ ± 0.4 ‰) however in herbivores 

and plants is more variable (2.5 ‰ ± 2.5 ‰) (Vander Zanden and Rasmussen 

2001). In symbiotic corals δ15N fractionation is complex, depending on the 

relative contribution of the nitrogen source in each partner (Ferrier‐Pagès 

and Leal 2019). For example, if the symbiont feeds on DIN sources or if both 

symbiont and coral host feed on DON, δ15N will be high (~ 4 ‰ – 6 ‰), but if 

the coral feeds on PON, δ15N will be even higher (~ 6 ‰ – 14 ‰) (Sigman et 

al. 2009, Ferrier‐Pagès and Leal 2019).  

δ13C and δ15N isotopic signatures vary with differences in 

environmental parameters in a reef ecosystem (Heikoop et al. 2000, Maier et 

al. 2010, Susanto et al. 2013, Tremblay et al. 2014). In autotrophic corals, 

δ13C will vary with respect to the light intensity and the photosynthetic rate of 

their symbionts (Heikoop et al. 2000). Carbon fractionation will frequently 

increase with decreasing light availability (lower δ13C signature under low 

light) (Muscatine et al. 1989, Heikoop et al. 2000). Similarly, δ15N will 

decrease when light decreases with depth, because less DIN is assimilated 
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and fractionation increases (Heikoop et al. 1998, Heikoop et al. 2000).  In 

addition, δ15N provides information of possible sewage discharge that affects 

the benthic fauna in coral reef ecosystems (Risk et al. 2009), and δ15N will 

become enriched when near an anthropogenic DIN polluted site (Wong et al. 

2017). δ13C and δ15N isotopic values are generally presented as bi-plots and 

provide information on the isotopic niche the study organism belongs to 

(Newsome et al. 2007). Moreover, the isotopic niche can be quantified 

through Bayesian techniques to produce robust measures of trophic niche 

width to answer ecological questions (Jackson et al. 2011), such as variations 

across an environmental gradient or changes in the environment after a 

naturally or anthropogenically induced perturbance (Plass-Johnson et al. 

2018).  

δ13C and δ15N isotopic signatures allow studying and understanding 

the natural variation between corals living in the same environment but 

associating with different symbionts (Tremblay et al. 2015). Each symbiosis 

between a coral species and its dominant symbiont will behave differently, 

exemplifying the functional diversity of dinoflagellates within the 

Symbiodiniaceae family (LaJeunesse et al. 2018). Some symbionts, such as 

in Durusdinium genus, are extremophiles that provide high seawater 

temperature resistance to the coral holobiont (Berkelmans and van Oppen 

2006, Stat and Gates 2011). Under normal temperatures symbionts in 

Cladocopium genus are known to translocate more inorganic carbon and 

nitrogen, thus performed better than Durusdinium sp., e.g.: in Acropora tenuis 

(Baker et al. 2013b), and Isopora palifera (Pernice et al. 2015). However, 

when temperature increases by only two degrees Celsius, Durusdinium sp. 
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fixed more carbon and assimilated more nitrogen than Cladocopium sp. 

(Baker et al. 2013b). Also, δ13C and δ15N can be used to determine changes 

in the symbiotic relationship between the coral and its symbionts. For 

instance, when corals live in eutrophied and warmer environments, symbionts 

change from mutualism to parasitism by assimilating more carbon and 

nitrogen for their own benefit and translocating less photosynthate to the host 

(Baker et al. 2018).  

In this study, carbon and nitrogen isotopic signatures were measured 

and used to delineate isotopic niches occupied by Leptoria phrygia individuals 

populating two sites with contrasting temperature regime. This species is 

abundant in shallow waters, but it associates with different symbionts among 

sites (Carballo-Bolaños et al. 2019). Therefore, in this study I try to 

understand differences of δ13C and δ15N in L. phrygia when associating with 

different symbionts at each site with different temperature regime and their 

temporal variations throughout the year.  

 

Materials and methods 

Study sites and coral sample collection 

 Study sites are located within Kenting National Park (KNP) in southern 

Taiwan (Fig. 1A). Even though they are very close from each other (less than 

15 km apart), they present significant differences in seawater temperature 

variability (Fig. 1B). The ‘Variable Site’ (VS) is located next to a nuclear power 

plant outlet within Nanwan Bay (21° 55' 53.7" N - 120° 44' 42.7" E), where 
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there is a constant hot-water effluent from the power plant throughout the 

year. At this site, the average seawater temperature during the summer can 

be up to 2 - 3 °C higher than other coral reef sites in KNP (Fan 1991, Peir 

2011). In addition, VS is affected by a monthly spring tide upwelling which 

causes daily seawater temperature fluctuation up to 8 °C (Lee et al. 1999, Jan 

and Chen 2009). The ‘Stable Site’ (SS) is located outside of Nanwan Bay (21° 

59' 43.9" N - 120° 42' 23.2" E) and is not affected by the thermal pollution 

from the nuclear plant nor the upwelling (daily fluctuations <3 °C) 

(Keshavmurthy et al. 2014). Even though only VS is affected by upwelling, all 

nutrients measured (nitrite, nitrate, phosphate, and ammonium) in an 

environmental survey from 2001-2004 showed similar values at both sites 

(Meng et al. 2008). 

 Nine and eight colonies were tagged at both VS and SS respectively, 

keeping a minimum distance of 7 - 10 m among them to avoid selecting 

clones. Colonies were sampled in August 2016, December 2016 and March 

2017 (to typify possible variation due to tropical monsoon climate) by 

collecting five nubbins longitudinally from the top to the bottom of each colony 

with 10 - 20 cm apart (Carballo-Bolaños et al. 2019). After collection, coral 

samples were snap-frozen in liquid nitrogen as soon as possible and stored at 

-80 ºC for transportation and further processing.  

 

Coral sample preparation 

 Coral tissue was air-brushed (Johannes and Wiebe 1970) from the 

skeleton of each nubbin using approximately 13 ml of filtered seawater (0.2 

µm) and was then homogenized with a homogenizer stirrer (WiseStir HS-30E, 
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Germany). The resulting slurry (Vi) was centrifuged for 30 min at 10000 xg to 

separate the algae fraction (A) from the coral host fraction (C). Once it was 

verified that both fractions were properly separated by inspecting the 

supernatant under the microscope, it was transfer into a glass vial and dried  

 

Figure 1.  Study sites in Kenting National Park, southern Taiwan (A). 
Temperature variability at both sites during each sampling time (B). VS: 
variable site, SS: stable site.  
 

at 60 °C in the oven (Kuan Sheng KS-21, Taiwan) for 48 h. Salt crystals were 

removed manually from the dry sample and it was then re-suspended in 

approximately 8 ml distilled water and centrifuge for 10 min at 10000 g. The 

pellet (C) was dried again at 60 °C for 24 h and this cleaning process was 

repeated 2 more times. The pellet (A) from Vi was cleaned with 1 ml distilled 

water and centrifuged again for 5 min at 10000 xg. This step was repeated 

three times and then the algae fraction was decalcified with 0.5 ml of 0.5 N 

HCl for around 1 hour or until no bubbles were observed. After decalcification 
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samples were rinsed with distilled water again and dried at 60 °C for 24 h. A 

test was performed to check if decalcifying the samples would affect nitrogen 

isotopic values, but there was no significant difference between decalcified 

and not decalcified samples (<0.2 ± 0.05 ‰, n=4) (Mateo et al. 2008). 

Stable isotope analysis 

δ13C and δ15N isotopic compositions of symbiont and coral host samples 

were analysed in an isotope ratio mass spectrometer (IRMS, Finnigan Delta V 

advantage, Thermo Fisher Scientific, Germany) coupled in continuous flow to 

an elemental analyser mass spectrometer (Flash EA 2000, Thermo Fisher 

Scientific, Germany). The isotopic signature was calculated from the ratios 

13C/12C and 15N/14N of heavy to light isotope and are express in delta notation 

(δ) in per mil (‰) relative to Vienna Pee Dee Belemnite and atmospheric air 

using the following formula: δX = ( Rsample – 1) *1000 (‰) 

        Rstandard 
 

Between 1 – 2 and 2 – 3 mg of samples were used for the algae 

fraction and the coral host respectively. Repeated measurements of an 

internal standard (protein: δ13C = -27.30 ± 0.10 ‰; δ15N = 6.00 ± 0.10 ‰) and 

a certified reference material (L-glutamic acid (USGS40): δ13C = -26.40 ± 0.10 

‰; δ15N = -4.50 ± 0.10 ‰) used for calibration, exhibited a precision of ≤ 0.10 

‰ for δ13C and δ15N.  

 

Molecular analysis: DNA extraction and quantitative 

PCR (qPCR) 
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A small subsample of coral tissue (~6 mm) was cut from each nubbin 

and stored in an Eppendorf tube with 95% Ethanol. DNA was extracted 

following a modified high salt method (Ferrara et al. 2006b) The relative 

abundance of Cladocopium sp. and Durusdinium sp. were quantified by 

amplifying the ITS1 region using the LightCycler® 480 Instrument II (Roche, 

Switzerland) with a modified protocol from Mieog et al. (2007). The ratio of 

Durusdinium (D) to Cladocopium (C) was calculated using the formula: 

ratio=D/(C+D) from triplicate measures per sample (for more details on the 

extraction method and protocol use for qPCR see Chapter II. If qPCR results 

showed more than 50% of Cladocopium sp. that specific nubbin was 

classified as being C-dominated and if it was more than 50% of Durusdinium 

sp. it was classified as D-dominated. 

 

Statistical analysis 

Mean monthly temperature and mean monthly temperature variability 

(defined as the mean monthly maximum minus the mean monthly minimum 

temperature) were calculated for each site and the differences were tested 

using the non-parametric Mann-Whitney-Wilcoxon test after confirming that 

data from most months were not normally distributed.  

Univariate isotopic values (δ13C and δ15N) were compared between C-

dominated and D-dominated samples using a permutation test during each 

sampling time. The isotopic niche was quantified from the bi-dimensional plots 

using the total area index (TA), which measures the area of a polygon (the 

convex hull) drawn through the most extreme data points of a population in 

the isotopic niche space (Layman et al. 2007). Additionally, the Bayesian 
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standard ellipse areas (SEA ‰2), which measures the isotopic niche width of 

the mean core groups and contains approximately 95% of the data and the 

Bayesian standard ellipse areas corrected for sample size (Jackson et al. 

2011) were also calculated and the differences between C-dominated and D-

dominated corals were plotted for each sampling time. To compare the 

strength of the symbiosis (between coral and algae fractions) within C-

dominated and D-dominated corals the position of the centroid in the convex 

hull was tested using the non-parametric permutational multivariate analysis 

of variance (PERMANOVA) with 999 permutations. To test for the dispersion 

of the data the homogeneity of multivariate dispersions (PERMDISP) with 999 

permutations was used. To test for significant differences between C-

dominated and D-dominated corals at each sampling time and across 

sampling times, both assessments (PERMANOVA and PERMDISP) were 

used. The non-parametric Spearman correlation was used to test for 

correlations between each isotopic value (δ13C and δ15N) and the percentage 

of Durusdinium sp. Because isotopic information of the baseline at both sites 

are lacking (e.g.: plankton, POM), the Δδ13Chost-symbiont  and Δδ15Nhost-symbiont  

values were used to normalise our data, in order to be able to compare 

between sites. 

All statistical analyses were performed in R (version 3.4.1) (R-Core-

Team 2017), using the ‘lmPerm’ package for the permutational tests (Wheeler 

2016), ‘SIBER’ package to get the isotopic niche width (Jackson et al. 2011), 

and ‘vegan’ package for PERMANOVA and PERMDISP (Oksanen et al. 

2013). All data were presented as mean ± standard deviation (S.D.). 

 

 



	Chapter	III:	δ13C	and	δ15N	isotopic	niches	in	Leptoria	phrygia	

	 62	

Results 

Temperature differences between sites 

Mean monthly temperatures in VS were significantly higher than in SS 

in August 2016 (VS: 30.4 ± 1.1, SS: 29.8 ± 0.5; Mann Whitney test, p<0.05), 

in December 2016 (VS: 26.0 ± 1.2, SS: 25.2 ± 0.9; Mann Whitney test, 

p<0.05) and in March 2017 (VS: 26.8 ± 0.9, SS: 25.2 ± 0.7; Mann Whitney 

test, p<0.05) (Fig. 1B).  Similarly, VS showed significantly higher mean 

monthly temperature variability (Mean monthly maximum temperature – mean 

monthly minimum temperature) than SS in August 2016 (VS: 2.5 ± 0.8, SS: 

0.9 ± 0.4; Mann Whitney test, p<0.05), in December 2016 (VS: 1.9 ± 0.8, SS: 

1.2 ± 0.3; Mann Whitney test, p<0.05) and in March 2017 (VS: 2.0 ± 0.6, SS: 

1.3 ± 0.4; Mann Whitney test, p<0.05) (Fig. 1B).   

 

Strength of the symbiotic relationship within C-

dominant and D-dominant corals 

 The isotopic niche between the coral host and its endosymbionts within 

C-dominant corals was significantly different throughout the year (August: 

PERMANOVA, r2=0.36, F7,48=3.86, p=0.001; December: PERMANOVA, 

r2=0.56, F7,42=7.65, p=0.001; and March: PERMANOVA, r2=0.63, F7,44=10.73, 

p=0.001) and was also influenced by its dispersion (August: PERMDISP, 

F7,54=14.09, p=0.001; December: PERMDISP, F7,48=5.47, p=0.001; and 

March: PERMDISP, F7,50=14.71, p=0.001) (Fig. 2). Similarly, within D-

dominant corals the isotopic niche was significantly different throughout the 
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year (August: PERMANOVA, r2=0.40, F7,108=10.22, p=0.001; December: 

PERMANOVA, r2=0.51, F7,104=15.70, p=0.001; and March: PERMANOVA, 

r2=0.59, F7,104=21.00, p=0.001), but it was affected by the dispersion of the 

data only during August 2016 (PERMDISP, F1,114=9.01, p=0.001) (Fig. 3).  

The SEAc in August 2016 was very similar between C-dominant and 

D-dominant corals when comparing each fraction separately, with C-dominant 

having 1.66 ‰2 for coral fraction and 1.89 ‰2 for algae fraction, while D-

dominant showed 1.73 ‰2 and 2.16 ‰2 for the coral and algae fractions 

respectively (Fig. 4A). In August 2016, the SEAc of C-dominant corals was 

higher with 3.52 ‰2 and 3.23 ‰2 for coral and algae, while D-dominant corals 

presented SEAc of 2.34 ‰2 for the coral fraction and 2.25 ‰2 for the algae 

fraction (Fig. 4B). Meanwhile, in March 2017 the coral fraction exhibited 

almost half SEAc with 1.37 ‰2 than the algae fraction with 2.84 ‰2 in D-

dominant corals and C-dominant corals presented similar trend but with lower 

values (coral: 0.83 ‰2, algae: 1.46 ‰2; Fig. 4C). 

 

Differences in isotopic niche, δ13C and δ15N between 

C-dominant and D-dominant corals  

Coral samples of Leptoria phrygia mainly kept an autotrophy feeding 

behaviour, Δδ13Chost-symbiont values remained between -1.5 and 1.5 throughout 

time, (Fig. 5).  

The isotopic niche between C-dominant and D-dominant corals was 

not influenced by the dispersion when combining all sampling times together 

(PERMADISP, F1,247=0.87, p=0.40).  
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Figure 2. δ15N vs. δ13C (‰) bi-plots displaying the isotopic niche for C-
dominant corals at each site during August 2016 (A), December 2016 (B) and 
March 2017 (C). Convex hull area (TA) formed by the most dispersed points within 
each group. Standard ellipse area corrected for small sample sizes (SEAc) with 40% 
of the data. SS=Stable Site (circles), VS=Variable Site (triangles); Coral fraction 
(dark blue), algae fraction (light blue). 
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Figure 3. δ15N vs. δ13C (‰) bi-plots displaying the isotopic niche for D-
dominant corals at each site during August 2016 (A), December 2016 (B) and 
March 2017 (C). Convex hull area (TA) formed by the most dispersed points within 
each group. Standard ellipse area corrected for small sample sizes (SEAc) with 40% 
of the data. SS=Stable Site (circles), VS=Variable Site (triangles); Coral fraction 
(brown), algae fraction (pink). 
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Figure 4. Density plots showing the confidence intervals of the Bayesian 
Standard Ellipse Areas in August 2016 (A), December 2016 (B) and March 2017 
(C). The black point corresponds to the mode standard ellipse area for each group. 
Boxes in different shading denote 95% (light), 75% (darker) and 50% (darkest) 
credibility intervals. SS=Stable Site, VS=Variable Site. Cladocopium-dominant, 
Durusdinium-dominant. 
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Similarly, there was no significant difference in the dispersion of the isotopic 

niches in August 2016  (PERMADISP, F1,84=0.10, p=0.75) and March 2017 

(PERMADISP, F1,80=2.91, p=0.09); only in December 2016 the dispersion 

was significantly different between C-dominant and D-dominant corals 

(PERMADISP, F1,79=7.46, p=0.005).  

The position of the isotopic niche was significantly different when 

combining all samplings together (PERMANOVA, r2=0.07, F7,241=2.54, 

p=0.001). In August 2016, δ13C in the algae and the coral fraction showed 

significant differences between C-dominant and D-dominant (permutation test 

algae, F1,84=55.89, p=0.000; permutation test coral, F1,84=63.81, p=0.000) with 

mean values of -14.20 ± 0.89 and -16.08 ± 1.18, in the algae fraction for C-

dominant and D-dominant corals respectively, and -14.33 ± 0.97 and -16.25 ± 

1.08 in the coral fraction for C-dominant and D-dominant corals respectively 

(Table 1, SI Fig 1A-B). While δ15N presented significant differences only in the 

algae fraction (permutation test algae, F1,84=8.95, p=0.004; permutation test 

coral, F1,84=0.82, p=0.37), with higher values of 5.20 ± 0.66 from C-dominant 

corals and lower values of 4.79 ± 0.58 in D-dominant corals.  

In December 2016, δ13C values were significantly different between C-

dominant and D-dominant in the algae (-14.95 ± 1.78 and -15.95 ± 1.19, 

respectively) and in the coral fraction (-14.72 ± 1.45 and -15.49 ± 1.22, 

respectively) (permutation test algae, F1,79=8.97, p=0.004; permutation test 

coral, F1,79=6.10, p=0.016) (Table 1, SI Fig 1A-B); and δ15N values were only 

significantly different in the coral fraction (6.13 ± 0.74 for C-dominant and 5.51 

± 0.61 for D-dominant) (permutation test algae, F1,79=0.97, p=0.33; 

permutation test coral, F1,79=15.64, p=0.000) (Table 1, SI Fig 1C-D).  
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In March 2017, similar to August and December 2016, δ13C in the 

algae (-13.48 ± 1.69 in C-dominant and -14.92 ± 1.59 in D-dominant) and the 

coral fraction (-13.62 ± 1.46 in C-dominant and -15.29 ± 1.36 in D-dominant) 

showed significant differences between C-dominant and D-dominant 

(permutation test algae, F1,80=13.98, p=0.000; permutation test coral, 

F1,80=25.48, p=0.000) (Table 1, SI Fig 1A-B). δ15N values were only 

significantly different in the coral fraction with mean values of 5.62 ± 0.18 in C-

dominant and 5.32 ± 0.32 in D-dominant (permutation test algae, F1,80=2.67, 

p=0.10; permutation test coral, F1,80=19.52, p=0.000) (Table 1, SI Fig 1C-D).  

When checking the trophic niche of those C-dominant and D-dominant 

corals of SS, there was no significant difference at each sampling time.  

 
 
Table 1. δ13C and δ15N mean values ± s.d. (‰) of algae and coral fraction 
by symbiont association: either C-dominant or D-dominant at each 
sampling time (August and December 2016, March 2017). 
	

Algal 
symbiont 

association 
Date 

δ13C δ15N 
n Symbiont Coral host Symbiont Coral host 

C-dominant 
Aug-16 -14.20 ± 0.89 -14.33 ± 0.97 5.20 ± 0.66 5.70 ± 0.59 28 
Dec-16 -14.95 ± 1.78 -14.72 ± 1.45 5.26 ± 0.72 6.13 ± 0.74 25 
Mar-17 -13.48 ± 1.69 -13.62 ± 1.46 5.25 ± 0.30 5.62 ± 0.18 26 

D-dominant 
Aug-16 -16.08 ± 1.18 -16.25 ± 1.08 4.79 ± 0.58 5.59 ± 0.50 59 
Dec-16 -15.95 ± 1.19 -15.49 ± 1.22 5.11 ± 0.59 5.51 ± 0.61 56 
Mar-17 -14.92 ± 1.59 -15.29 ± 1.36 5.06 ± 0.56 5.32 ± 0.32   56 

 

Temporal variation in isotopic niche  

Not only are there significant differences in the isotopic niche between 

C-dominant and D-dominant corals during all sampling times, but they also 

presented temporal variation. In the isotopic niche bi-plots in August 2016, D-

dominated corals showed higher values in the δ15N axis (Fig. 5A).  
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Figure 5. δ15N vs. δ13C (‰) bi-plots of standardized isotopic values (Δδ13Chost-

symbiont  and Δδ15Nhost-symbiont) displaying the isotopic niche according to the 
symbiont association at each site during August 2016 (A), December 2016 (B) 
and March 2017 (C). Convex hull area (TA) formed by the most dispersed points 
within each group. Standard ellipse area corrected for small sample sizes (SEAc) 
with 40% of the data. SS=Stable Site (circles), VS=Variable Site (triangles); 
Cladocopium-dominant (blue), Durusdinium-dominant (red). 
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Meanwhile, in December 2016 those C-dominated corals showed higher 

values in the δ15N axis and very similar for both times in the δ13C axis (Fig. 

5B). But in March they become more similar in the δ15N axis but different in 

the δ13C axis (Fig. 5C). Those C-dominant corals showed significant 

differences in the isotopic niche position through time (PERMANOVA, 

F11,67=2.71, p=0.001) but not in their dispersion (PERMDISP, F2,76=2.14, 

p=0.11) (Fig. 5). However, a pairwise comparison between months showed 

significant differences only between December 2016 and March 2017 

(Pairwise-PERMANOVA, p=0.015). Similarly to C-dominant corals, those D-

dominant showed significant differences in the isotopic niche position through 

time (PERMANOVA, F11,158=9.12, p=0.001) and all pairwise comparisons 

(August-December 2016, August 2016-March 2017, December 2016-March 

2017) were significantly different (Pairwise-PERMANOVA, p=0.003) (Fig. 5). 

They presented significantly differences in their dispersion (PERMDISP, 

F2,167=4.42, p=0.016), between August and December 2016 (Pairwise-

PERMANOVA, p=0.023) and between December 2016 and March 2017 

(Pairwise-PERMANOVA, p=0.011).  

 

Correlation between δ13C/ δ15N and the percentage of 

Durusdinium spp. 

In general, D-dominat corals presented lower δ13C and δ15N values than 

those C-dominant corals. There was a negative significant monotonic 

correlation between δ13C with the percentage of Durusdinium sp. in both  

fractions in August 2016 (Algae fraction, rs=-0.65, p=0.000; coral fraction, rs=-

0.61, p=0.000), in December 2016 (Algae fraction, rs=-0.29, p=0.009; coral 
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fraction, rs=-0.29, p=0.009) and in March 2017 (Algae fraction, rs=-0.25, 

p=0.030; coral fraction, rs=-0.38, p=0.000) (SI Fig. 2). Similarly, there was a 

negative significant correlation between δ15N with the percentage of 

Durusdinium sp. in the algae fraction in August 2016 (rs=-0.36, p=0.000), in 

both fractions in December 2016 (Algae fraction, rs=-0.30, p=0.007; coral 

fraction, rs=-0.44, p=0.000) and in March 2017 (Algae fraction, rs=-0.26, 

p=0.017; coral fraction, rs=-0.55, p=0.000). Only the coral fraction in August 

2016 presented no significant correlation between δ15N with the percentage of 

Durusdinium sp. (rs=-0.04, p=0.70) (SI Fig. 3). 

 

Discussion 

Leptoria phrygia associates with different dominant algae symbionts in 

KNP depending on the temperature variability they live in. I demonstrate 

differences δ13C and δ15N isotopic niche related to the dominant symbiont 

(either Cladocopium spp. or Durusdinium spp.) in each coral-Symbiodiniaceae 

association and how their isotopic niche varied through time.  

All coral colonies acquired their carbon through autotrophy during all 

sampling times at both sites, no matter the changes in seawater temperature 

between seasons. Similar to my results, nine species of corals remained 

autotrophic at three different sites in French Polynesia across seasons 

(Nahon et al. 2013). My study and Nahon et al. (2013) were done with shallow 

water corals living in <3 m, but other studies done along a depth gradient 

down to 60-65 m exhibited similar results (Alamaru et al. 2009, Einbinder et 

al. 2009). 
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Even though L. phrygia remains autotrophic throughout the year for 

both C-dominant and D-dominant corals, each fraction’s isotopic niche 

provides information about the strength of their symbiosis. Overall, D-

dominant corals presented lower δ13C and δ15N values than C-dominant 

corals during all sampling times, showing a significantly different negative 

correlation between δ13C and δ15N and the percentage of Durusdinium sp. 

Pernice et al. (2015) demonstrated in I. palifera that Cladocopium C3 was 

indeed metabolically more efficient than D. glynnii (former clade D1), by fixing 

and translocating more carbon and nitrogen to the coral host under non-

stressful conditions. Similar to my results, Wall et al. (2020) demonstrated 

lower carbon assimilation and translocation to the host in D-dominant corals, 

by exhibiting lower isotopic values without changing their autotrophic 

capacities.  

When looking at the normalized data, in August 2016, after spending 

all summer at high temperatures D-dominant corals showed higher values in 

the δ15N axis of the bi-dimensional biplots and were significantly different from 

the centroid position of C-dominant corals. Pernice et al. (2015) provided 

evidence of the metabolic differences between Cladocopium C3 and D. glynnii 

naturally associated with I. palifera, by demonstrating how Cladocopium C3 

translocated more carbon and nitrogen to the coral host at ambient 

temperatures. Baker et al. (2013b) demonstrated that under high 

temperatures Durusdinium sp. acquired more nitrogen than C. goreaui in 

juveniles of A. tenuis. However, under non-stressful temperatures C. goreaui 

assimilated and translocated more nitrogen than those associated with 

Durusdinium sp., similar to those C-dominant corals in December 2016 that 
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showed higher values in δ15N. In March 2017, both C-dominant and D-

dominant corals have very similar δ15N values, but they differed in δ13C 

values. 

Ecologically, C-dominant and D-dominant corals have very strong 

symbiosis that they varied through time. The variation observed in the isotopic 

niche of L. phrygia can be considered an advantage that this species has 

when dealing with changes in the environment. In this study, I provide 

evidence of significant differences between C-dominant and D-dominant 

corals, but in Chapter 2 I showed how L. phrygia colonies have different 

symbiont association in SS: most colonies are C-dominant, but they also have 

a co-dominance between Cladocopium sp. and Durusdinium sp (Carballo-

Bolaños et al. 2019). I can confirm that these colonies will have a broader 

isotopic niche, which they can adjust according to the environment they are 

exposed to throughout the year by changing the relative abundance of its 

symbionts.  

I can conclude that the significant differences observed in δ13C and 

δ15N isotopic niches between C-dominant and D-dominant corals are 

influenced by those D-dominant from VS, since there were no significant 

differences when comparing between C-dominant and D-dominant corals in 

SS. Almost all corals from the VS constantly associated with the stress-

tolerant Durusdinium spp., suggesting that in VS the environmental conditions 

are always suitable for its proliferation. 

 

After better understanding the physiological differences of L. phrygia 

when living at sites with different temperature regime from Chapters II and III, 
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I performed a RTE to see how this species acclimatise to the new 

environment and I also compared the physiological responses of L. phrygia 

with Porites lutea, another coral species that associates with the same stress-

resistant endosymbionts at both sites, to expand on the mechanisms different 

coral species utilize to resist temperature stress.  
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Supplemental Information: 
 

 

SI Figure 1. δ13C (‰; top) and δ15N (‰; bottom) for algae fraction (A and C) and 
coral fraction (B and D) during each sampling time grouped by symbiont 
association.  
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SI Figure 2. Correlation between δ13C and the percentage of Durusdinium sp. in 
algae fraction (A) and coral fraction (B). SS=Stable Site (circles), VS=Variable 
Site (triangles); Aug-16=August 2016 (orange), Dec-16=December 2016 (dark 
brown), Mar-17=March 2017 (light brown). 
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SI Figure 3. Correlation between δ15N and the percentage of Durusdinium sp. in 
algae fraction (A) and coral fraction (B). SS=Stable Site (circles), VS=Variable 
Site (triangles); Aug-16=August 2016 (orange), Dec-16=December 2016 (dark 
brown), Mar-17=March 2017 (light brown). 
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CHAPTER IV: Acclimatisation processes in 

Leptoria phrygia and Porites lutea when 

transplanted to a habitat with different seawater 

temperature variability in southern Taiwan 

 

Abstract: 

Coral reefs are under the threat of bleaching events, which are becoming 

more frequent and stronger due to the rise of green house gases in the 

atmosphere. Some coral species are able to resist and survive stress, e.g. 

bleaching events, by associating with a stress-resistant symbiont. Each 

symbiotic relationship between the coral host and its Symbiodiniaceae 

dinoflagellates(s) is unique and species-specific, therefore by understanding 

what are the different mechanisms different species used, we can forecast 

which species will be the survivors in a climate-changing world. With the use 

of a reciprocal transplantation experiment for 18 months, the acclimatisation 

capabilities of Leptoria phrygia and Porites lutea were determined. Different 

physiological parameters were measured in corals from two sites: one 

variable site, which is affected by constant effluent of high seawater 

temperature and an upwelling; and a stable site that is not affected by large 

temperature variations. Each species associated with different stress-resistant 

symbionts and were significantly different between each other in all 

parameters measured, except in symbiont density. Results suggest that L. 

phrygia depends more on their symbionts to acclimatise to the variable site, 

but only if they have the stress-resistant Durusdinium spp. within the colony. 

In contrast, P. lutea presented a slower acclimatisation than L. phrygia and 

this species seems to depend more on the coral host. 
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Introduction 

One of the biggest concerns nowadays is the impact of increasing 

green house gases in the atmosphere, which leads to a global increase in 

seawater temperatures that produces mass bleaching events (Hoegh-

Guldberg 1999, Fitt et al. 2001, Coles and Brown 2003, Hughes et al. 2003, 

Hoegh-Guldberg et al. 2007). These events are becoming more frequent and 

stronger, giving rise to the probabilities that coral reef ecosystems will be 

unable to recover from these stronger, subsequent bleaching events in the 

coming years (Hoegh-Guldberg 1999, Hoegh-Guldberg et al. 2007, Heron et 

al. 2016, Hughes et al. 2017a, Hughes et al. 2017b). 

Corals in general, are able to resist high thermal and light stresses 

through molecular protective mechanisms, like increased expression of heat 

shock proteins and antioxidant enzymes or mycosporine amino acids (MAA) 

and fluorescent pigments (Brown 1997b, Salih et al. 2000, Shick and Dunlap 

2002, Coles and Brown 2003, Douglas 2003, Lesser 2006). When the 

temperature and duration of the stress is too high, corals bleach and cannot 

survive without their main symbiotic partner (Glynn 1993, Fitt et al. 2001, 

Jokiel 2004). Even though the molecular process of bleaching is quite similar 

across corals, many different mechanisms have been recognized that allow 

different coral species to acclimatise, resist and survive thermal stress (Coles 

and Brown 2003, Douglas 2003, Jokiel 2004). 

One of the most studied mechanisms in the mutualistic relationship of 

corals with its Symbiodiniaceae endosymbionts is the association with a 

stress resistant symbiont (Baker 2003, Berkelmans and van Oppen 2006, 

Jones and Berkelmans 2010 , Stat and Gates 2011), in order to acquire 
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increased thermal tolerance by associating with a stress resistant symbiont. 

Within the Symbiodinaceae there are some species that are resistant to 

thermal stress, such as Durusdinium spp. (previously known as clade D) 

(Rowan 2004, Berkelmans and van Oppen 2006, Stat and Gates 2011), 

Cladocopium C15 (Levas et al. 2013) and C. thermophilum C3 (Hume et al. 

2015, Hume et al. 2016). Species in the genus Durusdinium are 

extremophiles that have been found inhabiting stressful environments with 

thermal stress, high temperature fluctuations, sedimentation and high 

latitudinal marginal reefs (Chen et al. 2005, Lien et al. 2007, LaJeunesse et al. 

2010a, Hsu et al. 2012, Wham et al. 2017, LaJeunesse et al. 2018, Carballo-

Bolaños et al. 2019). Durusdinium sp. has acquired a lot of interest in the past 

decades, because it proliferates in bleached corals (Jones et al. 2008, 

Lajeunesse et al. 2009, Hsu et al. 2012, Silverstein et al. 2015) and provides 

1 to 1.5 °C of thermal tolerance (Berkelmans and van Oppen 2006), allowing 

the holobiont to survive thermal stress. One mechanism that makes the 

Durusdinium genus thermally tolerant is that they can maintain high 

photochemical efficiency compared to other symbionts from other genera 

(Breviolum or Cladocopium) (Rowan 2004, Oliver and Palumbi 2011a, 

Cunning et al. 2017). They are also able to fix more carbon and assimilate 

more nitrogen than Cladocopium sp. when exposed to high temperatures (30 

°C) (Baker et al. 2013b). The capacity to associate with different species 

within the Symbiodinaceae is considered a widespread phenomenon (Baker 

2003, Silverstein et al. 2012). Some species of corals are capable of shifting 

the relative abundance of their dominant symbionts when exposed to thermal 

stress and those background symbionts, which can represent <10% of the 
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overall Symbiodinaceae community (Mieog et al. 2007), become dominant, 

conferring thermal tolerance to the holobiont (Berkelmans and van Oppen 

2006, Cunning et al. 2015, Silverstein et al. 2015, Lewis et al. 2019).  This has 

been proposed in the ‘adaptive bleaching hypothesis’ (ABH) by Buddemeier 

and Fautin (1993) and assumes that bleaching events stimulate the loss of 

thermally-sensitive symbionts in favour of types that provides thermal stress 

tolerance. However, when environmental conditions return to normal, corals 

reverted to their dominant symbiont (Berkelmans and van Oppen 2006, 

Thornhill et al. 2006b, Sampayo et al. 2008, Lajeunesse et al. 2009). Even 

though many coral species are able to associate with a heterogeneous 

community of Symbiodinaceae (Silverstein et al. 2012), others do not change 

their dominant symbiont (Goulet 2006) even when bleaching, showing a long-

term symbiotic adaptation between coral host and its dominant symbiont (Stat 

et al. 2009, Thornhill et al. 2009).  

Reciprocal transplantation experiments (RTE) are a well-known 

technique to quantify acclimatisation mechanisms by comparing physiological 

parameters across environmentally different sites, locations or regions and 

then studying how they modified these parameters when reciprocally 

transplanted (Thomas et al. 2018). Acclimatisation refers to the phenotypic 

changes of corals in their natural environment (Coles and Brown 2003). 

Studies have identified a direct link between thermal preconditioning (in 

laboratory experiments or previous bleaching events in the field) and 

bleaching susceptibility (Middlebrook et al. 2008, Bellantuono et al. 2012, 

Putnam and Gates 2015, Hawkins and Warner 2017). After exposing corals to 

a short-term thermal preconditioning experiment, only those preconditioned 
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corals displayed no bleaching during a subsequent heat-stress experiment 

(Middlebrook et al. 2008, Bellantuono et al. 2012), even without any changes 

in the Symbiodiniaceae and the bacterial community (Bellantuono et al. 2012). 

Similarly, Guest et al. (2012) investigated corals from three different locations 

in South-East Asia (Indonesia, Singapore and Malaysia) after the 2010 

bleaching event, and correlated their bleaching susceptibility with a previous 

bleaching event in 1998, and the temperature variability at each location. 

Sensitive species like Acropora and Pocillopora were largely affected in 

Indonesia, where degree heating weeks (DHW) and temperature did not 

exceeded the mean monthly maximum (MMM) temperature in 1998; but at 

sites in Malaysia and Singapore, both coral genera showed low signs of 

bleaching and DHW exceeded the MMM for prolonged periods and total DHW 

was five and seven times higher in Malaysia and Singapore than in Indonesia 

in 1998 (Guest et al. 2012). Consequently, corals acclimatised to previous 

thermal stress events, but also those living in sites with high variable 

temperature present higher tolerance (Guest et al. 2012).  

 Palumbi et al. (2014) performed a RTE between a highly variable tide 

pool (HV) and a moderate variable pool (MV) for 27 months using A. 

hyacinthus to test for acclimatisation responses to heat stress experiments by 

exposing those transplanted corals to 34 °C for 3 h. Corals acquired part of 

the heat sensitivity of the pool they were transplanted to: MV pool corals 

acquired heat resistance when moved to HV pool but not to the same extent 

of HV conspecific, while those from HV transplanted to MV dropped their 

chlorophyll a retention similar to the levels of native corals (Palumbi et al. 

2014). Moreover, Mayfield et al. (2013) performed a thermal stress 

 



	Chapter	IV: Acclimatisation	processes	in	two	coral	species	

	 83	

experiment with P. damicornis from a site with high daily temperature variation 

in the south of Taiwan and those corals at high temperature  (30 °C) behave 

similar to the control at 26.5 °C for different physiological parameters 

suggesting that this species living at this high variable temperature site can 

acclimate to high temperatures that cause bleaching and mortality in 

conspecific from other sites with more stable environments (Mayfield et al. 

2013).  

In Kenting National Park (KNP), southern Taiwan, there is a site that 

presents high temperature variability during the whole year. This ‘Variable 

Site’ (VS) is located next to the outlet of a nuclear power plant and is 

influenced by constant hot-water that makes the temperature in the summer 3 

°C higher than other sites in KNP (Fan 1991, Peir 2011); additionally, is 

influenced by a tidal upwelling that causes daily temperature fluctuations up to 

8 °C (Lee et al. 1997, Jan and Chen 2009). Another site in the east of KNP 

called ‘Wanlitong’, is not influenced by daily temperature fluctuations (<3 °C), 

or by high temperatures during the summer, and is considered the ‘Stable 

Site’ (SS).  

To understand acclimatisation processes of corals to high temperature 

variability and high temperature stress during the summer, I performed a RTE 

for 18 months between both sites. Different physiological parameters were 

measured using two different corals species: Leptoria phrygia, a sub-massive 

brain coral that associates with a stress resistant symbiontic algae 

Durusdinium glynnii in VS and with a combination of D. glynnii and 

Cladocopium spp. (thermal sensitive) in SS (Carballo-Bolaños et al. 2019); 

and I included another species that do not change symbionts, even when 
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living at sites with different seawater temperature regimes. Porites lutea, a 

massive dome-shaped coral that associates with a stress resistant 

endosymbiont Cladocopium C15 is also very abundant at both places 

(Keshavmurthy et al. 2014). These species were chosen to display 

differences in symbiont association and how it influences physiological 

responses when acclimatising to different temperature regimes.  

 

Material and methods 

Study sites and temperature data 

 Both sites are in Kenting National Park, southern Taiwan (Fig. 1). The 

‘Variable Site’ (VS) is under the constant influence of hot-water effluent from a 

nuclear power plant outlet (21° 55' 53.7" N - 120° 44' 42.7" E); the average 

seawater temperature at this site during summer is up to 3 °C higher than that 

at other sites in Kenting (Fan 1991, Pier 2011). The thermal effluent in VS is 

restricted to the water column above 3 m depths (Keshavmurthy et al. 2014). 

There is a daily fluctuation of up to 8 °C, due to tidal upwelling, directly 

affecting the water in Nanwan, Kenting (Chiou et al. 1993, Lee et al. 1997, 

Jan and Chen 2009), conferring the characteristics of a natural climate-

change simulator. The ‘Stable Site’ (SS), Wanlitong, is located outside of 

Nanwan, and is not affected by daily temperature fluctuations (<3 °C) 

(Keshavmurthy et al. 2012 ).  

 Temperature was recorded at 1h intervals at each site, using 

temperature loggers (Onset HOBO 64K Pendant® data loggers, accuracy ± 

0.5 °C, resolution 0.14 °C, USA) deployed at 3 m depths. The mean monthly 
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temperature, mean monthly maximum and minimum temperatures and mean 

monthly temperature variability (defined as the mean monthly maximum 

temperature minus the mean monthly minimum temperature) were calculated 

at each site for comparison. 

 

Figure 1. Study sites in Nanway, southern Taiwan. Both sites are located within 
Kenting National Park: Variable Site (VS) in the power plant outlet (21 ̊55’53.7"N 
120 ̊44’42.7"E) and Stable Site (SS) in Wanlitong (21 ̊59’43.9"N 120 ̊42’23.2"E). RTE 
= reciprocal transplantation experiment. 

 

Experimental design 

 The reciprocal transplantation experiment (RTE) was performed 

between both sites (Figure 1) using two species of corals: Leptoria phrygia, a 

species that associates with two symbionts, the heat resistant Durusdinium 

sp. and a heat sensitive Cladocopium sp.; and Porites lutea a specialist 

species that associates only with a heat resistant Cladocopium C15.  Five 

large colonies were chosen haphazardly with a distance >10 m from each 

other to prevent sampling clones at each site. Due to the intense work, the 
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preparation of the RTE was divided in two stages. Stage I was performed in 

March 2015 with colonies of L. phrygia.  Sixteen cores were sampled from 

each colony (n=5) using a pneumatic drill connected to a regulator on a scuba 

diving tank (∅ 2.8 cm). Subsequently, the cores were fixed in PVC tubes with 

epoxy to produce nubbins and four nubbins per colony were adjusted to a 30 

x 15 cm fiberglass rack (for a total of 20 nubbins per rack). The racks were 

attached to the substrate with four iron nails and were left for one month at 

each native site for recovery. In Abril 2015 two racks from each site were 

reciprocally transplanted and two were left as control in its native site. From 

hereafter those nubbins from the control group are ‘VS control’ and ‘SS 

control’, the nubbins transplanted from VS to SS are ‘SS transplant’ and from 

SS to VS are ‘VS transplant’ (SI Fig. 1). Stage II was performed in May 2015 

following the same process as stage I but changing species: two racks 

containing the nubbins of P. lutea from each site were reciprocally 

transplanted and two were left at its native site. Nubbins were monitored 

during 18 months and were sampled from each site (five control and five 

transplants) every 3-4 months. First sampling was done in July 2015, second 

sampling in November 2015, third in March 2016, forth in August 2016 and 

the last sampling was done in December 2016.  

 The holobiont performance was determined by measuring different 

parameters that can be divided depending on the fraction where the samples 

come from; for instance, photochemical efficiency, chlorophyll a 

concentration, and symbiont density from the algal fraction; lipids from both 

the algal and coral fraction after they have been separated; and proteins from 

the coral fraction. 
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Photochemical efficiency 

 Chlorophyll a fluorescence or photochemical efficiency was quantified in 

the field using a diving-PAM (Heinz Walz GmbH, Germany; settings: 

Saturating intensity=8, Saturating width=0.8, Gain=4, Damping=2), keeping a 

fixed distance between the fibre and the sample by attaching a 1 cm probe 

extension. Dark-adapted (Fv/Fm) measurements were done in the field after 

covering the racks (with a self-made cover) for approximately one hour. All 

collected nubbins were snap-frozen in liquid nitrogen and stored at -80 ºC for 

transportation and further processing. 

 

Laboratory analyses 

 Each coral nubbin was defrosted and a small subsample of coral tissue 

(~6 mm) was cut and stored in an Eppendorf tube with 95% Ethanol for 

molecular analysis. Remaining coral tissue was then air-brushed (Johannes 

and Wiebe 1970) from the skeleton using approximately 30 ml of filtered 

seawater (0.2 µm). Resulting slurry was homogenized using a Homogenizer 

Stirrer (WiseStir® HS-30E, Germany) and was divided in different 

subsamples according to each parameter as follows: 1 ml for chlorophyll a 

concentration, 1 ml for symbiont density, 1 ml for protein measurements, 13 

ml for isotopic analysis and 10-15 ml for lipid analysis.  

 

Surface area  

Most parameters were standardized by the nubbin’s area and 

presented in cm2. The surface area of the coral skeleton was measured using 
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a 3D scanner (HP David SLS-2 3D structured light scanner Pro S3, 

resolution/precision up to 0.1% of scan size down to 0.06 mm, max mesh 

density: 1,200,000 vertices per scan; USA) equipped with a 360 ° turntable 

and area calculations were done using the open source software Meshlab 

(Cignoni et al. 2008). 

 

Symbiont density 

 Symbiont density was determined from the 1 ml subsample by counting 

cells with 6-8 replicates per sample using a Neubauer hemocytometer 

(Assistant, Germany) under a light microscope (BX40 Olympus, Japan). This 

cell count was then normalized to the surface area of the nubbin, and 

presented as number of symbiont cells per cm2.   

 

Chlorophyll a concentration 

 Another 1 ml subsample was centrifuged at high speed (5 min, 14000 

xg). The supernatant was removed; 1 ml of 90% acetone was added to the 

pellet and incubated in total darkness at -20 ºC overnight for photosynthetic 

pigment extraction (Fitt et al. 2000). After centrifugation for 1 min at 10000 xg, 

supernatant absorbance was read at 630, 647 and 664 nm wavelengths from 

triplicate aliquots of 200 µl each, using a spectrometer (SpectroStar nano 

absorbance reader BMG-LabTech, Germany) with three wells containing 200 

µl of 90% acetone as a blank. The chlorophyll a concentration was then 

calculated using the equations from Jeffrey and Humphrey (1975): Chla = 

11.85 A664 – 1.54 A647 – 0.08 A630. Chlorophyll a concentration was then 

normalized per cm2 of the nubbin’s surface area and the symbiont density and 
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presented as pg of chlorophyll a concentration per symbiont cell per cm2. 

 

Lipid concentration 

 Lipid content was measured gravimetrically following the extraction 

method of Folch et al. (1957). First the 10-15 ml subsample was separated in 

coral and algal fraction by centrifugation (at 8 ºC, 5 min, 10000 xg). The 

symbiont pellet was dissolved in 10 ml of filtered seawater (0.2 µm) and both 

fractions were mixed with 10 ml Dichlormethane-methanol (2:1) separately 

and after centrifugation (at 8 ºC, 5 min, 10000 xg) the upper phase (hydro-

philic phase) was removed with a pipette and the lower phase (lipophilic 

phase) transferred into glass vial, where the organic solvent was evaporated 

with a stream of N2. The remaining lipid of each fraction was weighed and the 

weight of the glass vial subtracted to normalise the total lipid content as a 

percentage of the surface area (Seemann et al. 2014).  

 

Protein concentration 

 Protein was extracted from 1 ml subsample following the BCA protein 

assay kit (Pierce™ BCA Protein Assay Kit, Thermo scientific, USA) and the 

total soluble protein concentration was measured in a spectrometer 

(SpectroStar nano absorbance reader BMG-LabTech, Germany), normalized 

and presented as mg per cm2 of the nubbin’s surface area. Blank 0.1 M NaOH 

samples and BSA protein standards (0.125, 0.25, 0.5, 0.75, 1, 1.5 and 2 

mg/ml) were run in triplicate on each plate and absorbance was read at 562 

nm on a Spectramax M2 spectrophotometer.  
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Molecular analysis  

DNA extraction and qPCR 

A small subsample of coral tissue (~6 mm) was cut from each nubbin 

and stored in an Eppendorf tube with 95% Ethanol. DNA was extracted 

following a modified high salt method (Ferrara et al. 2006b). The relative 

abundance of Cladocopium sp. and Durusdinium sp. were quantified by 

amplifying the ITS1 region using the LightCycler® 480 Instrument II (Roche, 

Switzerland) with a modified protocol from Mieog et al. (2007). The ratio of 

Durusdinium (D) to Cladocopium (C) was calculated using the formula: 

ratio=D/(C+D) from triplicate measures per sample (for more details on the 

extraction method and protocols see Chapter II).  

 

Statistical analysis 

 The non-parametric Mann-Whitney-Wilcoxon test was used to test for 

temperature differences between sites, after confirming that data from most 

months were not normally distributed. Data from all measured physiological 

parameters (photochemical efficiency, symbiont density, chlorophyll a, protein 

content, and lipid content) were checked for normality and homogeneity of 

variances (Q-Q plot and Fligner test) and all were normally distributed and 

presented homoscedasticity. For all physiological parameters, a linear mixed 

model was used to test the effect of reef origin (two levels), transplant 

destination (two levels), sampling times (six levels), and the interaction 

between reef origin and transplant destination; all three variables plus the 

interaction as fixed effects, while using colony and treatment as random 
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effects. Similarly, to compare between species, the same full linear mixed 

model was used including species as fixed effect (with two levels) for each 

physiological parameter. P-values were obtained by likelihood ratio test of the 

full model against the model without the effect in question.  

 To determine the capabilities of each species to acclimatise to the new 

environment, the relative fitness of the native and transplanted populations in 

the native populations environment was calculated following Hereford (2009) 

formula:   Wpopulation1 – Wpopulation2 

    Wsite1  

and the relative fitness was calculated after 12 and 18 months for each 

parameter to see if there are differences in time. Positive values in relative 

fitness indicate local adaptation/long-term acclimatisation, where the native 

population will have equal or greater fitness in its native environment, and 

negative values indicate that the transplanted population will have greater 

fitness than the native population (maladaptation of the native population) 

(Hereford 2009).  

All statistical analyses were performed in R (version 3.4.1) (R-Core-

Team 2017), using the ‘lme4’ package for the linear mixed model analysis 

(Bates et al. 2012). All data were presented as mean ± standard deviation 

(S.D.). 
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Results 

Seawater temperature differences between sites 

During the first year (March 2015 – March 2016) mean monthly 

temperatures in SS ranged from 24.02 ± 0.67 °C to 29.81 ± 0.39 °C, while in 

VS from 25.05 ± 1.01 °C to 29.58 ± 1.09 °C. The second year of the study 

(March 2016 – March 2017) mean monthly temperatures in SS fluctuated from 

23.71 ± 0.70 °C to 29.76 ± 0.53 °C and in VS from 25.36 ± 0.93 °C to 30.96 ± 

1.14 °C (Table 1). Mean monthly temperatures in SS were significantly 

different than temperatures from VS during all months from March 2015 to 

March 2017 (Mann-Whitney test, p<0.05) (Fig 2). April 2016 was the only 

month that showed no significant difference between sites (Mann-Whitney 

test, p=0.06).  

The mean monthly maximum temperature remained significantly higher 

in VS (Mann-Whitney test, p<0.05) during the entire study period (SS: 24.32 ± 

0.62 °C – 30.44 ± 0.5 °C, VS: 26.17 ± 0.84 °C – 32.31 ± 0.97 °C). Similarly, 

the difference between the mean monthly maximum – mean monthly 

minimum temperature was significantly higher in VS (Mann-Whitney test, 

p<0.05) during the entire study with ranges in SS of 0.75 ± 0.37 °C to 1.45 ± 

0.53 °C and in VS of 1.35 ± 0.64 °C to 3.49 ± 0.93 °C (Table 1, Fig 2).   

 
Table 1. Seawater temperature information at both sites from March 
2015 to March 2017.  
 

Year Month Mean monthly T° Mean ΔT° 
SS VS SS VS 

2015 3 24.68 ± 0.67 25.05 ± 1.01 1.10 ± 0.34 2.22 ± 0.79 
2015 4 26.06 ± 0.61 26.84 ± 0.87 1.26 ± 0.51 1.92 ± 0.75 
2015 5 27.67 ± 0.74 28.24 ± 1.10 1.64 ± 0.81 2.17 ± 0.81 
2015 6 29.52 ± 0.77 29.57 ± 1.13 1.79 ± 0.74 2.68 ± 0.82 
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2015 7 29.81 ± 0.39 29.40 ± 1.21 0.96 ± 0.47 2.85 ± 1.26 
2015 8 29.18 ± 0.63 28.54 ± 1.33 1.22 ± 0.56 2.90 ± 1.37 
2015 9 28.88 ± 0.58 29.58 ± 1.09 1.45 ± 0.53 2.18 ± 0.88 
2015 10 28.20 ± 0.72 28.74 ± 0.94 1.07 ± 0.37 1.69 ± 0.88 
2015 11 26.57 ± 0.74 27.66 ± 0.79 1.05 ± 0.33 1.73 ± 0.96 
2015 12 24.63 ± 1.03 25.60 ± 0.79 1.16 ± 0.33 1.55 ± 0.88 
2016 1 25.28 ± 0.70 26.72 ± 0.90 1.01 ± 0.40 1.35 ± 0.64 
2016 2 24.02 ± 0.67 25.45 ± 0.90 1.34 ± 0.33 1.77 ± 0.60 
2016 3 24.37 ± 0.77 25.88 ± 1.03 1.34 ± 0.47 2.15 ± 0.82 
2016 4 26.90 ± 0.94 26.75 ± 1.11 1.20 ± 0.49 3.28 ± 0.72 
2016 5 28.67 ± 0.55 28.76 ± 1.42 1.27 ± 0.43 3.49 ± 0.93 
2016 6 29.14 ± 0.87 30.52 ± 1.53 1.64 ± 0.76 3.22 ± 1.17 
2016 7 29.67 ± 0.63 30.96 ± 1.14 1.60 ± 0.87 2.94 ± 1.45 
2016 8 29.76 ± 0.53 30.40 ± 1.10 0.94 ± 0.43 2.46 ± 1.16 
2016 9 29.12 ± 0.60 29.61 ± 1.09 0.86 ± 0.43 2.13 ± 0.58 
2016 10 28.42 ± 0.44 28.80 ± 0.76 0.75 ± 0.37 1.73 ± 0.60 
2016 11 26.84 ± 0.75 27.35 ± 0.78 1.12 ± 0.35 1.53 ± 0.46 
2016 12 25.20 ± 0.92 25.96 ± 1.18 1.25 ± 0.34 1.90 ± 0.80 
2017 1 23.71 ± 0.70 25.36 ± 0.93 1.19 ± 0.44 1.77 ± 0.55 
2017 2 24.38 ± 0.87 25.67 ± 0.73 1.19 ± 0.31 1.48 ± 0.55 
2017 3 25.23 ± 0.72 26.81 ± 0.93 1.32 ± 0.38 2.03 ± 0.66 

  
In grey are those months in which sampling was performed. T° = temperature, 
ΔT° = Mean monthly maximum temperature – mean monthly minimum 
temperature. SS = Stable Site, VS = Variable Site.  
 

 

Figure 2. Daily seawater temperatures recorded for March 2015 to March 
2017 at both sites. Each dot represents hourly measurements. The black 
and grey lines indicate the mean daily temperature in SS and VS respectively. 
SS = Stable Site, VS = Variable Site. 
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QPCR 

Almost all colonies of L. phrygia from SS control associated with both 

Cladocopium spp. and Durusdinium spp. symbionts (COL1, COL2, COL3 and 

COL4), except for one colony that showed >90% dominance of Cladocopium 

spp. (COL5). There was temporal variation during the study period 

maintaining high percentage of Durusdinium spp. during the warmer months 

(66% in July 2015 and 94% in August 2016) and increasing the percentage of 

Cladocopium spp. during the colder months (36% in November 2015, 39% in 

March 2016 and 47% in December 2016) (Fig. 3). Corals from the SS 

transplant maintained >90% dominance of Durusdinium spp. during all 

sampling times except during November 2015, where Durusdinium spp. 

decreased to 76% (Fig. 3). Meanwhile, in VS both groups VS control and VS 

transplant maintained >98% dominance of Durusdinium spp. during the whole 

study period (Fig. 3).  

Porites lutea corals associated in all treatment groups with Cladocopium C15 

during all the study period.  

 

Mortality  

After the summer of 2015, there was 33% total mortality in nubbins of 

L. phrygia and all dead nubbins corresponded to the VS transplant group 

(nubbins from SS transplanted to VS). Both colonies that were either C-

dominant or had a high percentage of Cladocopium spp. were accountable for 

the high percentage of mortality: 33% was from COL4 and 92% from COL5 

nubbins. Meanwhile, there was only a 4% total mortality in nubbins of Porites 

lutea.  
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Figure 3. Pie charts showing symbiont associations between 
Cladocopium spp. and/or Durusdinium spp. Each pie chart represents the 
mean values per experimental group (n= 4-5 colonies) during each sampling 
time: July 2015 (Jul – 15), November 2015 (Nov – 15), March 2016 (Mar – 
16), August 2016 (Aug – 16) and December 2016 (Dec 2016), including the 
initial measurements before performing the RTE in March 2015 (Mar – 15); 
SS = Stable Site, VS = Variable Site. 

 

Photochemical efficiency  

The photochemical efficiency (Fv/Fm) in L. phrygia showed temporal 

variation throughout the year with lower Fv/Fm during the warmer months 

(July 2015 and August 2016) and higher Fv/Fm after the cooler months 

(March 2016). This parameter was affected by site (χ2
(2) = 18.70, p<0.05), by 

origin (χ2
(2) = 8.14, p<0.05), by the interaction site-origin (χ2

(1) = 8.07, p<0.05) 

and date (χ2
(6) = 51.68, p<0.05). VS transplant group displayed the lowest 

mean Fv/Fm of 0.43 ± 0.16 during July 2015 for the entire study (Fig 4A). The 
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relative fitness at both sites was similar after 12 and 18 months, showing long-

term acclimatisation from the control group  (Table 2).  

Porites lutea presented temporal variation similar to L. phrygia and was only 

affected by date (χ2
(6) = 44.13, p<0.05). The lowest Fv/Fm (0.42 ± 0.09) was 

observed after the second summer in August 2016 for SS transplant group 

(Fig. 4B). The SS transplant group showed slightly better fitness than the 

control after 12 months with - 0.01, but changed to 0.04 after 18 months when 

SS transplant group Fv/Fm dropped, indicating greater fitness in the SS-

control group (Table 2, Fig. 4B).  

 

Table 2. Relative fitness calculated for all physiological parameters 
measured at both sites in both species after 12 and 18 months, 
including the significance of the site-origin interaction from the linear 
mixed model.  
 

Parameter Fraction Species Site 
Relative 
fitness* 

12 months 

Relative 
fitness* 

18 months 
Interaction 

P-value 

Photochemical 
efficiency Algae 

L. phrygia SS   0.06   0.06 0.005 VS   0.05   0.04 

P. lutea SS - 0.01   0.04 NS VS - 0.03 - 0.06 

Symbiont density Algae 
L. phrygia SS   0.07   0.04 NS VS - 0.17   0.03 

P. lutea SS - 0.07 - 0.17 NS VS   0.26   0.24 

Chlorophyll a 
(µg/cm2) 

Algae 
 

L. phrygia SS - 0.06   0.10 NS VS   0.39 - 0.20 

P. lutea SS   0.08 - 0.62 NS VS   0.13   0.25 

Chlorophyll a (pg 
per symbiont 

cell) 
Algae 

L. phrygia SS   0.02   0.20 NS VS   0.67 - 0.22 

P. lutea SS - 0.08 - 0.48 NS VS - 0.07   0.14 

Protein (mg/cm2) Coral 
L. phrygia SS - 0.05 - 0.08 NS VS   0.21   0.25 

P. lutea SS   0.12 - 0.04 NS VS - 0.02   0.05 

Lipids (mg/cm2) 
Algae 

L. phrygia SS - 0.02   0.05 NS VS   0.00 - 0.08 

P. lutea SS - 0.86 - 1.10 0.001 VS   0.31   0.38 

Coral L. phrygia SS   0.32   0.36 NS VS - 0.07 - 0.18 
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P. lutea SS - 0.86 - 1.07 0.000 VS   0.27   0.31 

Both  
L. phrygia SS   0.14   0.19 NS VS - 0.03 - 0.13 

P. lutea SS - 0.86 - 1.08 0.000 VS   0.29   0.35 
 
* Positive values indicate selection against transplants (i.e., local adaptation or long-
term acclimatisation), and negative values indicate that transplants have greater 
fitness than the native population (maladaptation of native population). SS = Stable 
Site, VS = Variable Site. NS = Not Significant.  

	
	
Symbiont density 

There was no significant difference between both species in their symbiont 

densities during the study period. Substantially, the group that exhibited high 

temporal variation in L. phrygia is the VS transplant, who showed the lowest 

mean values during the first summer in July 2015 with 2.48 ± 1.65 x106 cells 

cm-2, but increased to the highest mean value of 7.66 ± 1.18 x106 cells cm-2 in 

March 2016, and decreased again to 2.83 ± 0.91 x106 cells cm-2 during the 

second summer (Fig. 5A). VS transplant group is the only group that showed 

bleaching during July 2015 and subsequently after bleaching this group 

showed high mortality from those Cladocopium spp.-dominant nubbins in 

COL5 (see ‘QPRC’ and ‘Mortality’ sections above). All other groups had their 

lowest values in August 2016 and this parameter was only significantly 

different by date (χ2
(5) = 15.77, p<0.05).  In VS, the transplant group showed 

higher relative fitness than the control (-0.17) after 12 months, but changed 

after 18 months with the natives showing better fitness (0.03). In SS, the 

native group showed long-term acclimatisation by keeping positive values 

after 12 and 18 months (Table 2). 

Meanwhile, P. lutea exhibited less fluctuation throughout the study	
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Figure 4. Mean photochemical efficiency (Fv/Fm) per group measured in 
L. phrygia (A) and P. lutea (B) at each sampling time. SS = Stable Site, VS 
= Variable Site. 
 

period with all groups having high values in July 2015 (4.05 ± 0.53 to 8.34 ± 

1.57 x106 cells cm-2) and decreasing them in November 2015 (2.34 ± 0.83 to 

3.53 ± 0.55 x106 cells cm-2). In August 2016, the SS transplant group was the 

only one to display high values of 5.33 ± 1.76 x106 cells cm-2 (Fig. 5B). 

Similarly to L. phrygia, this parameter was only significantly different by origin 

(χ2
(2) = 6.69, p<0.05) and by date (χ2

(5) = 44.10, p<0.05). In this species, the 

SS transplant showed higher fitness than the native group after 12 months 

and they increased it from -0.07 to -0.17 after 18 months, while in VS the 

native population showed better fitness after 12 and 18 months (Table 2).  
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Chlorophyll a concentration 

There was a significant difference between both species for chlorophyll a 

concentration (χ2
(1) = 27.80, p<0.05). Leptoria phrygia showed temporal 

variation, increasing the concentration in the cooler month of November 2015 

and decreasing it in the warmer months (Fig. 6A). VS transplant was the only 

group that showed higher values during August 2016 (1.29 ± 0.09 

pg/symbiont cells). But this parameter was not affected by any variable like 

site or origin nor date. In SS the native group displayed higher fitness than the 

transplanted after 12 months (0.02) and increased its fitness after 18 months 

(0.20, Table 2). Meanwhile, in VS the native group showed better fitness after 

12 months (0.67), but after 18 months the transplanted group showed better 

fitness (-0.22, Table 2). Chlorophyll a concentration in P. lutea was 

significantly different between dates (χ2
(5) = 18.55, p<0.05), showing a 

temporal variation by increasing the values in November 2015 (0.69 ± 0.25 to 

1.22 ± 0.47 pg/symbiont cells) and March 2016 (1.04 ± 0.32 to 1.43 ± 0.32 

pg/symbiont cells), but only VS transplant group decreased the concentration 

in August 2016 (0.73 ± 0.25 pg/symbiont cells) and SS transplant group was 

the only to show a high increased in December 2016 (Fig. 6B). In SS the 

transplanted group showed higher fitness than the natives after 12 months (-

0.08) and increased after 18 months (-0.48). In VS the transplanted group had 

higher fitness after 12 months (-0.07) but changed after 18 months and the 

native group showed higher fitness (0.14).  
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Figure 5. Symbiont density (million cells cm-2) per group measured in L. 
phrygia (A) and P. lutea (B) at each sampling time. SS = Stable Site, VS = 
Variable Site. 
 

Lipid concentration (algae and coral host fractions) 

This parameter was significantly different between species only in the algae 

fraction (χ2
(1) = 4.42, p<0.05). Lipid concentration in the algae fraction L. 

phrygia was significantly different only by date (χ2
(5) = 35.69, p<0.05). After 

July 2015, all groups increased their lipid concentration in the algae fraction 

and VS transplant displayed the higher concentration of 3.36 ± 1.46 mg cm-2; 

in August 2016 all groups decreased the concentration to their lower values 

(0.46 ± 0.16 – 0.94 ± 0.32 mg cm-2), except VS transplant (1.78 ± 0.52 mg cm-

2), which decreased to its lowest value until December 2016 (0.94 ± 0.32 mg 
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Figure 6. Chlorophyll a concentration (pg/symbiont cells) per group 
measured in L. phrygia (A) and P. lutea (B) at each sampling time. SS = 
Stable Site, VS = Variable Site. 
 

cm-2; Fig. 7A). Lipid concentration in the coral fraction was similar to the algae 

fraction; all groups increased their concentration in November 2015 (2.39 ± 

1.61 – 3.08 ± 0.65 mg cm-2), decreased in March 2016 and decreased even 

more in August 2016. VS transplant group remained with the highest values, 

similar to the lipid concentration in the algae fraction (Fig. 7B). The SS 

transplant group in SS showed higher fitness in the algae fraction after 12 

months (-0.02) but changed after 18 months and the native showed higher 

fitness (0.05). In VS the opposite was observed, the native group showed 

higher fitness after 12 months and after 18 months the transplanted showed 

higher fitness. The coral fraction showed a more stable trend, in SS the native 
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group had better fitness after 12 and 18 months (0.32 and 0.36 respectively, 

Table 2) and in VS the transplanted group showed higher fitness after 12 and 

18 months (-0.07 and -0.18 respectively, Table 2).  

The lipid concentration in P. lutea was significantly different by site in 

the algae (χ2
(2) = 15.90, p<0.05) and coral fraction (χ2

(2) = 25.95, p<0.05), by 

origin in the algae (χ2
(2) = 24.28, p<0.05) and coral fraction (χ2

(2) = 33.15, 

p<0.05), by date in the algae (χ2
(5) = 11.98, p<0.05) and coral fraction (χ2

(5) = 

19.99, p<0.05) and moreover, the interaction site-origin was significantly 

different in both fractions (algae: χ2
(1) = 10.36, p<0.05, coral: χ2

(1) = 16.05, 

p<0.05). In both the algae and coral fraction, lipid concentration in those 

nubbins originally from VS (VS control and SS transplant) remained higher 

than those originally from SS throughout the study period (Fig. 8A-B). And this 

difference influenced by the origin site, was also shown in the relative fitness 

(Table 2). For both fractions in SS, the transplanted group displayed higher 

fitness after 12 months (algae and coral: -0.86) and after 18 months (algae: -

1.10, coral: -1.07; Table 2). In VS, the algae fraction showed higher fitness in 

the control group after 12 and 18 months (0.31 and 0.38 respectively); 

similarly the control group in the coral fraction exhibited higher fitness after 12 

and 18 months (0.27 and 0.31 respectively; Table 2).  
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Figure 7. Lipid concentration (mg cm-2) in algae fraction (A) and coral 
fraction (B) per group measured in L. phrygia at each sampling time. SS 
= Stable Site, VS = Variable Site. 
 

Protein concentration (coral host fraction) 

The protein concentration between species was significantly different (χ2
(1) = 

75.88, p<0.05). In L. phrygia the protein concentration was significantly 

different per date (χ2
(5) = 21.87, p<0.05). The different groups showed 

different responses during July 2015 with VS transplant displaying the lowest 

value (0.80 ± 0.19 mg cm-2), while SS transplant displayed the highest value 

(1.55 ± 0.57 mg cm-2). All groups increased their protein concentration in 

November 2015, except SS transplant that decreased, and they all decreased 

in August 2016 (ranging from 0.90 ± 0.08 to 0.99 ± 0.16 mg cm-2, Fig. 9A). 
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Figure 8. Lipid concentration (mg cm-2) in algae fraction (A), coral 
fraction (B) and both fractions (C) per group measured in P. lutea at 
each sampling time. SS = Stable Site, VS = Variable Site. 
 

Therefore, in SS the transplanted group showed higher fitness after 12 and 18 

months (-0.05 and -0.08 respectively), while in VS the native group exhibited 

higher fitness of 0.21 after 12 months and 0.25 after 18 months (Table 2).  

Similarly, the protein concentration in P. lutea was significantly different 

by date (χ2
(5) = 17.13, p<0.05). The different groups displayed different 

responses, similar to L. phrygia. Only SS control increased the protein 

concentration in November 2015 (1.07 ± 0.18 mg cm-2) and all groups 

decreased in March 2016 (ranging from 0.54 ± 0.35 mg cm-2 to 0.68 ± 0.18 

mg cm-2). In August 2016 SS control was the only one to decrease its protein 

content, while SS transplant increased (0.53 ± 0.17 mg cm-2 and 1.00 ± 0.49 

mg cm-2 respectively; Fig 9B). Interestingly, in SS the native group showed 
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higher fitness after 12 months (0.12), but after 18 months the transplanted 

group presenter better fitness (-0.04). In VS the transplanted group showed 

better fitness after 12 months but then the native population had higher fitness 

after 18 months (Table 2).  

 

 

Figure 9. Protein concentration (mg cm-2) per group measured in L. 
phrygia (A) and P. lutea (B) at each sampling time. SS = Stable Site, VS = 
Variable Site. 
 

Discussion 

Both sites displayed significantly differences in temperature variability 
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months than VS (Table 1) is because southern Taiwan, specifically Nanwan, 

was affected by three strong typhoons that decreased the temperature during 

many days during the months of July and August 2015 (Keshavmurthy et al. 

2019); but these typhoons did not affect SS. Regardless of having very similar 

mean monthly temperatures at both sites, VS displayed significantly mean 

monthly maximum temperatures during all months.  

In this study, even though both working species associated with a 

stress-resistant symbiont and are both abundant in shallow waters in KNP, 

they both reacted differently to our RTE. Leptoria phrygia is one of the few 

species that present co-dominance of one or more species of symbionts in 

KNP, in this case between Cladocopium spp. and Durusdinium spp. Similarly, 

Isopora palifera associates with species from both genus in KNP and is has 

the capacity to shuffle the relative abundance of its dominant symbionts 

related to the natural changes in the seawater temperature during a calendar 

year (Hsu et al. 2012). Around the world, only few other species displayed 

mutli-symbiont dominance within a colony like Acropora valida in the Great 

Barrier Reef (GBR), Australia (Ulstrup and van Oppen 2003, Ulstrup et al. 

2008) and the Orbicella spp. complex in the Caribbean (Rowan and Knowlton 

1995, Rowan et al. 1997, Toller et al. 2001, Kemp et al. 2015). Porites lutea 

presents an obligate symbiotic relationship with the stress-resistant 

Cladocopium C15 in KNP (Keshavmurthy et al. 2014) and similarly, in many 

other places around the world (Barshis et al. 2010, Levas et al. 2013). 

The differences in symbiont association between both species were 

reflected in the significantly different results of all physiological parameters 

measured in this study, except in the symbiont density. Interestingly, L. 
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phrygia in SS presented higher fitness in the native population for all 

parameters after 18 months, showing long-term acclimatisation and how 

benefitial it is for this species to associate with both symbionts Cladocopium 

spp. and Durusdinium spp (Carballo-Bolaños et al. 2019). Especially, because 

COL5 was the only colony that suffered high mortality when transplanted to 

VS after the first summer in July 2015. And COL5 was the only colony from 

SS >95% dominant with the stress-sensitive symbiont Cladocopium spp. In 

VS results were more variable and dependent on each parameter. In contrast, 

P. lutea transplanted group showed higher fitness in SS for almost all 

parameters except photochemical efficiency. But in VS it was the opposite, 

the native population presented long-term acclimatisation having higher 

fitness after 18 months.  

There was some bleaching observed in nubbins of L. phrygia at VS 

during July 2015 from the SS transplant group (COL4 and COL5), which lead 

to their mortality after the summer. But there was no bleaching observed in 

VS controls, nor in any treatment groups in SS. Those nubbins from COL5 

associated with Cladocopium spp., demonstrated that they could not shuffle 

the relative abundance of their symbionts, in order to survive thermal stress 

(Coffroth et al. 2010, Baker et al. 2013a). These results confirmed what I 

found in Chapter II, where only those corals with co-dominance from SS 

showed a temporal variation (Carballo-Bolaños et al. 2019); which provides 

an ecological advantage to L. phrygia by modifying the relative abundance of 

its stress-resistant symbiont they are able to survive thermal stress in the 

summer.  
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Porites lutea nubbins exhibited no bleaching in any treatment groups at 

both site. Both species showed temporal variation in symbiont density, 

displaying significant differences by date. Temporal variation in symbiont 

density is considered a widespread phenomenon in corals (Fagoonee et al. 

1999, Fitt et al. 2000, Sawall et al. 2014) and is explained by the dynamic 

photo-inhibition when there is high light, such as in the summer, where the 

symbionts reduced their carbon fixation and they become more of a burden to 

the coral host (Fitt et al. 2000).   

Photochemical efficiency was significantly different between species, 

and L. phrygia corals in the control group at both sites showed higher fitness 

than the transplanted. This parameter showed significant differences by site of 

origin, destination and the interaction between both, because of the very low 

values that those bleached nubbins from the VS transplant group displayed 

during July 2015. Meanwhile, P. lutea exhibited long-term acclimatisation at 

SS after 18 months and in VS those transplanted from SS also displayed 

higher fitness after 18 months.  

 Lipid content was significantly different between species only in the 

algae fraction, in the coral host fraction they did not showed significant 

differences. Lipids are used as a proxy for physiological fitness and are a 

good indicator of coral health (Rodrigues and Grottoli 2007, Rodrigues et al. 

2008). For both fractions, L. phrygia nubbins in SS showed long-term 

acclimatisation after 18 months, while in VS the VS transplant group showed 

better fitness after 18 months. P. lutea nubbins showed opposite results for 

both fractions. In SS, those SS transplants had better fitness than the SS 

control group, but in VS the control group showed better fitness. Corals living 
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in stressful environments (high sedimentation or high temperature variability) 

tend to have higher lipid content (Anthony et al. 2007). And Porites spp. are 

known to have the highest lipid concentration among corals (Rodrigues and 

Grottoli 2007). Therefore, after the first summer in July 2015, those corals 

originally from VS maintained higher lipid concentration in their native site (VS 

control group) and even when transplanted (SS transplant group). 

Furthermore, when under stress Porites spp. are able to change to 

heterotrophy (Levas et al. 2013), in contrast to L. phrygia, which maintains an 

autrophic feeding behaviour (see chapter III).  

 There was significantly difference in protein concentration between 

species and temporal variation. For both species, SS transplant group 

showed higher fitness after 18 months in SS and VS control group had better 

fitness in VS, showing a direct influence from VS in protein concentration.  

  

In conclusion, both species have different mechanisms to resist stress 

and to acclimatise to their new environment. L. phrygia is able to acclimatise 

faster than P. lutea, but only if it has both symbionts Cladocopium spp. and 

Durusdinium spp. within the colony. If they are >90% Cladocopium-dominant, 

then they are not even able to survive high temperatures in the summer in VS. 

P. lutea seems to be able to acclimatise to a new environment but need more 

time to do so. And those corals living at VS showed long-term acclimatisation 

to this environment and present higher values in those parameters measured 

directly from the coral host.  
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Supplemental Information: 
 

 
 
SI Fig 1. Experimental design of the reciprocal transplantation 
experiment (RTE), showing two racks as control at each site (VS control 
and SS control) and two reciprocally transplanted racks (from VS to SS: 
SS transplant; from SS to VS: VS transplant). Each rack has 5 columns 
and each column represents one colony. SS = Stable Site, VS = Variable 
Site. COL# = Colony #.  
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CHAPTER V: Conclusions 

 

 In this dissertation I investigated the physiological differences of the 

scleractinian coral Leptoria phrygia, when living at two sites with different 

temperature regime. Furthermore, I looked into the acclimatisation capabilities 

by reciprocally transplanting corals from both sites with different temperature 

regimes using L. phrygia and Porites lutea.  

 In Chapter II, I was able to answer the questions: ‘how do conspecific 

corals live in two environments with different temperature regime? And what 

are the physiological differences of L. phrygia between sites? I discovered 

how L. phrygia associated all year long with Durusdinium glynnii in the 

variable site, but in the stable site this species present inter-colony variation: 

most colonies associated with Cladocopium spp. (stress-sensitive), some 

colonies had co-dominance between D. glynnii and Cladocopium spp., and 

very few associated only with D glynnii. I found out that only those colonies 

with a co-dominance exhibited temporal variation, and I hypothesize that 

those co-dominant colonies might be able to survive future scenarios of 

climate change by modifying to its convenience the relative abundance of 

both symbionts. If the environment becomes stressful, then it might become 

Durusdinium-dominant, similar to the current situation in the variable site.  

 In Chapter III, I provided some insights in the isotopic niche of L. 

phrygia when associated with Cladocopium spp. or Durusdinium spp. I found 

significant differences in their isotopic niche and temporal variation. But when 

looking at the broader picture, this species in shallow waters remained 

autotrophic, no matter if associated with Cladocopium spp. or Durusdinium 
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spp. This information complements the results from Chapter II and I 

concluded that the ability to have a co-dominance of symbionts is helping L. 

phrygia to survive changes in the environment. 

 In Chapter IV, I confirmed that L. phrygia shuffled its symbionts 

depending on the changes in seawater temperature, having high percentage 

of Durusdinium spp. during the warmer months and high percentage of 

Cladocopium spp. during the cooler months. I was also able to confirm that 

those colonies that are Cladocopium-dominant might not survive frequent and 

recurrent bleaching events, after exhibiting high mortality in those 

Cladocopium-dominant nubbins transplanted from SS to VS. Furthermore, I 

presented differences between both species and I was able to answer the 

question: what mechanisms allow L. phrygia and P. lutea to survive in the 

variable site? It became clear that L. phrygia very much depends on the 

different Symbiodiniaceae association to confront changes in the 

environment. While P. lutea modified both partners physiology to confront 

changes in the environment.  

 The results of this dissertation increase our knowledge on coral 

physiology and specifically on the differences between species. Evidence 

from reciprocally transplanted coral clones between sites with different 

thermal histories shows how individual coral colonies can shift their thermal 

threshold and thermal tolerance (Palumbi et al. 2014, Bay and Palumbi 2017, 

Kenkel and Matz 2017). It is clear that many coral species are acclimatising 

and adapting to rapid changes in climate and their mechanisms differ among 

species and localities (Middlebrook et al. 2008, Oliver and Palumbi 2011a, 

Bellantuono et al. 2012, Guest et al. 2012, Howells et al. 2012, Brown et al. 
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2015, Dixon et al. 2015, Bay et al. 2017). In KNP, both species will be able to 

survive drastic changes in the environment related to climate change. In L. 

phrygia inter-colonial differences in symbiont association provides an 

advantage to survive thermal stress (Carballo-Bolaños et al. 2019). Those 

colonies with co-dominance will be able to shuffle the relative abundance of 

their symbionts favouring Durusdinium spp. and will survive changes in 

temperature regime such as in the VS, a climate-changed simulator site. VS 

provides important information on symbiont association related to our climate 

changed future. Most species living at shallow waters associated with the 

stress resistant Durusdinium spp. (Keshavmurthy et al. 2014), but even if 

those species have acclimatised to high temperatures in the summer and high 

variability throughout the year, if seawater temperatures become exceedingly 

high and remained for a long period of time (≥ 3 months) coral survival is 

drastically reduced (Kao et al. 2018). It is also interesting to notice that those 

corals living in VS associated with Durusdinium spp. did not shuffle back to 

Cladocopium spp. when transplanted to SS. This also raises the question of 

the role the coral host has and this symbiotic relationship that they have after 

living for so many years at the VS is not easy to change, maybe those corals 

have already reached an optimum status in their relationship with 

Durusdinium spp. even when there is no temperature stress. 

 There are other strategies that coral reef scientist are considering to 

mitigate the damage of bleaching events and to improve coral’s thermal 

tolerance. For example, assisted colonization, migration and/or gene flow 

contemplate the movement of colonies or larvae of the same species living at 

different latitudes. ‘Warm-adapted’ corals can be transplanted to high latitude 
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areas, where conspecifics living in colder environments, are vulnerable to 

thermal stress (Hoegh-Guldberg et al. 2008, van Oppen et al. 2014, Anthony 

et al. 2017). Assisted evolution has the potential to increase thermal stress 

tolerance in corals through various approaches: preconditioning 

acclimatisation (see Section: ‘Thermal stress acclimatisation’) and trans-

generational acclimatisation, changes in microbial communities (Webster and 

Reusch 2017), selective breeding (Chan et al. 2018), mutagenesis (van 

Oppen et al. 2015) and the use of “CRISPR/Cas9” genome editing technology 

(Levin et al. 2017). The use of ‘strong corals’ naturally adapted to high 

temperature extremes, such as corals originating from the Persian Gulf or 

Red Sea and similar to the coral species I worked with in this dissertation, as 

possible seedlings to repopulate areas where corals have disappeared (Riegl 

et al. 2011, Coles and Riegl 2013, Fine et al. 2013, Spalding and Brown 2015) 

is also being considered. Unfortunately, none of these measures seem to 

keep apace with the current rate of climate change, with the time between 

recurrent bleaching events becoming increasingly too short to allow complete 

recovery of coral reef ecosystems (Hughes et al. 2018a). Despite recent 

advances in research methods and technology, such as transcriptomics 

(Cziesielski et al. 2019), financial and logistical limitations to implement these 

actions remain (Bayraktarov et al. 2016), especially at large scales (Hoegh-

Guldberg et al. 2008), and it takes many years to safely deploy new 

technology after social and political scrutiny (Kaebnick et al. 2016). 

Other conservation measures under consideration include designing 

better marine protected areas (MPAs) (Edgar et al. 2014) or networks of 

MPAs (Grorud-Colvert et al. 2014, Bates et al. 2019, Bellwood et al. 2019), 
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taking into consideration larval dispersal, connectivity and distribution patterns 

in areas with thermally tolerant corals (Mumby et al. 2011) and including 

‘refugia’ in areas where coral reefs have proven to be resilient to climate 

change (Beyer et al. 2018, Hoegh-Guldberg et al. 2018, Roche et al. 2018, 

Eakin et al. 2019). This might help avoid the “protection paradox” in MPAs, in 

which vulnerable species are protected from local pressures, like fishing; yet 

while these species recover, they might be more sensitive to global pressures, 

like bleaching events (Bates et al. 2019). Nevertheless, well-protected reefs 

within MPAs are not shielded from thermal stress (Selig et al. 2012, Bruno et 

al. 2019). After the last bleaching event, this was confirmed for MPAs 

(Hughes et al. 2018b), and for remote and isolated reefs with almost no direct 

human pressures (Sheppard et al. 2017, Barkley et al. 2018, Fox et al. 2019, 

Harrison et al. 2019, Head et al. 2019, Vargas-Ángel et al. 2019). 

The integration of assisted evolution (van Oppen et al. 2015, Anthony 

et al. 2017) into coral reef restoration programs (Van Oppen et al. 2017, 

Rinkevich 2019) to increase the resilience of already degraded ecosystems 

(Darling and Côté 2018) is one of the few strategies that has proven to be 

successful. Morikawa and Palumbi (2019) used naturally thermal-tolerant 

corals from American Samoa to show that resilient corals can survive multiple 

bleaching events; providing the first proof that ecosystem engineering for 

conservation might be a resilience restoration tool of great importance in our 

climate changed future (Morikawa and Palumbi 2019). 

Even though both species are able to acclimatise to rapid changes in 

climate using different mechanisms, under current greenhouse gas emission 

projections, many species will not be able to survive and coral reefs 
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ecosystems will change completely as we know them today (Frieler et al. 

2012, Graham et al. 2013, Pachauri et al. 2014, Van Hooidonk et al. 2016, 

Hughes et al. 2017a, Hoegh-Guldberg et al. 2018). These changes are 

happening fast, the GBR being the best example. After the 2014-2017 mass 

bleaching event, even the most ‘pristine’ areas in the northern GBR saw high 

mortality regardless of reefs’ individual management status, proving that 

current management toolsets are insufficient to protect coral reef ecosystems 

from climate change (Hughes et al. 2017b, Hughes et al. 2018b). The Paris 

Agreement was a first step to tackle the climate crisis, but no major 

industrialized country is meeting its pledges to control and reduce their 

greenhouse gas emissions (Spash 2016). It is imperative that societies 

completely change our dependence on fossil fuels, therefore addressing the 

root causes of climate change. 
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