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Abstract 

 

Severe hypoxia, often coupled with low pH, is an emerging threat to coral reefs, yet their 

combined effects, and the potential for environmental priming to modulate coral responses 

under such stress, remain understudied. In particular, the frequency and timing of prior 

sublethal exposure to combined low oxygen and pH are largely unexplored as drivers of coral 

stress tolerance. We conducted a controlled laboratory experiment to test how the frequency 

of nightly low dissolved oxygen (DO) and pH exposure shapes physiological responses of two 

Caribbean coral species, Agaricia tenuifolia and Siderastrea siderea, during subsequent, acute 

combined stress. Corals received six (high frequency, HF), three (low frequency, LF), or no 

(control) priming pulses, each lasting two consecutive nights, over four weeks, mimicking 

natural diel DO and pH cycles in shallow reefs, followed by 4–7 days of acute stress or 

ambient conditions. Results revealed contrasting species-specific outcomes. In A. tenuifolia, 

HF priming reduced baseline photosynthetic efficiency by 32% by the end of the priming 

period, with no further change during acute stress. HF primed A. tenuifolia also exhibited a 

~42% reduction in symbiont densities, and a nearly tenfold increased risk of tissue loss 

compared to controls, regardless of acute stress treatment, while biomass and calcification 

remained unchanged. In contrast, S. siderea showed physiological stability across treatments, 

with LF priming supporting tissue biomass maintenance under acute stress. By the 

experimental end, biomass declined 28% and 22% in unprimed and HF-primed corals under 

acute stress, respectively, whereas LF primed corals maintained biomass. These findings 

highlight stress frequency as a critical yet understudied dimension of environmental priming 

and a direct modulator of baseline coral physiology. HF priming impaired the hypoxia-

sensitive A. tenuifolia, while LF priming was neutral. The more hypoxia-tolerant S. siderea 

showed subtle LF priming benefits and no HF effects.  As climate change and coastal 

eutrophication intensify diel variability and acute low DO and pH events, understanding 

frequency-dependent stress responses will improve predictions of reef community trajectories 

and help identify resilient coral populations. 

 

Key words: Environmental priming, coral resilience, diel hypoxia and acidification, 

physiological plasticity, Agaricia tenuifolia, Siderastrea siderea 
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Resumo 

 

Investigação do papel do pré-condicionamento dependente da frequência a baixos níveis 

de oxigénio e pH na construção da resiliência dos corais ao stress 

A hipóxia severa, ou períodos de baixos níveis de oxigénio dissolvido (OD) na água, tem 

emergido recentemente como uma ameaça crescente aos ecossistemas de recifes de coral, a 

nível global. Quando combinada com condições de baixo pH (acidificação dos oceanos), esta 

dupla ocorrência de fatores de stress impõe desafios fisiológicos complexos aos corais, 

embora que os seus efeitos combinados ainda sejam pouco compreendidos. A hipóxia e a 

acidificação são frequentemente observadas em ambientes costeiros e recifes rasos, 

especialmente devido à eutrofização, proliferações de algas e circulação de água limitada — 

fatores todos intensificados pelas alterações climáticas e atividades humanas locais. Apesar da 

evidência crescente de que estes fatores de stress reduzem a saúde, crescimento e 

sobrevivência dos corais, poucos estudos abordaram como exposições repetidas e subletais 

influenciam a tolerância e resiliência dos corais a eventos agudos de OD baixo e pH reduzido. 

O priming ambiental, um conceito originado da fisiologia vegetal e animal, sugere que 

exposições prévias a stress subletal podem induzir plasticidade fenotípica ou aclimatização, 

aumentando a tolerância a eventos de stress subsequentes. Este fenómeno tem sido 

documentado em corais expostos a stress térmico e de acidificação, com evidências crescentes 

de que o historial ambiental pode moldar trajetórias fisiológicas. No entanto, o papel do 

priming ambiental sob condições de stress compostas — como a ocorrência simultânea de 

baixo oxigénio e pH — permanece mal compreendido. Em particular, os efeitos de priming 

envolvendo hipóxia, isoladamente ou em combinação com outros fatores de stress, têm 

recebido pouca atenção. Além disso, a frequência e o tempo de exposição subletal — 

nomeadamente com que frequência e durante quanto tempo os corais experienciam stress 

moderado antes de um evento agudo — podem determinar criticamente a direção e 

intensidade dos efeitos de priming. Compreender o papel da frequência de stress é 

fundamental para prever as respostas dos corais em ambientes costeiros cada vez mais 

variáveis e extremos, sendo esta uma lacuna importante no conhecimento atual. 

Para abordar esta questão, realizámos uma experiência controlada em laboratório para testar 

como a frequência da exposição noturna a baixos níveis de OD e pH influencia o desempenho 

fisiológico de duas espécies de corais das Caraíbas, Agaricia tenuifolia e Siderastrea siderea, 
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durante um evento subsequente de stress agudo combinado. Estas espécies representam 

diferentes estratégias ecológicas e fisiológicas: A. tenuifolia é geralmente mais sensível à 

hipóxia, enquanto S. siderea é considerada mais tolerante. Ao comparar as suas respostas, 

procurámos compreender a suscetibilidade específica de cada espécie e os mecanismos 

subjacentes ao priming sob stress composto. 

Os corais foram submetidos a três regimes de priming ao longo de um período de quatro 

semanas: priming de alta frequência (HF), com um total de seis pulsos noturnos de OD (~2.6 

mg L⁻¹) e pH (~7.75) reduzidos durante seis horas cada; priming de baixa frequência (LF), 

com um total de três pulsos; e um grupo controlo mantido em condições ambientais estáveis. 

Estes pulsos simularam flutuações naturais diárias observadas em recifes rasos das Caraíbas, 

como os da Baía de Almirante, no Panamá, onde hipóxia e acidificação noturnas ocorrem 

regularmente. Após o priming, os corais foram expostos durante 4–7 dias a um evento agudo 

de stress combinado, simulando hipóxia e acidificação severas, ou mantidos em condições 

ambientais, para avaliar a sua capacidade de tolerar stress mais intenso e prolongado. 

Os nossos resultados revelaram diferenças marcantes entre espécies nas respostas ao priming 

e nos resultados fisiológicos. Em A. tenuifolia, o priming HF provocou uma redução 

significativa de 32% na eficiência fotossintética basal (Fv/Fm) até ao final do período de 

priming, indicando um comprometimento da fotofisiologia dos simbiontes antes mesmo da 

exposição ao stress agudo. Curiosamente, esta deterioração não se agravou durante a 

exposição subsequente ao stress agudo, sugerindo que o priming frequente foi mais 

prejudicial do que o próprio evento agudo. Além disso, A. tenuifolia sob priming HF 

apresentou uma redução de aproximadamente 42% na densidade de simbiontes em 

comparação com os controlos, sugerindo perda ou disfunção de simbiose. De forma 

alarmante, o priming HF levou a um aumento de quase dez vezes no risco de perda de tecido 

— um indicador de stress severo e potencial mortalidade — independentemente da exposição 

ao stress agudo. Estes resultados sugerem que impulsos noturnos frequentes de hipóxia e 

acidificação podem ultrapassar a capacidade de plasticidade fisiológica desta espécie sensível 

à hipóxia, comprometendo a saúde basal e aumentando a vulnerabilidade a stress adicional. 

Em contraste, S. siderea demonstrou uma notável estabilidade fisiológica entre tratamentos. A 

eficiência fotossintética, densidade de simbiontes e calcificação mantiveram-se relativamente 

estáveis, sem perda de tecido significativa em qualquer grupo. Notavelmente, o priming LF 

apoiou a manutenção da biomassa tecidular durante o stress agudo. Enquanto a biomassa 

decresceu 28% e 22% nos corais controlo e com priming HF, respetivamente, os corais com 
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priming LF mantiveram níveis de biomassa semelhantes aos de pré-stress. Isto sugere que 

exposições subletais moderadas e pouco frequentes à combinação de baixo OD e pH podem 

induzir mecanismos de aclimatização benéficos que protegem a integridade dos tecidos do 

hospedeiro, possivelmente através de maior capacidade metabólica ou antioxidante. 

Estes resultados realçam a frequência de stress como uma dimensão crítica, embora pouco 

explorada, do priming ambiental em corais, atuando como modulador direto da fisiologia 

basal e da resiliência ao stress. O efeito prejudicial do priming HF em A. tenuifolia evidencia 

a importância dos limites de tolerância específicos da espécie e o potencial de stress ambiental 

frequente induzir declínio fisiológico em vez de aclimatização. Por outro lado, os benefícios 

subtis do priming LF em S. siderea destacam o potencial de ciclos de stress naturais** e 

pouco frequentes para promover a resiliência dos corais. 

O nosso estudo fornece informações cruciais sobre como a variabilidade ambiental diária, 

especificamente a frequência de eventos noturnos de hipóxia e acidificação, pode moldar 

trajetórias fisiológicas dos corais num contexto de alterações climáticas e eutrofização 

costeira crescentes. À medida que as águas costeiras enfrentam flutuações diárias mais 

intensas e episódios agudos mais frequentes de baixo OD e pH, compreender os mecanismos 

e limites do priming entre espécies será essencial para prever mudanças comunitárias e a 

resiliência dos ecossistemas recifais. Estes resultados sugerem que populações de corais 

expostas a diferentes frequências de stress subletal podem divergir na sua capacidade de 

persistir no futuro, com implicações para estratégias de conservação e restauro. 

Investigações futuras devem explorar as vias moleculares e bioquímicas subjacentes ao 

priming dependente da frequência, a duração e os intervalos de recuperação entre pulsos de 

stress, e como as múltiplas dimensões de stress (frequência, intensidade, duração) interagem 

na indução de aclimatização versus maladaptação. Além disso, são necessários estudos in situ 

para validar os resultados laboratoriais e avaliar a relevância ecológica em diferentes habitats 

recifais. O nosso trabalho contribui para um conjunto crescente de evidências que destacam a 

complexidade das respostas dos corais a fatores de stress ambientais simultâneos e a 

necessidade de integrar a frequência do stress em modelos de futuro dos recifes de coral. 

 

Palavras-chave: Pré-condicionamento ambiental, resiliência dos corais, hipóxia e 

acidificação diárias, plasticidade fisiológica, Agaricia tenuifolia; Siderastrea siderea 
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1.  General introduction 

 

Coral reefs: Distribution, Diversity, and Importance 

Coral reefs represent some of the most ecologically important and diverse marine ecosystems 

on Earth (Bellwood et al., 2019; Fisher et al., 2015). These biogenic structures are primarily 

constructed by reef-building, scleractinian corals, which produce aragonitic skeletons, and 

serve as foundational species by creating complex habitat structures (Allemand et al., 2004; 

Putnam et al., 2017). Coral reefs occur in several morphologically distinct forms that were 

already described by Darwin: (1) fringing reefs, which develop adjacent to shorelines, (2) 

barrier reefs, which are separated from land by deeper lagoons, and (3) atolls, ring-shaped 

reefs surrounding lagoons that often arise from subsiding volcanic islands (Darwin, 1842). 

While this classification still accommodates most reefs globally, the distinguishment between 

reef types is not always unequivocal (Kennedy, 2002). Beyond shallow-water systems, cold-

water coral reefs also occur along continental margins and seamounts at tropical to polar 

latitudes, where they provide vital habitat and contribute to carbon cycling (Cordes et al., 

2023). Nevertheless, this work will focus on shallow tropical coral reef systems. 

The distribution of reef-building corals is primarily constrained by temperature and light 

availability. Shallow reefs are restricted to tropical and subtropical latitudes (~34° N-32° S) 

where minimum annual sea surface temperatures remain above ~18 °C (Johannes et al., 1983; 

Jones et al., 2022). Although shallow coral reef hotspots (i.e., shallow tropical areas where 

corals might be found, even if sparse) are distributed globally, most coral habitat hotspots 

(areas that are likely or able to support significant coral coverage) are centered in the Central 

Indo-Pacific, where benthic complexity and biodiversity are among the highest worldwide (Li 

and Asner, 2023; Lyons et al., 2024) 

Coral reefs have long been portrayed as “oases in marine deserts” for their ability to thrive in 

nutrient-poor tropical and subtropical waters, but they in fact span a wide range of nutrient 

regimes, with the majority occurring in mesotrophic to eutrophic conditions (Morais et al., 

2025). Across these diverse environments, coral reefs sustain exceptionally high productivity 

levels (Hatcher, 1990; Putnam et al., 2017) and support remarkable biodiversity and 

endemism (Fisher et al., 2015; Hughes et al., 2002). At the basis of these ecosystems are reef-

building, scleractinian corals, which provide shelter, substrate, and feeding grounds for a wide 

array of marine organisms (Putnam et al., 2017). Coral reefs are also critical drivers of 
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nutrient cycling and contribute to biogeochemical processes through transformation and 

retention of organic and inorganic matter (Moberg and Folke, 1999; Wild et al., 2011).  

Beyond their ecological functions, they also provide an array of vital ecosystem services with 

great socioeconomic importance for human societies. These include coastal protection from 

wave and storm surges (Beck et al., 2018), food provision from fisheries that support food 

security in many tropical nations (Golden et al., 2016), and revenue from reef-based tourism, 

which was estimated to contribute approximately US$ 35.8 billion annually to the global 

economy (Spalding et al., 2017). The well-being of hundreds of millions of people is thus 

directly or indirectly linked to the health of coral reefs (Moberg and Folke, 1999; Woodhead 

et al., 2019). However, coral reefs are under increasing pressure in the Anthropocene, as 

global environmental changes alter their ecological function and diminish their capacity to 

deliver ecosystem services. A suite of anthropogenic stressors, including climate change, 

pollution, and overfishing, can disrupt coral physiology, destabilize intricate symbiotic 

networks, and degrade reef community structure, habitat complexity, and ecosystem 

functioning (Hughes et al., 2017a; Woodhead et al., 2019). 

Coral morphology and life-history traits 

Coral biology is shaped by key life-history traits such as morphology, growth rate, longevity, 

and reproductive mode, which mediate ecological strategies and stress sensitivity (e.g., 

Darling et al., 2012; Hughes and Tanner, 2000). Trait-based frameworks (e.g., Darling et al., 

2012) classify reef-building corals into four general strategies: (I) competitive species, such as 

Acropora and Montipora, which are fast-growing branching or plating corals that dominate 

under favorable conditions but are highly disturbance sensitive; (II) weedy species, including 

Agaricia and some Porites, which are small, brooding taxa with opportunistic colonization 

ability and high persistence in disturbed habitats; (III) stress-tolerant genera, such as 

Siderastrea, Montastraea, and massive Porites, which grow slowly but invest in long 

lifespans, large corallites, and high fecundity, enabling persistence under chronically harsh 

conditions; and (IV) generalist species, which combine intermediate traits and occupy 

environments where neither competition nor disturbance strongly dominates. These strategies 

reflect trade-offs between growth, reproduction, and survival, and help explain why coral 

assemblages often shift toward stress-tolerant or weedy taxa as disturbances increase. 

In the context of this study, the contrasting life-history traits of Agaricia tenuifolia (weedy, 

opportunistic) and Siderastrea siderea (stress-tolerant) provide an interesting comparison 

regarding their priming potential under diel low pH and dissolved oxygen conditions. The 
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weedy strategy of A. tenuifolia may enable rapid colonization but confer limited capacity to 

withstand repeated stress exposure, while the stress-tolerant strategy of S. siderea may support 

persistence through physiological buffering, albeit at the cost of slower growth. While such 

colony-level traits determine how corals interact with their environment and compete within 

reef communities, the foundation of these strategies ultimately lies in the physiology of the 

coral holobiont, the integrated partnership between the coral host and its associated symbiotic 

partners. 

The coral holobiont 

Scleractinian corals are colonial marine invertebrates within the phylum Cnidaria, composed 

of clonal polyps connected by a shared gastrovascular system (Hughes et al., 1992; Putnam et 

al., 2017). Each polyp exhibits a diploblastic tissue organization, with an outer epidermis and 

inner gastrodermis, which each contain a variety of specialized cell types. Dedicated host cells 

within the gastrodermis known as symbiocytes, house endosymbiotic algae of the family 

Symbiodiniaceae (LaJeunesse et al., 2018). 

This intimate partnership forms the basis of the coral holobiont, which encompasses not only 

the coral host and algal symbionts, but also an array of associated microorganisms including 

bacteria, archaea, fungi, and viruses (Bourne et al., 2009). Each component of the holobiont 

contributes to the organism’s overall fitness and resilience. Disruption to any member through 

environmental or biological stressors can undermine the stability of the entire system (Bourne 

et al., 2009; Lesser, 2021). 

The success of corals in oligotrophic environments is largely attributed to this symbiosis, with 

Symbiodiniaceae providing up to 100% of the coral host’s energy demands via photosynthesis 

(Muscatine et al., 1981). These symbionts not only supply photosynthetically fixed carbon but 

also facilitate the recycling of essential inorganic nutrients (Lesser, 2021). In return, the coral 

host provides a protected intracellular habitat and access to nutrients from heterotrophic 

feeding (Ferrier-Pagès et al., 2010). Importantly, corals are not strictly autotrophic. They are 

mixotrophs, capable of deriving energy from both photosynthesis and prey capture. The 

relative contribution of these sources varies with environmental conditions, depth, and species 

identity (Sturaro et al., 2021). For example, corals inhabiting variable or deeper environments 

often exhibit greater trophic plasticity and thus a greater capacity to switch between 

autotrophy and heterotrophy, than conspecifics from more stable, shallow habitats (Solomon 

et al., 2025; Sturaro et al., 2021). Such trophic flexibility can help buffer corals against stress 
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events by providing alternative energy pathways, but its effectiveness is highly species-

specific and depends on the magnitude and duration of disturbance (Grottoli et al., 2006). 

Despite this flexibility, the holobiont remains highly sensitive to environmental perturbations 

such as warming, acidification, and deoxygenation. Warming and deoxygenation can impair 

photosynthetic efficiency, leading to photodamage of photosystem II (PS II) and excessive 

production of reactive oxygen species (ROS), which compromise host-symbiont stability 

(Jones and Hoegh‐Guldberg, 2001; Wooldridge, 2013). The resulting oxidative stress can 

trigger symbiont expulsion known as coral bleaching and potentially lead to mortality if 

symbiosis is not restored (Wooldridge, 2013). In contrast, ocean acidification (OA) has 

comparatively less direct impact on photosynthetic processes, but can impair the coral host by 

reducing calcification, survival, and recruitment success (Kroeker et al., 2013; Putnam et al., 

2017). 

Importantly, the physiological performance of the coral holobiont is shaped by the traits of the 

coral host, algal symbionts, and associated microbial communities, as well as the degree of 

functional integration and flexibility in their association under changing conditions. 

Moreover, the diverse cellular architecture within corals generates steep intra- and 

extracellular gradients of pH, oxygen, and ions such as calcium, bicarbonate, and hydrogen, 

which are highly responsive to environmental cues (Hohn and Merico, 2015; Putnam et al., 

2017). Understanding these fine-scale physiological interactions is crucial to predicting how 

holobionts will respond to global change. 

Anthropogenic threats to coral reefs 

The global cover of live coral has declined by approximately 50% since the 1950s (Eddy et 

al., 2021). This decline is driven by a combination of global and local anthropogenic stressors 

that often act simultaneously and synergistically (Knowlton and Jackson, 2008). Historically, 

ocean warming, overfishing, and pollution have been principal drivers of coral reef 

degradation (Wear, 2016), with OA and coastal deoxygenation exacerbating stress on coral 

reef ecosystems (Altieri et al., 2017; Camp et al., 2018; Hoegh-Guldberg et al., 2007). While 

warming is widely recognized as the primary driver of mass coral bleaching and mortality 

events (Hoegh-Guldberg et al., 2007), OA has been studied extensively over the past three 

decades (Anthony et al., 2011; Hoegh-Guldberg et al., 2007; Kroeker et al., 2013) for its 

projected impacts on coral calcification and recruitment. In contrast, coastal deoxygenation 

has only been recognized as a significant threat to coral reefs more recently, posing dangers 
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both on its own and through compounding effects with other stressors (Altieri et al., 2017; 

Hughes et al., 2022). 

Ocean acidification 

OA is a direct consequence of increasing atmospheric CO2 levels and the ocean’s role as a 

carbon sink. The absorption of excess CO2 lowers seawater pH and alters carbonate 

chemistry, reducing the saturation state of calcium carbonate minerals like aragonite, of which 

coral skeletons are made (Hill and Hoogenboom, 2022; Hsiao et al., 2025; Orr et al., 2005). A 

lower aragonite saturation state (Ωarag) reduces the thermodynamic potential for skeleton 

formation, directly compromising calcification rates and skeletal integrity, as well as 

fecundity, coral metabolism, and growth (Hill and Hoogenboom, 2022; Hsiao et al., 2025).  

Research in naturally low-pH environments has shown that chronic acidification can lead to 

compromised reef structure and biodiversity (Camp et al., 2018; Kroeker et al., 2013), 

underscoring the vulnerability of marine calcifiers and especially reef-building corals to future 

OA scenarios. Even if carbon emissions were stabilized today, the ocean’s thermal and 

chemical inertia would drive continued OA for decades to come (Lee et al., 2023). However, 

mitigation efforts can substantially alter the trajectory: surface ocean pH is projected to 

decline by ~0.29 pH units by 2081-2100 under high emission scenarios (RCP8.5), compared 

to just 0.04 pH units under strong mitigation (RCP2.6; IPCC, 2022). 

Ocean deoxygenation 

In parallel with OA, dissolved oxygen (DO) levels are declining globally due to warming-

induced reductions in oxygen solubility and increased biological oxygen demand driven by 

nutrient enrichment and organic matter loading (Oschlies et al., 2018). This phenomenon, 

known as ocean deoxygenation, encompasses large-scale declines in DO across the global 

ocean, including both open-ocean and coastal regions (Oschlies et al., 2018). Much of the 

early research on ocean deoxygenation focused on oxygen minimum zones (OMZs), which 

develop in deeper waters of tropical and temperate oceans (typically 100-1000 m depth) due 

to combined effects of nutrient-driven productivity, microbial respiration, and strong thermal 

stratification (Gobler and Baumann, 2016). These OMZs, already extensive, are projected to 

expand further under ocean warming, with significant implications for midwater and pelagic 

ecosystems (Gobler and Baumann, 2016; Oschlies et al., 2018). Future projections suggest 

that global oxygen content is projected to decrease by 3.2-3.7% by 2100 under RCP8.5, 

versus 1.6-2.0% under RCP2.6, with expansion of oxygen minimum zones affecting 79-91% 
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of the ocean area by century’s end (IPCC, 2022). In contrast, the occurrence and ecological 

importance of deoxygenation in shallow tropical reef habitats have only gained attention more 

recently, yet mounting evidence indicates that hypoxia represents a major emerging threat to 

tropical coral reefs (Altieri et al., 2021).  

In coastal waters, oxygen variability is often further amplified by eutrophication, microbial 

respiration, lack of circulation, and processes like upwelling (Fusi et al., 2025). Hypoxia, 

typically defined as DO concentrations below 2 mg L-1 (e.g., Vaquer-Sunyer and Duarte, 

2008), can severely impair coral metabolism, suppress calcification, and increase 

susceptibility to bleaching and mortality (Altieri et al., 2017; Hughes et al., 2022). Although 

this threshold is commonly used to define hypoxic conditions, true DO tolerance limits can 

vary by species, exposure duration, and environmental contexts (Haas et al., 2014; Johnson et 

al., 2021; Pezner et al., 2023). Contrary to the traditional attribution of coral bleaching solely 

to elevated temperatures, recent studies suggest that low DO levels may be a primary trigger 

of bleaching under certain conditions (e.g., Alderdice et al., 2021, 2022; Lucey et al., 2025), 

emphasizing the need to consider DO dynamics in coral reef vulnerability assessments and 

climate adaptation strategies. 

The extent of compound hypoxia-acidification 

OA and hypoxia are not independent stressors but tightly coupled through respiration and 

biogeochemical cycling (Gobler and Baumann, 2016; Melzner et al., 2013). In coastal and 

upwelling-influenced systems, microbial degradation of organic matter simultaneously 

consumes oxygen and produces CO2, creating water masses that are both hypoxic and 

acidified. As a result, pCO2 levels during hypoxia can reach extreme values (1700-3200 μatm 

under current conditions, and up to 4500 μatm in the future, Melzner et al., 2013), far 

exceeding the ranges predicted for the open ocean under OA alone. Geographically, shallow 

reef-systems in semi-enclosed coastal bays are especially vulnerable. As a result, the 

frequency and severity of hypoxic events, often coupled with low pH, on shallow coral reefs 

have increased notably over the past two decades (Altieri et al., 2017; Johnson et al., 2018; 

Kealoha et al., 2020; Raj et al., 2020).  A global survey of reef oxygen dynamics (Pezner et 

al., 2023) revealed that hypoxia is already pervasive, with 84% of coral reefs experiencing 

weak to moderate, and 13% severe events, and projections indicate that more than 90% of 

coral reefs could face such conditions by 2100 under high emission scenarios. 
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Natural environmental variability on coral reefs 

Coral reefs, particularly those located in nearshore, lagoonal, and semi-enclosed systems, 

often experience pronounced natural fluctuation in key environmental parameters, including 

pH and DO. Diel variation in pH and DO is primarily driven by benthic photosynthesis and 

respiration cycles, which elevate DO and pH during the day and deplete them at night (Camp 

et al., 2018; Pezner et al., 2023; Price et al., 2012). In contrast, seasonal oscillations are more 

strongly influenced by external climatic factors such as light availability, rainfall, and 

temperature, which in turn modulate biological activity and water chemistry (Camp et al., 

2018; Guadayol et al., 2014). These dynamics are amplified in shallow habitats with limited 

water exchange, where DO levels can range from hypoxic (< 20% air saturation) at night to 

hyperoxic (> 200% air saturation) during the day (Lucey et al., 2024; Nelson and Altieri, 

2019). In photosynthesizing organisms such as corals, such fluctuations occur not only at reef-

wide scales but also at cellular levels, including the diffusive boundary layers surrounding 

coral tissues (Fusi et al., 2025; Hughes et al., 2020; Shashar et al., 1993). 

The spatial and temporal heterogeneity of these fluctuations is shaped by many factors such as 

reef geomorphology, benthic community composition, and hydrodynamics (Altieri et al., 

2021; Guadayol et al., 2014). For example, abrupt depth gradients and restricted water flow in 

coastal reef flats can amplify metabolic-driven variation, sometimes exposing organisms to 

environmental extremes that exceed projected future ocean conditions (Altieri et al., 2021). In 

the Caribbean, Almirante Bay, Bocas del Toro, Panama, exemplifies such a system. This semi-

enclosed bay at the Caribbean coast of Panama exhibits strong spatial and temporal variability 

in environmental conditions, particularly temperature, DO, and pH (Lucey et al., 2020). More 

pronounced diel fluctuations and lower DO minima are found at inner bay reefs compared to 

outer bay sites, where the proximity to oceanic flow creates more stable conditions (Adelson 

et al., 2022; Lucey et al., 2020). Notably, severe hypoxic events have been recorded within the 

bay in 2010 (Altieri et al., 2017) and 2017 (Johnson et al., 2018). The well-documented 

history of such events in Almirante Bay provides a valuable natural laboratory for 

understanding coral tolerance under compound stressors. Yet, while natural observations 

provide critical insights, controlled laboratory studies remain necessary to disentangle 

physiological thresholds and mechanisms of stress resistance. 

Coral stress tolerance  

Coral tolerance to environmental stress arises from both long-term genetic adaptation and 

shorter-term acclimatization, or phenotypic plasticity (Hackerott et al., 2021). Adaptation 
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involves changes in allele frequencies across generations, enabling populations to survive 

under recurrent or long-term stress conditions (Hackerott et al., 2021). In contrast, 

acclimatization allows individual corals to adjust rapidly to variable conditions within their 

lifetime through mechanisms such as energy reallocation, upregulation of antioxidant 

defenses, restructuring of symbiont and microbial communities, and epigenetic modifications 

(Hackerott et al., 2021; Palumbi et al., 2014; Putnam et al., 2017). 

Thermal tolerance is the most extensively studied form of stress resistance in corals, with 

numerous populations thriving in extreme thermal environments (see review by Camp et al., 

2018), demonstrating their capacity to acquire enhanced heat tolerance. The ability of corals 

to persist in such environments (e.g., Persian-Arabian Gulf and Red Sea) was found to be 

linked to metabolic trade-offs (Howells et al., 2016) or through associations with heat-

specialist Symbiodiniaceae (Smith et al., 2017), illustrating multiple routes to elevated 

tolerance. A growing body of studies has also investigated coral tolerance to OA, which has 

been linked to the ability to regulate internal pH as shown in both field (Wall et al., 2016) and 

laboratory settings (McCulloch et al., 2012; Venn et al., 2011). Complementary work points to 

epigenetic changes such as shifts in DNA methylation as a potential mechanism for 

acclimatization to OA (Liew et al., 2018; Putnam et al., 2016). 

Much of our mechanistic understanding of acquired stress tolerance stems from single-

stressor studies as they allow a more precise attribution of responses. However, many reef 

habitats like mangrove systems and macrotidal reefs, that are particularly characterized by 

extreme or highly variable multi-stressor regimes, can still support coral communities with 

substantial species richness and cover (Camp et al., 2018, 2019), making it inevitable to 

further our understanding of tolerance acquisition to compound stress conditions. Together, 

studies of corals in extreme habitats and experimental evidence from controlled stress 

exposures highlight that repeated exposure to sublethal stress can enhance coral stress 

tolerance through environmental memory, a retained alteration of physiological or molecular 

responses linked to prior exposure (Hackerott et al., 2021). 

The concept of environmental priming 

A growing body of research supports the idea that a coral’s environmental history, particularly 

prior exposure to sublethal stress, can shape its future performance. This process, often 

referred to as environmental memory, pre-conditioning, or priming, occurs when an initial, 

sublethal stress exposure improves the organism’s tolerance to subsequent stress (Hackerott et 

al., 2021; Hilker et al., 2016). While well established in terrestrial plants (Hilker and 
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Schmülling, 2019) and increasingly studied in marine plants and invertebrates (Klein et al., 

2017; Li et al., 2020; Nguyen et al., 2020), the concept is gaining recognition in coral reef 

research more recently (Hackerott et al., 2021). 

The mechanisms underlying coral priming are likely multifaceted, involving antioxidant 

production, shifts in energy allocation, epigenetic regulation of gene expression, and 

reconfiguration of symbiont or microbiome communities (Baumann et al., 2021; Nelson and 

Altieri, 2019; Pezner et al., 2023). In reef environments, naturally occurring diel variability in 

conditions such as temperature, pH, and DO can act as a form of physiological pre-

conditioning, enhancing tolerance if exposure remains within sublethal limits, but causing 

damage if thresholds are exceeded (e.g., Altieri et al., 2021; Safaie et al., 2018).   

The dose and temporal pattern of priming are also critical determinants of the corals’ priming 

response to more extreme or prolonged stress exposures that exceed the typical amplitudes of 

natural diel variation. Insufficient magnitude or duration of priming may not induce detectable 

memory (e.g., Bellantuono et al., 2012), whereas excessive priming can weaken organisms 

and negate benefits (e.g., Ainsworth et al., 2016). Most evidence for these temporal nuances 

comes from thermal bleaching studies: corals exposed to annual bleaching pulses sometimes 

show reduced severity during a second, consecutive year (Fisch et al., 2019; Hughes et al., 

2019), but protective effects can be lost when intervals between events span multiple years 

(Hughes et al., 2017b). However, such patterns are highly species-specific, reflecting 

differences in baseline tolerance, energy reserves, and Symbiodiniaceae plasticity (Grottoli et 

al., 2014; Schoepf et al., 2015). 

While most priming research in corals has focused on thermal stress (Hughes et al., 2019; 

Middlebrook et al., 2012; Puisay et al., 2023), and, to a lesser extent on ocean acidification 

(Putnam et al., 2020), multi-stressor priming studies remain rare (e.g., warming x OA; Putnam 

and Gates, 2015). For low DO, natural tolerance acquisition has been documented through 

reciprocal exposure experiments (Lucey et al., 2025), but these patterns likely reflect long-

term adaptation rather than short-term priming. 

Understanding whether and how priming can operate under emerging threats like hypoxia, 

especially in combination with OA, will provide important insight into coral persistence under 

climate change. This requires defining the dimension and limits of priming (including 

frequency, duration, magnitude, and recovery windows) and determining whether the benefits 

observed in single-stressor contexts extend to ecologically relevant compound stress events. 
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Research gaps and relevance 

While the concept of environmental priming has been increasingly studied in corals, the 

majority of experimental work has focused on single pre-exposure events or chronic 

conditioning regimes. The latter includes reciprocal transplant experiments where corals 

experience altered environments over much of their lifetime, providing more insight into 

longer-term adaptation than into short-term acclimatization/priming (Baumann et al., 2021; 

Lucey et al., 2025; Palumbi et al., 2014). Few studies have explicitly examined the role of 

exposure frequency, even though it is likely a critical determinant of priming outcomes, 

shaping whether corals acclimate, become sensitized, or experience cumulative physiological 

damage (Hughes et al., 2019; Lucey et al., 2023). To date, frequency effects have been 

investigated almost exclusively under thermal stress regimes (Safaie et al., 2018), leaving a 

major gap in understanding for other stressors, which often exhibit different and less 

predictable temporal dynamics than temperature. 

Furthermore, most priming studies have focused on warming and OA (Middlebrook et al., 

2012; Puisay et al., 2023; Putnam et al., 2020), whereas hypoxia, and especially its co-

occurrence with low pH, remains severely underexplored. This gap is critical, as projections 

indicate that future reef conditions will increasingly involve simultaneous declines in DO and 

pH rather than isolated stressors (Melzner et al., 2013). It also remains unclear whether 

different physiological traits, such as host metabolism, calcification, or symbiont 

photophysiology, respond in parallel or diverge in their hypoxia-acidification priming 

response. Thus, it is still poorly resolved under which conditions priming under repeated low 

DO and pH exposure becomes beneficial or detrimental to coral performance 

Filling these gaps is not only of scientific interest but also of practical relevance. From a 

predictive standpoint, the frequency of stress exposure is likely to determine whether corals 

exhibit acclimatization or cumulative damage. These outcomes can directly affect population 

persistence models under future climate scenarios. From a management perspective, 

understanding frequency effects, specific thresholds, and trait-specific responses can inform 

coral reef conservation strategies, such as selecting naturally resistant coral populations, 

optimizing the timing of outplanting, and setting realistic expectations for recovery following 

hypoxia-acidification events. 
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 2.1. Abstract 

 

Severe hypoxia, often coupled with low pH, is an emerging threat to coral reefs, yet their 

combined effects, and the potential for environmental priming to modulate coral responses 

under such stress, remain understudied. In particular, the frequency and timing of prior 

sublethal exposure to combined low oxygen and pH are largely unexplored as drivers of coral 

stress tolerance. We conducted a controlled laboratory experiment to test how the frequency 

of nightly low dissolved oxygen (DO) and pH exposure shapes physiological responses of two 

Caribbean coral species, Agaricia tenuifolia and Siderastrea siderea, during subsequent, acute 

combined stress. Corals received six (high frequency, HF), three (low frequency, LF), or no 

(control) priming pulses, each lasting two consecutive nights, over four weeks, mimicking 

natural diel DO and pH cycles in shallow reefs, followed by 4–7 days of acute stress or 

ambient conditions. Results revealed contrasting species-specific outcomes. In A. tenuifolia, 

HF priming reduced baseline photosynthetic efficiency by 32% by the end of the priming 

period, with no further change during acute stress. HF primed A. tenuifolia also exhibited a 

~42% reduction in symbiont densities, and a nearly tenfold increased risk of tissue loss 

compared to controls, regardless of acute stress treatment, while biomass and calcification 

remained unchanged. In contrast, S. siderea showed physiological stability across treatments, 

with LF priming supporting tissue biomass maintenance under acute stress. By the 

experimental end, biomass declined 28% and 22% in unprimed and HF-primed corals under 

acute stress, respectively, whereas LF primed corals maintained biomass. These findings 

highlight stress frequency as a critical yet understudied dimension of environmental priming 

and a direct modulator of baseline coral physiology. HF priming impaired the hypoxia-

sensitive A. tenuifolia, while LF priming was neutral. The more hypoxia-tolerant S. siderea 

showed subtle LF priming benefits and no HF effects. As climate change and coastal 

eutrophication intensify diel variability and acute low DO and pH events, understanding 

frequency-dependent stress responses will improve predictions of reef community trajectories 

and help identify resilient coral populations. 
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2.2. Introduction 

Tropical coral reefs are increasingly threatened by acute and chronic environmental stressors 

associated with global climate change and local anthropogenic impacts (Barnard et al., 2021; 

Hoegh-Guldberg et al., 2017). Among these, ocean warming, ocean acidification (OA), and 

coastal deoxygenation are particularly harmful to coral physiology. Warming and 

deoxygenation can severely disrupt coral-algae symbiosis and impair coral metabolism 

(Hoegh-Guldberg et al., 2017; Hughes et al., 2022; Johnson et al., 2021a), while OA primarily 

reduces calcification and recruitment (Anthony et al., 2011; Hsiao et al., 2025; Kroeker et al., 

2013). All three stressors can reduce physiological performance and, under severe conditions, 

increase mortality (Hoegh-Guldberg et al., 2017; Johnson et al., 2021a). While the impacts of 

OA and warming have been extensively studied (e.g., Bove et al., 2020; Hoegh-Guldberg et 

al., 2017; Hsiao et al., 2025), coastal deoxygenation and its interaction with OA and warming 

have only recently gained attention as a critical threat to coral reefs (Altieri et al., 2017; 

Hughes et al., 2022).  

OA results from the ocean’s absorption of excess atmospheric CO2 (carbon dioxide), which 

lowers seawater pH and alters carbonate chemistry, compromising calcifying organisms such 

as reef-building corals (Orr et al., 2005). Coastal deoxygenation, often driven by warming and 

nutrient pollution, reduces oxygen solubility and increases biological oxygen demand, leading 

to the depletion of dissolved oxygen (DO) (Oschlies et al., 2018). Notably, acute hypoxia can 

be a driver of bleaching in some corals (e.g., Alderdice et al., 2021, 2022; Lucey et al., 2025), 

challenging the conventional attribution of mass bleaching solely to thermal stress and 

highlighting the need to integrate the combined roles of hypoxia and OA. 

In many shallow reef and lagoon systems, diel fluctuations in DO and pH are common, driven 

by the balance of daytime photosynthesis and nighttime respiration (Pezner et al., 2023). In 

photosynthesizing organisms like corals, these fluctuations occur not only at the reef scale but 

also within their tissues and in the diffusive boundary layers immediately surrounding them 

(Fusi et al., 2025; Hughes et al., 2020; Shashar et al., 1993), resulting in naturally lower pH 

and DO at night. While some coral taxa appear adapted to high diel variability (Camp et al., 

2017, 2018; Hughes et al., 2022), increasingly frequent and severe hypoxia threatens to push 

environmental conditions beyond coral adaptive capacity (Johnson et al., 2021a). Globally, 

84% of coral reefs already experience at least mild to moderate hypoxia (Pezner et al., 2023). 

Acute hypoxia events leading to mass bleaching and 70-80% coral mortality have 

increasingly been reported over the past two decades in regions like Almirante Bay (Altieri et 
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al., 2017; Johnson et al., 2018), the Gulf of Manmar, India (Raj et al., 2020), and the Flower 

Garden Banks, USA (Kealoha et al., 2020).  These events often recur in the same locations, 

creating repeated exposure regimes (Deutsch et al., 2024). Similarly, mean surface ocean pH 

is projected to fall by ~0.04-0.29 units by 2100, depending on the carbon emission scenario 

(IPCC, 2022). Given that hypoxia and OA predominantly have been shown to act additively 

on marine taxa (Steckbauer et al., 2020), it is very likely that combined hypoxia-acidification 

events become not only more frequently, but also increasingly harmful to coral reefs. 

Susceptibility to these stress events varies substantially among coral species and populations 

(e.g., Hughes et al., 2020; Johnson et al., 2021b; Lucey et al., 2025, 2024), underscoring the 

need to understand the mechanisms underlying coral resilience under increasingly variable 

and extreme DO an pH regimes. 

Field evidence suggests that exposure history shapes stress tolerance in corals. In some 

naturally extreme reef environments, coral populations persist under chronically variable and 

stressful conditions, exhibiting remarkable stress tolerance (Camp et al., 2019, 2018; Palumbi 

et al., 2014). Reciprocal transplant experiments (e.g., Kurihara et al., 2021; Lucey et al., 2025; 

Tanvet et al., 2023) can help distinguish whether trait differences reflect phenotypic plasticity 

or genetic adaptation, but in practice they often highlight longer-term processes such as local 

adaptation and natural selection. To specifically resolve short-term acclimation potential, 

controlled experimental approaches are therefore needed. 

One proposed short-term mechanism that could enhance stress tolerance is environmental 

priming, a process by which prior exposure to mild or sublethal stress improves an organism’s 

capacity to withstand future stress events (Hackerott et al., 2021; Hilker et al., 2016). Priming 

is well-documented in terrestrial plants (Hilker and Schmülling, 2019) and increasingly 

studied in marine plants and invertebrates (e.g., Klein et al., 2017; Li et al., 2020; Nguyen et 

al., 2020). In reef-building corals, however, experimental evidence remains limited and 

largely focused on single stressors such as thermal stress or OA (see review by Hackerott et 

al., 2021). Thermal pre-exposure has been shown to improve thermal stress resistance in some 

coral taxa (e.g., Middlebrook et al., 2008, 2012), and parental exposure to low pH levels alone 

(Putnam et al., 2020), or in combination with warming (Putnam and Gates, 2015) can shape 

offspring performance through transgenerational priming. However, priming in the context of 

hypoxia remains virtually unexplored, even though low DO events are intensifying and 

recurring in tropical reefs (Pezner et al., 2023). While recent work has begun to clarify how 

the duration and intensity of low DO exposure influence coral physiology (Mallon et al., 
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2025), there is no current evidence of hypoxia priming responses. With priming outcomes 

depending on many dimensions like exposure duration and intensity (Hackerott et al., 2021), 

the frequency of stress pre-exposure as a determinant for priming outcome remains largely 

unaddressed. Thus far, high frequency diel thermal variability has only been shown to 

enhance thermal tolerance in corals if cumulative exposure does not exceed tolerance 

thresholds (Safaie et al., 2018). Yet, comparable experiments investigating frequency effects 

under co-occurring hypoxia and OA are still lacking. Understanding when stress pre-exposure 

becomes beneficial or detrimental to the coral holobiont is essential to predict coral 

performance under increasing environmental variability (Hackerott et al., 2021). 

To address these knowledge gaps, we tested whether different frequencies of nightly low DO 

and pH exposure affect coral responses to a subsequent, acute hypoxia-acidification event, 

using a controlled aquarium experiment that simulated ecologically realistic diel stress cycles. 

We assessed a comprehensive set of host and symbiont physiological traits in two Caribbean 

coral species, Agaricia tenuifolia (Dana, 1848) and Siderastrea siderea (Ellis and Solander, 

1786), both abundant on hypoxia-naïve reefs in Almirante Bay, Panama. Understanding 

species-specific variability in priming capacity and physiological plasticity is essential, as 

different success of coral taxa under suboptimal conditions can drive shifts in reef community 

composition (e.g., Lucey et al 2024), reducing habitat complexity and associated ecosystem 

functions (e.g., Rogers et al., 2015). We hypothesized that repeated exposure to nighttime 

stress over four weeks, characterized by low DO and pH, would enhance coral tolerance to a 

subsequent, acute hypoxic-acidification event in a frequency-dependent manner. Specifically, 

we anticipated that low frequency priming would be more beneficial for the more sensitive A. 

tenuifolia, whereas high frequency priming would be required to elicit a beneficial effect in 

the more resistant S. siderea. 

2.3. Material and Methods 

Study site, coral collection, and acclimation 

The experiment was conducted using corals collected from Punta Caracol reef site 

(9°22’36’’N 82°18’05’’W) in Almirante Bay, Bocas del Toro, a large semi-enclosed bay on 

the Caribbean Coast of Panama. This bay exhibits strong spatial and temporal variability in 

environmental conditions, particularly DO, pH, temperature, and nutrients (Lucey et al., 

2020). DO fluctuations in the bay show clear seasonal patterns, with the most severe diel lows 

typically occurring between September and November (Lucey et al., 2020). Severe, hypoxic 

events have been recorded within Almirante Bay, notably in 2010 (Altieri et al., 2017) and 
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2017 (Johnson et al., 2018), leading to drastic coral loss, with live coral cover dropping to 

~4% (Altieri et al., 2017). In experimental studies from that region, hypoxic events were 

defined as reaching levels of DO < 1 mg L-1, with such conditions typically occurring over 

one to two consecutive nights at inner bay sites (Lucey et al., 2024). In Almirante Bay, the 

intensity of low DO levels and the occurrence of hypoxic events vary spatially and with 

depth, with more pronounced diel fluctuations and lower DO minima recorded at inner bay 

reefs compared to outer bay sites, where the proximity to oceanic inflow creates more stable 

conditions (Adelson et al., 2022; Lucey et al., 2020). 

We collected coral fragments from the comparatively more stable outer bay site of Punta 

Caracol, which has no documented history of extreme low DO exposure (Lucey et al., 2024). 

This choice was motivated by previous work showing that corals from hypoxia impacted reefs 

in Almirante Bay exhibit increased tolerance to subsequent low DO events (Lucey et al., 

2025), while conspecifics from more stable sites, such as Punta Caracol, are more susceptible. 

By using individuals that are naïve to hypoxia, we aimed to test whether tolerance toward low 

DO and pH could be experimentally induced through laboratory-based environmental 

priming. 

To characterize background reef conditions, high resolution in-situ data loggers were 

deployed at the collection site. These loggers were deployed from September to November 

2024 to measure and record temperature, DO, pH, photosynthetically active radiation (PAR), 

and conductivity levels at regular intervals (See Supplement A for detailed methods; 

Supplement B, Table S1 for data results). 

Coral specimens were collected on 24 September 2024 (Permit: ARB-096-2023, Ministerio de 

Ambiente), using a hammer and chisel at 4-5.5 m depth. Two species were selected based on 

their abundance on the hypoxia-naïve collection site: Siderastrea siderea, described to be 

generally more tolerant toward hypoxia and acidification, and Agaricia tenuifolia, typically 

more sensitive towards environmental stress (e.g., Bove et al., 2019; Lucey et al., 2025). To 

maximize the likelihood of sampling genetically different individuals, six parent colonies per 

species were sampled at least 10 m apart. Corals were transported submerged in seawater to 

the Smithsonian Tropical Research Institute (STRI). Each colony was fragmented into six 

similar-sized ramets using a bandsaw (Gryphon C-40 Diamond Band Saw, Gryphon 

Corporation, USA) and mounted onto acrylic tiles with coral glue (EcoTech Marine, USA).  

Fragments were held indoors at STRI in six 60-liter flowthrough seawater tanks, equipped 

with a 50μm bubble bead filter, a circulation pump (4W Aquaneat G132, USA), and a heater 
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for temperature control (Eheim Thermocontrol, 300W, Germany). Water exchange in each 

tank occurred at a rate of approximately 150 liters per day. Corals were kept under ambient 

conditions (mean ± SD: Temperature: 29.4 ± 0.4 °C, DO: 6.9 ± 0.3 mg L-1, pHT: 7.93 ± 0.05, 

PAR 271 ± 46 μmol photons m-2 s-1) for 21 days (until 16 October 2024) to allow healing and 

acclimation. Illumination was provided by lights (Aqua Illumination Hydra 64HD LED Reef 

Lights, USA) on a 12:12 hour cycle (5:30-17:30), with one hour sunrise and sunset 

transitions.  

Experimental design 

After acclimation, corals underwent a 29-day priming period (16 October 2024 until 14 

November 2024), followed by a 4-7 day long acute stress event (15 November 2024 until  

20-22 November 2024, Figure 2.1). Two ramets from each parent colony were randomly 

assigned to each of the three priming frequencies: none (control), low frequency (LF), and 

high frequency (HF) priming. Treatments were distributed across two replicate tanks, each 

containing six coral fragments per species. Each fragment was considered a replicate, nested 

within experimental tank for analyses. 

 
Figure 2.1: Experimental timeline showing priming and acute stress phases. Coral fragments were assigned to 

one of three priming treatments: high frequency (HF, blue vertical bars), low frequency (LF, green vertical bars), 

or unmanipulated control (not depicted). HF corals were exposed to a total of six pulses, with three nights 

between each pulse, while LF corals were exposed to a total of three pulses, with nine nights between each pulse. 

Each priming pulse was administered over two consecutive nights, with 6 hours each night at target dissolved 

oxygen and pH levels. Following priming, corals were subjected to a 4–7-day acute stress test, during which they 

were reassigned to either stress or ambient treatment. During the acute stress test, stress was administered every 

night. The duration of the acute stress test varied depending on final incubation dates: incubations for Agaricia 

tenuifolia (ATEN) started on day 4 of the acute stress test, while incubations for Siderastrea siderea (SSID) 

started on day 6. 

 

Priming stress pulses mimicked diel low DO and pH cycles observed during hypoxia events 

in Almirante Bay (Lucey et al., 2025), with target stress conditions applied for six hours over 

two consecutive nights per pulse, preceded by a 6-hour intermediate step-down and followed 

by a gradual ramp-up (Figure 2.2). HF corals received six pulses (i.e., one pulse every three 
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days), while LF corals received every second pulse (three total, one pulse every nine days), 

with a 3-day recovery period between pulses. Stress conditions during priming pulses (Table 

2.1) were sublethal by design, with minimum targets set above extreme field values observed 

in Almirante Bay during the 2017 hypoxia event (i.e., DO < 1 mg L-1, pHNBS < 7.5, Johnson et 

al. 2021), to promote physiological plasticity without inducing mortality. DO and pH levels in 

control tanks were monitored but left unmanipulated to maintain natural diurnal seawater 

fluctuations. Similarly, treatment tanks were unaltered between priming pulses, during which 

corals experienced the following daily means ± SD: temperature: 29.3 ± 0.4 °C; DO: 6.77 ± 

0.16 mg L-1; pHT: 7.97 ± 0.04. 

 

   
Figure 2.2: Target diel profiles of dissolved oxygen (DO, purple) and total pH (pHT, blue) over a 24-hour 

timeframe during the priming period. Solid lines represent baseline (no-pulse or control) conditions, while 

dashed lines indicate target conditions during priming stress pulses. During pulse nights, DO and pHT levels 

were reduced by controlled bubbling of N2 and CO2, respectively. No-pulse and control conditions were not 

manipulated to maintain the natural diurnal variation of incoming seawater. Temperature (red) did not differ 

among treatment groups and was set to mimic natural variations in Almirante Bay. 

 

Temperature, DO, and pH were monitored and regulated using an Apex Neptune System. 

Ramp-down of DO and pH was controlled through controlled bubbling of N2 and CO2, while 

ramp-up was achieved by modifying seawater flow-through rates, allowing gradual 

restoration of ambient conditions. Probes were cleaned daily to ensure data quality. 

Complementary daily condition checks were performed using a HACH meter (HQ40d, 

HACH, USA) for temperature, DO, mV, and salinity. Total pH (pHT) was calculated from the 

respective mV and temperature measurements (Supplement A). The mV probe was calibrated 
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every three days using TRIS buffer, purchased from A. Dickson (Scripps), across a 

temperature range of 24-32 °C. All tanks received the same temperature regime, matching 

natural diel patterns in Almirante Bay. PAR was maintained at 258 ± 27 μmol photons m-2 s-1, 

and coral fragments were rotated daily within tanks to remove tank positioning effects. 

 

Table 2.1: Tank conditions in each treatment during the diel phases of the priming period. Values represent 

means ± standard deviations, with the number of manual measurements (HACH meter) in parentheses. These 

manual checks complemented continuous monitoring by Apex sensors. For unmanipulated controls, values 

reflect the full priming period, whereas for priming treatments (LF = low frequency, HF = high frequency) only 

data from active priming pulses were included. LF corals experienced three priming pulses (each spanning two 

nights), while HF corals experienced six. DO values are compensated for salinity and temperature (Supplement 

B, Table S2). 

 
  Control LF HF 

DO (mg L-1) 12:00-18:00 7.0 ± 0.2 (34) 6.8 ± 0.2 (6) 7.0 ± 0.1 (10) 

  18:00-24:00 6.4 ± 0.1 (28) 4.3 ± 0.1 (14) 4.2 ± 0.1 (24) 

  00:00-06:00 6.4 ± 0.4 (4) 2.6 ± 0.1 (2) 2.6 ± 0.1 (4) 

  06:00-12:00 6.9 ± 0.2 (14) 6.8 ± 0.1 (6) 6.8 ± 0.2 (10) 

pHT 12:00-18:00 7.98 ± 0.04 (38) 7.91 ± 0.03 (10) 7.92 ± 0.05 (14) 

  18:00-24:00 7.97 ± 0.05 (28) 7.86 ± 0.04 (14) 7.85 ± 0.03 (24) 

  00:00-06:00 7.94 ± 0.03 (4) 7.75 ± 0.01 (2) 7.75 ± 0.03 (4) 

  06:00-12:00 7.96 ± 0.02 (16) 7.95 ± 0.03 (6) 7.96 ± 0.03 (10) 

Temperature (°C) 12:00-18:00 29.8 ± 0.4 (38) 29.8 ± 0.4 (10) 29.9 ± 0.4 (14) 

  18:00-24:00 29.1 ± 0.5 (28) 29.3 ± 0.5 (14) 29.3 ± 0.5 (24) 

  00:00-06:00 28.6 ± 0.1 (4) 29.1 ± 0.0 (2) 29.1 ± 0.1 (4) 

  06:00-12:00 29.1 ± 0.5 (16) 29.1 ± 0.5 (6) 29.2 ± 0.5 (10) 

 

After the priming phase, an acute stress test was conducted. Half of all fragments from each 

priming treatment were randomly reassigned to either ambient or acute stress conditions, with 

even distribution of parent colonies across tanks. The acute stress test involved nightly low 

DO and pH exposure over 4-7 nights, simulating an acute hypoxia event in duration (Johnson 

et al., 2021a; Lucey et al., 2025). Acute stress levels were slightly more severe than in the 

priming phase (Table 2.2). On the final two nights, after removing all A. tenuifolia individuals 

for final incubations due to clearly visible decline in health, DO stress levels were further 

intensified for S. siderea (targeting ~1.5 mg L-1 DO) to increase likelihood of eliciting a 

measurable physiological response. Since data analyses were performed separately for each 

species, treatment differences do not affect within species comparison. 
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For clarity, we refer to “control” corals as those that were not exposed to any priming pulses 

during the 29-day priming phase. During the subsequent acute stress test, tanks that were left 

unmanipulated are referred to as “ambient”. 

To ensure water chemistry was representative and comparable across tanks, water samples for 

analysis of total alkalinity (TA, Supplement B, Table S4) were collected at three timepoints: 

once during acclimation (30 September 2024), and twice during the priming phase (31 

October 2024, 08 November 2024). Samples were filtered and preserved with mercuric 

chloride solution (0.02% of sample volume) for storage at 4°C. Corals were fed brine shrimp 

nauplii every five days during priming (~ 500 shrimp L-1), and tanks were cleaned after one 

hour to remove excess food. 

Table 2.2: Tank conditions in each treatment during nightly stress pulses of the acute stress test. Values 

represent means ± standard deviations, with the number of manual measurements (HACH meter) in parentheses. 

Data are from the first five nights of the stress test, excluding the final two nights during which DO target levels 

were lowered. DO values are compensated for salinity and temperature (Supplement B, Table S3). 

    Ambient Stress 

DO (mg L-1) 12:00-18:00 7.0 ± 0.1 (21) 7.0 ± 0.1 (21) 

  18:00-24:00 6.5 ± 0.1 (24) 3.6 ± 1.2 (24) 

  00:00-06:00 6.3 ± 0.1 (3) 2.2 ± 0.2 (3) 

pHT 12:00-18:00 8.02 ± 0.05 (24) 8.00 ± 0.04 (24) 

  18:00-24:00 7.98 ± 0.04 (27) 7.84 ± 0.04 (27) 

  00:00-06:00 7.95 ± 0.03 (3) 7.69 ± 0.02 (3) 

Temperature (°C) 12:00-18:00 29.0 ± 0.1 (24) 29.0 ± 0.1 (24) 

  18:00-24:00 28.6 ± 0.1 (27) 28.5 ± 0.1 (27) 

  00:00-06:00 28.2 ± 0.1 (3) 28.0 ± 0.1 (3) 

 

 

Physiological assessments 

To evaluate how priming influenced coral responses to a prolonged hypoxia-acidification 

event, we assessed a suite of physiological parameters that broadly reflect coral host condition 

and symbiont function. Survival and tissue cover were visually assessed daily, while 

photophysiology was monitored on days 0, 9, 19, 29, 33, and 35 using Pulse Amplitude 

Modulated (PAM) fluorometry to measure Fv/Fm and the Normalized Difference Vegetation 

Index (NDVI). Symbiont densities, total chlorophyll content (a and c2), tissue biomass, 

calcification, and critical oxygen tension (Pcrit) were assessed at the end of the experiment. 



 

29 
 

Detailed information regarding equipment settings, laboratory procedures, and calculations 

for some of the physiological parameters can be found in Supplement A.  

Tissue cover and survival 

Coral health was assessed through visual observations of tissue cover and survival. Tissue 

cover was recorded as the percentage of visibly healthy tissue remaining on each fragment, 

while mortality was assumed when no healthy tissue remained, and algal overgrowth was 

apparent.  

Photosynthetic efficiency, NDVI and coral color 

Two separate measurements were performed using PAM fluorometry (Diving-PAM-II, Walz, 

Germany) to assess photophysiology. Specifically, the maximum quantum yield of 

photosystem II (Fv/Fm) was measured as a proxy for bleaching and photosynthetic 

performance by the coral’s algal symbionts (Symbiodiniaceae) (Warner et al., 1999). 

Additionally, spectral reflectance at 670 and 750 nm was measured using a spectrometer 

(Mini-Spec) to calculate the Normalized Difference Vegetation Index (NDVI) following the 

protocol of Watty et al. (2024), a non-invasive approach to estimate chlorophyll a 

concentrations (e.g., Naugle et al. 2024). Single measurements per coral were conducted for 

each response parameter during different timepoints throughout the priming period and acute 

stress test. All measurements were taken in the dark directly within treatment tanks. Fv/Fm 

measurements were taken at 18:00 to ensure 30-minute dark acclimation. Exact PAM settings, 

calibration protocols, and calculation details are provided in Supplement A. 

Coral tissue coloration was visually assessed within the tanks using the Coral Health Chart 

(CHC, Coral Watch) on days 0, 10, 21, 29, and 33 as an indicator of bleaching and coral 

health through variations in pigmentation but was ultimately not statistically analyzed. 

Critical oxygen partial pressure 

Critical oxygen partial pressure (Pcrit) was determined via dark closed-chamber oxygen draw-

down incubations after the 4–7-day acute stress test to quantify each coral’s hypoxia 

threshold. As it represents the lowest oxygen partial pressure at which metabolic oxygen 

demand can be maintained before switching to oxyconformity (e.g., Pontes et al., 2023; 

Seibel, 2011), higher Pcrit values indicate greater sensitivity to hypoxia. Incubations for all 

replicates were conducted in temperature-controlled water baths, starting at~100% air 

saturation (AS) and continuing until oxygen consumption plateaued or DO levels dropped 
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below 2% AS, typically lasting between 6 and 18 hours. DO and temperature were recorded at 

1-minute intervals using optical sensors connected to a multi-channel oxygen meter (Oxy-4 

SMA G3, PreSens GmbH, Germany). Blank chambers were included to track background 

respiration, but no corrections were applied, as Pcrit calculations rely on the inflection point in 

oxygen consumption, not on absolute rates. Incubation order followed a consistent priority: 

ambient fragments before stressed; A. tenuifolia before S. siderea.  

Tissue biomass and calcification 

Following incubations at STRI, samples were frozen at -20°C and transported to the 

University of Amsterdam, where they were stored at -80°C until processing. Coral tissue 

biomass was then determined using the ash-free dry weight (AFDW) method on ~1x1 cm 

pieces of coral. The exact surface area was determined from photographs using ImageJ 

software. Samples were dried at 70°C in a drying oven (ELBANTON, Netherlands) for at 

least 48 hours until weight was constant, cooled in a desiccator (Glaswerk Wertheim GmbH, 

Germany), and weighed with an analytical balance (precision = 0.00001 g; ABT 220-5DM, 

Kern & Sohn GmbH, Germany). They were then ashed at 450°C for 6 hours in a muffle 

furnace (Carbolite Gero, CWF1100, UK). AFDW was calculated as the difference between 

dry and ashed weights, with background corrections using blank aluminum pans.  

Calcification was assessed as a daily rate of skeletal mass change, calculated from the change 

in buoyant weight throughout the experiment and normalized to the fragment’s surface area. 

Buoyant weight was recorded at the start of the experiment and again prior to each fragment’s 

respiration incubation using an electronic balance (precision = 0.01 g; Ohaus, SPX222 

Scout  SPX, NJ, USA) to estimate skeletal growth (Jokiel et al., 1978). Prior to weighing, 

algae (i.e., turf) and debris were gently removed using a soft toothbrush or tweezers. Coral 

surface area was estimated from 3D models generated in Autodesk (“Autodesk ReCap Photo,” 

2024) using 360° photo sets captured with a Sony DSC-RX100M7 camera. 

Symbiont densities and chlorophyll concentrations 

Tissue was removed from ~2 cm² of coral skeleton using an airbrush (Master Performance 

S68, Master Airbrush, USA) with deionized (DI) water (and waterpik for S. siderea), and 

homogenized with a tissue tearer (Biospec, OK, USA). Symbiont densities were counted to a 

minimum of 100 cells using a Neubauer improved hemacytometer (Sigma Aldrich), with at 

least six replicate counts per sample. Chlorophyll pigments were extracted in acetone and 

quantified through absorbance measurements at 630, 663, and 750 nm using a 
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spectrophotometer (Novaspec Pro, Biochrom, USA) and the equations from Jeffrey and 

Humphrey (1975).  

Data analysis 
 

All statistical analyses were conducted in R version 4.3.1 (R Core Team, 2024). Data 

processing and visualization were performed using the tidyverse suite of packages, including 

dplyr for data manipulation and ggplot2 for plotting. Analyses were performed separately for 

each coral species to not obscure treatment effects, as the magnitude of physiological 

response was expected to differ substantially between species. For each species and 

physiological variable, the fixed effects in the models were priming treatment (three levels: 

control, low frequency = LF, high frequency = HF), stress treatment (2 levels: ambient, 

stress), and their interaction. Experimental day (fixed effect) and Coral ID (random effect) 

were included in Fv/Fm and NDVI models to account for repeated measurements on the same 

fragment. 

Symbiont densities, total chlorophyll concentrations (sum of chlorophyll a and c2), and tissue 

biomass were analyzed as endpoint responses measured after the acute stress event. 

Calcification was analyzed as a rate derived from the change in buoyant weight between the 

start and end of the experiment, representing net skeletal accretion over the full exposure 

period. In contrast, Fv/Fm and NDVI were measured repeatedly across multiple timepoints and 

analyzed for day 0 (baseline), day 29 (end of the priming period), and either day 33  

(A. tenuifolia) or day 35 (S. siderea).  

Model structure was informed by significance of random effects, including genotype and tank 

nested within treatment (priming tank within priming treatment and stress tank within stress 

treatment), and assessed using the ranova() function in lmerTest. When random effects were 

significant (p < 0.05, Supplement B, Tables S5 and S6), we applied linear or generalized 

linear mixed-effects models (LMMs or GLMMs) using lme4 or glmmTMB. If all random 

effects were non-significant, simplified linear models (LMs) were fitted with sum contrasts to 

allow for type III ANOVA (car) (e.g., West et al., 2007). 

Assumption testing for all models included visual inspection of residual and fitted value plots, 

Shapiro-Wilk test (car) for normality of residuals, and Levene’s test (car) for homogeneity of 

variances. Outliers were identified using the rstatix package and only removed if they were 

clear methodological artefacts (Supplement A). Data transformations were applied as needed: 

biomass was log-transformed to meet model assumptions, while all other physiological 
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parameters in S. siderea were analyzed untransformed. Calcification and Fv/Fm data for 

A. tenuifolia violated model assumptions even after transformation. Therefore, a GLMM with 

a Gamma distribution and log link (glmmTMB) was fitted for calcification. For Fv/Fm in 

A. tenuifolia, a GLMM using a beta distribution, appropriate for proportion-type data bound 

between 0 and 1, was fit. 

Tissue cover and survival analysis were performed using the survival and survminer 

packages. For A. tenuifolia, we used a Cox proportional hazards model to test for differences 

in the probability of survival or staying above a threshold of ≥ 75% tissue cover over time. 

The threshold of 75% tissue cover was chosen based on visual observations throughout the 

experiment. Due to the rapid onset of tissue sloughing in A. tenuifolia, tissue loss > 25% was 

considered as a sign of stress. The fitting of hazard models for S. siderea was not possible due 

to the absence of mortality or tissue loss events. Kaplan-Meier curves were generated to 

visualize patterns in tissue cover and survival over time. 

Critical oxygen partial pressure, or Pcrit, was calculated from raw oxygen consumption data 

(mg L-1 h-1) using the segmented regression method (respR). To visualize patterns of 

oxyregulation across treatments and species, oxygen consumption rates were calculated 

manually by extracting short linear segments (10 min, 10 data points) from oxygen decline 

curves. These rates were corrected for chamber volume, normalized to coral surface area, and 

plotted against discrete oxygen concentrations. Linear and Michaelis-Menten models were 

fitted to each coral’s oxygen consumption data to characterize their overall oxyregulatory 

versus oxyconforming responses. 

For all models with significant fixed effects, estimated marginal means and post-hoc pairwise 

comparisons were calculated (emmeans) with Tukey adjustments for multiple testing. 

Statistical significance was assessed at α = 0.05. For visualization, raw means and standard 

errors were calculated (dplyr). Data were visualized by species and treatment combination 

(ggplot2). 

For A. tenuifolia, two spare fragments (one each from control-ambient and control-stress 

treatments) were available to compensate for early mortality. One individual in the control-

ambient group died prior to the acute stress test and was excluded from endpoint analyses but 

retained in the survival and tissue cover dataset. As a result, final sample sizes for analyses of 

endpoint measurements were n = 7 in the control-stress group and n = 6 for all other treatment 

groups in A. tenuifolia. All treatment groups for S. siderea had n = 6. 
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2.4. Results 

Tissue cover and survival 
 

In Agaricia tenuifolia, priming treatment significantly affected tissue cover (Figure 2.3, left; 

cox proportional hazards model, p = 0.0003). Fragments exposed to HF priming were nearly 

ten times more likely to lose tissue to < 75% healthy tissue cover compared to the control 

(hazard ratio = 9.82, p = 0.0036), whereas LF priming or acute stress exposure had no 

significant effect (Supplement B, Table S7). Notably, tissue loss in A. tenuifolia was typically 

developed within a single night and usually observed as extensive tissue sloughing during 

morning checks, suggesting that tissue degradation occurred overnight. In contrast, survival 

probability (Figure 2.3, right) was not significantly affected by priming or acute stress 

treatment. In Siderastrea siderea, no tissue loss or mortality occurred in any treatment group.  

Consequently, cox models could not be fitted.  

  

 

 
Figure 2.3: Probability of maintaining ≥ 75% tissue cover (left) and survival probability (right) of Agaricia 

tenuifolia fragments during the priming phase and acute stress test. Colors indicate priming treatments 

(control = orange, high frequency (HF) = blue, low frequency (LF) = green), while line types distinguish 

subsequent exposure to either ambient (solid) or stress (dotted) conditions during the acute stress test. Shaded 

rectangles indicate the timing of priming pulse events (HF = faint blue, LF = faint green) and the acute stress test 

(faint grey). The vertical dashed red line marks the onset of the acute stress test. 
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Photosynthetic efficiency and NDVI  
 

Maximum quantum yield (Fv/Fm, Figure 2.4, top) in A. tenuifolia was significantly affected by 

priming treatment (ANOVA type III, p = 0.001,), day (p < 0.001), and their interaction  

(p = 0.014), with no effects of acute stress treatment (Supplement B, Table S9). 

Photosynthetic efficiency declined across all treatments during the 29-day priming period, 

with the strongest reduction observed in the HF group. By day 29, Fv/Fm values dropped by 

32% in HF primed fragments compared to 17% in both LF primed and control fragments. No 

further changes occurred between day 29 and day 33. While baseline values on Day 0 did not 

differ among treatments, HF primed corals exhibited consistently lower Fv/Fm values than 

control and LF primed corals (mean difference ~11%, p = 0.004 for both, Supplement B, 

Table S12) from day 29 onward, while control and LF were indistinguishable. 

In contrast, Fv/Fm in S. siderea remained stable throughout the experiment, with no significant 

effects of priming or acute stress treatment (Supplement B, Table S11) and treatment means 

consistently ranging between 0.52 and 0.57 across all treatments and timepoints. 

NDVI showed significant temporal effects (Figure 2.4, bottom). In A. tenuifolia, NDVI 

dropped by 25% from day 0 to day 29 (p < 0.0001, Supplement B, Table S13), regardless of 

priming exposure, and remained low through day 33. Similarly, S. siderea experienced a 16% 

decline by day 29 (p < 0.001, Supplement B, Table S14), which persisted through day 35. 

However, no significant effects of priming or acute stress were observed in either species 

(Supplement B, Tables S9 and S11). 
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Figure 2.4: Maximum quantum yield of photosystem II (Fv/Fm, top) and Normalized Difference Vegetation 

Index (NDVI, bottom) over time in Agaricia tenuifolia and Siderastrea siderea. Colors represent priming 

treatments (control = orange, high frequency (HF) = blue, low frequency (LF) = green), while line types 

distinguish exposure to either ambient (solid) or stress (dotted) conditions during the acute stress test. The 

vertical dashed red line marks the onset of the acute stress test. Points represent mean values based on single 

measurements per fragment (n = 12-13 during priming, 6-7 per treatment during acute stress test). Significant 

main effects (p < 0.05) from post-hoc analyses are species-specifically displayed underlined, with significant 

temporal differences marked with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001), while differences among 

priming treatments are indicated through different letters.  
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Critical oxygen partial pressure 

In A. tenuifolia, the MM model, indicative of oxyregulation, provided a better fit in some 

treatment groups (HF-ambient, LF-stress, and control-stress), though AIC differences between 

models were occasionally small (ΔAIC = 4-49), limiting confidence in model distinction. In 

contrast, S. siderea exhibited consistent support for the linear model (ΔAIC > 68 in most 

treatments) suggesting a strong tendency toward oxyconformity, except for one group 

(control-ambient) showing marginal MM support (ΔAIC ≈ 3).  

Across treatments, no clear effects of priming treatment or acute stress exposure were 

detected on critical oxygen tension (Pcrit, Figure 2.5) in either species (Supplement B, Tables 

S8 and S10). Species-mean Pcrit values across all treatments were comparable (Mean ± SD:  

A. tenuifolia: 2.61 ± 1.32 mg O2 L
-1; S. siderea: 2.73 ± 1.23 mg O2 L

-1), although individual 

fragment estimates varied considerably within each species (A. tenuifolia: 0.44-5.96  

mg O2 L
-1; S. siderea: 0.68-4.45 mg O2 L

-1).  
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Figure 2.5: Oxygen consumption rates and critical oxygen partial pressure (Pcrit) estimates in Agaricia 

tenuifolia (top) and Siderastrea siderea (bottom) under ambient and stress conditions across priming 

treatments (HF = high frequency, LF = low frequency, control = unmanipulated). Dashed, dark red vertical lines 

represent the mean treatment-level Pcrit value (n = 6-7 per treatment combination) estimated using segmented 

regression. Solid lines indicate best-fitting linear models (suggesting oxyconformity), while dotted lines indicate 

best-fitting Michaelis-Menten (MM) models (suggesting oxyregulation). Model fits were selected based on the 

lowest AIC for each individual fragment.  
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Biomass and calcification 

For A. tenuifolia, neither priming nor acute stress exposure affected biomass (Supplement B, 

Table S8), with treatment means ± SD ranging from 6.0 ± 1.5 mg cm-2 in HF-stress fragments 

to 8.4 ± 1.2 mg cm-2 in LF-ambient corals (Figure 2.6, left).  

In contrast, S. siderea showed significant effects of both priming (ANOVA Type III, p = 0.04) 

and acute stress (p = 0.001), along with a marginal priming x stress interaction (p = 0.06, 

Supplement B, Table S10), indicating a more complex response. Under acute stress 

conditions, biomass was 29% and 21% lower in control (p < 0.001) and HF primed corals (p 

= 0.05), respectively, compared to LF primed corals. No differences among priming 

treatments were observed under ambient conditions.  Acute stress exposure led to a 28% 

reduction in biomass in unprimed corals (p = 0.001), and a 22% reduction in HF primed 

corals (p = 0.01), compared to the respective priming groups not exposed to acute stress, 

whereas LF primed corals showed no decline (Supplement B, Table S14). 

Calcification rates in A. tenuifolia and S. siderea were not significantly affected by priming, 

acute stress, or their interaction (Supplement B, Tables S9 and S11).  

 

    

Figure 2.6: Biomass (left) and net calcification rates (right) of Agaricia tenuifolia and Siderastrea siderea at 

the end of the experiment. Biomass was assessed as an endpoint measurement, whereas calcification represents 

a daily rate obtained from changes in buoyant weight. Significant main effects (p < 0.05) from post-hoc analyses 

are species-specifically displayed underlined, with differences among priming treatment groups indicated 

through different. Shown is the mean ± standard error (n = 6-7 per treatment combination). 
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Symbiont densities and total chlorophyll content 

Symbiont densities differed markedly between species, with A. tenuifolia generally hosting 

73% lower symbiont densities than S. siderea across all treatments (Figure 2.7). In A. 

tenuifolia, priming treatment significantly affected symbiont densities (ANOVA Type III, p = 

0.01, Supplement B, Table S8), with HF primed fragments hosting ~42% and ~50% fewer 

algal symbionts than control (p = 0.05, Supplement B, Table S13) and LF primed (p = 0.004, 

Supplement B, Table S13) corals, respectively. Siderastrea siderea also showed a significant 

priming effect (ANOVA Type II, p = 0.05, Supplement B, Table S11), but post hoc 

comparisons did not reveal significant differences among groups (Supplement B, Table S14). 

 

 
Figure 2.7: Symbiont densities after a 34–37-day long experiment. Significant main effects (p < 0.05) from 

post-hoc analyses are species-specifically displayed underlined, with differences among priming treatment 

groups indicated through different letters next to the legend. Shown is the mean ± standard error (n = 6-7 per 

treatment combination). 

 

Total chlorophyll concentrations (chlorophyll a and c2) normalized to coral surface area 

(Figure 2.8, left) showed no significant treatment effects in either species (Supplement B, 

Tables S8 and S11). However, when normalized to symbiont density (Figure 2.8, right), A. 

tenuifolia exhibited a significant effect of priming treatment (ANOVA type III, p = 0.04). HF 

primed corals contained approximately 56% more chlorophyll per cell than control and LF 

primed fragments, but post-hoc tests did not detect significant pairwise differences (p = 0.06 

for both, Supplement B, Table S13). No significant effects were detected in S. siderea for 

either chlorophyll metric (Supplement B, Table S10 and S11). 
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Figure 2.8: Chlorophyll concentrations after a 34–37-day long experiment standardized to surface area 

(left) and per algal cell (right). Post-hoc analyses did not reveal significant main effects (p < 0.05) Shown is the 

mean ± standard error (n = 6-7 per treatment combination). 

 

2.5. Discussion 

By comparing high- and low-frequency (HF and LF) priming regimes across two common 

Caribbean coral species, Agaricia tenuifolia and Siderastrea siderea, we aimed to test how 

repeated low DO and pH stress shapes coral physiology in response to applied acute hypoxia-

acidification. We found that while priming frequency modulates baseline coral physiology in 

a species- and trait-specific manner, carry-over to subsequent acute stress responses was 

limited, with only one trait in S. siderea exhibiting a significant benefit of priming during 

acute stress. 

High frequency exposure acts as a repeated stressor in Agaricia tenuifolia, while low 

frequency exposure shows subtle potential for priming benefits in Siderastrea siderea 

Our results indicate that the outcome of different priming frequencies is likely dependent on 

species-specific baseline tolerance, each species’ recovery capacity, as well as recovery time 

between priming pulses. Across both species, HF priming showed no potential for beneficial 

priming, whereas LF priming yielded subtle, trait-limited benefits in S. siderea. In A. 

tenuifolia, no interaction between priming treatment and acute stress was detected in any 

measured parameter. While HF priming caused physiological decline, particularly in 

photosynthetic parameters, even before the onset of acute stress, LF primed A. tenuifolia 

performed similarly to unprimed controls during acute stress, indicating no clear protective 

carry-over. In contrast, S. siderea maintained overall resistance across most traits regardless of 

priming or acute stress exposure. Notably, under acute stress, LF priming conferred a subtle 



 

41 
 

benefit in tissue biomass, whereas HF primed and control (unprimed) corals lost biomass, 

indicating a narrow temporal window in which priming may enhance resilience.  

While a lack of previous hypoxia-acidification priming studies renders comparison to other 

work difficult, studies on diel thermal variability also reveal divergent outcomes. Safaie et al. 

(2018) showed that this form of pre-exposure can reduce bleaching susceptibility if 

cumulative exposure does not exceed tolerance thresholds. However, there is also evidence of 

unsuccessful priming outcomes, where such variability in the recent past before a thermal 

stress test reduces coral thermal stress tolerance (Schoepf et al., 2022). These contrasting 

outcomes reinforce the idea that both the frequency and cumulative intensity of priming 

pulses determine whether exposure strengthens or weakens performance during subsequent 

stress. A unifying explanation is the recovery window between pulses. Priming frameworks 

predict that benefits arise when recovery enables preparatory defenses to persist (e.g., 

antioxidants, heat shock proteins (HSPs), upregulation of defense genes) and when epigenetic 

modifications facilitate faster re-activation upon subsequent stress (see review by Hackerott et 

al., 2021), highlighting the importance of incorporating molecular approaches into future 

priming experiments. If the initial exposure is too weak or brief, no memory response is 

detectable, and if it exceeds tolerance, the organism is weakened and potential benefits are 

lost (Hackerott et al., 2021). Our results fit this framework: LF priming did not impair either 

species, likely due to the recovery window being long enough (9 days) to prevent cumulative 

damage, and in case of S. siderea even activate subtle preparatory defenses by enabling the 

maintenance of tissue biomass during acute stress.  

Tissue biomass integrates multiple components, including host proteins, lipid stores, and 

symbiont content, thus serving as a proxy for energetic condition (Grottoli et al., 2004; 

Rodrigues and Grottoli, 2007). The stability in LF primed S. siderea may reflect reduced 

catabolism of internal reserves (Jacobson et al., 2016). Rather than requiring energy 

reallocation to mitigate stress-induced damage, these corals may have experienced less 

physiological strain overall. Alternatively, LF priming may have induced a shift toward 

metabolic suppression, allowing the coral to downregulate energy-demanding processes while 

conserving internal resources (Jacobson et al., 2016). In contrast, decreased biomass in HF 

primed and unprimed corals likely indicates the mobilization of energy reserves to fuel stress 

responses such as antioxidant activity or cellular repair during the acute stress event. (Grottoli 

et al., 2004; Rodrigues and Grottoli, 2007; Woods et al., 2022). However, these interpretations 
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remain speculative, as the underlying pathways cannot be distinguished without molecular 

analyses. 

HF priming did not confer any beneficial or detrimental responses in the more stress-tolerant 

S. siderea but triggered declines in photosynthetic efficiency (Fv/Fm), symbiont density, and 

tissue cover regardless of acute stress treatment in the more sensitive A. tenuifolia. Under 

hypoxia, corals may shift toward anaerobic metabolism, primarily through fermentation, when 

aerobic pathways are inhibited by oxygen limitation (Linsmayer et al., 2020; Murphy and 

Richmond, 2016). This shift is energetically less efficient, producing substantially less ATP 

and potentially creating energy deficits (Murphy and Richmond, 2016). In Acropora yongei 

fermentation rates spiked at the onset of nightly hypoxia and again at dawn, with sustained 

activity even during the day when oxygen availability is restored (Linsmayer et al., 2020).  

Similarly, Montipora capitata becomes increasingly reliant on anaerobic metabolism after 

repeated nightly hypoxia pulses, leading to progressive bleaching and tissue loss after only 

three to five cycles (Murphy and Richmond, 2016). This pattern of energy limitation may help 

explain the tissue deterioration and loss of photophysiological integrity seen in HF primed A. 

tenuifolia. Nighttime respiration by symbionts may become a relative burden, potentially 

triggering expulsion and progressively reducing photosynthate supply. Resulting limited 

symbiont output likely compounds the inefficiency of anaerobic metabolism under repeated 

hypoxia, contributing to tissue collapse overnight.  

These deleterious effects may be further exacerbated by the stress of repeated reoxygenation. 

Oxygen reperfusion (Oakley et al., 2014) after hypoxia can increase energetic demand for 

antioxidant production to counter oxidative damage from bursts of reactive oxygen species 

(ROS) (Rivera-Ingraham and Lignot, 2017; Teixeira et al., 2013), and trigger lipid 

peroxidation (Teixeira 2013, Zhang et al. 2023). Rapid reoxygenation may also destabilize the 

hypoxia inducible factor (HIF) response system, which regulates gene expression and 

metabolism under low oxygen, potentially causing cellular dysfunction or apoptotic signaling 

(Alderdice et al., 2022, 2021; Zhang et al., 2023). Activation of caspase-3, an apoptotic 

marker, has been reported in corals recovering from hypoxia and may be intensified by 

repeated stress-recovery cycles (Zhang et al., 2023). Consistent with these mechanisms, the 

overnight tissue sloughing in HF-primed A. tenuifolia fragments, which we primarily 

observed in the mornings following repeated priming pulses, points to a combination of 

hypoxia-driven energy deficits (Linsmayer et al., 2020; Murphy and Richmond, 2016) and 

cumulative oxidative stress from deoxygenation-reoxygenation cycles (e.g., Alderdice et al., 
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2021; Teixeira et al., 2013) as key contributors to the physiological decline. Notably, in our 

experimental setup, reoxygenation (termination of nightly N2 bubbling) coincided with the 

onset of daylight, a transition we aimed to buffer by allowing DO to gradually rise with water 

flow and by ramping light intensity over 1 hour. Nonetheless, this combined shift in oxygen 

availability, while mirroring natural diel cycles, likely exacerbated oxidative stress, which 

may have amplified the morning tissue-sloughing in HF primed A. tenuifolia. Similarly, 

delayed mortality in A. tenuifolia under hypoxic stress followed by full reoxygenation (Lucey 

et al., 2025), support the notion that hypoxia recovery phases are physiologically challenging, 

particularly for hypoxia-sensitive species (Lucey et al., 2025; Putnam et al., 2020; Teixeira et 

al., 2013).  

In both species, calcification remained unaffected by priming or acute stress exposure, 

indicating that hypoxia was the dominant driver of outcomes in our study. While ocean 

acidification (OA) often depresses coral calcification (e.g., Chan and Connolly, 2013; Kroeker 

et al., 2013), previous work has also shown that some coral species do not exhibit reduced 

calcification after month-long OA exposure (Schoepf et al., 2013). This delayed or absent 

response to OA may be due to the species-specific ability to up-regulate internal pH at 

relatively low costs (McCulloch et al., 2012), or the utilization of increased CO2 availability 

for enhanced algal productivity (Brading et al., 2012) that may support calcification 

maintenance. However, the latter is unlikely to benefit HF primed A. tenuifolia, given the 

physiological decline in photosynthetic parameters of that group. 

Previous studies investigating the role of environmental priming under OA suggest that 

benefits may require longer timescales or transgenerational exposure. For example, 

transgenerational preconditioning, in which parental corals were pre-exposed to elevated 

pCO2 alone (Putnam et al., 2020) and in combination with warming (Putnam and Gates, 

2015), benefited larvae OA tolerance. Similarly, in an OA reciprocal transplant under variable 

pCO2 (Brown et al., 2022), corals from naturally variable sites performed better under 8 

weeks of variability, while naïve colonies showed limited internal pH buffering and recovery, 

suggesting that priming benefits may require longer durations. A delayed OA response may 

explain why calcification remained unchanged across treatment groups in our study, with 

short-term exposure insufficient to induce measurable effects. 

Finally, the recovery window, and consequently priming frequency needed to elicit beneficial 

outcomes in response to an acute stress event, are likely determined by the timely recovery 

capacity of each species. In an RTE, S. siderea and A. tenuifolia from both hypoxia-naïve and 
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hypoxia-experienced reefs in Almirante Bay, were exposed to a 14-day nightly hypoxia event 

(6 h night -1, DO ~0.3 mg L-1, Lucey et al., 2025). While hypoxia-naïve individuals from both 

species showed signs of bleaching during the event, S. siderea showed photophysiological 

recovery within 3 days after the event. However, A. tenuifolia exhibited continued bleaching 

and mortality even 14 days after the event, reflecting sustained impairment. The ability of S. 

siderea, to quickly recover from hypoxia stress likely allowed our LF primed corals, with 

longer intervals between pulses, to regain function and maintain biomass during acute stress, 

while the window between HF priming pulses (3 days) permitted only partial recovery to 

prevent cumulative damage, while still catabolizing energy reserves under acute stress. 

Conversely, the slower recovery capacity of A. tenuifolia resulted in neutral effects of LF 

priming, while HF priming did not allow sufficient recovery, leading to cumulative damage. 

This underscores the complexity of frequency-dependent environmental priming and the need 

to consider frequency, intensity, duration, as well as recovery duration and quality as crucial 

interacting dimensions to predict whether prior exposure enhances or undermines coral 

resilience.  

High baseline tolerance in Siderastrea siderea, contrasted with time-dependent limits in 

Agaricia tenuifolia 

Independent of priming outcomes, our results confirm higher baseline tolerance of S. siderea 

to hypoxia-acidification than A. tenuifolia. This aligns with prior work reporting relatively 

high resilience to warming (e.g., Dawson et al. 2025), acidification (e.g., Radice et al. 2022, 

Castillo et al 2014), hypoxia (Lucey et al 2025, Mallon et al 2024), and combined stressors 

such as warming and acidification (Bove et al 2019, 2022) in S. siderea. Nevertheless, 

analyses of skeletal growth bands from coral cores indicate that this species is not immune to 

environmental change, showing multidecadal growth and density declines under cumulative 

pressures from local anthropogenic impacts, ocean warming, and OA (Cardoso et al 2025).  

By contrast, A. tenuifolia displayed time-sensitive tolerance toward combined low DO and pH 

levels. Control and LF primed corals endured the continuous 4–5-night acute hypoxia-

acidification event without marked declines, yet HF primed fragments exhibited physiological 

deterioration after approximately 5 priming pulses (i.e., 10 nights of cumulative low DO and 

pH over a 23-day period), indicating a threshold between these exposure durations at the 

stress amplitudes tested. Other work has identified A. tenuifolia’s time-dependent hypoxia 

threshold as 3-5 consecutive nights of low DO exposure and observed tissue sloughing (Lucey 

et al., 2024). However, their treatment exposed corals to lower DO levels (0.3-0.5 mg L-1) 
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compared to our treatments (~2.6 mg L-1 during priming pulses; ~2.2 mg L-1 during nightly 

acute stress event), highlighting that thresholds are both time- and dose-dependent.  

The overall divergence in species-specific tolerance to low DO and pH likely arises from a 

suite of interacting traits, spanning morphological, trophic, and metabolic characteristics. For 

example, S. siderea’s thick tissue may provide buffering against external fluctuations by 

creating microenvironmental gradients that foster more diverse microbial communities and 

distinct tissue-specific gene expression patterns. These features, alongside higher energy 

reserves and intracellular pH stability, have been linked to greater tolerance toward thermal 

(e.g., Thornhill et al., 2011) and acidification (Putnam et al., 2016) stress. In contrast, A. 

tenuifolia’s thin tissues transmit environmental change more directly, leaving it immediately 

exposed to diel low DO and pH stress. 

Feeding strategies likely reinforce this divergence. While all corals are mixotrophic, A. 

tenufolia is primarily autotrophic, relying heavily on photosynthates from its Symbiodiniaceae 

(Seemann et al., 2012), whereas S. siderea exhibits higher heterotrophic plasticity and can 

dynamically shift its diet (Grottoli et al., 2006; Solomon et al., 2025), likely contributing to its 

persistence in multi-stressor environments (Solomon et al., 2025). Because hypoxia directly 

impairs photosynthesis and accelerates bleaching (e.g., Johnson et al., 2021a; Long et al., 

2024; Lucey et al., 2025; Zhang et al., 2023), A. tenuifolia’s reliance on autotrophy likely 

contributed to its photosynthetic decline, whereas S. siderea’s capacity to shift carbon 

acquisition strategies helped maintain overall physiological stability across multiple traits, 

despite equal feeding opportunity. Although our feeding regime may not fully replicate natural 

food availability, the 50μm filtered flow-through seawater still contained suspended particles 

within the size range corals can capture (e.g., Houlbrèque and Ferrier‐Pagès, 2009). 

Finally, differences in metabolic regulation appear central to species-specific hypoxia-

acidification tolerance. In our experiment, S. siderea exhibited oxyconforming respiration 

across all treatments except the ambient-control group, indicative of metabolic suppression. 

This is consistent with comparative studies showing S. siderea can reduce respiration by up to 

83% under hypoxia (Pontes et al., 2023), though it also ranks among the least hypoxia-

tolerant species in other work (Pcrit ~4.5 mg O2 L
-1; Pontes et al., 2023). Although, this value is 

slightly above the maximum (range: 0.68 – 4.45 mg O2 L
-1) and well above the mean Pcrit we 

measured in our present study (2.73 mg O2 L
-1). These differences likely reflect 

methodological variation (broken stick vs. segmented regression), incubation conditions, and 

biological variability among fragments. Notably, respiration curves in our analysis often 
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remained linear, raising questions about the utility of breakpoint-based Pcrit calculation 

methods when organisms show oxyconforming or non-linear stress responses. Despite these 

differences, both studies support S. siderea’s capacity for metabolic suppression, while 

absolute Pcrit values should be interpreted cautiously across methods and context. Metabolic 

suppression is characteristic of hypoxia-tolerant animals, allowing ATP demand to be 

downregulated to match reduced oxygen supply, thereby avoiding energetic collapse. 

Sensitive species, in contrast, may fail to suppress ATP demand and incur irreversible cellular 

damage (e.g., Seibel, 2011; Zhang et al., 2023). The deterioration in A. tenuifolia under 

cumulative stress from HF priming may reflect limited capacity for metabolic suppression. 

While our data cannot directly confirm this, mortality and pronounced photosynthetic decline 

in that group suggest that energy deficits became unsustainable when photosynthesis was 

impaired. 

Future directions and ecological implications 

This study provides a novel experimental assessment of how stress frequency shapes coral 

physiology under diel hypoxia and acidification. While previous studies explored 

environmental priming in corals exposed to single or combined stressors (Lucey et al., 2025; 

Putnam and Gates, 2015), we highlight the importance of recurrence rate as a critical but 

underexplored dimension of priming. Importantly, frequency interacts with pulse amplitude, 

duration, and recovery time between pulses, so the thresholds observed here reflect the 

combined effects of these factors. Given the increasing prevalence of acute hypoxia and 

acidification on modern reefs, (Altieri et al., 2017; Lucey et al., 2020), this form of variability 

warrants more attention in climate resilience frameworks. While the acute damage of low DO 

and pH events is now well recognized (Altieri et al., 2017; Johnson et al., 2018; Kealoha et 

al., 2020; Raj et al., 2020), we still lack predictive understanding of the timing, intensity, and 

recurrence patterns that corals can withstand, or that might elicit beneficial acclimatization.  

To resolve mechanisms underlying such context-dependent responses, future work should 

incorporate molecular and metabolic biomarkers, including oxidative stress enzymes, HIF 

expression, and energy reserve turnover. Investigating symbiont identity may also provide 

important insights, especially for species like A. tenuifolia that rely heavily on autotrophy. 

Symbiont community composition is well established as a driver of coral thermal tolerance 

(Berkelmans and Van Oppen, 2006; Turnham et al., 2023), and emerging data on local 

assemblages in Almirante Bay corals (Aichelman et al., 2025; Linsmayer et al., 2024), 

provide a basis for future research testing their potential role in hypoxia-acidification 
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resilience. Additionally, future studies could space the acute stress event further apart from the 

priming phase to better assess memory effects, including the persistence and decay of priming 

cues over time, which would help to clarify the temporal limits of environmental memory in 

corals. 

Physiological thresholds are likely species-specific: stress-sensitive species like A. tenuifolia 

may suffer under frequent fluctuations, while tolerant species like S. siderea may better 

integrate prior exposures into their stress response. These patterns carry important 

conservation implications. If we can identify the traits, thresholds, and exposure histories that 

promote priming benefits, this knowledge could inform more targeted conservation strategies. 

Rather than relying solely on broadly stress-tolerant taxa, efforts could include naturally 

resilient populations that have adapted to fluctuating environments, thereby preserving 

biodiversity and ecosystem function. 
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2.8.  Supplementary Materials 

 

Supplement A. Supplementary Text 

Methods 

Environmental data collection 

High resolution in-situ data loggers were deployed at Punta Caracol coral collection site at 

two depths (~3 m and 10 m). These loggers were used to measure and record temperature 

(ENVloggers T7.3, ElectricBlue, Australia), dissolved oxygen (MiniDOT, PME, USA), pH 

(AquapHOx, PyroScience GmbH, Germany), photosynthetically active radiation (PAR, 

Odyssey Xtreem, Odyssey, New Zealand), and conductivity (Odyssey, New Zealand) levels at 

10-minute intervals. All loggers were attached to a cement block, with PAR loggers oriented 

upward and conductivity sensors at least 10 cm distant from any other parts of the block. 

All environmental sensors were calibrated or verified prior to deployment. DO loggers were 

submerged in solutions representing 0% and 100% saturation to confirm accurate readings. 

Field calibration adjustments were applied based on manufacturer recommendations. pH 

sensors were pre-calibrated using buffer solutions at pH 2 and 11, and post-deployment drift 

was corrected using a pH 2 reference in accordance with manufacturer recommendations. 

PAR sensors were calibrated against a miniPAR reference sensor (Odyssey, Dataflow 

Systems, New Zealand) before field use. To confirm post-deployment accuracy, all PAR 

loggers and the miniPAR reference sensor were deployed together at 3 m for one week to 

compare readings. Conductivity sensors were placed in a shared seawater system for at least 

24 hours to verify consistent calibration. Loggers were cleaned regularly to minimize fouling. 

Cleaning occurred on 18, 24, and 27 September, and 24 and 31 October 2024.  

PAM measurements 

Fv/Fm measurements were taken using a miniature fiberoptic probe following a 30-minute 

dark acclimation. PAM settings were: gain = 2, damp = 2, saturation intensity = 4, saturation 

width = 0.8, measuring light intensity = 11, and frequency 3. Gain was increased if F0 

readings were below 300. 

NDVI was calculated from reflectance measurements taken at wavelength of 670 nm and 

750 nm, using a spectrometer (Mini-Spec) equipped with a reflectance probe. Prior to each set 

of measurements, the instrument was calibrated using a white reflectance standard. From the 

obtained spectral data, the NDVI was calculated as: 



 

56 
 

NDVI = (R750-R670)/(R750+R670)                                            (1)                   

Where R750 and R670 represent reflectance at 750 nm and 670 nm, respectively. 

Critical oxygen partial pressure 

Incubations were conducted in airtight acrylic chambers (350 mL or 550 mL), filled with 

water from each coral’s respective holding tank to maintain acclimatized conditions. Coral 

fragments were positioned on platforms above magnetic stir bars to ensure continuous water 

mixing. Chambers were placed on magnetic stir plates (Thermo Scientific, USA) and partially 

submerged in a temperature-controlled water bath maintained at ~28°C with circulation flow. 

All oxygen sensors were calibrated prior to the incubations using 100% oxygen saturated 

seawater from aeration for 15 min and 0% saturated sodium sulfite solution. 

Coral fragments and tiles were gently cleaned of algae and dark-acclimated for 30 minutes. To 

determine oxygen consumption rates of each fragment, the volume of water in each chamber 

was measured to account for displacement by the coral and tile. Blank chambers (no coral) 

were included in most incubation rounds to assess background respiration in the seawater. 

However, blank corrections were not applied in the calculation of oxygen consumption rates. 

Incubations were conducted in a prioritized order: ambient A. tenuifolia fragments were 

incubated first, beginning on day 33 of the experiment, followed by stress-treated A. 

tenuifolia. Incubations of S. siderea fragments began on day 35, following the same order of 

ambient first, followed by stress treatment.  

Symbiont densities and chlorophyll content 

Coral fragments were frozen at -20 °C immediately following respiration incubations, shipped 

to Amsterdam, and stored at -80 °C for subsequent laboratory analysis at the University of 

Amsterdam. Tissue was removed from ~2 cm² of coral skeleton using an airbrush (Master 

Performance S68, Master Airbrush, USA) with deionized (DI) water. For S. siderea, a 

waterpik was used in addition to the airbrush to ensure complete tissue removal. In case of 

partial tissue loss, aliquots were prepared from the intact and visibly healthy portions of the 

coral tissue. 

The resulting slurry was homogenized with a tissue tearer (Biospec, OK, USA) for at least 

one minute and centrifuged for 10 minutes at 4000 rpm. The supernatant was discarded, and 

the pellet was washed by resuspension in 2 mL DI and centrifuged again. The final pellet 

resuspension was done in 5 mL DI water.  
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Symbiont densities were counted using a Neubauer improved hemacytometer (Sigma Aldrich) 

with an aliquot load of 15 µL per chamber. A minimum of 100 symbiont cells were counted 

across consistent fields (maximum 9 fields á 0.1 µL) for each replicate count of a coral 

sample. Six replicate counts were conducted per sample and increased to a maximum of ten if 

the coefficient of variation exceeded 10 %. Replicate counts were averaged and standardized 

to surface area. 

Chlorophyll was extracted from aliquots kept on ice and in darkness to prevent degradation. 

Samples were centrifuged for 10 min at 400 rpm, and the supernatant was discarded. The 

algal pellet was resuspended in 100 % acetone and stored for 24 hours at -20°C for complete 

chlorophyll extraction. After extraction, absorbance was measured at 630 nm, 663 nm, and 

750 nm using a spectrophotometer (Novaspec Pro, Biochrom, USA), with the 750 nm reading 

used to correct for turbidity and background scattering. Chlorophyll concentrations were 

calculated using the following equations (Jeffrey and Humphrey, 1975): 

Chla (μg mL-1) = 11.43 (E663) – 0.64 (E630)        (2)                   

Chlc2 (μg mL-1) = 27.09 (E630) – 3.63 (E663)        (3) 

Outliers 

Several data points were excluded from analyses after outlier analysis due to clear biological 

or technical artefacts. For all chlorophyll-related metrics, fragments W48 and W55 were 

removed as they contained no algal symbionts. Additionally, fragments W4, W56, and K4 (W 

marks A. tenuifolia, K marks S. siderea) were excluded from both chlorophyll datasets due to 

visible algal overgrowth, leading to an unquantifiable amount of turf algae in the slurry, which 

compromised sample integrity. For biomass, fragment W38 was removed as one side lacked 

tissue and was heavily overgrown with algae, likely influencing biomass measurements. 

Finally for calcification, W56 was excluded due to the absence of a final buoyant weight 

measurement caused by early mortality. 

Calculation of total pH (pHT) from mV and temperature.  

pH on the total scale (pHT) was calculated from millivolt (mV) and temperature (°C) readings 

recorded in each tank using a HACH mV probe. The probe was calibrated approximately 

every 3 days using certified TRIS buffer, and the linear regression of mV versus temperature 

from the TRIS calibration closest in time to the tank measurement was applied. Calibrations 

were performed over a temperature range of approximately 24-32 °C to match the tank 

conditions during the experiment. 
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pHT of TRIS buffer was calculated for each temperature with an assumed salinity of 35 using 

the equation of (DelValls and Dickson, 1998). Final pHT values were used to calculate offset 

between target pHT and Apex probe readings, allowing for accurate calibration of 

experimental pH treatments. All calculations were performed in R using the seacarb package. 

For each tank, pHT was estimated using the following equation: 

pHT=pHTris(T)+ 
(ETris-ETank) 

(ln10×R×T/F)
     (4) 

where: 

Etris  is the electrode potential (in volts) predicted for the tank temperature from the 

TRIS calibration regression 

Etank is the electrode potential (in volts) measured in the tank 

R  is the gas constant (8.31451 J mol-1 K-1) 

T  is the tank temperature in kelvin 

F  is the Faraday constant (96485.309 C mol-1). 
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Supplement B. Tables 

Table S1: Environmental conditions at Punta Caracol. Mean ± SD, minimum, and maximum values of 

dissolved oxygen (DO), pH, temperature, salinity, and photosynthetically active radiation (PAR) measured at ~3 

m and ~10 m depth between September and November 2024 at the coral collection site, Punta Caracol, 

Almirante Bay, Panama. 

Depth Parameter Mean ± SD Min Max 

3 m DO (mg L-1) 5.84 ± 1.10 1.53 14.18 

  pH 7.87 ± 0.06 7.64 8.03 

  Temperature (°C) 30.63 ± 0.46 29.30 32.10 

  Salinity (‰) 31.65 ± 1.67 24.21 33.51 

  PAR (μmol photons m-2 s-1) 130.01 ± 214.93 0.00 1076.84 

10 m  DO (mg L-1) 5.56 ± 0.99 2.67 14.12 

  pH 7.89 ± 0.05 7.73 8.24 

  Temperature (°C) 30.66 ± 0.24 29.90 31.30 

  Salinity (‰) 30.77 ± 1.21 23.15 32.50 

  PAR (μmol photons m-2 s-1) 34.79 ± 58.66 0.00 339.79 
 

 

Table S2: Salinity correction table for the priming period. Correction factors used to adjust discrete dissolved 

oxygen (DO) measurements (mg L-1) obtained with a HACH HQ40D meter to account for the effect of 

temperature and salinity on oxygen solubility in seawater. Each correction factor corresponds to a specific 

combination of temperature (°C) and salinity (‰) and was applied by multiplying the raw DO readings. 
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Table S3: Salinity correction table for the acute stress test. Correction factors used to adjust discrete 

dissolved oxygen (DO) measurements (mg L-1) obtained with a HACH HQ40D meter to account for the effect of 

temperature and salinity on oxygen solubility in seawater. Each correction factor corresponds to a specific 

combination of temperature (°C) and salinity (‰) and was applied by multiplying the raw DO readings. 

 

 

Table S4: Mean (± SD) carbonate chemistry parameters measured from single spot water samples per tank 

during the acclimation and priming periods of the experiment. Parameters include partial pressure of CO2 

(pCO2), dissolved inorganic carbon (DIC), total alkalinity (TA), and aragonite saturation state (ΩAragonite). 

Numbers in parantheses indicate the number of replicate tanks sampled (n) for each treatment and period. 

  pCO2 (μatm) 
DIC  

(mol kg-1) 

TA  

(μmol kg-1) 
ΩAragonite 

Acclimation 

30 Sep 2024 
(2) 571 ± 50 1.92E-03 ± 1.55E-06 2135 ± 18 2.65 ± 0.22 

Priming Control (2) 455 ± 1 1.96E-03 ± 4.71E-06 2253 ± 5 3.50 ± 0.01 

31 Oct 2024 LF (2) 454 ± 37 1.95E-03 ± 1.85E-05 2248 ± 3 3.49 ± 0.15 
 HF (2) 438 ± 11 1.96E-03 ± 1.43E-05 2265 ± 11 3.61 ± 0.03 

Priming Ambient (3) 474 ± 12 1.91E-03 ± 2.45E-06 2173 ± 2 3.11 ± 0.03 

15 Nov 2024 Stress (3) 471 ± 37 1.89E-03 ± 1.16E-05 2160 ± 5 3.10 ± 0.14 
 

 

 

 

 

 

 

 

 

 

 



 

61 
 

Table S5: Results of random effect testing using restricted likelihood ratio tests (RANOVA) for Agaricia 

tenuifolia. Random factors tested included tank nested within priming and stress treatments, genotype, and coral 

ID (to account for repeated measurements). Parameters assessed were maximum quantum yield of PSII (Fv/Fm), 

normalized difference vegetation index (NDVI), critical oxygen tension (Pcrit), tissue biomass, calcification, 

symbiont density, and chlorophyll content (per area and per cell). For each random effect, the number of 

parameters (npar), log-likelihood (logLik), Akaike Information Criterion (AIC), likelihood ratio test statistic 

(LRT), degrees of freedom (df), and p-value are reported. Significance levels are indicated for p-values (*p < 

0.05, **p < 0.01, ***p < 0.001). Non-significant random effects indicated that simplified linear models could be 

used for subsequent analyses. 

Parameter Random factor npar logLik AIC LRT df 
P-value 

(sig. level) 

Fv/Fm Tank in Priming 22 119.88 -195.75 0.20861 1 0.6479 

  Tank in Stress 22 119.98 -195.96 0 1 1 

  Genotype 22 119.65 -195.31 0.65289 1 0.4191 

  Coral ID 22 118.76 -193.52 2.44485 1 0.1179 

NDVI Tank in Priming 22 58.912 -73.824 1.16737 1 0.2799 

  Tank in Stress 22 59.496 -74.991 0 1 1 

  Genotype 22 59.496 -74.991 0 1 1 

  Coral ID 22 59.473 -74.946 0.04534 1 0.8314 

Pcrit mg L-1 O2 Tank in Priming 9 -55.391 128.78 1.98338 1 0.159 

  Tank in Stress 9 -54.848 127.69 0.89712 1 0.3436 

  Genotype 9 -54.399 126.8 0 1 1 

Tissue biomass  

mg cm-2  

Tank in Priming 9 -74.922 167.84 0.06569 1 0.7977 

Tank in Stress 9 -74.89 167.78 0 1 1 

Genotype 9 -74.906 167.81 0.03263 1 0.8567 

Calcification  

mg cm-2 day -1 

  

Tank in Priming 9 5.64 6.7201 0.00518 1 0.9426 

Tank in Stress 9 5.6426 6.7149 0 1 1 

Genotype 9 5.6398 6.7204 0.00551 1 0.9408 

Symbiont density 

cells cm-2 

  

Tank in Priming 9 14.292 -10.584 1.09667 1 0.295 

Tank in Stress 9 14.84 -11.681 0 1 0.9999 

Genotype 9 14.799 -11.598 0.08267 1 0.7737 

Chlorophyll cm-2 Tank in Priming 9 -68.65 155.3 1.1581 1 0.2819 

  Tank in Stress 9 -68.071 154.14 0 1 1 

  Genotype 9 -68.071 154.14 0 1 1 

Chlorophyll  

pg cell-1 

  

Tank in Priming 9 -107.55 233.1 3.6495 1 0.05609 

Tank in Stress 9 -105.72 229.25 0 1 1 

Genotype 9 -105.75 229.45 0.0421 1 0.83751 
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Table S6: Results of random effect testing using restricted likelihood ratio tests (RANOVA) for Siderastrea 

siderea. Random factors tested included tank nested within priming and stress treatments, genotype, and coral ID 

(to account for repeated measurements). Parameters assessed were maximum quantum yield (Fv/Fm), normalized 

difference vegetation index (NDVI), critical oxygen tension (Pcrit), tissue biomass, calcification, symbiont 

density, and chlorophyll content (per area and per cell). For each random effect, the number of parameters (npar), 

log-likelihood (logLik), Akaike Information Criterion (AIC), likelihood ratio test statistic (LRT), degrees of 

freedom (df), and p-value are reported. Significance levels are indicated for p-values (*p < 0.05, **p < 0.01, 

***p < 0.001). Random effects that were non-significant supported the use of simplified linear models in 

subsequent analyses. 

Parameter Random factor npar logLik AIC LRT df 
P-value  

(sig. level) 

Fv/Fm Tank in Priming 22 216.2 -388.4 0 1 1 

  Tank in Stress 22 216.2 -388.4 0 1 1 

  Genotype 22 200.53 -357.05 31.3499 1 2.155e-08 (***) 

  Coral ID 22 213.48 -382.96 5.4387 1 0.0197 (*) 

NDVI Tank in Priming 22 72.878 -101.76 0 1 0.999829 

  Tank in Stress 22 72.86 -101.72 0.0354 1 0.8507343 

  Genotype 22 67.004 -90.009 11.7472 1 0.0006094 (***) 

  Coral ID 22 70.585 -97.17 4.5857 1 0.0322391 

Pcrit mg L-1 O2 

  

  

Tank in Priming 9 -50.384 118.77 0.33413 1 0.5632 

Tank in Stress 9 -50.395 118.79 0.3546 1 0.5515 

Genotype 9 -50.217 118.44 0 1 1 

Tissue 

biomass  

mg cm-2 

Tank in Priming 9 -112.88 243.75 0.34246 1 0.5584 

Tank in Stress 9 -112.71 243.41 0 1 1 

Genotype 9 -112.71 243.41 0 1 1 

Calcification 

mg cm-2 day -1 

  

Tank in Priming 9 -34.803 87.606 0 1 0.999997 

Tank in Stress 9 -34.803 87.606 0 1 1 

Genotype 9 -39.025 96.05 8.4438 1 0.003663 (**) 

Symbiont 

density cells 

cm-2 

Tank in Priming 9 -9.458 36.916 0 1 1 

Tank in Stress 9 -9.7072 37.414 0.4985 1 0.48016 

Genotype 9 -11.617 41.233 4.3173 1 0.03773 (*) 

Chlorophyll 

cm-2 

  

Tank in Priming 9 -66.153 150.31 0.3926 1 0.53093 

Tank in Stress 9 -65.957 149.91 0 1 1 

Genotype 9 -68.051 154.1 4.1892 1 0.04068 (*) 

Chlorophyll 

pg cell-1 

  

Tank in Priming 9 -53.888 125.78 0.19844 1 0.656 

Tank in Stress 9 -53.789 125.58 0 1 0.9999 

Genotype 9 -55.132 128.26 2.6874 1 0.1011 
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Table S7. Results of Cox proportional hazard models testing the effects of priming treatment (high-

frequency, HF; low-frequency, LF) and acute stress exposure on Agaricia tenuifolia. Two endpoints were 

evaluated: probability of tissue cover declining to ≤ 75% and probability of survival. Model outputs include 

regression coefficients (coef), hazard ratios (exp(coef)), standard error (se(coef)), z statistic, and p-values. 

Significance levels are indicated for p-values (*p < 0.05, **p < 0.01, ***p < 0.001). 

Parameter Effect coef 
exp 

(coef) 

se 

(coef) 
z 

p-value  

(sig. level) 

Tissue cover 

probability  

≤ 75% 

  

Priming_TreatmentHF 2.2846 9.8214 0.7856 2.908 0.00364 (**) 

Priming_TreatmentLF -0.5517 0.5759 1.2248 -0.45 0.65238 

Stress_Treatmentstress -0.5692 0.566 0.5803 -0.98 0.32666 

Survival 

probability 

  

Priming_TreatmentHF 1.9566 7.0749 1.0967 1.784 0.0755 

Priming_TreatmentLF 0.2186 1.2443 1.4144 0.155 0.8772 

Stress_Treatmentstress -0.4169 0.6591 0.765 -0.55 0.5857 

 

 

Table S8. Results of linear models (LM) testing the effects of priming treatment, stress treatment, and 

their interaction on physiological parameters of Agaricia tenuifolia. LM were applied because no random 

effects were statistically significant or required to account for repeated measures. Parameters tested included 

critical oxygen threshold (Pcrit, mg L⁻¹ O₂), tissue biomass (mg cm⁻²), symbiont density (cells cm⁻²), chlorophyll 

concentration per area (cm⁻²), and chlorophyll concentration per symbiont cell (pg cell⁻¹). Significance levels are 

indicated for p-values (*p < 0.05, **p < 0.01, ***p < 0.001). 

Parameter Effect Sum sq df F-value 
p-value  

(sig. level) 

Pcrit  

mg L-1 O2 

Priming_Treatment 0.1382 2 0.04062 0.9602 

Stress_Treatment 0.8805 1 0.5178 0.4772 

Priming_Treatment:Stress_Treatment 0.9041 2 0.2658 0.7683 

Tissue 

biomass  

mg cm-2 

Priming_Treatment 0.1497 2 0.7092 0.5001 

Stress_Treatment 0.1493 1 1.414 0.2437 

Priming_Treatment:Stress_Treatment 0.1433 2 0.6785 0.515 

Symbiont 

density  

cells cm-2 

Priming_Treatment 0.209 2 6.379 0.004784 (**) 

Stress_Treatment 0.001052 1 0.06423 0.8016 

Priming_Treatment:Stress_Treatment 0.003504 2 0.107 0.8989 

Chlorophyll 

cm-2 

  

Priming_Treatment 17.74 2 1.625 0.2149 

Stress_Treatment 18.91 1 3.464 0.07324 

Priming_Treatment:Stress_Treatment 4.474 2 0.4098 0.6677 

Chlorophyll 

pg cell-1 

Priming_Treatment 644.5 2 3.668 0.03484 (*) 

Stress_Treatment 75.42 1 0.8584 0.3621 

Priming_Treatment:Stress_Treatment 14.09 2 0.08019 0.9231 
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Table S9. Results of generalized linear mixed models (GLMM) and linear mixed-effects models (lmer) 

testing the effects of priming treatment, stress treatment, day, and their interactions on physiological 

parameters of Agaricia tenuifolia. A GLMM with a Gamma distribution and log link (glmmTMB) was fitted 

for calcification rates (mg cm⁻² day⁻¹). For Fv/Fm, a GLMM with a Beta distribution, appropriate for proportional 

data bounded between 0 and 1, was used. For NDVI, a linear mixed-effects model (lmer) was applied with coral 

ID included as a random factor to account for repeated measures across days. Significance levels are indicated 

for p-values (*p < 0.05, **p < 0.01, ***p < 0.001). 

Parameter Effect Chisq df 
p-value  

(sig. level) 

Fv/Fm Priming_Treatment 13.51 2 0.001162 (**) 

  Stress_Treatment 0.1236 1 0.7251 

  Day 155.9 2 1.387e-34 (***) 

  Priming_Treatment:Stress_Treatment 0.5123 2 0.774 

  Priming_Treatment:Day 12.55 4 0.01368 (*) 

  Stress_Treatment:Day 0.8016 2 0.6698 

  Priming_Treatment:Stress_Treatment:Day 1.466 4 0.8327 

NDVI Priming_Treatment 2.497 2 0.2869 

  Stress_Treatment 0.07223 1 0.7881 

  Day 32.94 2 7.021e-08 (***) 

  Priming_Treatment:Stress_Treatment 0.09034 2 0.9558 

  Priming_Treatment:Day 4.109 4 0.3914 

  Stress_Treatment:Day 0.8059 2 0.6683 

  Priming_Treatment:Stress_Treatment:Day 5.121 4 0.2751 

Calcification 

mg cm-2 day -1 

  

Priming_Treatment 5.101 2 0.07804 

Stress_Treatment 0.002424 1 0.9607 

Priming_Treatment:Stress_Treatment 4.416 2 0.1099 

 

 

Table S10. Results of linear models (LM) testing the effects of priming treatment, stress treatment, and 

their interaction on physiological parameters of Siderastrea siderea. LM were applied because no random 

effects were statistically significant or required to account for repeated measures. Parameters tested included 

critical oxygen threshold (Pcrit, mg L⁻¹ O2), tissue biomass (mg cm⁻²), and chlorophyll concentration per 

symbiont cell (pg cell⁻¹). Significance levels are indicated for p-values (*p < 0.05, **p < 0.01, ***p < 0.001). 

Parameter Effect Sum sq df F-value 
p-value  

(sig. level) 

Pcrit  

mg L-1 O2 

Priming_Treatment 2.536 2 0.9228 0.8917 

Stress_Treatment 0.01156 1 0.008415 0.9262 

Priming_Treatment:Stress_Treatment 2.084 2 0.7583 0.3723 

Tissue 

biomass  

mg cm-2 

  

Priming_Treatment 0.173 2 3.544 0.04154 (*) 

Stress_Treatment 0.3185 1 13.05 0.001094 (**) 

Priming_Treatment:Stress_Treatment 0.1542 2 3.159 0.05686 

Chlorophyll  

pg cell-1 

Priming_Treatment 0.4194 2 0.1151 0.4084 

Stress_Treatment 0.0159 1 0.008726 0.9275 

Priming_Treatment:Stress_Treatment 3.727 2 1.022 0.4772 
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Table S11. Results of linear mixed-effects models (lmer) testing the effects of priming treatment, stress 

treatment, day, and their interactions on physiological parameters of Siderastrea siderea. Lmer models were 

applied to account for significant random factors or repeated measurements. Parameters tested included Fv/Fm, 

NDVI, calcification rates (mg cm⁻² day⁻¹), symbiont density (cells cm⁻²), and chlorophyll concentration per area 

(cm⁻²). Significance levels are indicated for p-values (*p < 0.05, **p < 0.01, ***p < 0.001). 

Parameter Effect Chisq df 
p-value  

(sig. level) 

Fv/Fm Priming_Treatment 4.547 2 0.103 

Stress_Treatment 0.000318 1 0.9858 

Day 3.714 2 0.1561 

Priming_Treatment:Stress_Treatment 0.5828 2 0.7472 

Priming_Treatment:Day 4.237 4 0.3748 

Stress_Treatment:Day 5.681 2 0.05839 

Priming_Treatment:Stress_Treatment:Day 5.185 4 0.2688 

NDVI Priming_Treatment 1.623 2 0.4443 

Stress_Treatment 0.6608 1 0.4163 

Day 34.07 2 3.99E-8 (***) 

Priming_Treatment:Stress_Treatment 2.157 2 0.3401 

Priming_Treatment:Day 0.4404 4 0.979 

Stress_Treatment:Day 2.186 2 0.33524 

Priming_Treatment:Stress_Treatment:Day 2.425 4 0.6582 

Calcification 

mg cm-2 day -1 

Priming_Treatment 4.832 2 0.08928 

Stress_Treatment 0.2095 1 0.6471 

Priming_Treatment:Stress_Treatment 0.348 2 0.8403 

Symbiont 

density cells 

cm-2 

Priming_Treatment 6.099 2 0.04739 (*) 

Stress_Treatment 3.399 1 0.06522 

Priming_Treatment:Stress_Treatment 1.607 2 0.4478 

Chlorophyll 

cm-2 

Priming_Treatment 1.137 2 0.5663 

Stress_Treatment 0.8368 1 0.3603 

Priming_Treatment:Stress_Treatment 1.793 2 0.4079 
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Table S12. Post hoc pairwise comparisons for statistically significant main effects for Fv/Fm in Agaricia 

tenuifolia. Results are based on a GLMM with Beta distribution with “Day” and “Priming treatment” as 

significant main effects. Shown are estimated odds ratios between treatment and time levels, standard errors 

(SE), degrees of freedom (df), z-ratios, and corresponding p-values. Significance levels are indicated for p-

values (*p < 0.05, **p < 0.01, ***p < 0.001). 

Parameter contrast       
odds 

ratio 
SE df z.ratio 

p-value  

(sig. level) 

Fv/Fm 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

   

Day0 control / Day29 control 1.461 0.1168 Inf 4.744 0.0001 (***) 

Day0 control / Day33 control 1.608 0.129 Inf 5.923 <.0001 (***) 

Day0 control / Day0 HF 1.018 0.0935 Inf 0.194 1 

Day0 control / Day29 HF 2.123 0.1978 Inf 8.081 <.0001 (***) 

Day0 control / Day33 HF 2.035 0.1897 Inf 7.621 <.0001 (***) 

Day0 control / Day0 LF 1.008 0.0926 Inf 0.092 1 

Day0 control / Day29 LF 1.458 0.1341 Inf 4.103 0.0013 (**) 

Day0 control / Day33 LF 1.584 0.1457 Inf 4.999 <.0001 (***) 

Day29 control / Day33 control 1.101 0.0897 Inf 1.176 0.9616 

Day29 control / Day0 HF 0.697 0.0652 Inf -3.86 0.0036 (**) 

Day29 control / Day29 HF 1.453 0.1379 Inf 3.939 0.0027 (**) 

Day29 control / Day33 HF 1.393 0.1323 Inf 3.487 0.0144 (*) 

Day29 control / Day0 LF 0.69 0.0646 Inf -3.96 0.0024 (**) 

Day29 control / Day29 LF 0.998 0.0936 Inf -0.02 1 

Day29 control / Day33 LF 1.084 0.1016 Inf 0.861 0.9948 

Day33 control / Day0 HF 0.633 0.0594 Inf -4.87 <.0001 (***) 

Day33 control / Day29 HF 1.32 0.1256 Inf 2.921 0.0836 

Day33 control / Day33 HF 1.265 0.1205 Inf 2.472 0.2454 

Day33 control / Day0 LF 0.627 0.0588 Inf -4.97 <.0001 (***) 

Day33 control / Day29 LF 0.907 0.0852 Inf -1.04 0.9821 

Day33 control / Day33 LF 0.985 0.0926 Inf -0.16 1 

Day0 HF / Day29 HF 2.086 0.1786 Inf 8.583 <.0001 (***) 

Day0 HF / Day33 HF 1.999 0.1713 Inf 8.082 <.0001 (***) 

Day0 HF / Day0 LF 0.991 0.0945 Inf -0.1 1 

Day0 HF / Day29 LF 1.433 0.1368 Inf 3.765 0.0052 (**) 

Day0 HF / Day33 LF 1.556 0.1486 Inf 4.628 0.0001 (***) 

Day29 HF / Day33 HF 0.958 0.0835 Inf -0.49 0.9999 

Day29 HF / Day0 LF 0.475 0.0459 Inf -7.71 <.0001 (***) 

Day29 HF / Day29 LF 0.687 0.0665 Inf -3.88 0.0033 (**) 

Day29 HF / Day33 LF 0.746 0.0722 Inf -3.03 0.0621 

Day33 HF / Day0 LF 0.496 0.0479 Inf -7.26 <.0001 (***) 

Day33 HF / Day29 LF 0.717 0.0694 Inf -3.44 0.0169 (*) 

Day33 HF / Day33 LF 0.778 0.0754 Inf -2.59 0.1915 

Day0 LF / Day29 LF 1.446 0.1219 Inf 4.378 0.0004 (***) 

Day0 LF / Day33 LF 1.571 0.1324 Inf 5.355 <.0001 (***) 

Day29 LF / Day33 LF 1.086 0.0917 Inf 0.977 0.988 
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Table S13. Post hoc pairwise comparisons for Agaricia tenuifolia for statistically significant main effects. 

Results are based on linear mixed-effects models (lmer) for NDVI and, and a linear model (LM) for symbiont 

density and chlorophyll per cell. Significant main effects were “Day” for NDVI, and “Priming treatment” for 

symbiont densities and chlorophyll per cell. Shown are estimated contrasts between treatment or time levels, 

standard errors (SE), degrees of freedom (df), t-ratios, and corresponding p-values. Significance levels are 

indicated for p-values (*p < 0.05, **p < 0.01, ***p < 0.001). 

Parameter contrast estimate SE df t.ratio p-value (sig. level) 

NDVI Day0 -Day29 0.1288 0.0244 62.9 5.287 <.0001 (***) 

Day0 - Day33 0.1109 0.0244 62.9 4.553 0.0001 (***) 

Day29 - Day33 -0.0179 0.0245 62.4 -0.731 0.7462 

Symbiont 

density  

cells cm-2 

control - HF 0.1281 0.0513 31 2.496 0.0463 (*) 

control - LF -0.0532 0.0513 31 -1.037 0.5595 

HF - LF -0.1813 0.0522 31 -3.47 0.0043 (**) 

Chlorophyll 

pg cell-1 
control - HF -9.645 4.08 28 -2.361 0.0636 

control - LF 0.135 3.85 28 0.035 0.9993 

HF - LF 9.78 4.06 28 2.41 0.0575 
 

Table S14. Post hoc pairwise comparisons for Siderastrea siderea for statistically significant main effects. 

Results are based on linear mixed-effects models (lmer) for NDVI and symbiont density, and a linear model 

(LM) for tissue biomass. Significant main effects were “Day” for NDVI, “Priming treatment” and “Stress 

treatment” for tissue biomass, and “Priming treatment” for symbiont densities. Shown are estimated contrasts 

between treatment or time levels, standard errors (SE), degrees of freedom (df), t-ratios, and corresponding p-

values. Significance levels are indicated for p-values (*p < 0.05, **p < 0.01, ***p < 0.001). 

Parameter contrast estimate SE df t.ratio 

p-value  

(sig. level) 

NDVI Day0 -Day29 0.074 0.0177 60 4.176 0.0003 (***) 

  Day0 - Day33 0.0996 0.0177 60 5.62 <.0001 (***) 

  Day29 - Day33 0.0256 0.0177 60 1.444 0.3251 

Tissue 

biomass 

mg cm-2 

control ambient / HF ambient 0.985 0.0889 30 -0.166 1 

control ambient / LF ambient 0.988 0.0891 30 -0.135 1 

control ambient / control stress 1.374 0.1239 30 3.522 0.0159 (*) 

control ambient / HF stress 1.25 0.1127 30 2.471 0.165 

control ambient / LF stress 0.997 0.0899 30 -0.037 1 

HF ambient / LF ambient 1.003 0.0905 30 0.031 1 

HF ambient / control stress 1.395 0.1258 30 3.688 0.0105 (*) 

HF ambient / HF stress 1.269 0.1144 30 2.637 0.1193 

HF ambient / LF stress 1.012 0.0913 30 0.129 1 

LF ambient / control stress 1.391 0.1254 30 3.657 0.0113 (*) 

LF ambient / HF stress 1.265 0.1141 30 2.606 0.127 

LF ambient / LF stress 1.009 0.091 30 0.098 1 

control stress / HF stress 0.91 0.082 30 -1.051 0.8964 

control stress / LF stress 0.725 0.0654 30 -3.559 0.0145 (*) 

HF stress / LF stress 0.798 0.0719 30 -2.508 0.1538 

Symbiont 

density 

cells cm-2 

control - HF 0.236 0.103 25 2.298 0.0746 

control - LF 0.0375 0.103 25 0.365 0.9293 

HF - LF -0.1985 0.103 25 -1.932 0.1505 


