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Chapter 1 
 

General Introduction 
 

 

Rapid climate change and local stressors threaten ecosystems globally 

Ecosystems worldwide are undergoing rapid changes and 
degradation driven by anthropogenic climate change and intensifying local 
stressors (Pacifici et al. 2015; Malhi et al. 2020). Further, an increase in the 
frequency and intensity of extreme climate events, such as heatwaves, 
droughts, and storms, cause large-scale ecological disturbances that lead to 
loss of biodiversity and ecosystem functioning (Rahmstorf and Coumou 
2011; Frölicher and Laufkötter 2018). When combined with local stressors, 
such as pollution, habitat degradation, or overexploitation, these climate 
extremes threaten the resilience of some of the world’s most biodiverse 
ecosystems, namely tropical rainforests and coral reefs (Harborne et al. 
2017; França et al. 2020). Yet, some organisms that persist under naturally 
extreme and/or highly heterogeneous environmental conditions tend to 
have increased resilience to future multi-faceted environmental change, 
including warming (Bonebrake and Deutsch 2012; Lázaro-Nogal et al. 2015; 
Percino-Daniel et al. 2021). Given the rapid rate of environmental change 
globally, identifying and protecting naturally climate-change-resistant 
populations is a key conservation priority (Malhi et al. 2020; Colton et al. 
2022).   

Tropical coral reefs are biodiversity hotspots, providing habitat for 
approximately 32% of all named marine species, despite occupying less 
than 0.1% of the ocean’s surface area (Reaka-Kudla 1997; Fisher et al. 
2015). They provide essential ecosystem services to nearly a billion people 
worldwide (Sing Wong et al. 2022) by supporting valuable tourism and 
fishery industries and serving as coastline protection from the impacts of 
storms (Costanza et al. 2014; Spalding et al. 2017; Beck et al. 2018). Despite 
their global importance, coral reefs are among the most threatened 
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ecosystems under rapid global climate change (e.g., Eakin et al. 2019; 
Hoegh-Guldberg et al.2007, 2023) and intensifying local pressures (e.g., 
França et al.20; Harborne et al.17). Ocean warming and marine heatwaves 
are amongst the largest threats to coral reefs, causing mass coral bleaching 
and mass mortality events globally (e.g., Eakin et al. 2019; Hoegh-Guldberg 
et al. 2023; Hughes  et al. 2018). The ecological success of reef-building 
corals is underpinned by, among other strategies, their mutualistic 
symbiotic relationship with photosynthetic dinoflagellates 
(Symbiodiniaceae) that live inside their tissues and provide them with the 
organic carbon needed to meet their daily metabolic demand (e.g., 
Muscatine et al. 1984). However, when seawater temperatures exceed 
local maximum summer temperatures by 1-2°C for a few weeks, corals 
expel their endosymbionts, resulting in a pale appearance, hence the term 
coral bleaching. An increase in the frequency and intensity of marine 
heatwaves has caused mass coral bleaching and mortality events (Frölicher 
and Laufkötter 2018; Hughes et al. 2018; Smale et al. 2019). Recently, coral 
reefs have been devastated by the fourth global bleaching event, which is 
the most intense on record and has impacted more than 80% of the 
world’s coral reef area (Hoegh-Guldberg et al. 2023; Reimer et al. 2024; 
NOAA Coral Reef Watch 2025).  

In tandem with ocean warming, ocean acidification—a reduction in 
seawater pH—can impair coral calcification and their capacity to build the 
reef framework (Kornder et al. 2018; Cornwall et al. 2021; Leung et al. 
2022). When combined with warming, low coastal water quality can 
further cause localized low dissolved oxygen, or hypoxic, events. Extreme 
hypoxic conditions can lead to tropical dead zones and cause mass coral-
mortality events (e.g., Altieri et al. 2017). More than 10% of coral reefs 
worldwide are at increased risk for hypoxic events, making them 
increasingly recognized as a global threat to tropical coral reefs (Altieri et 
al. 2017; Pezner et al. 2023). On coral reefs these three global 
environmental stressors (warming, acidification, and hypoxia) are 
mechanistically linked through physical, chemical, and biological processes, 
meaning that they co-vary (e.g., Bopp et al. 2013; Gobler and Baumann 
2016) and are likely to co-occur (e.g., Reum et al. 2016; Humphreys 2017). 
For example, ocean warming enhances organismal respiration, resulting in 
higher biological demand for oxygen as increased CO2 production lowers 
pH. Therefore, as both global climate change and local stressors intensify, 
the future health and survival of coral reefs depends on their capacity to 
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rapidly adjust to multi-faceted environmental change. However, research 
to date has largely focused on the capacity of corals to adjust to one or two 
climate change stressors (e.g., Jury et al. 2024; Palumbi et al. 2014), 
whereas our knowledge on their adaptive capacity to multiple co-varying 
stressors is limited (Camp et al. 2018a; Guan et al. 2020; Schoepf et al. 
2023).  

The coral holobiont and implications for stress tolerance and adaptive 
capacity  

 In order to predict the future of coral reefs, we must understand 
their adaptive capacity, or their ability to adjust to changes in their 
physicochemical environment (e.g., Torda et al. 2017; Cornwall et al. 2023; 
Logan et al. 2021). Adaptive capacity encompasses both physiological 
acclimatization via phenotypic plasticity and genetic changes across 
subsequent generations. However, corals are long-lived organisms, and 
whether or not they can adapt at rates that can keep pace with rapid 
climate change and intensifying local stressors remains unclear (e.g., Bay et 
al. 2017; Hoegh-Guldberg, 2012). Therefore, research on the adaptive 
capacity of corals to date has strongly focused on rapid acclimatization via 
phenotypic plasticity (e.g., Putnam 2021; Drury 2020; McLachlan et al. 
2022). Corals are holobiont organisms made up of the animal host tissue 
and skeleton, algal symbionts, and associated bacterial, archaeal, viral, and 
fungal communities (e.g., Rohwer et al. 2002). Each part of the holobiont 
has a unique set of functional traits that may contribute to the adaptive 
capacity of the coral holobiont to changing environmental conditions. 
Notably, evidence that the animal host and the associated algal symbiont 
and bacterial communities can promote increased thermal tolerance has 
underlined the importance of considering the role of all members of the 
holobiont in promoting resilience to more extreme conditions (Silverstein 
et al. 2015; Drury 2020; Voolstra and Ziegler 2020). By examining the 
functional traits and microbial communities associated with stress-resilient 
coral holobionts, we can better predict which coral species are likely to 
persist into the future and gain valuable insight into the mechanisms that 
underlie tolerance to environmental stressors.  

Coral animal hosts exhibit physiological flexibility in key functional 
traits, which allows them to respond to changes in their physicochemical 
environment (e.g., Baird et al. 2009; Edmunds & Gates, 2008; Grottoli et al. 
2014). Therefore, this flexibility can facilitate acclimatization to increasingly 
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extreme environmental conditions. In this thesis, I will address several key 
functional traits related to coral health and fitness, such as their trophic 
strategies, calcification rates, metabolic rates, and total biomass. Trophic 
plasticity, or the ability to switch between modes of acquiring nutrition, is a 
promising functional trait of naturally stress-resilient corals (Radice et al. 
2022; Lange et al. 2023). Corals can acquire their energy through both 
autotrophy via translocated photosynthates from their algal symbionts and 
through heterotrophy by feeding on particulate and dissolved organic 
matter in the water column (e.g., Houlbrèque and Ferrier-Pagès 2009). 
Corals that have high heterotrophic plasticity can have increased resilience 
to several climate-change stressors, including heat stress (Grottoli et al. 
2006; Tremblay et al. 2016), acidification (Drenkard et al. 2013; Towle et al. 
2015; Ramajo et al. 2016), and hypoxia (Wijgerde et al. 2012). Similarly, 
corals that have thick tissues with high biomass per surface area and/or 
high levels of stored energy reserves are more likely to resist and recover 
from bleaching (Rodrigues and Grottoli 2007; Anthony et al. 2009; Thornhill 
et al. 2011). Thus, high total tissue biomass is a key functional trait that can 
support acclimatization to thermal stress, and likely other stressors 
(Anthony et al. 2009). Under suboptimal environmental conditions, corals 
may need to adjust how they allocate energy into processes that mitigate 
physiological stress. This may result in physiological tradeoffs, such as 
increased energetic demand (higher respiration rates; Castillo and Helmuth 
2005; Radecker et al. 2021) or reduced calcification rates (e.g., Marshall 
and Clode 2004; Kordner et al. 2018). Therefore, investigating how trophic 
strategies, calcification rates, metabolism, and total biomass shift across 
environmental gradients advances our understanding of how corals may 
adjust to future environmental conditions under climate change.  

Symbiotic dinoflagellates from the Symbiodiniaceae family are 
taxonomically and functionally diverse, consisting of several genera with 
multiple species and sub-species that differ in their environmental 
tolerances (e.g., Cunning et al. 2015; LaJeunesse et al. 2018). Some coral 
species exhibit specificity for certain Symbiodiniaceae (Baker 2003), while 
other coral species can associate with several genera (Baker and Romanski 
2007). Importantly, some corals exhibit flexibility in which taxa dominate 
their overall symbiont community profiles, and can shuffle or switch their 
symbiont communities to more stress-resistant Symbiodiniaceae taxa in 
response to environmental stress (Cunning et al. 2015; Silverstein et al. 
2015). Shuffling of the symbiont community occurs via differential 
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proliferation of Symbiodiniaceae already within the coral tissue, and 
switching can occur through acquisition of novel symbionts from nearby 
corals, the water column, and the sediment (Kinzie et al. 2001; Cunning et 
al. 2015; Williamson et al. 2021). Coral thermotolerance is tightly linked to 
the host-symbiont pairing, and shuffling to host more thermally tolerant 
symbionts, such as Durusdinium trenchii and some Cladocopium species, 
can increase the bleaching threshold of corals by 1–1.5 °C (Little et al. 
2004; Berkelmans and Van Oppen 2006; Davies et al. 2023). In addition to 
elevated thermal tolerance, some symbiont species are associated with 
traits that benefit overall coral health, such as higher carbon transfer to the 
host and higher photochemical efficiency (Cunning et al. 2018; Wang et al. 
2023). Therefore, hosting thermally tolerant symbionts and the ability to 
shuffle the symbiont profile represent major avenues for corals to rapidly 
acclimatize to changing ocean conditions (Berkelmans and Van Oppen 
2006; Silverstein et al. 2015, 2017). However, associating with more 
thermally-tolerant symbionts may come with significant trade-offs, such as 
decreased translocation of photosynthates to the host and decreased 
growth rates (Jones and Berkelmans 2010; Baker et al. 2013), but not 
always (e.g., Chan et al. 2023; Kemp et al. 2023).  

Similarly, the flexibility of the coral bacterial community is another 
strategy that may aid coral health and survival under environmental stress 
(Voolstra and Ziegler 2020). Bacterial communities contribute to the overall 
holobiont health and survival through, for example, nutrient cycling, aiding 
in disease resistance, and potentially promoting enhanced thermal 
tolerance (Rädecker et al. 2015; Peixoto et al. 2017, 2021; Voolstra et al. 
2024). Some coral species have bacterial communities that shift under 
changing environmental conditions, while others remain relatively stable 
(e.g., Ziegler et al. 2019). Interestingly, while flexibility of the bacterial 
community may provide advantages under thermal stress (Voolstra and 
Ziegler 2020), stability of some bacterial compositions has also been found 
to be associated with increased thermal tolerance (e.g., Ziegler et al. 2017; 
Grottoli et al. 2018). Further, the degree to which bacterial community 
restructuring is host- or environmentally- controlled remains uncertain 
(Ziegler et al. 2020; Gantt et al. 2024). While mechanistic links between the 
microbiome and stress tolerance by the holobiont are not well established, 
bacterial community restructuring may be a key strategy for corals to 
rapidly acclimatize to future ocean conditions (Voolstra and Ziegler 2020). 
Therefore, characterizing the bacterial community composition and its 
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flexibility across environmental and temporal gradients is an important 
step in unraveling its role in promoting coral acclimatization.  

Investigating coral adaptive capacity to multi-stress conditions using 
extreme environments as natural laboratories 

The physicochemical conditions on coral reefs are naturally 
dynamic, exhibiting diel and seasonal fluctuations in seawater 
temperatures, pH, dissolved oxygen concentrations, light availability, 
concentrations of (in)organic nutrients and more (e.g., Cyronak et al. 2020). 
Diel fluctuations in pH and O2 concentrations are driven by coral reef 
community metabolism, whereby day-time photosynthesis increases 
oxygen concentrations and pH      during daytime, and respiration draws 
them down at night (e.g., Page et al. 2016; Cryer et al. 2023). However, 
under ocean warming, community metabolism is expected to increase in 
marine environments, leading to increases in the respiratory demand for 
oxygen (e.g., Gunderson et al. 2016). Moreover, ocean warming also 
reduces the solubility of O2 and CO2 in water. These changes caused by 
ocean warming are projected to increase the amplitude of diel fluctuations 
of O2 and pH, especially in semi-enclosed environments with longer 
seawater residence times (e.g., Tyler et al. 2009; Maggioni et al. 2021; de 
Jong et al. 2025). In addition to global stressors, rates of human population 
growth in the vicinity of coral reefs are exceeding global averages, leading 
to intensifying local anthropogenic stressors on reefs (Sing Wong et al. 
2022). Coastal development and land-use changes lead to declines in 
coastal water quality via polluted terrestrial run-off, which exposes coral 
reefs to excess nutrients, sediments, and other chemical pollutants (e.g., 
Burt & Bartholomew, 2019; Nalley et al. 2023). Consequently, coral reefs of 
the future will increasingly experience multiple co-varying global and local 
stressors, especially during the warmer summer months when seawater 
temperatures rise and coral bleaching is likely to occur (e.g., Pezner et al. 
2023; Harborne et al. 2017; Pendelton et al. 2016). Understanding how 
corals respond to complex, multi-stress environmental regimes is essential 
for assessing their adaptive capacity in the face of future climate change. 

Habitats where corals naturally live close to the edge of their 
environmental tolerances and/or under more extreme conditions, such as 
near CO2 vents, macrotidal reefs, or semi-enclosed bays and mangrove 
lagoons, have become increasingly popular for examining holobiont 
dynamics and physiological strategies under suboptimal environmental 
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conditions (Camp et al. 2018; Burt et al. 2020; Schoepf et al. 2023). 
Extreme habitats are defined as environments in which the mean and 
variance of one or multiple environmental variables deviate strongly from 
conditions that are optimal for reef development (Schoepf et al. 2023). 
Coral communities are defined as marginal when at least two of the 
following parameters are considerably different from “normal” reefs: coral 
cover, community composition, species richness, or ecosystem functioning 
(Schoepf et al. 2023). Extreme habitats and marginal coral communities 
have provided key insights into the functional traits and genetic 
adaptations that facilitate success and survival at the edge of 
environmental limits (Camp et al. 2018; Burt et al. 2020; Schoepf et al. 
2023). Some corals from extreme habitats have increased stress tolerance, 
making them potential hotspots of naturally climate-change resistant 
populations (Palumbi et al. 2014; Schoepf et al. 2015). These extreme coral 
habitats may serve as resilience hotspots, or “adaptive refugia”, where 
tolerance to naturally extreme conditions has also conferred increased 
adaptive capacity to one or several stressors (Kapsenberg and Cyronak 
2019). Increased stress tolerance has been found in corals from warmer 
and/or more thermally variable habitats, demonstrating that diel variability 
of temperature can be a major environmental driver of enhanced coral 
heat tolerance (e.g., Safaie et al. 2018). For example, corals from reef flats, 
lagoons, or intertidal environments with high temperature variability have 
higher heat tolerance compared to conspecifics from more thermally 
stable environments (Castillo and Helmuth 2005; Oliver and Palumbi 2011; 
Schoepf et al. 2015). These naturally resilient populations have acquired 
heat tolerance through a variety of genetic and physiological mechanisms 
(Smith et al. 2007; Barshis et al. 2013; Thomas et al. 2018), by hosting 
thermally tolerant algal endosymbionts (e.g., Oliver & Palumbi, 2011), or 
maintaining a robust, stable bacterial community (e.g., Ziegler et al. 2017). 
However, the future adaptive capacity of such populations may be limited 
due to the superimposition of intensifying climate and local stressors on 
existing extreme conditions (Kapsenberg and Cyronak 2019; Schoepf et al. 
2022; Klepac and Barshis 2020). For example, while diel variability may 
offer increased resilience for some species (Oliver and Palumbi 2011; Safaie 
et al. 2018), there is also evidence of increased heat sensitivity of corals 
from thermally variable habitats during marine heatwaves (Le Nohaïc et al. 
2017; Klepac and Barshis 2020; Brown et al. 2023). Therefore, the limits to 
adaptive capacity of corals from extreme habitats living close to their 
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tolerance thresholds should be carefully considered under the context of 
future ocean change. 

Extreme coral habitats are often characterized by multiple co-
varying stressors (e.g., Maggioni et al. 2021; de Jong et al. 2025) and can 
serve as unique natural laboratories to investigate the adaptive capacity of 
corals under climate change and intensifying local impacts (Camp et al. 
2018; Schoepf et al. 2023). Corals from mangrove lagoons, seagrass 
dominated habitats, and semi-enclosed bays are exposed to highly variable 
temperatures, pH, and dissolved oxygen concentrations (Camp et al. 2017; 
Yates et al. 2014; Stewart et al. 2021; Lord et al. 2021). Corals from such 
extreme habitats have been shown to have distinct metabolic strategies, 
calcification rates, algal symbiont communities and photo-physiology 
compared to conspecifics from more benign reef sites (Camp et al. 2017; 
Ros et al. 2021; Jacquemont et al. 2022; Tanvet et al. 2023). However, 
while it is often suggested that corals from these warmer, highly variable 
and extreme habitats may have increased heat tolerance compared to 
conspecifics from nearby cooler, more stable habitats (e.g., Alessi et al. 
2024; Jacquemont et al. 2022), this has rarely been tested in controlled 
experiments. In one reef flat system of Heron Island, lifelong exposure of 
Isopora palifera to high temperature and pH variability did not lead to 
increased resilience to combined future temperature and pH stress 
(Rathbone et al. 2022). Therefore, while temperature variability by itself 
may be an important driver promoting increased stress tolerance, the 
concomitant effects of other local and global stressors may limit 
environmental tolerances. Additionally, evidence shows that the nature of 
environmental variability, specifically its magnitude and predictability, are 
key factors involved in selection for enhanced stress tolerance to future 
conditions (e.g., Bitter et al. 2021). Therefore, more work is needed to 
understand the effects of different combinations of multi-stress conditions 
and environmental variability regimes on coral stress tolerance. Further, 
highly variable extreme reef environments in the Caribbean are relatively 
understudied (but see Camp et al. 2016; Lord et al. 2023; Stewart et al. 
2021) compared to the Indo-Pacific (Camp et al. 2018). Therefore, more 
work is needed to understand the physiological mechanisms and functional 
traits that underlie tolerance to multi-stress conditions and the effects of 
lifelong exposure to multiple co-varying stressors on tolerance to future 
ocean conditions. This knowledge will increase our understanding of the 
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myriad of traits that promote adaptive capacity and increase our ability to 
predict the future vulnerability of coral species (Van Woesik et al. 2012).  

Curaçao’s inland bays as natural laboratories 

As an example of extreme coral habitats, we utilized Curaçao’s 
inland bays as natural laboratories to investigate the adaptive capacity of 
corals to highly variable, extreme conditions. The semi-enclosed inland 
bays investigated in this thesis, called Spanish Water Bay and Santa Martha 
Bay, are large (3.2 and 1.8 km2, respectively) and shallow (on average 5–12 
and 3 m water depth, respectively), and are connected to the open ocean 
via narrow channels (ca. 70 and 40 m wide, respectively). Both the average 
and diel variability of temperatures are higher in the bays compared to 
adjacent fringing reef sites due to their shallow water depth and presumed 
longer seawater residence times (Kuenen and Debrot 1995; de Jong et al. 
2025). The benthic communities are dominated by seagrasses, macroalgae, 
sponges, corals and motile invertebrates and mangrove forests and 
seagrass beds serve as nursery habitats for commercially important fish 
species (Huijbers et al. 2013). Benthic metabolism drives high diel 
fluctuations in pH and dissolved oxygen concentrations in the bays, with 
daily amplitudes of up to 0.25 units and 5.91 mg L-1, respectively, while pH 

and dissolved oxygen concentrations on the reefs fluctuate by up to 0.20 
units and 3.14 mg L-1, respectively (de Jong et al. 2025). The bays are also 
impacted by local stressors as terrestrial run-off contributes to elevated 
(in)organic nutrient concentrations and other chemical pollutants (Govers 
et al. 2014; de Jong et al. 2025; Sanchez Baranco et al. 2025). 
Sedimentation rates are also naturally high, leading to high turbidity in the 
bays compared to the reefs (Kuenen and Debrot 1995; de Jong et al. 2025; 
Sanchez Baranco et al. 2025). Coral communities in the bays have been in 
decline (Debrot et al. 1998) and currently consist of isolated assemblages 
interspersed among seagrass, macro- and turf algae (de Jong et al. 2025). 
Coral cover and diversity (species richness) are substantially lower in the 
bays compared to adjacent fringing reefs (Debrot et al. 1998; Vermeij et al. 
2007; de Jong et al. 2025). Given their ecological and environmental 
characteristics, the bays are therefore defined as extreme coral habitats 
with marginal coral communities (Schoepf et al. 2023).  
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Figure 1. Map of Curaçao and study locations, including Santa Martha (left square) and 
Spanish Water Bay (right square) (A) and Spanish Water Bay (B) indicating location of bay 
site (green) and reef site (blue). Photos from the bay site (C) showing isolated Siderastrea 
siderea colonies among seagrass and the adjacent reef site (D), illustrating stark 
differences in coral cover and benthic communities between the bay and the reef. 

 

 

Given that bay corals are exposed to warmer temperatures, higher 
diel variability of temperature, pH, and dissolved oxygen concentrations, 
and lower water quality compared to adjacent fringing reef corals, they are 
ideal habitats to investigate coral adaptive capacity under combined local 
and global stressors (de Jong et al. 2025). While physicochemical conditions 
in the bays have been previously described (de Jong et al. 2025), multi-year 
variability and conditions during marine heatwaves remain unknown. 
Additionally, apart from one study that examined changes in the growth 
rate of one species in the bay through time (Debrot et al. 1998) and 
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differences in population structure of bay versus reef corals (Vermeij et al. 
2007), the functional traits and holobiont dynamics of corals from the 
inland bays have never been studied to date. Comparison of these traits of 
conspecifics from the bays and adjacent reef sites may provide key insights 
into physiological mechanisms that underlie tolerance to multiple co-
varying stressors. For example, by evaluating if environmental tolerance of 
inland bay corals is underpinned by genetic adaptations or phenotypic 
plasticity, we can increase our ability to predict the time scales involved in 
acquiring enhanced stress tolerance (Palumbi et al. 2014; Drury and Lirman 
2021).  

The inland bays may serve as hotspots of resilience or adaptive 
refugia for corals, where exposure to multiple stressors enhances their 
adaptive capacity to changing ocean conditions (Keppel and Wardell-
Johnson 2012; Kapsenberg and Cyronak 2019; Camp, 2022). Alternatively, 
this exposure may limit their future adaptive capacity to even more 
extreme conditions (Schoepf et al. 2019; 2017). Inland bay coral 
populations may be naturally climate-resistant populations, which are of 
high intrinsic value for reef conservation and management in an era of 
rapid environmental change. Depending on the degree of genetic 
connectivity across habitats, such naturally climate-resilient coral 
populations may facilitate evolutionary rescue of less-tolerant populations 
(Gonzalez et al. 2013). Further, these sources of tolerant genotypes may be 
highly suitable for serving as broodstock for proactive reef restoration 
initiatives, such as selective breeding and assisted gene flow (Caruso et al. 
2021; Baker et al. 2025). However, the stress tolerance of bay coral 
populations and the potential growth and metabolic trade-offs associated 
with increased tolerance have never been tested. Therefore, this thesis 
seeks to begin to unravel the potential of the inland bays to serve as 
hotspots of resilience and assess their utility as natural laboratories to 
investigate coral adaptive capacity to future ocean conditions.  

  



Chapter 1   

18 

Aim and objectives 

Some corals may be able to rapidly acclimatize to increasingly 
extreme conditions within their lifetime, however, limited data are 
available to test that hypothesis. Most experimental studies to date have 
only assessed coral acclimatization to one or two stressors, and rarely 
incorporated local seasonal and diel dynamics (e.g., McLachlan et al. 2022; 
Prada et al. 2023; Barrott et al. 2021). In this thesis, we utilize the highly 
variable, extreme inland bay habitats (de Jong et al. 2025) as natural 
laboratories to investigate coral adaptive capacity under multiple global 
and local stressors. Using both laboratory- and field- based approaches, 
this thesis will improve our understanding of how corals respond to 
complex, novel environmental stress regimes, and will contribute critical 
insights for reef conservation and management. 

The aim of this thesis is explored under the following objectives: 

● To characterize the physicochemical conditions and their diel and 
seasonal variability in the inland bays and adjacent fringing reefs 

● To investigate the functional traits and holobiont dynamics of 
naturally stress-tolerant corals in the inland bays during dry and wet 
seasons 

● To evaluate acclimatization capacity of 1) fringing reef corals to a 
highly variable, extreme inland bay, and 2) bay corals to a more 
environmentally stable fringing reef  

● To determine if local adaptation limits acclimatization capacity to 
novel environmental conditions and/or if there are fitness tradeoffs 
involved 

● To assess 1) the heat tolerance of corals from both bay and reef 
habitats, 2) the ability for corals from the fringing reefs to acquire 
heat tolerance following exposure to combined local and global 
stressors, and 3) whether bay corals lose their higher heat tolerance 
if exposed to less extreme conditions 
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Outline of thesis 

The functional traits and holobiont dynamics of conspecific corals 
from both inland bays and fringing reefs are assessed across spatio-
temporal gradients in Chapters 2 and 3. In Chapter 2, trophic strategies of 
three coral species (Siderastrea siderea, Siderastrea radians, and a species 
of branching Porites) were investigated using natural abundance stable 
isotopes (carbon and nitrogen) of both the coral animal and algal 
symbionts (Solomon et al. 2025). We captured trophic plasticity between 
dry and wet seasons, as well as the effects of natural in situ heat stress on 
trophic strategies. The differences in environmental conditions in the bays 
and on the reefs were characterized in detail across three distinct seasonal 
timepoints. In Chapter 3, we utilized the same three species from the same 
timepoints to evaluate how the microbial communities and their flexibility 
may promote coral health and resilience in the inland bays across seasons 
(Powell, Solomon et al. in review). The acclimatization capacity of two 
species (Siderastrea siderea and branching Porites sp.) of fringing reef 
corals to more extreme bay conditions was assessed in Chapter 4 using a 
reciprocal transplant experiment between one inland bay and one fringing 
reef (Solomon et al. in review). Fitness proxies were employed to 
determine if bay or reef corals are locally adapted to their native 
environmental conditions. We evaluated the time scales and potential 
fitness tradeoffs involved in adjusting to novel environmental conditions by 
measuring key physiological traits after 4 and 12 months following 
transplantation. Corals from the reciprocal transplant experiment were 
then used in a 10-day heat stress experiment in Chapter 5 to evaluate 
differences in heat tolerance following 12 months of exposure to novel 
conditions. We exposed corals from all four transplant groups to either 
ambient seawater conditions or up to 32°C, and assessed the effects of 
heat stress on coral photo-physiology, the role of algal symbionts in 
promoting increased heat tolerance, and potential tradeoffs associated 
with heat tolerance. Finally, in Chapter 6, the mechanisms underlying 
tolerance to the extreme conditions of the inland bay and the capacity for 
corals to acclimatize to multiple global and local stressors are discussed. 
Further, we evaluate the utility of naturally stress-tolerant coral 
populations, such as the inland bay corals, for coral reef conservation and 
restoration initiatives. 



Chapter 1   

20 

References 

Alessi C, Lemonnier H, Camp EF, Wabete N, Payri C, Metalpa RR (2024) Algal symbiont 
diversity in Acropora muricata from the extreme reef of Bouraké associated with 
resistance to coral bleaching. PLoS One 19:e0296902  

Altieri AH, Harrison SB, Seemann J, Collin R, Diaz RJ, Knowlton N (2017) Tropical dead 
zones and mass mortalities on coral reefs. P Natl Acad Sci USA 114:3660–3665  

Anthony KRN, Hoogenboom MO, Maynard JA, Grottoli AG, Middlebrook R (2009) 
Energetics approach to predicting mortality risk from environmental stress: A case study 
of coral bleaching. Funct Ecol 23:539–550  

Baird AH, Bhagooli R, Ralph PJ, Takahashi S (2009) Coral bleaching: the role of the host. 
Trends Ecol Evol 24:16–20  

Baker AC (2003) Flexibility and specificity in coral-algal symbiosis: Diversity, Ecology, and 
Biogeography of Symbiodinium. Ann Rev Ecol Evol Syst 34:661–689  

Baker AC, Romanski AM (2007) Multiple symbiotic partnerships are common in 
scleractinian corals, but not in octocorals: Comment on Goulet (2006). Mar Ecol Prog Ser 
335:237–242  

Baker DM, Andras JP, Guillermo Jordán-Garza A, Fogel ML (2013) Nitrate competition in a 
coral symbiosis varies with temperature among Symbiodinium clades microbe-microbe 
and microbe-host interactions. ISME J 7:1248–1251  

Barshis DJ, Ladner JT, Oliver TA, Seneca FO, Traylor-Knowles N, Palumbi SR (2013) 
Genomic basis for coral resilience to climate change. P Natl Acad Sci USA 110:1387–1392  

Barott KL, Huffmyer AS, Davidson JM, Lenz EA, Matsuda SB, Hancock JR, Innis T, Drury C, 
Putnam HM, Gates RD (2021) Coral bleaching response is unaltered following 
acclimatization to reefs with distinct environmental conditions. P Natl Acad Sci USA 
118:e2025435118  

Bay RA, Rose NH, Logan CA, Palumbi SR (2017) Genomic models predict successful coral 
adaptation if future ocean warming rates are reduced. Sci Adv 3:e1701413  

Beck MW, Losada IJ, Menéndez P, Reguero BG, Díaz-Simal P, Fernández F (2018) The 
global flood protection savings provided by coral reefs. Nat Commun 9:2186  

Berkelmans R, Van Oppen MJH (2006) The role of zooxanthellae in the thermal tolerance 
of corals: A “nugget of hope” for coral reefs in an era of climate change. Proceedings of 
the Royal Society B: Biological Sciences 273:2305–2312  

Bitter MC, Wong JM, Dam HG, Donelan SC, Kenkel CD, Komoroske LM, Nickols KJ, Rivest 
EB, Salinas S, Burgess SC, Lotterhos KE (2021) Fluctuating selection and global change: A 
synthesis and review on disentangling the roles of climate amplitude, predictability and 
novelty. Proc R Soc B 288:20210727  



General Introduction 

21 

Bonebrake TC, Deutsch CA (2012) Climate heterogeneity modulates impact of warming on 
tropical insects. Ecology 93:449–455  

Bopp L, Resplandy L, Orr JC, Doney SC, Dunne JP, Gehlen M, Halloran P, Heinze C, Ilyina T, 
Séférian R, Tjiputra J, Vichi M (2013) Multiple stressors of ocean ecosystems in the 21st 
century: Projections with CMIP5 models. Biogeosciences 10:6225–6245  

Brown KT, Eyal G, Dove SG, Barott KL (2023) Fine-scale heterogeneity reveals 
disproportionate thermal stress and coral mortality in thermally variable reef habitats 
during a marine heatwave. Coral Reefs 42:131–142  

Burt JA, Bartholomew A (2019) Towards more sustainable coastal development in the 
Arabian Gulf: Opportunities for ecological engineering in an urbanized seascape. Mar 
Pollut Bull 142:93–102  

Burt JA, Camp EF, Enochs IC, Johansen JL, Morgan KM, Riegl B, Hoey AS (2020) Insights 
from extreme coral reefs in a changing world. Coral Reefs 39:495–507  

Camp EF, Edmondson J, Doheny A, Rumney J, Grima AJ, Huete A, Suggett DJ (2019) 
Mangrove lagoons of the Great Barrier Reef support coral populations persisting under 
extreme environmental conditions. Mar Ecol Prog Ser 625:1–14  

Camp EF, Nitschke MR, Rodolfo-Metalpa R, Houlbreque F, Gardner SG, Smith DJ, Zampighi 
M, Suggett DJ (2017) Reef-building corals thrive within hot-acidified and deoxygenated 
waters. Sci Rep 7:2434  

Camp EF, Schoepf V, Mumby PJ, Hardtke LA, Rodolfo-Metalpa R, Smith DJ, Suggett DJ 
(2018) The future of coral reefs subject to rapid climate change: Lessons from natural 
extreme environments. Front Mar Sci 5:4  

Camp EF, Smith DJ, Evenhuis C, Enochs I, Manzello D, Woodcock S, Suggett DJ (2016) 
Acclimatization to high-variance habitats does not enhance physiological tolerance of two 
key Caribbean corals to future temperature and pH. Proc R Soc B 283:20160442  

Camp EF (2022) Contingency planning for coral reefs in the Anthropocene; The potential 
of reef safe havens. Emerg Top Life Sci 6:107–124  

Caruso C, Hughes K, Drury C (2021) Selecting Heat-Tolerant Corals for Proactive Reef 
Restoration. Front Mar Sci 8:632027  

Castillo KD, Helmuth BST (2005) Influence of thermal history on the response of 
Montastraea annularis to short-term temperature exposure. Mar Biol 148:261–270  

Chan WY, Meyers L, Rudd D, Topa SH, van Oppen MJH (2023) Heat-evolved algal 
symbionts enhance bleaching tolerance of adult corals without trade-off against growth. 
Glob Chang Biol 29:6945–6968  

Colton MA, McManus LC, Schindler DE, Mumby PJ, Palumbi SR, Webster MM, Essington 
TE, Fox HE, Forrest DL, Schill SR, Pollock FJ, DeFilippo LB, Tekwa EW, Walsworth TE, Pinsky 



Chapter 1   

22 

ML (2022) Coral conservation in a warming world must harness evolutionary adaptation. 
Nat Ecol Evol 6:1405–1407  

Cornwall CE, Comeau S, Kornder NA, Perry CT, van Hooidonk R, DeCarlo TM, Pratchett MS, 
Anderson KD, Browne N, Carpenter R, Diaz-Pulido G, D’Olivo JP, Doo SS, Figueiredo J, 
Fortunato SAV, Kennedy E, Lantz CA, McCulloch MT, González-Rivero M, Schoepf V, 
Smithers SG, Lowe RJ (2021) Global declines in coral reef calcium carbonate production 
under ocean acidification and warming. P Natl Acad Sci USA 118:e2015265118  

Cornwall CE, Comeau S, Donner SD, Perry C, Dunne J, van Hooidonk R, Ryan JS, Logan CA 
(2023) Coral adaptive capacity insufficient to halt global transition of coral reefs into net 
erosion under climate change. Glob Chang Biol 29:3010–3018  

Costanza R, de Groot R, Sutton P, van der Ploeg S, Anderson SJ, Kubiszewski I, Farber S, 
Turner RK (2014) Changes in the global value of ecosystem services. Global Environmental 
Change 26:152–158  

Cryer SE, Evans C, Fowell SE, Andrews G, Brown P, Carvalho F, Degallerie D, Ludgate J, 
Rosado S, Sanders R, Strong JA, Theophille D, Young A, Loucaides S (2023) Characterizing 
Reef Net Metabolism Via the Diel Co-Variation of pH and Dissolved Oxygen From High 
Resolution in Situ Sensors. Global Biogeochem Cycles 37:e2022GB007577  

Cunning R, Silverstein RN, Baker AC (2015) Investigating the causes and consequences of 
symbiont shuffling in a multi-partner reef coral symbiosis under environmental change. 
Proc R Soc B 282:20141725  

Cunning R, Silverstein RN, Baker AC (2018) Symbiont shuffling linked to differential 
photochemical dynamics of Symbiodinium in three Caribbean reef corals. Coral Reefs 
37:145–152  

Cyronak T, Takeshita Y, Courtney TA, DeCarlo EH, Eyre BD, Kline DI, Martz T, Page H, Price 
NN, Smith J, Stoltenberg L, Tresguerres M, Andersson AJ (2020) Diel temperature and pH 
variability scale with depth across diverse coral reef habitats. Limnol Oceanogr Lett 5:193–
203  

Davies SW, Gamache MH, Howe-Kerr LI, Kriefall NG, Baker AC, Banaszak AT, Bay LK, 
Bellantuono AJ, Bhattacharya D, Chan CX, Claar DC, Coffroth MA, Cunning R, Davy SK, del 
Campo J, Díaz-Almeyda EM, Frommlet JC, Fuess LE, González-Pech RA, Goulet TL, Hoadley 
KD, Howells EJ, Hume BCC, Kemp DW, Kenkel CD, Kitchen SA, LaJeunesse TC, Lin S, McIlroy 
SE, McMinds R, Nitschke MR, Oakley CA, Peixoto RS, Prada C, Putnam HM, Quigley K, 
Reich HG, Reimer JD, Rodriguez-Lanetty M, Rosales SM, Saad OS, Sampayo EM, Santos SR, 
Shoguchi E, Smith EG, Stat M, Stephens TG, Strader ME, Suggett DJ, Swain TD, Tran C, 
Traylor-Knowles N, Voolstra CR, Warner ME, Weis VM, Wright RM, Xiang T, Yamashita H, 
Ziegler M, Correa AMS, Parkinson JE (2023) Building consensus around the assessment 
and interpretation of Symbiodiniaceae diversity. PeerJ 11:e15023  

Debrot AO, Kuenen MMCE, Dekker K (1998) Recent declines in the coral fauna of the 
Spaanse water, Curaçao, Netherlands Antilles. Bull Mar Sci 63:571–580  



General Introduction 

23 

Drenkard EJ, Cohen AL, McCorkle DC, de Putron SJ, Starczak VR, Zicht AE (2013) 
Calcification by juvenile corals under heterotrophy and elevated CO2. Coral Reefs 32:727–
735  

Drury C (2020) Resilience in reef-building corals: The ecological and evolutionary 
importance of the host response to thermal stress. Mol Ecol 29:448–465  

Drury C, Lirman D (2021) Genotype by environment interactions in coral bleaching. Proc R 
Soc B 288:20210177  

Eakin CM, Sweatman HPA, Brainard RE (2019) The 2014–2017 global-scale coral bleaching 
event: insights and impacts. Coral Reefs 38:539–545  

Edmunds PJ, Gates RD (2008) Acclimatization in tropical reef corals. Mar Ecol Prog Ser 
361:307–310  

Fisher R, O’Leary RA, Low-Choy S, Mengersen K, Knowlton N, Brainard RE, Caley MJ (2015) 
Species richness on coral reefs and the pursuit of convergent global estimates. Curr Biol 
25:500–505  

França FM, Benkwitt CE, Peralta G, Robinson JPW, Graham NAJ, Tylianakis JM, Berenguer 
E, Lees AC, Ferreira J, Louzada J, Barlow J (2020) Climatic and local stressor interactions 
threaten tropical forests and coral reefs. Philosophical Transactions of the Royal Society B: 
Biological Sciences 375:20190116  

Frölicher TL, Laufkötter C (2018) Emerging risks from marine heat waves. Nat Commun 
9:650  

Gantt SE, Keister EF, Jerry SE, Ferguson Tindal R, Manfroy AA, Merck DE, Muller EM, Kemp 
DW, Shelby Gantt CE (2024) Physiological and symbiotic flexibility of reef-building corals to 
new habitats: Insights from clonal colony transplants. J Appl Ecol  

Gobler CJ, Baumann H (2016) Hypoxia and acidification in ocean ecosystems: Coupled 
dynamics and effects on marine life. Biol Lett 12:20150976  

Gonzalez A, Ronce O, Ferriere R, Hochberg ME (2013) Evolutionary rescue: an emerging 
focus at the intersection between ecology and evolution. Philos T R Soc B: Biol Sci 
368:20120404  

Govers LL, Lamers LPM, Bouma TJ, de Brouwer JHF, van Katwijk MM (2014) Eutrophication 
threatens Caribbean seagrasses - An example from Curaçao and Bonaire. Mar Pollut Bull 
89:481–486  

Grottoli AG, Rodrigues LJ, Palardy JE (2006) Heterotrophic plasticity and resilience in 
bleached corals. Nature 440:1186–1189  

Grottoli AG, Warner ME, Levas SJ, Aschaffenburg MD, Schoepf V, Mcginley M, Baumann J, 
Matsui Y (2014) The cumulative impact of annual coral bleaching can turn some coral 
species winners into losers. Glob Change Biol 20:3823–3833  



Chapter 1   

24 

Guan Y, Hohn S, Wild C, Merico A (2020) Vulnerability of global coral reef habitat 
suitability to ocean warming, acidification and eutrophication. Glob Change Biol 26:5646–
5660  

Gunderson AR, Armstrong EJ, Stillman JH (2016) Multiple Stressors in a Changing World: 
The Need for an Improved Perspective on Physiological Responses to the Dynamic Marine 
Environment. Ann Rev Mar Sci 8:357–378  

Harborne AR, Rogers A, Bozec YM, Mumby PJ (2017) Multiple Stressors and the 
Functioning of Coral Reefs. Ann Rev Mar Sci 9:445–468  

Hoegh-Guldberg O (2012) The adaptation of coral reefs to climate change:  Is the Red 
Queen being outpaced? Sci Mar 76:403–408  

Hoegh-Guldberg O, Mumby P, Hooten A, Steneck R, Greenfield P, Gomez E, Harvell C, Sale 
P, Edwards AJ, Caldeira K, Knowlton N, Eakin CM, Iglesias-Prieto R, Muthiga R, Bradbury 
RH, Dubi A, Hatziolos ME (2007) Coral Reefs Under Rapid Climate Change and Ocean 
Acidification. Science 318:1737–1743  

Hoegh-Guldberg O, Skirving W, Dove SG, Spady BL, Norrie A, Geiger EF, Liu G, De La Cour 
JL, Manzello DP (2023) Coral reefs in peril in a record-breaking year. Science 382:1238–
1241  

Houlbrèque F, Ferrier-Pagès C (2009) Heterotrophy in tropical scleractinian corals. Biol Rev 
84:1–17  

Hughes TP, Kerry JT, Baird AH, Connolly SR, Dietzel A, Eakin CM, Heron SF, Hoey AS, 
Hoogenboom MO, Liu G, McWilliam MJ, Pears RJ, Pratchett MS, Skirving WJ, Stella JS, 
Torda G (2018) Global warming transforms coral reef assemblages. Nature 556:492–496  

Huijbers CM, Nagelkerken I, Debrot AO, Jongejans E (2013) Geographic coupling of 
juvenile and adult habitat shapes spatial population dynamics of a coral reef fish. Ecology 
94:1859–1870  

Humphreys MP (2017) Climate sensitivity and the rate of ocean acidification: Future 
impacts, and implications for experimental design. ICES Journal of Marine Science 74:934–
940  

Jacquemont J, Houlbrèque F, Tanvet C, Rodolfo-Metalpa R (2022) Long-term exposure to 
an extreme environment induces species-specific responses in corals’ photosynthesis and 
respiration rates. Mar Biol 169:82  

Jones A, Berkelmans R (2010) Potential costs of acclimatization to a warmer climate: 
Growth of a reef coral with heat tolerant vs. sensitive symbiont types. PLoS One 5:e10437  

de Jong C, van Os I, Sepúlveda-Rodríguez G, de Baat ML, Schoepf V (2025) High-resolution 
temporal assessment of physicochemical variability and water quality in tropical semi-
enclosed bays and coral reefs. Sci Total Environ 968:178810  



General Introduction 

25 

Jury CP, Bahr KD, Cros A, Dobson KL, Freel EB, Graham AT, McLachlan RH, Nelson CE, Price 
JT, Rocha de Souza M, Shizuru L, Smith CM, Sparagon WJ, Squair CA, Timmers MA, Vicente 
J, Webb MK, Yamase NH, Grottoli AG, Toonen RJ (2024) Experimental coral reef 
communities transform yet persist under mitigated future ocean warming and 
acidification. P Natl Acad Sci USA 121:e2407112121  

Kapsenberg L, Cyronak T (2019) Ocean acidification refugia in variable environments. Glob 
Chang Biol 25:3201–3214  

Kemp DW, Hoadley KD, Lewis AM, Wham DC, Smith RT, Warner ME, Lajeunesse TC (2023) 
Thermotolerant coral-algal mutualisms maintain high rates of nutrient transfer while 
exposed to heat stress. Proceedings of the Royal Society B: Biological Sciences 
290:20231403  

Keppel G, Wardell-Johnson GW (2012) Refugia: Keys to climate change management. Glob 
Chang Biol 18:2389–2391  

Kinzie RA, Takayama M, Santos SR, Coffroth MA (2001) The adaptive bleaching hypothesis: 
Experimental tests of critical assumptions. Biological Bulletin 200:51–58  

Klepac CN, Barshis DJ (2020) Reduced thermal tolerance of massive coral species in a 
highly variable environment. Proc R Soc B 287:20201379  

Kornder NA, Riegl BM, Figueiredo J (2018) Thresholds and drivers of coral calcification 
responses to climate change. Glob Change Biol 24:5084–5095  

Kuenen MMCE, Debrot AO (1995) A quantitative study of the seagrass and algal meadows 
of the Spaanse Water, Curaçao, the Netherlands Antilles. Aquat Bot 51:291–310  

LaJeunesse TC, Parkinson JE, Gabrielson PW, Jeong HJ, Reimer JD, Voolstra CR, Santos SR 
(2018) Systematic Revision of Symbiodiniaceae Highlights the Antiquity and Diversity of 
Coral Endosymbionts. Current Biology 28:2570-2580.e6  

Lange K, Reynaud S, de Goeij JM, Ferrier-Pagès C (2023) The effects of dissolved organic 
matter supplements on the metabolism of corals under heat stress. Limnol Oceanogr 
68:2774–2788  

Lázaro-Nogal A, Matesanz S, Godoy A, Pérez-Trautman F, Gianoli E, Valladares F (2015) 
Environmental heterogeneity leads to higher plasticity in dry-edge populations of a semi-
arid Chilean shrub: Insights into climate change responses. Journal of Ecology 103:338–
350  

Little AF, Van Oppen MJH, Willis BL (2004) Flexibility in algal endosymbioses shapes 
growth in reef corals. Science 304:1492–1494  

Lord KS, Barcala A, Aichelman HE, Kriefall NG, Brown C, Knasin L, Secor R, Tone C, Tsang L, 
Finnerty JR (2021) Distinct phenotypes associated with mangrove and lagoon habitats in 
two widespread caribbean corals, porites astreoides and porites divaricata. Biol Bull 
240:169–190  



Chapter 1   

26 

Lord KS, Lesneski KC, Buston PM, Davies SW, D’Aloia CC, Finnerty JR (2023) Rampant 
asexual reproduction and limited dispersal in a mangrove population of the coral Porites 
divaricata. Proceedings of the Royal Society B: Biological Sciences 290:20231070  

Maggioni F, Pujo-Pay M, Aucan J, Cerrano C, Calcinai B, Payri C, Benzoni F, Letourneur Y, 
Rodolfo-Metalpa R (2021) The Bouraké semi-enclosed lagoon (New Caledonia)- A natural 
laboratory to study the lifelong adaptation of a coral reef ecosystem to extreme 
environmental conditions. Biogeosciences 18:5117–5140  

Malhi Y, Franklin J, Seddon N, Solan M, Turner MG, Field CB, Knowlton N (2020) Climate 
change and ecosystems: Threats, opportunities and solutions. Philosophical Transactions 
of the Royal Society B: Biological Sciences 375:20190104  

Marshall AT, Clode P (2004) Calcification rate and the effect of temperature in a 
zooxanthellate and an azooxanthellate scleractinian reef coral. Coral Reefs 23:218–224  

McLachlan RH, Price JT, Muñoz-Garcia A, Weisleder NL, Levas SJ, Jury CP, Toonen RJ, 
Grottoli AG (2022) Physiological acclimatization in Hawaiian corals following a 22-month 
shift in baseline seawater temperature and pH. Sci Rep 12:3712 

Muscatine L, Falkowski P, Porter J, Dubinsky Z (1984) Fate of photosynthetic fixed carbon 
in light- and shade-adapted colonies of the symbiotic coral Stylorphora pistillata. Proc R 
Soc Lond B 222:181–202  

Nalley EM, Tuttle LJ, Conklin EE, Barkman AL, Wulstein DM, Schmidbauer MC, Donahue MJ 
(2023) A systematic review and meta-analysis of the direct effects of nutrients on corals. 
Sci Total Environ 856:159093  

NOAA Coral Reef Watch (2025) NOAA Coral Reef Watch Version 3.1 Daily 5km Satellite 
Regional Virtual Station Time Series Data for Aruba, Curacao, and Bonaire. 
https://coralreefwatch.noaa.gov/product/vs/data.php  

Le Nohaïc M, Ross CL, Cornwall CE, Comeau S, Lowe R, McCulloch MT, Schoepf V (2017) 
Marine heatwave causes unprecedented regional mass bleaching of thermally resistant 
corals in northwestern Australia. Sci Rep 7:14999  

Logan CA, Dunne JP, Ryan JS, Baskett ML, Donner SD (2021) Quantifying global potential 
for coral evolutionary response to climate change. Nat Clim Chang 11:537–542  

Oliver T, Palumbi S (2011) Do fluctuating temperature environments elevate coral thermal 
tolerance? Coral Reefs 30:429–440  

Pendleton LH, Hoegh-Guldberg O, Langdon C, Comte A (2016) Multiple stressors and 
ecological complexity require a new approach to coral reef research. Front Mar Sci 3:36  

Pacifici M, Foden WB, Visconti P, Watson JEM, Butchart SHM, Kovacs KM, Scheffers BR, 
Hole DG, Martin TG, Akçakaya HR, Corlett RT, Huntley B, Bickford D, Carr JA, Hoffmann AA, 
Midgley GF, Pearce-Kelly P, Pearson RG, Williams SE, Willis SG, Young B, Rondinini C (2015) 
Assessing species vulnerability to climate change. Nat Clim Change 5:215–224  



General Introduction 

27 

Page HN, Andersson AJ, Jokiel PL, Rodgers KS, Lebrato M, Yeakel K, Davidson C, D’Angelo 
S, Bahr KD (2016) Differential modification of seawater carbonate chemistry by major 
coral reef benthic communities. Coral Reefs 35:1311–1325  

Palumbi S, Barshis D, Traylor-Knowles N, Bay R (2014) Mechanisms of reef coral resistance 
to future climate change. Science 344:895–898  

Peixoto RS, Rosado PM, Leite DC de A, Rosado AS, Bourne DG (2017) Beneficial 
microorganisms for corals (BMC): Proposed mechanisms for coral health and resilience. 
Front Microbiol 8:341  

Peixoto RS, Sweet M, Villela HDM, Cardoso P, Thomas T, Voolstra CR, Høj L, Bourne DG 
(2021) Coral Probiotics: Premise, Promise, Prospects. Annu Rev Anim Biosci 9:265–288  

Percino-Daniel R, Contreras López JM, Téllez-Valdés O, Méndez de la Cruz FR, Gonzalez-
Voyer A, Piñero D (2021) Environmental heterogeneity shapes physiological traits in 
tropical direct-developing frogs. Ecol Evol 11:6688–6702  

Pezner AK, Courtney TA, Barkley HC, Chou WC, Chu HC, Clements SM, Cyronak T, 
DeGrandpre MD, Kekuewa SAH, Kline DI, Liang YB, Martz TR, Mitarai S, Page HN, Rintoul 
MS, Smith JE, Soong K, Takeshita Y, Tresguerres M, Wei Y, Yates KK, Andersson AJ (2023) 
Increasing hypoxia on global coral reefs under ocean warming. Nat Clim Change 13:403–
409  

Prada F, Franzellitti S, Caroselli E, Cohen I, Marini M, Campanelli A, Sana L, Mancuso A, 
Marchini C, Puglisi A, Candela M, Mass T, Tassi F, LaJeunesse TC, Dubinsky Z, Falini G, 
Goffredo S (2023) Acclimatization of a coral-dinoflagellate mutualism at a CO2 vent. 
Commun Biol 6:66  

Putnam HM (2021) Avenues of reef-building coral acclimatization in response to rapid 
environmental change. Journal of Experimental Biology 224:jeb239319  

Rädecker N, Pogoreutz C, Voolstra CR, Wiedenmann J, Wild C (2015) Nitrogen cycling in 
corals: The key to understanding holobiont functioning? Trends Microbiol 23:490–497  

Radice VZ, Fry B, Brown KT, Dove S, Hoegh-Guldberg O (2022) Biogeochemical niches and 
trophic plasticity of shallow and mesophotic corals recovering from mass bleaching. 
Limnol Oceanogr 67:1617–1630  

Rahmstorf S, Coumou D (2011) Increase of extreme events in a warming world. Proc Natl 
Acad Sci USA 108:17905–17909  

Ramajo L, Pérez-León E, Hendriks IE, Marbà N, Krause-Jensen D, Sejr MK, Blicher ME, 
Lagos NA, Olsen YS, Duarte CM (2016) Food supply confers calcifiers resistance to ocean 
acidification. Sci Rep 6:19374  

Rathbone M, Brown KT, Dove S (2022) Tolerance to a highly variable environment does 
not infer resilience to future ocean warming and acidification in a branching coral. Limnol 
Oceanogr 67:272–284  



Chapter 1   

28 

Reaka-Kudla ML (1997) The global biodiversity of coral reefs: a comparison with rain 
forests. Biodiversity II: Understanding and protecting our biological resources. Joseph 
Henry Press, pp 551  

Reimer JD, Peixoto RS, Davies SW, Traylor-Knowles N, Short ML, Cabral-Tena RA, Burt JA, 
Pessoa I, Banaszak AT, Winters RS, Moore T, Schoepf V, Kaullysing D, Calderon-Aguilera LE, 
Wörheide G, Harding S, Munbodhe V, Mayfield A, Ainsworth T, Vardi T, Eakin CM, 
Pratchett MS, Voolstra CR (2024) The Fourth Global Coral Bleaching Event: Where do we 
go from here? Coral Reefs 43:1121–1125  

Reum JCP, Alin SR, Harvey CJ, Bednaršek N, Evans W, Feely RA, Hales B, Lucey N, Mathis JT, 
McElhany P, Newton J, Sabine CL (2016) Interpretation and design of ocean acidification 
experiments in upwelling systems in the context of carbonate chemistry co-variation with 
temperature and oxygen. ICES Journal of Marine Science 73:582–595  

Rodrigues LJ, Grottoli AG (2007) Energy reserves and metabolism as indicators of coral 
recovery from bleaching. Limnol Oceanogr 52:1874–1882  

Rohwer F, Seguritan V, Azam F, Knowlton N (2002) Diversity and distribution of coral-
associated bacteria. Mar Ecol Prog Ser 243:1–10  

Ros M, Suggett DJ, Edmondson J, Haydon T, Hughes DJ, Kim M, Guagliardo P, Bougoure J, 
Pernice M, Raina JB, Camp EF (2021) Symbiont shuffling across environmental gradients 
aligns with changes in carbon uptake and translocation in the reef-building coral 
Pocillopora acuta. Coral Reefs 40:595–607  

Safaie A, Silbiger NJ, McClanahan TR, Pawlak G, Barshis DJ, Hench JL, Rogers JS, Williams 
GJ, Davis KA (2018) High frequency temperature variability reduces the risk of coral 
bleaching. Nat Commun 9:1671  

Sanchez Baranco V, Schellenberg L, Mienis F, Brussaard CPD, Haas AF, de Nooijer LJ (2025) 
Seasonal changes in bay water column properties and their influence on the distribution 
of dissolved and particulate substances along the south coast of Curaçao (Caribbean Sea). 
Mar Pollut Bull 212:117545  

Schoepf V, Baumann JH, Barshis DJ, Browne NK, Camp EF, Comeau S, Cornwall CE, Guzmán 
HM, Riegl B, Rodolfo-Metalpa R, Sommer B (2023) Corals at the edge of environmental 
limits: A new conceptual framework to re-define marginal and extreme coral 
communities. Sci Total Environ 884:163688  

Schoepf V, Sanderson H, Larcombe E (2022) Coral heat tolerance under variable 
temperatures: Effects of different variability regimes and past environmental history vs. 
current exposure. Limnol Oceanogr 67:404–418  

Schoepf V, Stat M, Falter JL, Mcculloch MT (2015) Limits to the thermal tolerance of corals 
adapted to a highly fluctuating, naturally extreme temperature environment. Sci Rep 
5:17639  



General Introduction 

29 

Silverstein RN, Cunning R, Baker AC (2015) Change in algal symbiont communities after 
bleaching, not prior heat exposure, increases heat tolerance of reef corals. Glob Chang 
Biol 21:236–249  

Silverstein RN, Cunning R, Baker AC (2017) Tenacious D: Symbiodinium in clade D remain 
in reef corals at both high and low temperature extremes despite impairment. J Exp Biol 
220:1192–1196  

Sing Wong A, Vrontos S, Taylor ML (2022) An assessment of people living by coral reefs 
over space and time. Glob Change Biol 28:7139–7153  

Smale DA, Wernberg T, Oliver ECJ, Thomsen M, Harvey BP, Straub SC, Burrows MT, 
Alexander L V., Benthuysen JA, Donat MG, Feng M, Hobday AJ, Holbrook NJ, Perkins-
Kirkpatrick SE, Scannell HA, Sen Gupta A, Payne BL, Moore PJ (2019) Marine heatwaves 
threaten global biodiversity and the provision of ecosystem services. Nat Clim Chang 
9:306–312  

Smith LW, Barshis D, Birkeland C (2007) Phenotypic plasticity for skeletal growth, density 
and calcification of Porites lobata in response to habitat type. Coral Reefs 26:559–567  

Spalding M, Burke L, Wood SA, Ashpole J, Hutchison J, zu Ermgassen P (2017) Mapping the 
global value and distribution of coral reef tourism. Mar Policy 82:104–113  

Stewart HA, Kline DI, Chapman LJ, Altieri AH (2021) Caribbean mangrove forests act as 
coral refugia by reducing light stress and increasing coral richness. Ecosphere 12:e03413  

Tanvet C, Camp EF, Sutton J, Houlbrèque F, Thouzeau G, Rodolfo-Metalpa R (2023) Corals 
adapted to extreme and fluctuating seawater pH increase calcification rates and have 
unique symbiont communities. Ecol Evol 13:e10099  

Thomas L, Rose NH, Bay RA, López EH, Morikawa MK, Ruiz-Jones L, Palumbi SR (2018) 
Mechanisms of Thermal Tolerance in Reef-Building Corals across a Fine-Grained 
Environmental Mosaic: Lessons from Ofu, American Samoa A Review on Thermal 
Tolerance in Reef-Building Corals. Front Mar Sci 4:434  

Thornhill DJ, Rotjan RD, Todd BD, Chilcoat GC, Iglesias-Prieto R, Kemp DW, LaJeunesse TC, 
Reynolds JMC, Schmidt GW, Shannon T, Warner ME, Fitt WK (2011) A connection between 
colony biomass and death in Caribbean reef-building corals. PLoS One 6:e29535  

Torda G, Donelson JM, Aranda M, Barshis DJ, Bay L, Berumen ML, Bourne DG, Cantin N, 
Foret S, Matz M, Miller DJ, Moya A, Putnam HM, Ravasi T, Van Oppen MJH, Thurber RV, 
Vidal-Dupiol J, Voolstra CR, Watson SA, Whitelaw E, Willis BL, Munday PL (2017) Rapid 
adaptive responses to climate change in corals. Nat Clim Chang 7:627–636  

Towle EK, Enochs IC, Langdon C (2015) Threatened Caribbean coral is able to mitigate the 
adverse effects of ocean acidification on calcification by increasing feeding rate. PLoS One 
10:e0123394  



Chapter 1   

30 

Tremblay P, Gori A, Maguer JF, Hoogenboom M, Ferrier-Pagès C (2016) Heterotrophy 
promotes the re-establishment of photosynthate translocation in a symbiotic coral after 
heat stress. Sci Rep 6:38112  

Tyler RM, Brady DC, Targett TE (2009) Temporal and spatial dynamics of diel-cycling 
hypoxia in estuarine tributaries. Estuaries and Coasts 32:123–145  

Vermeij MJA, Frade PR, Jacinto RIR, Debrot AO, Bak RPM (2007) Effects of reproductive 
mode on habitat-related differences in the population structure of eight Caribbean coral 
species. Mar Ecol Prog Ser 351:91–102  

Voolstra CR, Raina JB, Dörr M, Cárdenas A, Pogoreutz C, Silveira CB, Mohamed AR, Bourne 
DG, Luo H, Amin SA, Peixoto RS (2024) The coral microbiome in sickness, in health and in a 
changing world. Nat Rev Microbiol 22:460–475  

Voolstra CR, Ziegler M (2020) Adapting with Microbial Help: Microbiome Flexibility 
Facilitates Rapid Responses to Environmental Change. BioEssays 42:2000004  

Wang C, Zheng X, Kvitt H, Sheng H, Sun D, Niu G, Tchernov D, Shi T (2023) Lineage-specific 
symbionts mediate differential coral responses to thermal stress. Microbiome 11:211  

Wijgerde T, Jurriaans S, Hoofd M, Verreth JAJ, Osinga R (2012) Oxygen and Heterotrophy 
Affect Calcification of the Scleractinian Coral Galaxea fascicularis. PLoS One 7:e52702  

Williamson OM, Allen CE, Williams DE, Johnson MW, Miller MW, Baker AC (2021) 
Neighboring colonies influence uptake of thermotolerant endosymbionts in threatened 
Caribbean coral recruits. Coral Reefs 40:867–879  

Van Woesik R, Houk P, Isechal AL, Idechong JW, Victor S, Golbuu Y (2012) Climate-change 
refugia in the sheltered bays of Palau: Analogs of future reefs. Ecol Evol 2:2474–2484  

Yates KK, Rogers CS, Herlan JJ, Brooks GR, Smiley NA, Larson RA (2014) Diverse coral 
communities in mangrove habitats suggest a novel refuge from climate change. 
Biogeosciences 11:4321–4337  

Ziegler M, Grupstra CGB, Barreto MM, Eaton M, BaOmar J, Zubier K, Al-Sofyani A, Turki AJ, 
Ormond R, Voolstra CR (2019) Coral bacterial community structure responds to 
environmental change in a host-specific manner. Nat Commun 10:3092  

Ziegler M, Seneca FO, Yum LK, Palumbi SR, Voolstra CR (2017) Bacterial community 
dynamics are linked to patterns of coral heat tolerance. Nat Commun 8:14213 

  

  

 


