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Abstract 
Coral reefs harbor the highest biodiversity of all marine ecosystems and support the livelihoods of 

nearly 500 million people worldwide. Yet, they are increasingly threatened by global warming. 

Marine heatwaves disrupt the symbiosis between corals and Symbiodiniaceae algae, leading to 

coral bleaching. As these algae provide up to 90% of coral energy requirements, their loss results 

in energy deficits that compromise coral health, reducing growth and reproduction, increasing 

disease susceptibility, and often leading to mortality. Heterotrophic feeding, as a secondary 

pathway of energy acquisition in reef-building corals, can sustain up to 100% of their metabolic 

demands under stress, thereby enhancing survival and resilience to bleaching caused by ocean 

warming. Consequently, trophic plasticity, i.e., the ability to modulate trophic strategies in 

response to environmental change, has emerged as a key trait distinguishing potential “winners” 

under climate change. However, trophic plasticity varies among species and may be compromised 

by emerging stressors such as microplastic pollution, which can interfere with coral feeding. 

Despite the importance of heterotrophy in coral resilience, there are still knowledge gaps 

regarding the role of food type and food availability on coral physiology, and how these interact 

with pollutants such as microplastic, particularly in an ocean warming context. These 

uncertainties are further compounded by a lack of field-based data. This thesis addresses these 

knowledge gaps through two controlled laboratory experiments and the first in situ application of 

compound-specific isotope analysis of amino acids during a natural bleaching event. Five coral 

species (Galaxea fascicularis, Porites lobata, Stylophora pistillata, Ctenactis echinata, and 

Pocillopora verrucosa) were assessed for key physiological traits (photophysiology, growth, 

energy reserves, δ¹⁵N and δ¹3C), providing a comparative framework of heterotrophic strategies. 

Results indicated that complex diets enhanced the benefits of heterotrophy across coral species. 

Although these benefits varied among species when symbiotic, all bleached corals exhibited 

positive responses to more complex food sources. Physiological rates were consistently higher in 

symbiotic fragments compared to their bleached counterparts, with the magnitude of these 

differences increasing alongside the baseline productivity of the species, from G. fascicularis to P. 

lobata and S. pistillata. Food treatments did not affect respiration or photosynthetic rates, 

suggesting that growth gains were driven primarily by enhanced heterotrophic nutrient supply. In 

situ bleaching was associated with δ¹⁵N enrichment in the trophic amino acids alanine (ALA), 

glutamic acid (GLU), isoleucine (ISO), proline (PRO), and valine (VAL), suggesting alterations in 

nitrogen acquisition and processing under stress. The trophic position (TP) of the symbiotic host 

and symbionts of C. echinata was 1.3, consistent with a mixotrophic diet. In contrast, P. 

verrucosa exhibited TP values of 1.2 for the host and 1.0 for the symbionts, indicating a stronger 

reliance on autotrophy. Under bleaching, C. echinata maintained a TP of 1.4, reflecting a stable 

mixotrophic strategy, whereas P. verrucosa shifted to a TP of 1.5, suggesting an increased reliance 
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on heterotrophy. These findings suggest higher heterotrophic plasticity in P. verrucosa compared 

to C. echinata. Microplastics (MPs) exposure significantly decreased the energy reserves of P. 

verrucosa, although it increased photosynthesis and respiration. High food availability partially 

mitigated the loss of tissue energy content observed while maintaining photosynthesis and 

respiration rates comparable to control conditions.  S. pistillata was not affected by MP exposure 

alone, but when combined with high feeding, photosynthesis decreased below that of the Control. 

When exposed to short-term heat stress, all corals bleached severely, however, both species 

bleached less in the MP treatment suggesting that MPs may also disrupt the relationship between 

energy balance and thermal resilience. Overall, this thesis provides evidence supporting the 

central role of heterotrophic feeding in modulating coral tolerance to the combined pressures of 

ocean warming and microplastic pollution, while emphasizing the need to integrate trophic 

plasticity and interspecific variability into future conservation and management strategies. 
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Zusammenfassung 

Korallenriffe beherbergen die größte Artenvielfalt aller Meeresökosysteme und sichern den 

Lebensunterhalt von fast 500 Millionen Menschen weltweit. Dennoch sind sie zunehmend durch 

die globale Erwärmung bedroht. Marine Hitzewellen stören die Symbiose zwischen Korallen und 

Symbiodiniaceae-Algen, was zur Korallenbleiche führt. Da diese Algen bis zu 90 % des 

Energiebedarfs der Korallen decken, führt ihr Verlust zu einem Energiedefizit, das die Gesundheit 

der Korallen beeinträchtigt, ihr Wachstum und ihre Fortpflanzung verringert, ihre Anfälligkeit für 

Krankheiten erhöht und oft zum Tod führt. Die heterotrophe Ernährung als sekundärer Weg der 

Energiegewinnung bei riffbildenden Korallen kann unter Stressbedingungen bis zu 100 % ihres 

Stoffwechselbedarfs decken und damit ihre Überlebensfähigkeit und Widerstandsfähigkeit 

gegenüber der durch die Erwärmung der Ozeane verursachten Bleiche verbessern. Folglich hat 

sich die trophische Plastizität, d. h. die Fähigkeit, trophische Strategien als Reaktion auf 

Umweltveränderungen anzupassen, als ein Schlüsselmerkmal herausgestellt, das potenzielle 

„Gewinner” im Klimawandel auszeichnet. Die trophische Plastizität variiert jedoch zwischen den 

Arten und kann durch neue Stressfaktoren wie Mikroplastikverschmutzung beeinträchtigt werden, 

die die Nahrungsaufnahme der Korallen stören kann. Trotz der Bedeutung der Heterotrophie für 

die Widerstandsfähigkeit von Korallen gibt es noch Wissenslücken hinsichtlich der Rolle der 

Nahrungsart und der Nahrungsverfügbarkeit für die Physiologie von Korallen und wie diese mit 

Schadstoffen wie Mikroplastik interagieren, insbesondere im Zusammenhang mit der Erwärmung 

der Ozeane. Diese Unsicherheiten werden durch einen Mangel an Felddaten noch verstärkt. Diese 

Arbeit befasst sich mit diesen Wissenslücken anhand von zwei kontrollierten Laborexperimenten 

und der ersten In-situ-Anwendung der verbindungsspezifischen Isotopenanalyse von 

Aminosäuren während eines natürlichen Bleichereignisses. Fünf Korallenarten (Galaxea 

fascicularis, Porites lobata, Stylophora pistillata, Ctenactis echinata und Pocillopora verrucosa) 

wurden auf wichtige physiologische Merkmale (Photophysiologie, Wachstum, Energiereserven, 

δ¹⁵N und δ¹3C) untersucht, um einen Vergleichsrahmen für heterotrophe Strategien zu schaffen. 

Die Ergebnisse zeigten, dass eine komplexe Ernährung die Vorteile der Heterotrophie bei allen 

Korallenarten verstärkte. Obwohl diese Vorteile bei symbiotischen Individuen je nach Art 

variierten, zeigten alle gebleichten Korallen positive Reaktionen auf komplexe Nahrungsarten. 

Die physiologischen Raten waren bei symbiotischen Fragmenten durchweg höher als bei ihren 

gebleichten Gegenstücken, wobei das Ausmaß dieser Unterschiede mit der Basisproduktivität der 

Arten von G. fascicularis über P. lobata bis hin zu S. pistillata zunahm. Die Fütterung hatte 

keinen Einfluss auf die Respirations- oder Photosyntheseraten, was darauf hindeutet, dass die 

Wachstumsgewinne in erster Linie auf eine verbesserte heterotrophe Nährstoffversorgung 

zurückzuführen waren. Die In-situ-Bleiche war mit einer Anreicherung von δ¹⁵N in den 

trophischen Aminosäuren Alanin (ALA), Glutaminsäure (GLU), Isoleucin (ISO), Prolin (PRO) 

und Valin (VAL) verbunden, was auf Veränderungen in der Stickstoffaufnahme und -verarbeitung 
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unter Stress hindeutet. Die trophische Position (TP) des symbiotischen Wirts und der Symbionten 

von C. echinata betrug 1,3, was mit einer mixotrophen Ernährung übereinstimmt. Im Gegensatz 

dazu wies P. verrucosa TP-Werte von 1,2 für den Wirt und 1,0 für die Symbionten auf, was auf 

eine stärkere Abhängigkeit von Autotrophie hindeutet. Unter Bleichebedingungen behielt C. 

echinata eine TP von 1,4 bei, was eine stabile mixotrophe Strategie widerspiegelt, während P. 

verrucosa zu einer TP von 1,5 wechselte, was auf eine erhöhte Abhängigkeit von Heterotrophie 

hindeutet. Diese Ergebnisse deuten auf eine höhere heterotrophe Plastizität bei P. verrucosa im 

Vergleich zu C. echinata hin. Die Exposition gegenüber Mikroplastik (MP) verringerte die 

Energiereserven von P. verrucosa erheblich, obwohl sie die Photosynthese und Atmung erhöhte. 

Eine hohe Nahrungsverfügbarkeit milderte teilweise den beobachteten Verlust der nergiereserven 

im Gewebe ab, während die Photosynthese- und Respirationsraten im Vergleich zu den 

Kontrollbedingungen aufrechterhalten blieben. S. pistillata wurde durch die MP-Exposition allein 

nicht beeinträchtigt, aber in Kombination mit hoher Fütterung sank die Photosynthese unter das 

Niveau der Kontrolle. Bei kurzfristigem Hitzestress kam es bei allen Korallen zu einer starken 

Bleiche, jedoch war die Bleiche bei beiden Arten in der MP-Behandlung geringer, was darauf 

hindeutet, dass MPs auch die Beziehung zwischen Energiebilanz und thermischer Resilienz stören 

können. Insgesamt liefert diese Arbeit Belege für die zentrale Rolle der heterotrophen Ernährung 

bei der Modulation der Toleranz von Korallen gegenüber den kombinierten Belastungen durch 

die Erwärmung der Ozeane und die Verschmutzung durch Mikroplastik und betont gleichzeitig 

die Notwendigkeit, trophische Plastizität und interspezifische Variabilität in zukünftigen Schutz- 

und Managementstrategien zu berücksichtigen. 

IV 



 

 
Table of contents 
Abstract............................................................................................................................................ I 
Zusammenfassung........................................................................................................................ III 
1 Introduction.................................................................................................................................. 1 

1.1 Scleractinean corals as mixotrophic organisms....................................................................1 
1.2 Heterotrophic food type as a driver of physiological changes on corals..............................2 
1.3 Coral trophic plasticity under stress, a little-studied topic in natural environments............ 4 
1.4 Coral reef ecosystems under the pressure of global warming and microplastic pollution... 5 
1.5 Heterotrophic feeding during bleaching and microplastic pollution.................................... 7 
1.6 Scope and aims................................................................................................................... 10 

2 Materials and methods...............................................................................................................11 
2.1 Evaluating the effect of different feeding trials on coral physiology................................. 11 

2.1.1 Experimental design..................................................................................................11 
2.1.2 Coral species and replication.................................................................................... 12 
2.1.3 Menthol bleaching.....................................................................................................13 
2.1.4 Feeding......................................................................................................................13 

2.1.5 Physiological measurements............................................................................................15 
2.1.5.1 Coral growth................................................................................................................. 15 

2.1.5.2 Photosynthesis and respiration rates...................................................................... 15 
2.1.6  Statistical analyses................................................................................................... 16 

2.2 Assessment of heterotrophic feeding of bleached coral in situ.......................................... 16 
2.2.1 Study area..................................................................................................................16 
2.2.2 Sampling area and sample collection........................................................................17 
2.2.3 Compound-specific stable isotope analysis of amino acids (CSIA-AAs) analyses..17 
2.2.4 Statistical analyses.................................................................................................... 18 

2.3 Evaluating interactive effect of heterotrophic feeding, microplastics and heat..................18 
2.3.1 Experimental design..................................................................................................18 
2.3.2 Experimental setup....................................................................................................19 
2.3.3 Coral species and replication.................................................................................... 20 
2.3.5 Feeding treatment......................................................................................................22 
2.3.6 Physiological measurements..................................................................................... 22 

2.3.6.1 Coral growth....................................................................................................22 
2.3.6.2 Photosynthetic efficiency, photosynthesis and respiration rates..................... 22 
2.3.6.3 Tissue composition.......................................................................................... 23 
2.3.6.4 Assessment of bleaching susceptibility........................................................... 24 

2.3.7 Statistical analyses.................................................................................................... 24 
3 Results......................................................................................................................................... 26 

3.1 Evaluating the effect of different feeding trials on coral physiology................................. 26 
3.1.1 Effects of food types on the physiology of symbiotic corals....................................26 
3.1.2 Effects of food types on the physiology of bleached corals......................................26 
3.1.3 Effect of food types on heterotrophic compensation................................................ 29 

3.2  Assessment of heterotrophic feeding of bleached coral in situ......................................... 31 
3.2.1 δ13C and δ15N isotopic signature of source amino acids........................................ 31 

V 



 

3.2.2 δ13C and δ15N isotopic signature of trophic amino acids....................................... 33 
3.2.3 Trophic position based on the host tissue and symbionts of bleached and symbiotic 
corals.................................................................................................................................. 34 

3.3  Evaluating interactive effect of heterotrophic feeding, microplastics and heat.................35 
3.3.1 Effects of MPs and feeding on coral growth.............................................................35 
3.3.2 Effects of MPs and feeding on photophysiology...................................................... 36 
3.3.3 Effects of MPs and feeding on tissue composition................................................... 38 
3.3.4 Effects of MPs and feeding on coral bleaching susceptibility.................................. 40 

4 Discussion....................................................................................................................................41 
4.1 Summary of findings.......................................................................................................... 41 
4.2 Complex diets provide consistent support during coral bleaching.....................................43 
4.3 Connection between heterotrophic compensation and  baseline productivity of corals.....44 
4.4 Distinct heterotrophic strategies in corals during a bleaching event.................................. 45 
4.5 High food availability modulates the effects of MPs exposure..........................................46 
4.6 Microplastics disrupt heterotrophy-mediated thermal resilience in corals.........................47 
4.7 Future perspectives: Expanding the understanding of heterotrophic feeding in coral 
resilience to ocean warming and microplastic pollution.......................................................... 48 
4.8  Conclusions and outlook................................................................................................... 49 

5 References................................................................................................................................... 51 
6 Appendix..................................................................................................................................... 61 
7 Abbreviations..............................................................................................................................95 
8 Acknowledgments...................................................................................................................... 97 

 

VI 



                                                                                                                                        Introduction 
  

 
1 Introduction  
1.1 Scleractinean corals as mixotrophic organisms 

Scleractinian corals, Cnidarians from the class Hexacorallia,  are classified as mixotrophic 

organisms, meaning that they are able to acquire nutrients through both autotrophic and 

heterotrophic pathways due to their symbiotic relationship with photosynthetic microorganisms 

(Selosse et al., 2017). The dual autotrophic–heterotrophic nature of corals was recognised early at 

the beginning of the 20th century (Yonge, 1931) and this association is essential for their survival 

in nutrient-poor waters. The autotrophic pathway, which constitutes the primary energy source for 

corals, is mediated by their association with photosynthetic dinoflagellates of the family 

Symbiodiniaceae (LaJeunesse et al., 2018). Under optimal light and temperature conditions, these 

symbionts fix carbon via photosynthesis and transfer a significant proportion of the resulting 

photosynthates, mainly sugars, but also lipids and amino acids to the coral host (Muscatine, 1980; 

Tremblay et al., 2012). This translocated carbon can exceed 90 % of the total fixed carbon and 

substantially supports the host’s metabolic demands and calcification processes (Muscatine & 

Cernichiari, 1969). In return, the coral host provides the symbionts with nutrients derived from its 

own metabolism (Wang & Douglas, 1999) or from feeding on planktonic prey and detritus 

(Tremblay et al., 2015).  

Heterotrophic feeding, the secondary energy acquisition pathway for corals, is facilitated by their 

ability to extend and move polyps and tentacles, enabling them to swirl water, capture plankton, 

and subsequently digest it (Price & Patterson, 2023) (Fig. 1). Ingested plankton accounts for 

between 0 and 66 % of the fixed carbon incorporated into coral skeletons (Grottoli & Wellington, 

1999; Muscatine et al., 1989). In addition to supplying carbon, heterotrophic feeding is likely 

essential for most scleractinian corals, as it provides nitrogen, phosphorus, and other vital 

nutrients that cannot be obtained through photosynthesis and must instead be acquired by 

capturing zooplankton, particulate matter, or dissolved organic compounds (Grottoli & 

Wellington, 1999; Houlbrèque & Ferrier-Pagès, 2009). Corals exhibit remarkable trophic 

versatility, enabling them to efficiently capture zooplankton and other food particles through a 

variety of mechanisms, including nematocyst discharge, tentacle grasping and mucus entrapment 

(Lewis & Price, 1975; Sebens et al., 1998; Yonge, 1931). It has been demonstrated that corals can 

ingest a wide range of particle sizes, from dissolved and particulate organic matter (DOM and 

POM) to picoplankton, nanoplankton and meso to macrozooplankton (Anthony & Fabricius, 

2000; Ferrier-Pagès et al., 2011; Houlbrèque et al., 2003; Lewis & Price, 1975; Sebens et al., 

1998). Feeding induces significant changes in various physiological parameters in corals, with 

both the host and its algal symbionts responding rapidly to fluctuations in food availability 

(Houlbrèque & Ferrier-Pagès, 2009). Heterotrophic input promotes tissue and skeletal growth and 
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increases protein and lipid concentrations (Al-Moghrabi et al., 1995; Anthony & Fabricius, 2000; 

Ferrier-Pagès et al., 2011; Houlbrèque et al., 2003; Treignier et al., 2008). Additionally, it 

enhances the photosynthetic rates of the symbiotic algae through an increase in photosynthetic 

units i.e., number of microalgae (Prézelin, 1987), a higher quality of transferred photosynthates 

and an increase in amino acid concentrations (Swanson & Hoegh-Guldberg, 1998). 

 

Fig. 1. Close-up of coral polyps during heterotrophic feeding. A) Symbiotic Galaxea fascicularis 

ingesting Artemia salina nauplii. B) Symbiotic Stylophora pistillata ingesting Artemia salina 

nauplii. These images were taken in the Marine Holobiomics Laboratory by María Antonieta 

López and Sina Ehlert. 

In coral symbiosis, both partners benefit from their mixotrophic nature, as each organism can use 

nutrients acquired through autotrophic and heterotrophic pathways. The mutual exchange of 

metabolites between the coral host and its symbionts is fundamental to the structure and 

functioning of coral reef ecosystems (Martinez et al., 2022), and it plays a key role in determining 

coral resilience under stress (Denis et al., 2024). In order to accurately evaluate the capacity of 

corals to survive, there is an urgent need for detailed investigations into the potential of 

heterotrophic feeding to enhance coral physiology under stress conditions. 

1.2 Heterotrophic food type as a driver of physiological changes on corals 

The type of food consumed during heterotrophic feeding by corals may influence essential 

physiological processes (Tab. 1). The most commonly used food for feeding corals in aquaria is 

Artemia salina nauplii (called Artemia hereafter), which provides essential sources of nitrogen, 

phosphorus, and amino acids (Houlbrèque et al., 2004; Zaidi et al., 2023). Their use has been 

associated with improved coral growth rates (Conlan et al., 2018; Huang et al., 2020; Osinga et 
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al., 2011), enhanced photophysiology performance (Ferrier-Pagès et al., 2010; Tolosa et al., 2011) 

and increased energy storage (Bellworthy et al., 2019; Tolosa et al., 2011). Other food types have 

also demonstrated beneficial physiological effects. For example, a complex diet containing amino 

acids, picoplankton, nanoplankton, microplankton, mesoplankton, and yeast successfully induced 

spawning in Acropora species (Craggs et al., 2017). A mixture of Artemia and a fermented 

anchovy extract, improved growth and survival rates of Acropora digitifera corals compared to 

starved controls (Zaidi et al., 2023). Feeding with rotifers, increased the amount of heterotrophic 

carbon incorporated in Montipora capitata and Porites compressa (Hughes & Grottoli, 2013).  

However, meeting the nutritional requirements of corals and optimizing their physiological 

performance remains a significant challenge in the aquaculture industry and in closed ex-situ 

systems (Arvedlund et al., 2003; Houlbrèque & Ferrier-Pagès, 2009; Leal et al., 2014; Toh et al., 

2014). This is primarily due to the limited availability of data on coral feeding behaviour and 

nutritional requirements, making it difficult to successfully maintain corals under ex situ 

conditions (Arvedlund et al., 2003). Therefore, obtaining data on in situ heterotrophic feeding, 

particularly in corals under stress conditions is essential, as such information could provide 

valuable insights to improve the effectiveness of dietary supplementation strategies in restoration 

and conservation programs. 

Tab. 1. Physiological response in corals fed with supplementary food. The cited studies refer to 

the results of laboratory experiments. 

Species Food type Physiological response Reference 
Montipora capitata Zooplankton Increased energy reserves Grottoli et al., 2006 
Turbinaria reniformis Zooplankton Enhanced growth rate 

Increased lipids storage  
Increased protein content 
Increased chlorophyll content 

Treignier et al., 2008 

Stylophora pistillata 
Galaxea fascicularis 

Zooplankton 
 

Increased symbionts density 
Increased protein and lipids content 
Prevents depletion of energy 
reserves during heat stress 

Borell et al., 2008 

Stylophora pistillata 
Turbinaria reniformis    
Galaxea fascicularis 

Artemia Prevents damage to the 
photosynthetic machinery of the 
photosymbionts during heat stress 

Ferrier‐Pagès et al., 
2010 

Turbinaria reniformis Artemia Increased symbionts density 
Increased protein and lipids content 

Tolosa et al., 2011 

Acropora intermedia Rotifers Recovery chlorophyll values to a 
comparable pre-bleaching level. 

Connolly et al., 2012 

Montipora capitata       
Porites compresa 

Rotifers Increased amount of heterotrophic 
carbon incorporated 

Hughes & Grottoli, 
2013 
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Favia fragum Artemia Increased accretion of CaCO3  Drenkard et al., 2013 
Acropora sp. Amino acids 

Plankton        
Yeast             
Microalgae 

 Induced spawning Craggs et al., 2017 

Pocillopora acuta Artemia Enhanced growth  Conlan et al., 2018 
Stylophora pistillata Artemia Increased protein content Bellworthy et al., 

2019 
Goniopora columna Mixture of 

high protein 
ingredients 

Enhanced growth  
Increased protein content 
Up-regulated protease activity 

Ding et al., 2021 

 Pocillopora acuta Plankton Enhanced growth  
Improve survival rates after heat 

Huffmyer et al., 2020 

Stylophora pistillata Artemia Underpinned the nutrition (δ15N)  
of symbionts 

Martínez et al., 2022 

Acropora digitifera Artemia  
Anchovy 
extract 

Enhanced growth 
Improve survival rates 

Zaidi et al., 2023 

Galaxea fascicularis Artemia Enhanced photophysiology  Yu et al., 2023 
 

1.3 Coral trophic plasticity under stress, a little-studied topic in natural environments 

Differences in the ability to switch between autotrophic and heterotrophic feeding in response to 

environmental changes, i.e., trophic plasticity, can explain why some coral species are more 

resilient to a rapidly changing environment (Anthony & Fabricius, 2000; Grottoli et al., 2006; 

Swain et al., 2016). Despite its potential ecological importance, the degree to which corals depend 

on heterotrophy in situ remains poorly understood (Fox et al., 2019; Martinez et al., 2020). 

Predation and assimilation rates can fluctuate markedly under stress including bleaching, 

exhibiting either increases or decreases (Ferrier-Pagès et al., 2010). However, the actual reliance 

on heterotrophy by bleached corals in their natural environments is still largely unknown. 

Compound-specific stable isotope analysis of amino acids (CSIA-AAs) has proven to be a 

powerful tool for investigating food sources in both deep and shallow marine animals, as well as 

for revealing variations in heterotrophic contributions among organisms (Fox et al., 2019; Gori et 

al., 2018; Martinez et al., 2022). The fundamental principle of CSIA-AAs is that essential amino 

acids are directly incorporated from the diet into an animal tissue, with limited and/or negligible 

fractionation, while non-essential amino acids undergo biochemical transformation during 

assimilation (Denis et al., 2024). Since essential amino acids can only be synthesized by 

autotrophs or bacteria, they are transferred to consumers with minimal to no carbon fractionation, 

their δ¹³C values are distinct for each group and environment, serving as a unique 'fingerprint' that 

identifies the biosynthetic origin of the carbon (Chikaraishi et al., 2009, 2014; McMahon et al., 
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2013, 2016) (Fig. 2A). Additionally, the stable nitrogen isotope ratios (δ¹⁵N values) of amino 

acids in a consumer provide insights into both trophic position (TP) and the isotopic baseline. 

Certain amino acids, known as source AAs (e.g., phenylalanine, Phe), retain δ¹⁵N values similar 

to those of the primary producers that synthesized them, making them useful indicators of 

nitrogen sources in the marine environment. In contrast, trophic AAs (e.g., glutamic acid, Glu) 

become progressively enriched in ¹⁵N relative to source AAs with each trophic transfer (Popp et 

al., 2007). This distinction allows for a precise estimation of the trophic position of an organism 

by calculating  the difference between δ13CGLU and δ15NPHE. Corals with a TP of 1 are assumed to 

rely solely on autotrophy, while those with a TP greater than 1.5 are considered more 

heterotrophic (Ferrier-Pagès et al., 2021; Martinez et al., 2022) (Fig. 2B). The application of 

CSIA-AAs in bleached corals is still in its early stages. To date, no studies have applied 

CSIA-AAs to a bleaching event in the field. With mass coral bleaching increasing in frequency 

and severity, understanding the nutritional mechanisms that underlie species-specific 

heterotrophic plasticity is essential.  

 

Fig. 2. Schematic explanation of changes in carbon and nitrogen isotope values of amino acids 

(AAs) along the food chain. A) Each food source has a carbon isotopic signature of essential 

AAs. A consumer feeding exclusively on one source has the same essential AAs carbon 

signature. A consumer who feeds on two (or more) food sources has their combined AAs 

signature, depending on the proportion of the diet. B) When the trophic position increases, the 

nitrogen isotope value of the source AAs remains unchanged. In contrast, the nitrogen isotope 

value of the trophic AAs increases (becomes more positive) with each change in trophic position. 

Image modified from: Martinez et al., (2022). 

1.4 Coral reef ecosystems under the pressure of global warming and microplastic 

pollution 

Despite the fact that coral reefs harbor the highest biodiversity of all marine ecosystems and 

provide essential economic support to an estimated 500 million people worldwide (De Groot et 

al., 2012; Fisher et al., 2015; Wilkinson, 2008), they are among the most severely affected 
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ecosystems, and currently face some of the most severe and urgent threats (Hughes et al., 2018; 

Mellin et al., 2024). Global warming occurs at an unprecedented rate and has a profound impact 

on all marine environments, including coral reefs (Ripple et al., 2024). Prolonged and intense 

temperature increases, known as marine heatwaves, disrupt the symbiotic relationship between 

coral hosts and the Symbiodiniaceae, leading to coral bleaching (Brown, 1997; Iglesias-Prieto et 

al., 1992). Because these symbionts supply up to 90% of the coral’s energy needs (Muscatine & 

Cernichiari, 1969), their loss severely compromises coral health, increasing susceptibility to 

disease (Burge et al., 2014; Miller et al., 2023), reducing reproductive output (Baker et al., 2008), 

slowing skeletal growth (Cantin & Lough, 2014), and raising mortality risk (Brainard et al., 2013; 

Hughes et al., 2018). Over the past decade, global warming and marine heatwaves have affected 

an increasingly large percentage of the ocean surface (NOAA Physical Sciences Laboratory, Fig. 

3). With continued warming, marine heat waves are predicted to become more severe, widespread 

and last longer (Frölicher et al., 2018). As a result, approximately 80 % of global coral cover has 

experienced bleaching events (Eakin et al., 2022; Hughes et al., 2018), driving disturbance 

dynamics of tropical reefs, presenting the major threat to the long-term resilience of these 

ecosystems. 

  
 Fig. 3. Marine heatwave area percentage - Historical record. The yellow line represents observed 

conditions, and the blue line estimates the percentage of ocean area affected by marine heatwaves 

in the absence of anthropogenic warming. April 2025 ranked as the 37th highest month out of 412 

in terms of the percentage of the global ocean affected by marine heatwaves. Image from: 

Data/image provided by the NOAA/OAR/PSL, Boulder, Colorado, USA, from their Web site at 

https://psl.noaa.gov/ 

Besides global warming, coral reef ecosystems face a variety of stressors. Plastic pollution has 

become widespread in marine environments and poses a significant threat to marine life (Jungblut 

et al., 2020). Microplastics (MPs), defined as particles smaller than 5 mm (Andrady, 2011), in 

particular have emerged as a novel stressor, adding pressure on already vulnerable coral reef 

systems (Reichert et al., 2021). The most common plastic polymers found in coral reefs include 
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polypropylene (PP), polyethylene terephthalate (PET), polyamide (PA), polyvinyl chloride (PVC), 

polyethylene (PE), and polystyrene (PS), which originate mainly from waste emissions from 

coastal cities and intensive fishing (Huang et al., 2021). They can occur in various forms, such as 

fibres, pellets, fragments, films and granules (Huang et al., 20 

 

21). Concentrations in reef ecosystems are highly variable and range from 0.0001 particles L to 

more than 10,000 particles L (Badylak et al., 2021; Jensen et al., 2019). Depending on the 

concentration and exposure time, MPs can trigger a range of physiological responses in corals that 

increase with MPs concentration (Reichert, Tirpitz, Oponczewski, et al., 2024a). These effects are 

mostly attributed to the handling and ingestion of MPs (Reichert et al., 2024). The effects of high 

pollution scenarios on corals include increased mucus production, tissue necrosis, reduced 

growth, bleaching, and altered photosynthetic performance (Axworthy & Padilla-Gamiño, 2019; 

Lanctôt et al., 2020; Reichert et al., 2018).  

Combined, global warming and MPs pollution represent a significant stressor for corals, leading 

to complex responses that can exacerbate or modulate the severity of their detrimental effects 

(Reichert et al., 2021). While ocean warming acts as a global stressor, MPs act as local stressors, 

the effects of which can intensify those of global pressures. Although MPs alone may represent a 

minor stressor compared to ocean warming (Isa et al., 2024; Reichert et al., 2021, 2024a), their 

interaction can elicit a marked physiological response (Bove et al., 2023). These responses are 

energetically costly (Sheridan et al., 2014), highlighting the importance of the interaction between 

corals and their energy sources, particularly the shift towards heterotrophy when autotrophic input 

is compromised during bleaching. However, it remains poorly understood whether corals may 

mitigate the combined effects of thermal stress and MPs pollution through heterotrophic feeding. 

As global warming and MPs pollution continue to intensify, it is becoming urgent to identify the 

physiological mechanisms that promote coral resilience in complex, multi-stressor environments. 

1.5 Heterotrophic feeding during bleaching and microplastic pollution 

Heterotrophic feeding becomes critical in meeting the entire energy demand in bleached corals, 

thereby enhancing their chances of survival and resilience (Houlbrèque & Ferrier-Pagès, 2009; 

Hughes & Grottoli, 2013). Bleached corals exhibit reduced levels of key macromolecules (i.e., 

carbohydrates, lipids, and proteins), resulting in the depletion of overall tissue energy reserves 

(Grottoli et al., 2006; Rodrigues & Grottoli, 2007). However, corals with higher heterotrophic 

food intake sustain their energy stores over time, supporting their capacity for recovery (Grottoli 

et al., 2006; Hughes & Grottoli, 2013). In addition, the transfer of essential metals (i.e., copper 

[Cu], zinc [Zn], boron [B], magnesium [Mg], and calcium [Ca]) and nitrogen [N]) acquired 
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through heterotrophic feeding and subsequently delivered to the symbionts, may further mitigate 

bleaching and is critical for supporting symbiont growth and symbiosis maintenance 

(Ferrier-Pagès et al., 2018; Martinez et al., 2022). In summary, heterotrophy plays a key role in 

coral resilience by mitigating bleaching (Conti-Jerpe et al., 2020), promoting recovery (Hughes & 

Grottoli, 2013), and reducing mortality (Tremblay et al., 2016). However, anthropogenic 

disturbances such as eutrophication, wastewater discharge, overfishing (Harris, 2020) and MPs 

pollution (Axworthy & Padilla-Gamiño, 2019) can compromise this resilience by disrupting 

heterotrophy of corals and nutrient cycling in reef ecosystems. 

MPs pollution may interfere with heterotrophic feeding in corals (Rotjan et al., 2019). Corals have 

been observed to ingest and egest MPs, as they are initially unable to distinguish them from food 

particles (Reichert et al., 2024) (Fig. 4). Once a particle is ingested, feeding on other particles is 

likely reduced, caused by false satiation, and resulting in lower feeding rates (Corinaldesi et al., 

2021; Savinelli et al., 2020). The presence of natural food can stimulate coral feeding responses, 

and it has been shown to both enhance and inhibit MPs ingestion (Reichert et al., 2024). 

Moreover, the rapid formation of natural biofilms on MPs occurring within minutes to hours of 

contact with water, particularly in marine environments (Ramsperger et al., 2020), which also 

influences coral feeding (Reichert et al., 2024). 

 

Fig. 4. MPs ingestion in corals. A) Symbiotic Galaxea fascicularis ingesting a yellow fiber of 

polyamide (PA). B) Bleached Stylophora pistillata with a red  fiber of polyethylene terephthalate 

(PET) which has been ingested by the same polyp, along with an Artemia salina nauplii. These 

images were taken in the Marine Holobiomics Laboratory by María Antonieta López and Sina 

Ehlert. 
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In bleached corals, the ability to meet nutritional demands through heterotrophic feeding becomes 

crucial for survival (Houlbrèque et al., 2003; Hughes & Grottoli, 2013). Although this ability 

varies among species, corals with high heterotrophic plasticity, i.e., the ability to modulate trophic 

strategies in response to environmental change, are likely to be among the climate change 

“winners” (Conti-Jerpe et al., 2020). Unfortunately, coral species that exhibit higher heterotrophic 

capacity also tend to interact (reaction, ingestion, or egestion) more frequently with MPs 

(Reichert et al., 2024). The presence of MPs in the water column may significantly impair coral 

food intake, particularly under stressful conditions such as bleaching (Axworthy & 

Padilla-Gamiño, 2019). This interference could limit the capacity of corals to benefit from 

heterotrophic feeding, a critical mechanism for maintaining their energy balance and enhancing 

resilience during bleaching, periods of autotrophic compromise.  

Despite its potential significance, the interactive effects of MPs, heat and heterotrophic feeding 

remains poorly explored. Among all peer-reviewed articles published between 2006 and 2025 on 

heterotrophic feeding in bleached corals, only two investigated its interaction with MPs exposure, 

one of which is part of the results of this thesis (Fig. 5, Tab. S1). Advancing our understanding of 

how MPs exposure and feeding are connected with coral bleaching susceptibility could offer 

valuable insights for the development of policies and conservation strategies aimed at 

strengthening coral reef resilience. 

 

Fig. 5. Summary of the literature reviewed (2006 – July 2025). Heterotrophic feeding (HF) in 
bleaching corals. Of the 28 studies published, only two addressed the combined effects of HF, 
heat stress, and microplastics (MPS)  
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1.6 Scope and aims 

Based on the knowledge gaps outlined above, this doctoral thesis aims to elucidate the role of 

heterotrophic feeding in coral tolerance to heat stress and MPs pollution. A central objective 

shared by coral reef researchers is to enhance coral resilience in the face of increasingly frequent 

mass-bleaching events. Heterotrophic feeding has emerged as a key survival strategy in this 

context. While it is well established that corals can supplement their metabolic demands through 

heterotrophy, the extent to which different food types can compensate for productivity loss during 

bleaching remains unclear. Accordingly, the first aim of this thesis was: 

​

(I) To assess the effectiveness of different food types in compensating for productivity loss in 

bleached corals. 

Despite the recognized importance of heterotrophy, the extent to which corals rely on it in their 

natural environment remains poorly understood. Thus, the second aim was: 

​

(II) To assess the degree of heterotrophic dependence in corals during an in situ bleaching event. 

In addition to thermal stress, MPs pollution is an emerging stressor that may further compromise 

reef health. MPs are suspected to interfere with coral feeding, yet little is known about how food 

availability influences coral tolerance to MPs, or how the interaction between these factors affects 

bleaching susceptibility. Therefore, the third aim was: 

​

(III) To evaluate the effect of food availability on coral tolerance to MPs pollution, and to 

determine how the interaction between feeding and MPs exposure is linked to bleaching 

susceptibility. 

By addressing these dimensions of heterotrophic plasticity through a combination of laboratory 

experiments and field-based data, this thesis provides essential knowledge to improve predictions 

of future shifts in reef community composition. Moreover, it offers a framework to guide 

conservation, restoration, and management strategies, ensuring they are better aligned with 

promoting coral resilience under current and future stress scenarios. 
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2 Materials and methods 

2.1 Evaluating the effect of different feeding trials on coral physiology 

The following sections (2.1.1–2.1.6) are based on a preprint publication López et al., (2025). For 

the purposes of this dissertation, the text has been revised and adapted; however, some similarities 

with the original version may remain. 

2.1.1 Experimental design 

This first study involved an experiment designed to investigate the influence of heterotrophic 

nutrition on the physiology of three scleractinian coral species: Galaxea fascicularis (Linnaeus 

1767), Porites lobata (Dana 1846), and Stylophora pistillata (Esper, 1792), in symbiotic and 

bleached conditions. Over an 18-week period, the corals were fed a combination of dissolved and 

particulate food types, including thawed red plankton, freshly-hatched Artemia salina nauplii, 

three microalgae species, honey, yeast and amino acids (Fig. 6). 

 

Fig. 6. Conceptual experimental overview. Symbiotic and bleached Galaxea fascicularis, Porites 

lobata, and Stylophora pistillata, exposed to five food treatments combining dissolved and 

particulate food types: thawed plankton; Artemia salina nauplii; three microalgae species; honey; 

yeast, and amino acids. Coral growth and respiration were measured at the beginning (T0) and at 

the end of the 18 weeks (T2), photosynthesis and respiration rates of symbiotic corals were 

measured at T0, after three weeks of feeding (T1), and at T2. Figure taken from: López et al., 

(2025). 
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A total of 15 × 40-L tanks were used for each of the five treatments, with each treatment being 

triplicated. These tanks formed part of a 3,000-L water recirculation system and each 

experimental tank had separate water inlet and outlet points, allowing for a water exchange rate of 

20 L h-1. Each tank was equipped with a wavemaker pump (EasyStream Pro ES-28, Aqualight 

GmbH, Bramsche/Lappenstuhl, Germany), a titanium heater to maintain a temperature of 

between 26 and 27 °C (Schego Heater 300 W, Schemel & Goetz GmbH, Germany) and four LED 

light strips providing photosynthetically active radiation (PAR) of between 140 and 190 μmol 

photons m⁻² s⁻¹ and a light-dark cycle of 10:14 hours. The coral fragments were suspended on 

three plastic rods in each tank (Fig. 7). 

 
Fig 7. Schematic representation of the structure of a maintenance tank: 1: Water inflow. 2: Water 

drain. 3: Pump. 4: Heater. 5: 4 LED lights. 6: Stylophora pistillata hung on the side of the tank 

where the water inlet and pump were located. 7: Porites lobata hung in the middle. 8: Galaxea 

fascicullaris hung on the opposite side of the water inlet and pump. Each tank was replicated 

three times per feeding option. Figure taken from: López et al., (2025). 

2.1.2 Coral species and replication 

Three coral colonies of the species Galaxea fascicularis, Porites lobata and Stylophora 

pistillata were sourced for the experiment from the Ocean2100 coral aquarium facility at Justus 

Liebig University in Giessen, Germany (Tab. 2). The colonies were fragmented into fragments 

of 3–8 cm  length using a hammer and chisel. They were then allowed to heal for eight weeks 

before the experiment began. A total of 270 fragments were used: 30 fragments per colony and 

90 fragments per species, half of which were bleached. These were evenly distributed among 

the tanks and treatments, resulting in 18 fragments per tank. 
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Tab. 2. Information about the studied coral species, origin, year of collection, and CITES permit 

numbers. Table taken from: López et al., (2025). 

 

 

 

2.1.3 Menthol bleaching 

Following eight weeks of acclimation, the coral fragments were randomly divided into two 

groups, with each group containing half of the coral fragments per genotype (15 fragments per 

genotype, 45 fragments per group per species). To chemically bleach the corals, we followed the 

protocols modified by Wang et al., (2012) and Bauer et al., (2025). Briefly, the bleaching 

consists of three days of treatment with 0.38 mM menthol in filtered (65 µm) seawater, followed 

by one day of rest and another day of menthol treatment. Menthol incubations lasted 8 h during 

the light period (Puntin et al., 2023). The menthol bleaching process was repeated for two days 

when the corals started to regain their colour. S. pistillata was re-bleached once after nine 

weeks; G. fascicularis was re-bleached twice, once after nine weeks and again after thirteen 

weeks; and P. lobata was re-bleached five times, once after six weeks and again at three-weekly 

intervals up to week sixteen. 

2.1.4 Feeding 

Five different food options, combining dissolved and particulate food types, were used to feed 

the coral fragments (Tab. 3). These types of food were chosen based on their nutritional value, 

i.e., as sources of carbon and nitrogen, and their beneficial effects on coral physiology, such as 

increased growth and up-regulation of photosynthesis (see section 1.2).  

 

Tab. 3. Information on the components and concentrations of the food treatments supplied to 

three stony coral species every day for three hours over an 18-week period. Table taken from: 

López et al., (2025). 
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Species Origin Collection CITES 
Galaxea fascicularis Red Sea 2019 19-SA-000096-PD 
Porites lobata Red Sea 2015 15-SA-000884-PD 
Stylophora pistillata Fiji 2016 15NL229192/11 

Food components 
[Concentration] 

Thawed 
plankton 

Dissolved 
food 

Low  
complexity 

Medium 
complexity 

High 
complexity 

Amino acids 
[0.025 μl ml-1]   ✓   ✓ 
Dry yeast 
[3,200 cells ml-1]  ✓   ✓ 
Honey 
[20 μg ml-1]  ✓   ✓ 
Microalgae: Tisochrysis lutea,    ✓ ✓ 
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Each feeding tank was equipped with a pump for water circulation and a heater to maintain the 

temperature between 26 and 27 °C. Feeding lasted three hours around dusk, i.e., it started 1.5 

hours before the lights were turned off and took place at a light intensity about 10 μmol photons 

m-2 s-1 corresponding to a twilight phase. For each group of the food types, the following 

concentrations were used: 0.025 μl ml-1 of amino acid mixture (Pohl's Xtra special, 

Korallenzucht.de Vertriebs GmbH, Germany) was used. 0.03 g of dry baker's yeast (REWE 

supermarket, Germany) was used resulting in 3,200 cells ml-1. For each feeding tank, the dry 

yeast was weighed on a precision balance (Kern KB 360-3N, KERN & Sohn GmbH, Germany, 

precision: 0.001 g). and dissolved with water from the aquarium system. Organic honey (REWE 

supermarket, Germany) was supplied at 20 μg ml-1. The honey was weighed and mixed with 

water from the facility before addition to the tanks. Three species of microalgae were used: 

Tetraselmis chui (Chlorophyte, 10 to 25 µm diameter, Montoya Montoya et al., 2024), 

Chaetoceros calcitrans (Diatom, 5  to 10 μm, De La Peña et al., 2018), and Tisochrysis lutea 

(Haptophyte, 3 to 7.5 μm, Heimann & Huerlimann, 2015) at a concentration of 5000 cells ml-1 

(5 x 106 cells L-1) each. T. lutea was grown in 0.1 % sterile-filtered (0.22 μm) Walne's medium 

(aquacare-shop, Germany), while T. chui and C. calcitrans were grown in sterile-filtered 

Guillard's F/2 medium with 0.1 % silicate added to the medium for C. calcitrans. Microalgal 

cultures were maintained at 20-21 °C, 47 μmol photon m−2 s−1 µmol, and a light cycle of 12 

hours. The cell count was determined daily from the cultures using a Thoma hemocytometer. 

The volumes of the microalgae cultures were then centrifuged twice at 3,000 g for 10 min and 

resuspended in 50 ml seawater to wash out the medium. 0.8 g of wet mass of freshly hatched 

Artemia salina nauplii (prepared 24 hours before the feeding, 400-500 μm length) was used, 

which corresponds to approximately 22,000 nauplii L-1. 0.8 g of thawed red plankton 

(1000-2000 μm length) (Calanoide Copepoden, Zooschatz, Germany), resulting in 

approximately 1,000 organisms L-1. Frozen food was thawed, thoroughly rinsed in a sieve, and 

mixed with seawater from the aquarium system before addition to a feeding tank. The red 

plankton consists mainly of marine copepods, micronized shrimp larvae, seawater rotifers and 

salmon oil. Each feeding tank was filled with 20 L of seawater, which was taken from the 

experimental aquarium system and roughly filtered (65 μm filter). 
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2.1.5 Physiological measurements  
2.1.5.1 Coral growth 

Changes in calcification, volume growth and surface area growth were used as an indicator of 

coral growth and as a measure of the response of the holobiont to food options. Calcification was 

measured using the buoyant-weighing method (Davies, 1989). In brief, an 8-L aquarium was 

filled with seawater from the experimental system. The corals were weighed using a precision 

balance with an underfloor weighing hook (Kern KB 360-3N, KERN & Sohn GmbH, Germany, 

precision: 0.001 g). The temperature of the water was kept constant at 26 ± 0.5 °C with a 

submersible heater and salinity at 35. Volume growth and surface area of each fragment were 

measured using 3D scanning. For this, a handheld 3D scanner (Artec Spider 3D, Artec 3D, 

Luxembourg) was used together with the scanning software Artec Studio 16 (Artec 3D, 

Luxembourg) following Reichert et al., (2016). Coral fragments were placed on an automatic 

turntable in an 80 x 80 x 80 cm macrophotography studio and scanned from two angles in two 

full rotations within 40–50 s. The scans of the corals resulted in image point clouds, from which 

polygonal structures were constructed. Models built for each fragment were exported as .obj files. 

Surface area and volume were calculated in MeshLab Visual Computing Lab-ISTI-CNR (v.1.3.4 

Β, 2014) using the ‘compute geometric measures’ tool. Growth rates were calculated as the 

difference between the measurements taken before the start of the feeding regimes and after 18 

weeks of feeding at the end of the experiment. Calcification rate and volume growth were 

standardized to surface area. 

2.1.5.2 Photosynthesis and respiration rates 

The net photosynthesis, respiration and gross photosynthesis of symbiotic corals, as well as the 

respiration of bleached corals, were measured as a change in oxygen concentrations during 

incubations in both light and dark conditions. The corals were placed in airtight, 1-L incubation 

jars filled with seawater from the experimental system. Oxygen concentration was measured at 

the beginning and end of the 60-min incubation period using an optical oxygen sensor 

connected to a handheld multi-parameter probe (Multi 3620 IDS SET G, Xylem Analytics, 

Germany). Each incubation run included two control jars without corals as controls. Net 

photosynthesis and respiration were corrected for by adjusting for the change in oxygen in the 

controls, and were normalised according to incubation volume, incubation time and coral 

surface area. Gross photosynthesis was calculated as the sum of net photosynthesis and 

respiration. 
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2.1.6  Statistical analyses 

Analyses were conducted in R (R version 4.2.2, R Core Team, 2022) using the graphical user 

interface ‘RStudio’ (Version 2022.12.0+353, RStudio Inc., USA). To obtain the values for coral 

growth, the buoyant weight values were converted to actual weight using the Seacarb package  

(Gattuso et al., 2021). Linear mixed-effects models with treatment (five levels: thawed plankton, 

dissolved food, low complexity, medium complexity, high complexity) as a fixed factor and 

coral colony as a random factor were used to test the effects of different food types on the 

physiology of symbiotic and bleached corals. Individual models were constructed for each 

response variable and species. The models were fitted using the lme4 package (Bates et al., 

2015) and residual distributions were tested for normality and heteroscedasticity. Models were 

analyzed using a post hoc test from the ‘multcomp’ package (Hothorn et al. 2020) with Tukey 

comparison with ‘holm’ adjustment for multiple testing. The differences in symbiotic and 

bleached corals were tested using Hedges' g effect sizes within each feeding regime on raw data 

for each variable. This was done to calculate the magnitude of these differences between the 

different food types. Finally, all results were visualized using ‘ggplot2’ (Wickham, 2016). 

2.2 Assessment of heterotrophic feeding of bleached coral in situ 

2.2.1 Study area 

The Red Sea is a narrow shelf basin that hosts some of the most productive coral reef ecosystems 

worldwide (DiBattista et al., 2016; Fine et al., 2019). Surrounded by hot arid deserts, it receives 

negligible precipitation and terrestrial runoff, while experiencing high evaporation rates and 

elevated salinity (Bower & Farrar, 2015; Edwards, 1987; Sofianos & Johns, 2003). These unique 

environmental conditions make the Red Sea ecosystem particularly vulnerable to climate change 

(Raitsos et al., 2011). Recent analyses indicate that maximum sea surface temperatures in the 

region are increasing at a rate of 0.17 ± 0.07 °C per decade, exceeding the global ocean warming 

rate of 0.11 °C per decade (Chaidez et al., 2017). Although Red Sea corals are among the most 

thermotolerant globally (Pineda et al., 2013; Voolstra et al., 2020), they remain susceptible to 

ocean warming, with bleaching events causing substantial declines in coral cover (DeCarlo, 2020; 

Furby et al., 2013; Hammerman et al., 2021; Monroe et al., 2018). Regarding the levels of δ13C 

and δ15N on coral reefs in the Red Sea, these are largely influenced by the latitudinal 

environmental gradient and local urban runoff (Kürten et al., 2014). Low organic matter δ15N 

values in the north (zooplankton δ15N: 1.3‰) reflect the importance of N2 fixation, while the 

higher δ15N of organic matter in the south (zooplankton δ15N: 5.8‰) reflects N inputs from the 

Indian Ocean (Kürten et al., 2014).  
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2.2.2 Sampling area and sample collection 

We sampled corals from three areas that represent the northern (Yanbu, 24.20 °N, 37.65 °E), 

central (Thuwal, 22.34 °N, 39.07 °E), and southern (Al Lith, 19.86 °N, 40.05 °E) regions within 

the central Red Sea (Fig. 8) in 2015 during the coral bleaching event in the central Red Sea 

(Monroe et al., 2018; Osman et al., 2018), enabling a characterization of the trophic strategies of 

symbiotic and bleached corals in the field. In each region, three coral fragments of Ctenactis 

echinata and Pocillopora verrucosa colonies were collected from three reefs at 10 m depth (9 

colonies per region per symbiotic state, total n = 120). The symbiotic state of the corals depended 

on the site. At Yanbu, only symbiotic corals could be collected as bleaching was negligible 

(Osman et al., 2018). At Thuwhal, reefs suffered intermediate bleaching (Osman et al., 2018) so 

that symbiotic and bleached corals could be collected. Bleaching at Al Lith was severe (Osman et 

al., 2018) and only bleached corals could be collected there. Each fragment was placed in a 

zip-plock bag filled with seawater and transported to the laboratory. Upon arrival, the fragments 

were frozen in liquid nitrogen and stored at -80 °C for further analysis. 

 
Fig 8. Sites surveyed for coral of Ctenactis echinata and Pocillopora verrucosa symbiotic and 

bleached in three regions (Yanbu, Thuwal, Al Lith) along the Saudi Arabian coast within the 

central Red Sea in start month-end month, year. Circles indicate survey sites within each of the 

regions. Coral reefs (not shown on map) can be found along its entire coastline.  

2.2.3 Compound-specific stable isotope analysis of amino acids (CSIA-AAs) analyses 

Compound-specific stable isotope analysis of amino acids (CSIA-AAs) analyses were conducted 

at the UC Davis Stable Isotope Facility using a Thermo Trace GC 1310 gas chromatograph 

coupled to a Thermo Scientific Delta V Advantage IRMS via a GC IsoLink II combustion 

17 

https://www.zotero.org/google-docs/?SQtpfV
https://www.zotero.org/google-docs/?NUf5WW
https://www.zotero.org/google-docs/?ptzWYT
https://www.zotero.org/google-docs/?dmBQL8
https://www.zotero.org/google-docs/?dmBQL8


 Materials and methods
 

 
interface. Briefly, Amino acids were liberated by acid hydrolysis and subsequently derivatized to 

N-acetyl methyl esters (NACME) for gas chromatographic separation and isotope-ratio mass 

spectrometry (Corr et al., 2007). All samples were analyzed in duplicate, with additional 

replicates included when necessary. Quality control was ensured by routine measurement of 

calibrated amino acid mixtures traceable to international reference standards (Vienna Pee Dee 

Belemnite isotope (V-PDB) for δ¹³C and Air for δ¹⁵N). Isotopic values were normalized to these 

standards following established calibration procedures, and accuracy and precision were verified 

using reference materials and replicate analyses (Docherty et al., 2001; Yarnes & Herszage, 

2017). 

2.2.4 Statistical analyses 

The statistical analysis of CSIA-AA was conducted in R (R version 4.2.2, R Core Team, 2022) 

using the graphical user interface ‘RStudio’ (Version 2022.12.0+353, RStudio Inc., USA). To test 

the differences between host fractions and condition regarding to the variation observed in 

CSIA-AA, we used linear mixed-effects models with source amino acids (five levels: Asparagine, 

Glycine, Lysine, Methionine and Phenylananine) and trophic amino acids (five levels: Alanine, 

Glutamic acid, Isoleucine, Proline and Valine) as fixed factors and station (three levels: Yanbu, 

Thuwal and Al lith) as random factor. Individual models were constructed for each species. The 

models were fitted using the lme4 package (Bates et al., 2015) and residual distributions were 

tested for normality and heteroscedasticity. If necessary, data were log-transformed to ensure that 

test assumptions were met. Models were analyzed using a post hoc test from the ‘multcomp’ 

package (Hothorn et al. 2020) with Tukey comparison with ‘Holm’ adjustment for multiple 

testing. Finally, all results were visualized using ‘ggplot’ in R with the packages ‘ggplot2’ 

(Wickham, 2016). 

2.3 Evaluating interactive effect of heterotrophic feeding, microplastics and heat  
The following sections (2.3.1–2.3.7) are based on the publication López et al., (2025). For the 

purposes of this dissertation, the text has been revised and adapted; however, some similarities 

with the original version may remain. 

2.3.1 Experimental design 

The second experiment was designed to investigate how different feeding regimes can affect the 

impact of MPs on the scleractinian coral species Pocillopora verrucosa (Ellis & Solander, 1786) 

and Stylophora pistillata (Esper, 1792). Three experimental groups, each replicated in three 

independent tanks, received different combinations of food and MPs exposure: a control group 

that received no MPs and was fed twice weekly, an MP group that received MPs and was fed 

twice weekly, and an MP+HF group that received MPs and was fed daily. To evaluate the 
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combined impact of MPs and feeding regimes on coral holobionts and photosymbionts, we 

measured coral growth, photosynthetic efficiency, photosynthesis, respiration rates and tissue 

composition at the start of the experiment and again after six weeks. Following a six-week period, 

the corals were exposed to a brief heat stress test. This was used to assess their susceptibility to 

bleaching, with this assessment being based on the brightness of the tissue (Fig. 9). 

 
Fig. 9. Conceptual experimental overview. P. verrucosa and S. pistillata were exposed to MPs 

and two different feeding regimens for six weeks followed by a short-term heat stress phase. 

Control, MP = microplastic, MP+HF = microplastic and high feeding. Coral growth, 

photophysiology, and the tissue composition were measured at the beginning and at the end of the 

six weeks. Tissue brightness was measured after a short-term heat stress. Figure taken from: 

López et al., (2025). 

2.3.2 Experimental setup  
Nine 40-L tanks were used for the experiment, with three replicates for each of the three 

treatments. All the tanks were part of a 3,000-L water recirculation system and each experimental 

tank had separate inlets and outlets for water exchange at a rate of 20 L h-1. To prevent MPs and 

other particles from entering or leaving each tank, each tank was equipped with two outflow 

filters and one inflow filter, each with a mesh size of 65 μm. A 'turnover' pump (Submarine Water 

Pump, Resun S-700, Resun, China) and a wavemaker pump (easyStream Pro ES-28, Aqualight 

GmbH, Germany) were also fitted to each tank to create a water current. The water temperature 

was feedback-controlled using a GHL Temp Sensor Digital (ProfiLux 3, GHL Advanced 

Technology GmbH, Germany) and was held at a constant temperature of 26.5 ± 0.5 °C using 

Schego 300 W submersible titanium heaters (Schemel & Goetz GmbH, Germany). Light was 

provided by four LED strips per tank (AQUARAY, Germany) at an intensity of 200 µmol photons 

m⁻² s⁻¹. The phosphate concentration (PO₄³⁻) was kept below 0.02 mg L⁻¹ and measured weekly 

using a Spectroquant Phosphate Test (Merck KGaA, Germany). Nitrate (NO₃⁻) and nitrite (NO₂⁻) 
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concentrations were below the detectable range and were checked weekly using a Nitrate Test 

(Merckoquant, Merck KGaA, Germany). The calcium concentration was kept at an average of 

400 mg L-1 and measured once a week using titration with EDTA. The magnesium concentration 

was maintained at an average of 1,300 mg L-1 and measured every four weeks using the Mg Profi 

Test (Salifert, the Netherlands). Furthermore, snails (Turbo sp. and Euplica sp.) were introduced 

to each experimental tank at the start of the experiment with the aim of reducing algal growth. To 

get rid of any accumulated algae or MP particles, all outflow filters were cleaned with hot water 

at least once a day. To remove strongly adhering organic material, the filters were placed in a 

solution of 14% NaClO (diluted with DI water at a ratio of 1:30) overnight. 

2.3.3 Coral species and replication 

The species studied were Pocillopora verrucosa and Stylophora pistillata. These are two of the 

most common scleractinian coral species found in coral reefs worldwide, and they are known to 

react to exposure to marine pollution (Reichert, Tirpitz, Plaza, et al., 2024). Four coral colonies of 

each species were sourced from the Ocean2100 facility at Justus Liebig University Giessen in 

Germany. The colonies had been cultured there for several years prior to the experiment (Tab. 4). 

The colonies were fragmented (3–5 cm of length) using a small angle grinder (Dremel Multitool 

3000-15, Robert Bosch Tool Corporation, Germany) and allowed to heal for 10 weeks before the 

start of the experiment. Nine fragments per colony, 36 fragments per species, and 72 fragments in 

total were used. The fragments were distributed evenly in the experimental tanks, resulting in 

eight fragments, with one fragment per colony, per species, per tank. The coral fragments were 

maintained under a 10:14 light:dark photoperiod at an intensity of 200 µmol photons m⁻² s⁻¹ and a 

temperature of 26 ± 0.5 °C for two months prior to the start of the experiment to allow for 

acclimation. During this time, all fragments received 0.6 g of copepods (Calanoide Copepoden, 

Zooschatz, Germany) per tank. 

Tab. 4. Information about the studied coral colonies: Species, colony, origin, time of collection, 

time of entering the Ocean2100 facilities, and CITES registration numbers. 

 
Species Colony  Origin CITES  

     
 P.verrucosa  A      B     C     D 

Indonesia 14846/IV/SATS-LN/2007  
Indonesia 14NL214371/11  
Indonesia      Saudi Arabia 

14846/IV/SATS-LN/2007    19-SA-000091-PD 
 

  
 S. pistillata  A      B     C     D 

   
   
Fiji     Saudi Arabia 

15NL229192/11     19-SA-000092-PD 
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2.3.4 Microplastics treatment 

A mixture of six different MP types is used to simulate MPs pollution (Tirpitz et al., 2025), which 

have been documented to occur commonly in reef areas (Huang et al., 2021) were used: 

polystyrene (PS), polyvinyl chloride (PVC), polyethylene (PE), polyamide (PA), polyester - 

polyethylene terephthalate (PET), and polypropylene (PP) in a total concentration of 400 particles 

per liter (ppl) (Fig. S1-S3). PS, PVC, and PE were provided as fragments, PA, PET, and PP were 

provided as fibers. A sieve with a mesh size of 100 to 355 μm was used to separate the fragments. 

To achieve an even distribution of MP types with a final total MPs concentration of 400 ppl, the 

weight of each type of MPs was determined (Tab. 5). The concentration of MPs in areas of 

extremely polluted coral reefs can reach up to 200 ppl (Patterson et al., 2020), estimates for 

pollution scenarios for the year 2100 indicate an increase of MP concentrations by a factor of 3 

(Koelmans et al. 2017) to 50 (Everaert et al. 2018). The six types of MPs were weighed and then 

combined into a single mixture. This mixture was introduced into a glass jar containing 50 ml of 

seawater from the aquarium system. The jar was left for one week before the mixture was added 

to the experimental tanks, to allow for the growth of a natural biofilm. Biofilms begin to develop 

on MPs within minutes to hours of contact with water, particularly in marine environments 

(Ramsperger et al., 2020). During the experiment, the concentration of MPs was measured 

weekly to guarantee a concentration of 400 ppl. For this, three 50 mL samples of seawater from 

each tank were taken with a glass pipette from the water column around the corals and filtered 

onto a 8 μm (Whatman filter papers Grade 540, General Electric Healthcare Life Sciences, United 

States). The number of fragments and fibres on each filter was counted under a stereo 

microscope, and this number was used to extrapolate the concentration per litre. MPs 

concentrations decreased  over the course of the experiment in the tanks, as the MPs stuck to the 

sides of the aquarium and the filters, and were removed during cleaning. To compensate for this 

loss, the concentration was maintained at 400 ppl by adding more MPs at the two- and four-week 

points in the experiment. 

Tab. 5. Information on the type, weight, and concentration of the used MPs to achieve a final 

concentration of 400 ppl.  

Shape Microplastic type Weight (mg) Concentration (ppl ± SD) 

Fragment 
Polystyrene (PS) 

 
72 61 ± 3 

Polyvinyl chloride (PVC) 342 39 ± 2 
Polyethylene (PE) 240 86 ± 4 

Fiber Polyamide (PA) 171 27 ± 2 
Polyethylene terephthalate (PET) 40 216 ± 8 
Polypropylene (PP) 102 36 ± 2 
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2.3.5 Feeding treatment 

The corals were fed 0.6 g of copepods per tank, resulting in a concentration of approximately 800 

copepods per litre (Calanoide Copepoden, Zooschatz, Germany). This is the standard feed that the 

corals regularly receive at the facility and has been shown to be ingested by P. verrucosa and S. 

pistillata (Reichert et al., 2024). The copepods were defrosted, rinsed in a sieve and mixed with 

aquarium water before being evenly distributed across all tanks. The control group and the MP 

treatment group received food twice a week, while the MP+HF treatment group received food 

daily. As a nutritional supplement, 1 ml of an amino acid mixture (Pohl's Xtra Special, 

Korallenzucht.de Vertriebs GmbH, Germany) was added to each tank at the same time as the 

copepods, twice a week. 

2.3.6 Physiological measurements  

2.3.6.1 Coral growth 

Coral growth was measured using the buoyant-weighing method (Davies, 1989) following the 

same protocol outlined in section 2.1.5.1. 

2.3.6.2 Photosynthetic efficiency, photosynthesis and respiration rates 

The effects of MPs and thermal stress on the photosymbionts were assessed by measuring 

photosynthetic efficiency, photosynthesis and respiration rates. Effective quantum yield (Y(II)) 

and maximum quantum yield (Fv/Fm) of photosystem II were measured using a pulse-amplitude 

modulation fluorometer (PAM-2500, Heinz Walz GmbH, Germany). Y(II) was determined during 

the light period at 14:00 (six hours after lights-on), with an average of three replicate 

measurements taken at different positions on the upward-facing side of each coral fragment. 

Fv/Fm was determined in darkness, after approximately 45 minutes of dark acclimation, at the 

end of the light period (18:45–19:00 hours), 45 minutes after the lights were turned off. The 

fragments were measured individually in an 8 L tank that was completely darkened and filled 

with seawater from the experimental system to prevent light exposure during the dark 

measurements. 

Net photosynthesis, respiration and gross photosynthesis were derived from changes in oxygen 

concentrations during light and dark incubations. To achieve this, the corals were placed in 

airtight, 1000 ml incubation jars filled with seawater from the experimental system. 

The oxygen concentration was measured at the beginning and end of the 60-minute incubation 

period using an optical oxygen sensor connected to a handheld multi-parameter probe (Multi 

3620 IDS SET G, Xylem Analytics, Germany). Two control jars without corals were included in 

each incubation run so that biological activity in the seawater could be corrected for. Net 

photosynthesis and respiration were corrected for by measuring the change in oxygen in the 
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control jars, and were normalised according to incubation volume, coral surface area and 

incubation duration. Gross photosynthesis was then calculated as the sum of net photosynthesis 

and respiration. 

2.3.6.3 Tissue composition 

The total content of carbohydrates, lipids and proteins of the holobiont was measured to assess its 

tissue composition. Coral fragments were collected at the end of the six-week MP exposure 

period, flash frozen immediately in liquid nitrogen, and stored at -80 °C. The tissue was then 

removed from the skeleton by spraying it off with an airbrush containing 20 ml of filtered 

seawater from the system. The tissue samples were freeze-dried and stored at room temperature 

until analysis.The total content of carbohydrates, lipids, and proteins was determined following 

the protocol of (Tignat-Perrier et al., 2022). The total carbohydrate content was extracted from 15 

mg of freeze-dried tissue by sonication (20 pulses) in 200 ml of cold 1x PBS at 4°C. The total 

content of carbohydrates was measured using the Total Carbohydrate assay kit (Sigma-Aldrich, 

USA). Kit standards were diluted in cold 1X PBS. The net absorbance values at 490 nm were 

read using a spectrofluorometer (Xenius, SAFAS, Monaco) and were compared with a standard 

curve made of known concentrations of d-glucose. To extract lipids, 10 mg of freeze-dried tissue 

was added to 1.5 mL of chloroform/methanol (2:1) in Pyrex tubes and incubated at room 

temperature for 20 min on an orbital shaker. The tubes were centrifuged at 1,000 g for 5 min to 

remove debris, and 1 mL of extract was subsequently evaporated in a dry bath at 90 °C. The total 

content of lipids was measured using a protocol based on the sulfo-phospho-vanillin reaction 

method (Barnes & Blackstock, 1973). The net absorbance values at 520 nm were read using a 

spectrofluorometer (Xenius, SAFAS, Monaco) and were compared with a standard curve made of 

known concentrations of cholesterol. The total content of proteins were extracted from 5 mg of 

freeze-dried tissue in 200 mL of 1 M sodium hydroxide and heated at 90 °C for 30 min. Total 

content of proteins was measured using the Pierce BCA Protein assay kit (Thermo Fisher 

Scientific, USA). The total content of carbohydrates, lipids, and proteins were expressed in µg per 

cm2 surface area. 

The total tissue energy content was calculated by adding together the amounts of carbohydrates, 

lipids and proteins, and taking into account the difference in energy content between these groups. 

For each of the compound groups energy assessments (specific combustion enthalpies: -23.9, 

-39.5, and -17.5 J mg-1, respectively) have been made by (Gnaiger & Bitterlich, 1984). The final 

value was determined by summing the specific enthalpy of combustion (kJ g-1) for carbohydrate, 

lipid, and protein biomass (Schoepf et al., 2015). The data on tissue composition was only 

available for P. verrucosa because of technical constraints. 
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2.3.6.4 Assessment of bleaching susceptibility 

In order to evaluate the impact of the feeding regimen on the susceptibility of corals to bleaching 

under MP pollution, the coral fragments were subjected to a short-term heat stress assay 

following a six-week exposure to MPs. For this, the temperature in all experimental tanks was 

increased from ambient (26 °C) to 35 °C in 3 h, held at 35 °C for 3 h, and then returned to 

ambient within 2 h, following the CBASS design (Voolstra et al., 2020). We took standardised 

pictures of the fragments at the end of the heat phase to measure tissue brightness as a bleaching 

proxy.  To achieve this, we photographed each fragment 18 hours after heat stress using a digital 

SLR camera (Nikon D7000, Nikon, Germany) in an evenly illuminated macrophoto studio (80 x 

80 x 80 cm, Life of Photo, Germany). The images were edited in Adobe Photoshop CC 2019 

software, where the coral was cropped and the background of each fragment removed. Pictures of 

the fragments were then analyzed in Python (Reichert et al., 2021), generating color histograms of 

tissue brightness (red, blue, green, and gray channels). Coral tissue brightness, i.e., bleaching 

severity was calculated as means from the histograms for the gray channel on a scale of 0-255, in 

which 0 corresponds to black and 255 corresponds to white. 

2.3.7 Statistical analyses 

Statistical analyses were conducted in R (R version 4.2.2, R Core Team, 2022) using the 

graphical user interface ‘RStudio’ (Version 2022.12.0+353, RStudio Inc., USA). For coral 

growth, we converted the values from buoyant weight to actual weight using the seacarb 

package (Gattuso et al., 2021), and the values were standardized to the surface area of the coral. 

To test the effects of different MPs and feeding regimes on coral physiology, we used linear 

mixed-effects models with treatment (three levels: Control, MP, and MP+HF) as fixed factor 

and coral colony as random factor. Individual models were constructed for each response 

variable and species. The models were fitted using the lme4 package (Bates et al., 2015) and 

residual distributions were tested for normality and heteroscedasticity. If necessary, data were 

log-transformed to ensure that test assumptions were met. Models were analyzed using a post 

hoc test from the ‘multcomp’ package (Hothorn et al. 2020) with Tukey comparison with ‘holm’ 

adjustment for multiple testing using. All results were visualized using ‘ggplot’ in R with the 

packages ‘ggplot2’ (Wickham, 2016). 
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3 Results 

3.1 Evaluating the effect of different feeding trials on coral physiology 

The following sections (3.1.1–3.1.3) are based on a preprint publication López et al., (2025). For 

the purposes of this dissertation, the text and figures have been revised and adapted; however, 

some similarities with the original version may remain. 

3.1.1 Effects of food types on the physiology of symbiotic corals  
The growth of symbiotic corals was unaffected by the different food types in G. fascicularis and 

P. lobata (Fig. 10, Tab. S2, S4). S. pistillata showed a marked increase in both volume and 

surface growth with increasing food complexity. The highest growth rates were achieved through 

the use of high-complexity feed (Fig. 10F, I, Tab. S6). Respiration rates of all species were 

comparable (range 10-30 µg O2 cm-2 h-1) and unaffected by food types (Fig. 10J-L, Tab. S3, S5, 

S7). Similarly to coral growth, the photosynthetic rate of S. pistillata was approximately double 

that of G. fascicularis and P. lobata. 

3.1.2 Effects of food types on the physiology of bleached corals 

The calcification and tissue growth rates, as well as the volume, were all approximately two-fold 

higher in bleached S. pistillata as in G. fascicularis and P. lobata (Fig. 11; Tab. S8-10). In S. 

pistillata, growth variables in the high complexity feeding trial were two- to three-fold increased 

compared to the other food types, and all bleached fragments in the thawed plankton treatment 

died (Fig. 11C, F, I, Tab. S10). Although no mortality was recorded in P. lobata, its growth 

patterns were largely similar to those of S. pistillata in terms of both volume and surface area. 

The medium-complexity feed performed better than the simpler feeds (Fig. 11E, H). A similar 

trend, although not significant, was observed for G. fascicularis. Respiration rates of all bleached 

species were comparable (range 5-20 µg O2 cm-2 h-1) and unaffected by food types (Fig. 11, Tab. 

S11). 
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Fig. 10. Growth and photosynthesis rates of the symbiotic stony corals Galaxea fascicularis, 

Porites lobata, and Stylophora pistillata fed with different food treatments over 18 weeks. The 

differences between food options in calcification growth (A-C), volume growth (D-F), surface 

area growth (G-I), respiration (J-L), net photosynthesis (M-O), and gross photosynthesis (P-R) are 

shown as boxplots. Groups with different letters are significantly different based on linear 

mixed-effects models (p < 0.05).  Figure taken from: López et al., (2025). 
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Fig. 11. Growth and respiration of the menthol-bleached stony corals Galaxea fascicularis, 

Porites lobata, and Stylophora pistillata fed with different food treatments over 18 weeks. The 

differences between food treatments in calcification (A-C), volume growth (D-F), surface area 

growth (G-I), and respiration rates (J-L) are shown as boxplots. Groups with different letters are 

significantly different based on linear mixed-effects models (p < 0.05).  Figure taken from: López 

et al., (2025). 
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3.1.3 Effect of food types on heterotrophic compensation 

Across all species, the metabolic rates of symbiotic fragments were consistently higher than those 

of their bleached clones (Fig. 12, Tab. S12-S17). The food treatments had no discernible impact 

on the differences between the bleached and symbiotic fragments of any species. The differences 

were smallest in G. fascicularis, where the growth and respiration of bleached fragments 

resembled those of symbiotic fragments across all food treatments, except in a few cases (Fig. 

12A, G, M, S). In P. lobata, the growth and respiration rates of symbiotic corals were 

significantly higher than those of bleached corals for most food treatments (Fig. 12H, T). 

Significant differences were also observed in calcification and surface growth rates for some food 

treatments, despite their smaller size (Fig. 9B, N). In S. pistillata, the difference in growth 

between symbiotic and bleached fragments was approximately twice as large as in the other 

species. Symbiotic corals grew significantly more than bleached fragments in all food treatments 

(Fig. 12C, I, O). There was a trend showing that the differences between symbiotic and bleached 

S. pistillata were most apparent in the dissolved food treatment, and that these differences 

decreased with increasing food complexity. Although not significant, this trend is noteworthy 

(Tab. S18-S20). The respiration rates were similar across species, and also between symbiotic and 

bleached S. pistillata, regardless of the food treatment (Fig. 12U). 
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Fig. 12. Growth rates and respiration of the symbiotic and bleached stony corals Galaxea 

fascicularis, Porites lobata, and Stylophora pistillata fed with five food treatments over 18 

weeks. The differences between symbiotic and bleached corals in calcification (A-C), volume 

growth (G-I), surface area growth (M-O), and respiration rates (S-U) are shown as boxplots, and 

the magnitude of these differences between symbiotic and bleached fragments in calcification 

(D-F), volume growth (J-L), surface area growth (P-R), and respiration rates (V-X) are shown as 

Hedges’ g effect sizes. Bleached S. pistillata fragments fed with thawed plankton died during the 

experiment. Significance codes used are defined as: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*).  

Figure taken from: López et al., (2025). 
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3.2  Assessment of heterotrophic feeding of bleached coral in situ 

3.2.1 δ13C and δ15N isotopic signature of source amino acids  

The δ¹³C and δ¹⁵N isotope signature of source amino acids in C. echinata and P. verrucosa were 

modulated by bleaching, though the extent of this effect depended on the coral species (Fig. 13, 

Tab. S21). Additionally, isotope signatures were significantly different between host fractions, 

however, these differences were primarily driven by the type of amino acid (Fig. 13, linear 

mixed-effects models, Tab. S22-23). Overall, Asparagyne (ASP), Glycine (GLY), and lysine 

(LYS) were enriched in all host fractions compared to Methionine (MET) and Phenylananine 

(PHE) in both species.  

δ¹³CASP isotope signature ranged from approx. −6.1 to −7.5‰ in C. echinata and from −6.7 to 

−12.3‰ in P. verrucosa. An Enriched signature was observed in symbionts compared to 

bleached and symbiotic tissue (both p < 0.001), though this trend was only significant in P. 

verrucosa. δ¹⁵N isotope signature ranged from approx. 5.0 to 8.0‰ in C. echinata and from 1.0 

to 4.2‰ in P. verrucosa. An enrichment signature was observed in bleached corals, followed by 

symbiotic tissue and symbionts in both species (p < 0.001).  

δ¹³CGLY isotope signature ranged from approx. −8.3 to −9.4‰ in C. echinata and from −0.8 to 

−10.0‰ in P. verrucosa. No significant differences were observed between host fractions in C. 

echinata. However, in P. verrucosa, an enriched signature was observed in bleached corals 

compared to symbiotic tissue and symbionts (both p < 0.001). δ¹⁵N isotope signature ranged 

from approx. 1.5 to 1.6‰ in C. echinata and from −2.6 to 0.4‰ in P. verrucosa. While no 

significant differences were observed between host fractions in C. echinata, in P. verrucosa, an 

enriched signature was observed in symbiotic corals, followed by symbionts and bleached corals 

( p < 0.01, p < 0.001). 

δ¹³CLYS isotope signature ranged from approx. −8.3 to −8.6‰ in C. echinata and from −10.5 to 

−11.5‰ in P. verrucosa, with no significant differences between host fractions. δ¹⁵N isotope 

signature ranged from approx. 1.5 to 2.7‰ in C. echinata and from 1.0 to 2.8‰ in P. verrucosa. 

An enriched signature was observed in bleached corals compared to symbionts (p < 0.001). 

However, this trend was only significant in P. verrucosa. 

δ¹³CMET isotope signature ranged from approx. −15.1 to −18.7‰ in C. echinata and from −13.2 to 

−24.1‰ in P. verrucosa. An enriched signature was observed in symbionts, followed by 

symbiotic tissue and bleached corals in both species (C. echinata: p < 0.001 and p < 0.01, P. 

verrucosa: both p < 0.001). δ¹⁵N isotope signature ranged from approx. 1.0 to 2.2‰ in C. 

echinata and from 2.2 to 6.1‰ in P. verrucosa. No significant differences were observed between 
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host fractions in C. echinata. However, in P. verrucosa, enriched signature was observed in 

bleached corals compared to symbiotic tissue and symbionts (both p < 0.001). 

δ¹³CPHE isotope signature ranged from approx. −18.8 to −20.0‰ in C. echinata and had a more 

marine signature in P. verrucosa with values ranging from −19.4 to −22.3‰. An enriched 

signature was observed in symbionts compared to both symbiotic and bleached tissues in both 

species (C. echinata: both p < 0.01, P. verrucosa both p < 0.001), which were not significantly 

different from each other (C. echinata: p < 0.98, P. verrucosa: p < 0.5). δ15N isotope signatures 

were stable between tissue and symbiont compartments in C. echinata ranging between approx. 

-0.3 and 0.5‰. In P. verrucosa the signature was enriched (2.2- 4.2‰) and bleached tissues had 

an enriched signature than symbiotic tissues and the symbionts (both p < 0.001), but no 

differences were observed between symbiotic tissues corals and symbionts. 

 

 

Fig. 13. δ13C and δ15N isotope values of five source amino acids of host tissue and symbionts of 

the bleached and symbiotic corals Ctenactis echinata (white) and Pocillopora verrucosa (grey): 

Asparagine, Glycine, Lysine, Methionine and Phenylananine. (AB) δ13C isotope values (CD) δ15N 

isotope values. Significance codes used are defined as p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), 

p > 0.05 (ns = not significant). 
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3.2.2 δ13C and δ15N isotopic signature of trophic amino acids  
Similar to the source amino acids, δ¹³C and δ¹⁵N isotopic signature of trophic amino acids in C. 

echinata and P. verrucosa were also modulated by bleaching (Fig. 14, Tab. S24-25). However 

here, the effect was more evident in the enrichment of δ¹⁵N across all amino acids;  alanine 

(ALA), glutamic acid (GLU), isoleucine (ISO), proline (PRO) and valine (VAL). More δ¹⁵N 

enrichment signatures were observed in bleached corals, followed by symbiotic tissue, and 

symbionts in both species (p < 0.001).  

 

δ¹³CALA isotope signature ranged from approx. −12.9 to −14.3‰ in C. echinata and from −12.4 to 

−12.7‰ in P. verrucosa. An enrichment signature was observed in symbionts compared to 

bleached and symbiotic tissue in C. echinata (p < 0.02 and p < 0.01 ). No significant differences 

were observed between host fractions in P. verrucosa. δ¹⁵N isotope values ranged from approx. 

3.4 to 7.8‰ in C. echinata and from 2.6 to 12.6‰ in P. verrucosa.  

δ¹³CGLU isotope signature ranged from approx. −9.7 to −11.2‰ in C. echinata and from −12.3 to 

−13.6‰ in P. verrucosa. An enrichment signature was observed in symbionts compared to 

bleached corals in C. echinata (p < 0.02). A similar pattern was observed in P. verrucosa (p < 

0.004). δ¹⁵N isotope values ranged from approx. 3.4 to 7.8‰ in C. echinata and from 2.6 to 

12.6‰ in P. verrucosa.  

δ¹³CISO isotope signature ranged from approx. −9.9 to −10.2‰ in C. echinata and from −13.2 to 

−14.5‰ in P. verrucosa. No significant differences were observed between the groups in C. 

echinata while in P. verrucosa, an enrichment signature was observed in both bleached tissue and 

symbionts compared to the symbiotic tissue (p < 0.002 and p < 0.0001). δ¹⁵N isotope values 

ranged from approx. 4.9 to 8.9‰ in C. echinata and from 2.9 to 14.4‰ in P. verrucosa.  

δ¹³CPRO isotope signature ranged from approx. −5.7 to −6.0‰ in C. echinata and from −7.0 to 

−8.3‰ in P. verrucosa. No significant differences were observed between the groups in C. 

echinata while in P. verrucosa, an enrichment signature was observed in symbionts rather than 

symbiotic and bleached tissue (both p < 0.001). δ¹⁵N isotope values ranged from approx. 4.3 to 

7.9‰ in C. echinata and from 3.5 to 11.9‰ in P. verrucosa. 

δ¹³CVAL isotope signature ranged from approx. −20.4 to −20.7‰ in C. echinata and from −21.6 to 

−22.4‰ in P. verrucosa. No significant differences between host fractions were observed in the 

species. δ¹⁵N isotope values ranged from approx. 7.4 to 10.1‰ in C. echinata and from 4.6 to 

15.3‰ in P. verrucosa. 
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Fig.14. δ13C and δ15N isotope values of five trophic amino acids of host tissue and symbionts of 

symbiotic and bleached corals of Ctenactis echinata (white) and Pocillopora verrucosa (grey). 

Alanine, glutamic acid, Isoleucine, Proline and Valine. (AB) δ13C isotope values (CD) δ15N 

isotope values.  Significance codes used are defined as p < 0.001 (***), p < 0.01 (**), p < 0.05 

(*), p > 0.05 (ns = not significant). 

3.2.3 Trophic position based on the host tissue and symbionts of bleached and symbiotic 

corals 

The calculated trophic position (TPGlu-Phe) was not significantly different between host fractions in 

both species, although the highest values were observed in bleached corals of P. verrucosa  (Fig. 

15, linear mixed-effects, Tab. S26-27). C. echinata showed (TPGlu-Phe) values ranged from approx. 

1.3 to 1.4,  while P. verrucosa showed values ranged from approx. 1.0 to 1.5.  
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Fig. 15. Calculated trophic position (TPGlu-Phe) from two amino acids (glutamic acid and 

phenylalanine) of the host tissue and symbionts of bleached and symbiotic Ctenactis echinata and 

Pocillopora verrucosa. 

3.3  Evaluating interactive effect of heterotrophic feeding, microplastics and heat  
The following sections (3.3.1–3.3.4) are based on the publication López et al., (2025). For the 

purposes of this dissertation, the text and figures have been revised and adapted; however, some 

similarities with the original version may remain. 

3.3.1 Effects of MPs and feeding on coral growth 

Exposure to MPs did not affect coral growth when measured as changes in surface area, volume 

or calcification (Fig. 16a-c, linear mixed-effects models, p > 0.05, Tab. S28). Additionally, the 

feeding regime had no effect on coral growth when exposed to MPs. During the six-week 

experiment, all corals grew, no regard to the assigned treatment. 
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Fig. 16. Growth rates (surface area growth, volume growth, and calcification) of P. verrucosa and 

S. pistillata exposed to MPs and two different feeding regimens over six weeks. Control, MP = 

microplastic, MP+HF = microplastic and high feeding. Figure taken from: López et al., (2025). 

3.3.2 Effects of MPs and feeding on photophysiology 

The feeding regime and exposure to MPs had different effects on photosynthetic performance 

(Fig. 17a-c, linear mixed-effects models, Tab. S29). Compared to the control and the MP+HF 

treatment, the MP treatment increased photosynthetic and respiration rates in P. verrucosa. 

Specifically, net photosynthesis was significantly higher in the MP treatment than in the control 

and MP+HF treatment (p < 0.001), which did not differ significantly from each other (Fig. 17a).  

Respiration was significantly higher in the MP treatment than in the MP+HF treatment (p < 0.01), 

which were both similar to the control. Gross photosynthesis was also significantly higher in the 

MP treatment than in the control and MP+HF treatment (both p < 0.001), and significantly lower 

in the MP+HF treatment than in the control treatment (p < 0.003). The effective quantum yield 

was similar between treatments (Fig. 17d). Maximum quantum yield was significantly lower (Fig. 

17e) in the MP treatment than in the control treatment (p < 0.01), which were both similar to the 

MP+HF treatment.  
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The impact of MP and feeding on S. pistillata was not the same as the impact on P. verrucosa 

(Fig. 17a-c). Net photosynthesis was significantly lower in the MP+HF treatment than in the MP 

treatment (linear mixed-effects model, p = 0.01), which did not differ significantly from the 

control treatment. Respiration was significantly lower in the MP+HF treatment than in the control 

and MP treatment (p < 0.001 and p = 0.001). Gross photosynthesis was also significantly lower in 

the MP+HF treatment than in the control and MP treatment (p = 0.01 and p < 0.001). 

Photosynthetic efficiency was affected less strongly by the feeding regime and the microplastic 

exposure than photosynthesis and respiration (Fig. 17d-e, linear mixed-effects models, Tab. S29). 

Effective quantum yield was similar in all treatments. Maximum quantum yield was significantly 

higher in the MP+HF treatment than in the control treatment (p = 0.03), which did not differ 

significantly from MP treatment. 
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Fig. 17. Photophysiology (net photosynthesis, respiration, gross photosynthesis, effective and 

maximum quantum yield) of P. verrucosa and S. pistillata exposed to MPs and two different 

feeding regimens over six weeks. Control, MP = microplastic, MP+HF = microplastic and high 

feeding. Groups with different letters are significantly different based on linear mixed-effects 

models (p < 0.05). Figure taken from: López et al., (2025). 

3.3.3 Effects of MPs and feeding on tissue composition 

MPs and feeding had significant effects on the tissue composition  of P. verrucosa (Fig. 18a-c, 

Tab. S30). The carbohydrate content of the holobiont tissue was significantly higher in the control 

treatment than in either of the MP treatments (linear mixed-effects model, p < 0.001 and p  < 
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0.01, Tab. S23), which were not significantly different from each other. Lipid and protein content 

was significantly higher in the control treatment compared to the MP treatment (both p < 0.05), 

but not the MP+HF treatment, which had intermediate values (Fig. 18b-d). Overall, corals in the 

control treatment maintained higher tissue energy content than those exposed to the MP treatment 

for six weeks (p < 0.05), while tissue energy content in the MP+HF treatment was intermediate 

and not significantly different from the other treatments.  

 

Fig. 18. Tissue composition (carbohydrates, lipids, proteins, and total tissue energy content) of P. 

verrucosa exposed to MPs and two different feeding regimens for six weeks. Control, MP = 

microplastic, MP+HF = microplastic and high feeding. Groups with different letters are 

significantly different based on linear mixed-effects models (p < 0.05). Figure taken from: López 

et al., (2025). 

3.3.4 Effects of MPs and feeding on coral bleaching susceptibility 

The three treatments all resulted in severe bleaching of all corals after the heat stress (Fig. 19). P. 

verrucosa in the MP treatment bleached significantly less than in the control treatment and in the 
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MP+HF treatment (linear mixed-effects model, p < 0.05, p < 0.01, Tab. S31). The trend in S. 

pistillata was similar, but no significant differences were detected between treatments. 
 

 

Fig. 19. a) Bleaching intensity of P. verrucosa and S. pistillata exposed to MPs and two different 

feeding regimes over six weeks followed by a short-term heat stress. A value of 0 corresponds to 

black and 255 corresponds to white. Control, MP = microplastic, MP+HF = microplastic and high 

feeding. Groups with different letters are significantly different based on linear mixed-effects 

models (p < 0.05). b) Example of bleaching severity of P. verrucosa (colony B) and S. pistillata 

(colony C) compared at the start of the six-week experiment and after short-term heat stress. 

Figure taken from: López et al., (2025). 
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4 Discussion  

4.1 Summary of findings 

Heterotrophic feeding is widely recognized as a critical mechanism that supports coral survival 

under environmental stress, particularly in the face of ocean warming (Grottoli et al., 2006; 

Houlbrèque & Ferrier-Pagès, 2009; Hughes & Grottoli, 2013). This doctoral thesis investigates 

the role of heterotrophy in enhancing coral tolerance to heat stress and to an emerging local 

stressor, MPs pollution. Through two controlled laboratory experiments, and a complementary 

field data analysis, this study provides new insights into how heterotrophic feeding shapes coral 

performance when exposed to heat stress and MPs pollution, assessed both as isolated stressors 

and in combination. These findings, published in two peer-reviewed articles with a third 

manuscript in preparation, advance our understanding of coral trophic plasticity in a 

multi-stressor context. By integrating controlled experiments with field-based observations, this 

work offers a holistic perspective on the ecological significance of heterotrophy in corals in a 

rapidly changing ocean. 

In the first study, I examined the physiological responses of both symbiotic and bleached corals 

to different food types and evaluated the extent to which these diets could offset the loss of 

photosynthetically derived energy during bleaching. The results indicate that complex diets can 

bolster the growth of Galaxea fascicularis, Porites lobata and Stylophora pistillata, although 

this effect varies by species under non-stressful conditions. The lower metabolic rates observed 

in bleached fragments compared to their healthy counterparts are consistent with expectations, 

as the absence of symbionts reduces their contribution to host metabolism. However, the 

magnitude of the differences between bleached and symbiotic fragments varied among species, 

with differences being smallest in G. fascicularis, followed by P. lobata and S. pistillata. This 

pattern likely reflects intrinsic traits such as baseline productivity, heterotrophic capacity, and 

plasticity in feeding strategies. Together, these results provide new evidence that dietary 

complexity can enhance the benefits of heterotrophic feeding in bleached corals, highlighting 

the pivotal role of nutrition in promoting coral resilience. 

To provide a broader ecological perspective, the second study examined coral nutritional 

strategies during a natural bleaching event using in situ observations. This represents the first in 

situ evaluation of heterotrophic strategies in bleached corals through compound-specific stable 

isotope analysis of amino acids (CSIA-AAs). Results showed that, δ¹⁵N values of both source and 

trophic amino acids were modulated by bleaching, with clear species-specific patterns. Consistent 

δ¹⁵N enrichment in trophic amino acids among bleached corals indicated metabolic stress and 

changes in nitrogen processing pathways. Trophic position estimates confirmed the mixotrophic 

nature of Ctenactis echinata, while Pocillophora verrucosa, assumed to be primarily autotrophic 
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(Ziegler et al., 2014), exhibited higher-than-expected heterotrophic plasticity. As the frequency 

and severity of mass bleaching events continue to rise, understanding the nutritional mechanisms 

that underpin species-specific resilience in natural environments, is critical for forecasting coral 

survival. 

Building on the finding that food complexity supports the physiology of bleached corals, and 

considering that contemporary coral reef ecosystems face the threat of multiple stressors, the third 

study was designed to investigate how food availability interacts with MPs pollution and heat 

stress. Specifically, I investigated the physiological responses of corals exposed to MPs under two 

feeding regimes; twice-weekly and daily. After a short-term heat stress event, I further assessed 

how MPs and food availability influenced coral susceptibility to bleaching. Results revealed that 

in Pocillopora verrucosa, MPs exposure significantly reduced tissue energy reserves, despite 

increasing photosynthesis and respiration rates. However, high food availability partially 

mitigated the energy loss induced by MPs while maintaining photosynthesis and respiration levels 

comparable to controls. In Stylophora pistillata, MPs exposure alone did not cause measurable 

effects; however, in combination with high feeding, photosynthetic rates dropped below those of 

the control. Both results demonstrate that coral responses to MPs exposure are differentially 

modulated by food availability. Both results are consistent with recent findings by (Reichert et al., 

2024), who identified P. verrucosa as a species highly susceptible to MPs, while S. pistillata 

occupies a more intermediate position. Under short-term heat stress, all corals bleached severely, 

but bleaching was consistently lower in the treatment exposed to MPs and only twice week 

feeding in both species, supporting the previouss finding that MPs pollution disrupt 

heterotrophy-mediated thermal resilience in corals (Reichert et al., 2021). These findings 

underscore the complex nature of coral responses to interacting stressors, with food availability 

and MPs exposure jointly shaping the outcome of subsequent heat stress. As MPs continue to 

accumulate in a rapidly warming ocean, further investigation into the interplay between feeding 

and multi-stressor dynamics is essential for predicting coral resilience. 

Together, these three studies converge on the shared goal of elucidating the role of heterotrophic 

feeding in coral tolerance to ocean warming and MPs pollution. The findings show that complex 

diets can enhance the benefits of heterotrophy in bleached corals. Additionally, in situ bleaching 

was associated with δ¹⁵N enrichment in both source and trophic amino acids, suggesting shifts in 

nitrogen acquisition and processing under stress. Finally, food availability was found to mitigate 

the physiological costs of MPs exposure; however, MPs may also disrupt the relationship between 

energy balance and thermal resilience. 
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4.2 Complex diets provide consistent support during coral bleaching 

Regardless of symbiotic state and food treatment, photosynthesis and respiration rates remained 

stable in all species. While earlier studies reported that heterotrophic feeding and food availability 

enhance photosynthetic and respiration rates (Borell et al., 2008; Dobson et al., 2021; 

Ferrier-Pagès et al., 2010; Hoogenboom et al., 2010a; Houlbrèque & Ferrier-Pagès, 2009), our 

analysis provide evidence that diets with different complexity and nutritional value, do not 

directly affect these variables. This might be explained by the comparably low light levels used 

during the experiment, which may have limited the capacity to extend autotrophic pathways. 

Growth rates observed in both symbiotic and bleached corals provide compelling evidence that 

the benefits of nutritionally enriched diets are tangible across coral species, even when such 

benefits are not apparent under non-stressful conditions. Galaxea fascicularis, a species known 

for its high heterotrophic capacity due to its large polyps (Wijgerde et al., 2011), and Porites 

lobata, which also maintains a high basal feeding rate (Palardy et al., 2008), did not exhibit 

differential growth under symbiotic conditions when exposed to different diets. However, under 

bleaching conditions, both species increased growth in response to more complex feeds, with the 

trend reaching statistical significance only in P. lobata. This pattern was also observed in 

Stylophora pistillata, a species characterized by a mixotrophic tendency (Martinez et al., 2024), 

but unlike with the two previous species, S. pistillata exhibited increased growth with more 

complex feeds under both symbiotic and bleached conditions. This finding aligns with previous 

work showing higher growth in symbiotic Goniopora columna fed with a complex mixture of 

ingredients compared to corals fed only with yeast and microalgae (Ding et al., 2021). The 

analysis suggests that the synergistic effect of combining diverse dietary components provides the 

necessary nutrient input to support accelerated growth. These complex diets have in fact been 

used in laboratory experiments to induce spawning, a period during which the nutritional 

demands of corals are particularly high (Craggs et al., 2017). While in our results, this effect of 

complex diets appears species-specific under non-stressful conditions, it is consistently observed 

across species during bleaching. 

Heterotrophic feeding is well known to support the survival and growth of bleached corals 

(Grottoli et al., 2006; Hughes & Grottoli, 2013; Rodrigues & Grottoli, 2007). The analysis 

presented here builds on this understanding by providing new evidence that, when provided with 

a more complex mixture diet, corals can further enhance the benefits of heterotrophy by boosting 

growth beyond the levels observed with less complex food sources. Due to its high energetic 

demands, growth is one of the physiological processes most impacted by stress (Cohen & 

Holcomb, 2009; Dobson et al., 2021; Grottoli et al., 2017; Schoepf et al., 2015). These findings 

suggest that nutrient-rich, multi-ingredient diets can play a key role in supporting this process. 
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While all food components used in our feeding trials are generally recognized as beneficial for the 

growth of aquarium-reared marine organisms, including corals, the specific mixture used in the 

high-complexity feeding trial was tested here for the first time. This results opens new avenues 

for research into the use of tailored nutrient blends in coral restoration, aquaculture, and field 

supplementation protocols aimed at enhancing the resilience of bleached corals. 

4.3 Connection between heterotrophic compensation and  baseline productivity of corals 

As Chapter 4.2 showed that the physiology of all bleached corals benefited from diet complexity, 

I proposed that diverse food mixtures could help offset the loss of autotrophic input. However, the 

coral species differed in response magnitude to the food treatments, which points to underlying 

biological factors such as the inherent productivity levels, heterotrophic capacity (i.e., the ability 

to acquire and assimilate nutrients heterotrophically), and heterotrophic plasticity (i.e., the ability 

to modulate trophic strategies in response to environmental change). G. fascicularis, the species 

with the lowest baseline productivity, exhibited the smallest physiological differences between 

bleached and symbiotic states, with comparable growth and respiration rates. This may be due to 

its relatively high nutrient assimilation rates even under bleaching stress, indicating that all food 

treatments may have been sufficient to meet its reduced energy demands and partially offset the 

loss of autotrophic input. Galaxea fascicularis is a fast-feeding coral that requires large quantities 

of Artemia to reach satiation (Osinga et al., 2012; Tagliafico et al., 2018). More recently, Saper et 

al., (2023) reported a capture rate of 75 ind. polyp−1 h−1, without observing any signs of satiation. 

In contrast, P. lobata, a species with intermediate baseline productivity, showed more pronounced 

differences between symbiotic and bleached states. This species exhibits a high basal feeding rate 

and is capable of meeting 40–50% of its metabolic demand through heterotrophy, regardless of its 

symbiotic condition (Palardy et al., 2008). Previous studies have demonstrated that between 5 and 

11 months after experimentally induced bleaching, Porites lobata can recover key physiological 

parameters, such as chlorophyll content and calcification rates, to levels comparable to 

non-bleached controls (Levas et al., 2013). It is possible that the 18-week (4.5 months) duration 

of our study may not have been sufficient to allow full physiological recovery to control levels in 

P. lobata. Yet, overall the pattern we observed is in agreement with previous findings. S. 

pistillata, the most productive species, displayed the greatest differences between symbiotic and 

bleached corals. This could be attributed to its reduced capacity to assimilate heterotrophic 

nutrients under thermal stress (Ferrier-Pagès et al., 2010; Grottoli et al., 2017; Martinez et al., 

2024; Tremblay et al., 2012), limited heterotrophic plasticity (Alamaru et al., 2009), and/or the 

use of a conservative strategy involving growth suppression to maintain energy reserves and 

tissue biomass (Grottoli et al., 2017). New strategies of heterotrophic supplementation are being 

explored to enhance coral stress tolerance, including the Underwater Zooplankton Enhancement 

Light Array (UZELA), a device designed to increase local zooplankton concentrations in situ 
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(Grottoli et al., 2025). The results presented here, indicate that not all species will benefit from 

such interventions. 

4.4 Distinct heterotrophic strategies in corals during a bleaching event 

In this study, Compound-specific stable isotope analysis of amino acids (CSIA-AAs) was applied 

to investigate the heterotrophic strategies of Ctenactis echinata and Pocillopora verrucosa during 

an in situ bleaching event occurring across three localities in the Red Sea. The results showed that 

the δ¹³C and δ¹⁵N isotope signature of both source and trophic amino acids were modulated by 

bleaching, though the extent of this effect depended on the coral species. The most pronounced 

response was the enrichment of δ¹⁵N in all trophic amino acids, alanine (ALA), glutamic acid 

(GLU), isoleucine (ISO), proline (PRO) and valine (VAL). This pattern is consistent with a recent 

report by Martinez et al., (2024), which showed that the coral host of S. pistillata exposed to 

thermal stress, exhibited nitrogen enrichment in ten amino acids, including ALA, VAL and GLU, 

compared to the symbionts. This response suggests that the bleached host switched to relying on a 

different nitrogen source compared to the symbiotic tissue and symbionts, likely transitioning 

from an autotrophic to a heterotrophic source. Additionally, source amino acids such as 

Asparagyne (ASP), Glycine (GLY), and lysine (LYS) were enriched in all host fractions 

compared to Methionine (MET) and Phenylananine (PHE) in both species. The trophic position 

(TP) was 1.3 for the symbiotic host and symbionts, indicating a mixotrophic diet for C. echinata. 

In contrast, the symbiotic host and symbionts of P. verrucosa showed TP values of 1.2 and 1.0, 

respectively, indicating a trend towards autotrophy. Bleached corals from C. echinata showed a 

TP value of 1.4, indicating a mixotrophic diet, whereas P. verrucosa showed a TP value of 1.5, 

suggesting a possible shift towards heterotrophy. This result suggests a higher heterotrophic 

plasticity of P. verrucosa compared to C. echinata. 

Since δ¹³C and δ¹⁵N profiles act as isotopic “fingerprints” that trace nutrient sources (Martinez et 

al., 2022), comparison with previously published environmental data from the Red Sea (Kürten et 

al., 2014, 2016), allows us to approximate the potential origins of carbon and nitrogen acquired 

during bleaching. For example, the essential amino acid PHE, showed δ¹³C isotopic signature 

ranging in both species from –18 to –20 ‰ suggest a predominantly marine origin, likely derived 

from planktonic sources (values around –18  ‰  in the Read Sea, Kürten et al., 2014), for 

heterotrophic carbon acquisition. In contrast, the essential amino acids LYS, exhibited a higher 

δ¹³C isotopic signal, ranging from –8.3 to –11.5 ‰ in both species. This pattern indicates that 

symbiont-derived photosynthates are the primary carbon source for lysine synthesis across all 

coral compartments, regardless of symbiotic status. Similar to LYS, ASP and GLY also suggest a 

potential autotrophic source of carbon, regardless of compartment or symbiotic status, although 

this pattern was only observed in C. echinata. Methionine (MET), on the other hand, revealed that 
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bleached corals acquire carbon for its synthesis from more pelagic sources, showed δ¹³C isotopic 

signature around –20 ‰, whereas symbiotic compartments displayed a benthic-associated carbon 

signature, with δ¹³C isotopic signature  around –16 ‰. The consistent enrichment of  δ¹⁵N 

isotopic signature in all trophic amino acids of bleached corals compared with symbiotic tissue 

and symbionts, suggesting a shift in nitrogen assimilation, potentially from POM (values around 4  

‰  in the Read Sea, Kürten et al., 2014) toward planktonic prey (values around 8  ‰  in the Read 

Sea, Kürten et al., 2014). 

Coral bleaching disrupts the tightly coupled nutrient exchange between coral hosts and their 

Symbiodiniaceae symbionts, leading to measurable isotopic shifts (Martinez et al., 2024). During 

bleaching, the collapse of symbiosis reduces autotrophic nitrogen assimilation and 

photosynthetically fixed carbon supply, forcing corals to increase their reliance on heterotrophic 

feeding and catabolism of internal nitrogen reserves. Together, our findings suggest that Ctenactis 

echinata exhibits stable mixotrophy with moderate adjustments under stress, despite being 

considered a highly heterotrophic species (Pogoreutz et al., 2017), whereas Pocillophora 

verrucosa, although typically more autotrophic (Ziegler et al., 2014); shows higher heterotrophic 

plasticity when bleached. In conclusion, compound-specific isotope analysis of amino acids 

provides a sensitive framework to detect nutritional plasticity and resilience in corals facing 

thermal stress. Trophic amino acids serve as reliable indicators of metabolic stress, while source 

amino acids trace carbon origin, making CSIA-AAs a powerful tool to reconstruct bleaching 

trajectories and post-bleaching recovery strategies. 

4.5 High food availability modulates the effects of MPs exposure 

Considering that feeding significantly influences coral physiology, even under stressful 

conditions, and the fact that reef ecosystems are increasingly exposed to multiple co-occurring 

stressors alongside ocean warming, an analysis was conducted to examine the physiological 

effects of MPs pollution and food availability on corals. In both coral species studied, 

photosynthesis was modulated by MPs exposure. P. verrucosa exhibited an upregulation of 

photosynthesis and respiration under MPs exposure and twice-weekly feeding, consistent with 

previous studies suggesting a compensatory stress response (Lanctôt et al., 2020; Mendrik et al., 

2021; Reichert et al., 2019, 2021; Reichert et al., 2024). However, this response to MPs was 

mitigated under conditions of daily food availability, which might have buffered the stress 

response sufficiently to maintain stable photosynthetic rates. In contrast, S. pistillata did not show 

changes in photosynthetic performance due to MPs alone, but a down-regulation was observed 

when MPs exposure was combined with daily feeding. This contradicts the established 

assumption that heterotrophic feeding enhances photosynthesis (Houlbrèque & Ferrier-Pagès, 

2009) and suggests that MPs may interfere with the response of the symbionts to feeding in this 
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species. Additionally, P. verrucosa exhibited a marked reduction in tissue content of 

carbohydrates, lipids, and proteins as well as in total energy reserves under MPs exposure, 

indicating a depletion of energy reserves. This physiological response mirrors that observed under 

other environmental stressors such as thermal stress and ocean acidification (Rodrigues & 

Grottoli, 2007; Schoepf et al., 2013), and represents the first documented evidence linking MPs 

exposure to compromised tissue composition in P. verrucosa.  

Heterotrophic feeding plays a key role in coral resilience under stressful conditions. Under 

limited food availability, an increase in autotrophic energy acquisition proved insufficient to 

prevent tissue energy depletion. In contrast, daily feeding mitigated the negative effects of MPs 

exposure on tissue energy stores, highlighting the potential of consistent food supply in 

modulating MPs impacts on coral physiology. It has been suggested that MPs pollution interferes 

with the heterotrophic feeding of corals, as they are initially unable to distinguish MPs from 

natural food particles (Reichert, Tirpitz, Oponczewski, et al., 2024). In this study, daily food 

availability during MPs exposure seemed to be sufficient to cover the metabolic demands. While 

we did not investigate the processes of uptake of MPs or handling times of particles during our 

experiment, our results indicate that on an ecological basis, MPs do not seem to affect 

heterotrophic energy uptake, when enough food is available. These findings emphasise the 

importance of natural food sources (e.g., plankton and particulate organic matter) for the survival 

of coral reef ecosystems, and suggest that conservation strategies should aim to preserve and 

enhance the systems that support the food chain. In this study, Pocillopora verrucosa 

demonstrated greater susceptibility to MPs pollution compared to Stylophora pistillata, consistent 

with previous studies (Reichert et al., 2019, 2021) and with the predictive framework proposed by 

Reichert et al., (2024). This model identified P. verrucosa as the most vulnerable of six coral 

species, primarily due to its high MPs encounter rate and densely packed polyp morphology, 

whereas S. pistillata was classified as having intermediate susceptibility. 

4.6 Microplastics disrupt heterotrophy-mediated thermal resilience in corals 

Building on the observation that corals with higher food availability maintained enhanced energy 

reserves even during MPs exposure, an analysis was conducted to evaluate the connection 

between the physiological responses to MPs exposure and food availability with the coral’s 

susceptibility to bleaching. The results revealed that corals with a higher tissue energy content 

were most susceptible to heat stress and bleached more; this pattern was consistent across both 

the control (MPs-free) and the MPs-treated fragments. These findings challenge the 

well-established paradigm that enhanced heterotrophic nutrition, resulting in increased tissue 

stores of carbohydrates, lipids, and proteins, bolsters coral resilience to thermal stress and reduces 

bleaching susceptibility (Grottoli et al., 2006). Instead, the analysis is more closely aligned with 
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the report by Reichert et al., (2021), who observed reduced bleaching severity in Stylophora 

pistillata exposed to MPs compared to MPs-free controls under similar feeding regimes. 

Together, these observations suggest that MPs pollution may disrupt the connection between 

tissue energy reserves and thermal tolerance. 

Heterotrophic feeding is generally accepted to mitigate the effects of thermal stress on corals by 

reducing their reliance on autotrophic energy pathways (Grottoli et al., 2006; Hoogenboom et al., 

2010b). However, the present findings suggest that these buffering mechanisms may be 

compromised in the presence of MPs. Recently, Isa et al., (2024) demonstrated that under control 

temperature conditions, MPs addition led to a general down-regulation of stress related genes 

such as caspase-3 (cas3) and heat shock protein 70 (hsp70). In contrast, at elevated temperatures, 

MPs enrichment strongly up-regulated the expression of these same genes. This cellular response 

indicates that under heat stress, coral homeostasis is affected by MPs exposure. This effect may 

be directly linked to the observed disruption between high tissue energy reserves and thermal 

tolerance, whereby MPs interfere with the effective use of stored carbohydrates, lipids, and 

proteins. To clarify the underlying processes, future studies should include a daily-fed control 

group without MPs exposure to determine whether MPs directly affect cellular pathways involved 

in energy storage, metabolic regulation, or stress signaling. While MPs pollution represents a 

growing and complex threat to coral health, it is essential to interpret these findings within the 

broader context of climate change. Ultimately, ocean warming remains the most pervasive driver 

of coral reef decline, and understanding how emerging stressors like MPs interact with thermal 

stress is critical to predicting, and potentially mitigating future scenarios.  

4.7 Future perspectives: Expanding the understanding of heterotrophic feeding in coral 

resilience to ocean warming and microplastic pollution 

Heterotrophic feeding is a well-established key survival mechanism for corals undergoing 

bleaching (Grottoli et al., 2006; Hughes & Grottoli, 2013). However, the new insight that 

enriching coral diets with both particulate and dissolved food sources can further enhance the 

physiology of bleached corals, opens up an important and largely unexplored area of research. 

Incorporating a broader range of dietary components into restoration, aquaculture, or field-based 

supplementation protocols could significantly strengthen coral resilience to the increasing 

frequency and severity of mass bleaching events. Furthermore, the evidence that MPs pollution  

disrupts the link between tissue energy reserves and bleaching susceptibility highlights the urgent 

need to investigate how ocean warming interacts with local stressors (Solomon et al., 2025). 

Similar to MPs, other local stressors (e.g., nutrient input) may diminish the physiological benefits 

typically conferred by heterotrophic feeding, further reducing coral survival prospects under 

current and future climate scenarios (Harris, 2020). Understanding these complex interactions is 
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essential to refine conservation strategies and maximize the effectiveness of the applied 

interventions. 

Our discovery that the degree to which corals rely on heterotrophy for amino acid synthesis varies 

between species, underscores the importance of species-specific traits in mediating resilience. 

This interspecific variability not only highlights the complexity of coral nutritional ecology, but 

also emphasizes the need to integrate species-specific feeding strategies into management and 

restoration approaches. Coral trophic strategies are also variable across spatial and temporal 

gradients (Price et al., 2021; Sturaro et al., 2021; Wall et al., 2019). Trophic behavior can shift 

with depth (Carmignani et al., 2023; Maier et al., 2010), in response to changes in light 

availability and turbidity (Anthony & Connolly, 2004; Lesser et al., 2010), or along gradients of 

inorganic nutrient concentrations (Fox et al., 2018; Thibault et al., 2022). Crucially, not all corals 

rely on heterotrophy as a compensatory mechanism under environmental stress. For example, 

Solomon et al., (2025) demonstrated that Porites spp. maintained a primarily autotrophic diet 

even during the wet season, when environmental conditions were more extreme. In contrast, 

Siderastrea siderea and Siderastrea radians exhibited a pronounced shift towards heterotrophy 

under the same conditions. Similarly, Martinez et al., (2024) reported that Stylophora pistillata, 

despite reducing in food assimilation rates under thermal stress, the acquisition of amino acids by 

the coral host and symbionts still relies on heterotrophy. These findings suggest that coral 

tolerance to extreme environments is not exclusively dependent on increased heterotrophy, but 

rather on dynamic, species-specific adjustments in both diet and metabolic pathways. Together, 

these studies highlight the complexity and nuance of coral nutritional strategies under stress, 

challenging the notion of a simple binary shift from autotrophy to heterotrophy. 

Future investigations must evaluate species-specific dietary dynamics under interacting stressors, 

both global (e.g., ocean warming, acidification) and local (e.g., MPs pollution, eutrophication, 

turbidity), rather than assuming that a shift from autotrophy to heterotrophy is a universally 

beneficial response. A more refined understanding of trophic plasticity together with other 

mechanisms of resilience such as shifting symbiont community dynamics and energy reserve 

management, will be critical to predicting coral responses to multifactorial environmental change.  

4.8  Conclusions and outlook  
This thesis demonstrates the central role of heterotrophic feeding in modulating coral tolerance to 

the dual pressures of ocean warming and MPs pollution. While the nutritional benefits of 

heterotrophy vary across species, our findings show that access to diverse heterotrophic food 

sources can broadly support the physiological performance of bleached corals, regardless of their 

baseline productivity, heterotrophic capacity or plasticity. Importantly, we reveal that coral 
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responses to MPs exposure are strongly influenced by food availability. Although heterotrophic 

feeding modulated the impacts of MPs on photosymbiont performance and host-tissue 

composition, this buffering did not translate into reduced bleaching susceptibility. Furthermore, 

this thesis presents the first application of CSIA-AAs during an in situ bleaching event, 

uncovering species-specific heterotrophic strategies in bleached corals. Together, this novel 

insights highlights the complexity of coral nutritional ecology and underscores the importance of 

interspecific differences in determining resilience to environmental stress. 

As ocean warming and local stressors intensify, advancing our understanding of coral stress 

responses under complex, multifactorial conditions will be critical for the design of more 

effective conservation and management strategies. Addressing these dimensions of heterotrophic 

plasticity will also be essential for predicting future shifts in reef community composition and 

identifying the coral species most likely to persist in the near-future predicted global warming 

scenarios. 
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 Appendix 
 

 

6 Appendix 

 
Fig. S1. Types of microplastics used during the experiment. A: polystyrene (PS), B: polyvinyl 

chloride (PVC), C: polyethylene (PE), D: polyamide (PA), E: polyethylene terephthalate (PET), 

and F: polypropylene (PP). A, B, and C are fragments; D, E, and F are fibers.  
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Fig. S2. Total microplastic concentration during six weeks of exposure shown as smooth line 

plots. Average concentrations over the whole experimental period are displayed as boxplots. 

Control (yellow), MP = microplastic (light blue), MP+HF = microplastic and high feeding (dark 

blue).  
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Fig. S3. Microplastic concentrations of the different polymers used during the six-week 

experiment. a) polystyrene (PS), b) polyvinyl chloride (PVC), c) polyethylene (PE), d) 

polyamide (PA), e) polyethylene terephthalate (PET), and f) polypropylene (PP). Control 

(yellow), MP = microplastic (light blue), MP+HF = microplastic and high feeding (dark blue).
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Tab. S1. Literature reviewed (2006 – July 2025). Heterotrophic feeding (HF) in bleaching 

corals and MPs pollution. 
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N° Year HF+Heat HF+Heat+MPs Citation
1 2006 ✔  Grottoli et al., 2006

2 2008 ✔  Borell et al., 2008 
3 2008 ✔  Rodolfo-Metalpa et al., 2008 
4 2008 ✔  Palardy et al., 2008 
5 2008 ✔  Borell & Bischof, 2008 
6 2010 ✔  Ferrier-Pagès et al., 2010 
7 2010 ✔  Hughes et al., 2010 
8 2011 ✔  Tolosa et al., 2011 
9 2012 ✔  Connolly et al., 2012 
10 2012 ✔  Seemann et al., 2012 
11 2012 ✔  Tremblay et al., 2012 
12 2012 ✔  Hoogenboom et al., 2012 
13 2013 ✔  Hughes & Grottoli, 2013 
14 2013 ✔  Levas et al., 2013 
15 2016 ✔  Tremblay et al., 2016 
16 2016 ✔  Levy et al., 2016 
17 2016 ✔  Levas et al., 2016 
18 2016 ✔  Aichelman et al., 2016 
19 2017 ✔  Tagliafico et al., 2017 
20 2018 ✔  Krueger et al., 2018 
21 2018 ✔  Ferrier-Pagès et al., 2018 
22 2019  ✔ Axworthy & Padilla-Gamiño, 2019 
23 2019 ✔  Ezzat et al., 2019 
24 2020 ✔  Sangmanee et al., 2020 
25 2021 ✔  Huffmyer et al., 2021 
26 2024 ✔  Martinez et al., 2024 
27 2024 ✔  Hendrickson et al., 2024 
28 2025  ✔ López et al., 2025 
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 Appendix 
 

 
Tab. S2. Linear mixed effects model results of calcification, volume growth and surface area 

growth of symbiotic Galaxea fascicularis fed with different food treatments over 18 weeks. 

Standard error (st.error), statistics (stats.), and significance (sig.). Model specifications: model 

<- lmer(scale(variable) ~food + (1|genotype), data=data. Significance codes used are defined 

for p values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 

 

Variable/Food options std. error statistic p-value sig.  
Calcification 
Dissolved food - Thawed plankton 0.41 0.35 1.00 ns 
Low complexity - Thawed plankton 0.40 0.07 1.00 ns 
Medium complexity - Thawed plankton 0.40 0.12 1.00 ns 
High complexity  - Thawed plankton 0.42 1.20 0.75 ns 
Low complexity - Dissolved food 0.41 -0.29 1.00 ns 
Medium complexity - Dissolved food 0.41 -0.24 1.00 ns 
High complexity  - Dissolved food 0.43 0.84 0.92 ns 
Medium complexity - Low complexity 0.40 0.05 1.00 ns 
High complexity  - Low complexity 0.42 1.14 0.79 ns 
High complexity  - Medium complexity 0.42 1.09 0.81 ns 
Volume growth 
Dissolved food - Thawed plankton 0.50 0.17 1.00 ns 
Low complexity - Thawed plankton 0.47 1.79 0.38 ns 
Medium complexity - Thawed plankton 0.47 0.25 1.00 ns 
High complexity  - Thawed plankton 0.50 0.54 0.98 ns 
Low complexity - Dissolved food 0.50 1.50 0.56 ns 
Medium complexity - Dissolved food 0.50 0.06 1.00 ns 
High complexity  - Dissolved food 0.53 0.35 1.00 ns 
Medium complexity - Low complexity 0.47 -1.54 0.54 ns 
High complexity  - Low complexity 0.50 -1.13 0.79 ns 
High complexity  - Medium complexity 0.50 0.31 1.00 ns 
Surface area growth 
Dissolved food - Thawed plankton 0.50 -0.61 0.97 ns 
Low complexity - Thawed plankton 0.47 -0.04 1.00 ns 
Medium complexity - Thawed plankton 0.47 -0.68 0.96 ns 
High complexity  - Thawed plankton 0.51 0.94 0.88 ns 
Low complexity - Dissolved food 0.50 0.58 0.98 ns 
Medium complexity - Dissolved food 0.50 -0.03 1.00 ns 
High complexity  - Dissolved food 0.54 1.46 0.59 ns 
Medium complexity - Low complexity 0.47 -0.65 0.97 ns 
High complexity  - Low complexity 0.51 0.97 0.87 ns 
High complexity  - Medium complexity 0.51 1.57 0.51 ns 
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Tab. S3. Linear mixed effects model results of net photosynthesis, respiration, and gross 

photosynthesis of symbiotic Galaxea fascicularis fed with different food treatments over 18 

weeks. Standard error (st.error), statistics (stats.), significance (sig.). Model specifications: 

model <- lmer(scale(variable) ~food + (1|genotype), data=data. Significance codes used are 

defined as: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 

 

Variable/Food options std. error statistic p-value sig.  
Net photosynthesis 
Dissolved food - Thawed plankton 0.51 -0.24 1.00 ns 
Low complexity - Thawed plankton 0.51 -1.24 0.73 ns 
Medium complexity - Thawed plankton 0.50 -0.01 1.00 ns 
High complexity  - Thawed plankton 0.50 -0.77 0.94 ns 
Low complexity - Dissolved food 0.51 -0.99 0.86 ns 
Medium complexity - Dissolved food 0.50 0.24 1.00 ns 
High complexity  - Dissolved food 0.50 -0.52 0.99 ns 
Medium complexity - Low complexity 0.50 1.26 0.72 ns 
High complexity  - Low complexity 0.50 0.50 0.99 ns 
High complexity  - Medium complexity 0.48 -0.78 0.94 ns 
Respiration 
Dissolved food - Thawed plankton 0.48 -2.04 0.25 ns 
Low complexity - Thawed plankton 0.48 -0.89 0.90 ns 
Medium complexity - Thawed plankton 0.46 -1.16 0.78 ns 
High complexity  - Thawed plankton 0.47 -1.67 0.45 ns 
Low complexity - Dissolved food 0.49 1.12 0.80 ns 
Medium complexity - Dissolved food 0.48 0.92 0.89 ns 
High complexity  - Dissolved food 0.48 0.42 0.99 ns 
Medium complexity - Low complexity 0.48 -0.24 1.00 ns 
High complexity  - Low complexity 0.48 -0.73 0.95 ns 
High complexity  - Medium complexity 0.47 -0.51 0.99 ns 
Gross photosynthesis 
Dissolved food - Thawed plankton 0.53 -0.95 0.88 ns 
Low complexity - Thawed plankton 0.51 -1.20 0.75 ns 
Medium complexity - Thawed plankton 0.53 -0.37 1.00 ns 
High complexity  - Thawed plankton 0.51 -1.40 0.63 ns 
Low complexity - Dissolved food 0.53 -0.21 1.00 ns 
Medium complexity - Dissolved food 0.54 0.56 0.98 ns 
High complexity  - Dissolved food 0.53 -0.40 0.99 ns 
Medium complexity - Low complexity 0.53 0.79 0.93 ns 
High complexity  - Low complexity 0.51 -0.20 1.00 ns 
High complexity  - Medium complexity 0.53 -0.98 0.86 ns 
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Tab. S4. Linear mixed effects model results of calcification, volume growth and surface area 

growth of symbiotic Porites lobata fed with different food treatments over 18 weeks. Standard 

error (st.error), statistics (stats.), significance (sig.). Model specifications: model <- 

lmer(scale(variable) ~food + (1|genotype), data=data. Significance codes used are defined as: p 

< 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 

 

Variable/Food options std. error statistic p-value sig.  
Calcification 
Dissolved food - Thawed plankton 0.47 0.60 0.98 ns 
Low complexity - Thawed plankton 0.47 0.73 0.95 ns 
Medium complexity - Thawed 
plankton 

0.47 1.28 0.71 ns 

High complexity  - Thawed plankton 0.49 1.83 0.35 ns 
Low complexity - Dissolved food 0.47 0.13 1.00 ns 
Medium complexity - Dissolved food 0.47 0.68 0.96 ns 
High complexity  - Dissolved food 0.49 1.26 0.72 ns 
Medium complexity - Low complexity 0.47 0.55 0.98 ns 
High complexity  - Low complexity 0.49 1.13 0.79 ns 
High complexity  - Medium 
complexity 

0.49 0.59 0.98 ns 

Volume growth 
Dissolved food - Thawed plankton 0.43 -0.06 1.00 ns 
Low complexity - Thawed plankton 0.43 1.22 0.74 ns 
Medium complexity - Thawed 
plankton 

0.43 2.47 0.10 ns 

High complexity  - Thawed plankton 0.44 2.34 0.13 ns 
Low complexity - Dissolved food 0.43 1.28 0.71 ns 
Medium complexity - Dissolved food 0.43 2.53 0.08 ns 
High complexity  - Dissolved food 0.44 2.40 0.12 ns 
Medium complexity - Low complexity 0.43 1.25 0.72 ns 
High complexity  - Low complexity 0.44 1.16 0.77 ns 
High complexity  - Medium 
complexity 

0.44 -0.05 1.00 ns 

Surface area growth 
Dissolved food - Thawed plankton 0.41 -0.06 1.00 ns 
Low complexity - Thawed plankton 0.41 1.72 0.42 ns 
Medium complexity - Thawed 
plankton 

0.41 2.46 0.10 ns 

High complexity  - Thawed plankton 0.42 2.03 0.25 ns 
Low complexity - Dissolved food 0.41 1.79 0.38 ns 
Medium complexity - Dissolved food 0.41 2.52 0.09 ns 
High complexity  - Dissolved food 0.42 2.09 0.22 ns 
Medium complexity - Low complexity 0.41 0.74 0.95 ns 
High complexity  - Low complexity 0.42 0.36 1.00 ns 
High complexity  - Medium 
complexity 

0.42 -0.35 1.00 ns 
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Tab. S5. Linear mixed effects model results of net photosynthesis, respiration, and gross 

photosynthesis of symbiotic Porites lobata fed with different food treatments over 18 weeks. 

Standard error (st.error), statistics (stats.), significance (sig.). Model specifications: model <- 

lmer(scale(variable) ~food + (1|genotype), data=data. Significance codes used are defined as: p 

< 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 

 

Variable/Food options std. error statistic p-value sig.  
Net photosynthesis 
Dissolved food - Thawed plankton 0.52 0.23 1.00 ns 
Low complexity - Thawed plankton 0.49 0.19 1.00 ns 
Medium complexity - Thawed plankton 0.49 -1.11 0.80 ns 
High complexity  - Thawed plankton 0.49 -1.33 0.67 ns 
Low complexity - Dissolved food 0.47 -0.05 1.00 ns 
Medium complexity - Dissolved food 0.47 -1.42 0.61 ns 
High complexity  - Dissolved food 0.47 -1.64 0.47 ns 
Medium complexity - Low complexity 0.44 -1.46 0.59 ns 
High complexity  - Low complexity 0.44 -1.70 0.43 ns 
High complexity  - Medium complexity 0.44 -0.24 1.00 ns 
Respiration 
Dissolved food - Thawed plankton 0.51 -1.37 0.65 ns 
Low complexity - Thawed plankton 0.48 -0.86 0.91 ns 
Medium complexity - Thawed plankton 0.48 -1.21 0.74 ns 
High complexity  - Thawed plankton 0.48 -0.72 0.95 ns 
Low complexity - Dissolved food 0.46 0.62 0.97 ns 
Medium complexity - Dissolved food 0.46 0.25 1.00 ns 
High complexity  - Dissolved food 0.46 0.76 0.94 ns 
Medium complexity - Low complexity 0.43 -0.39 0.99 ns 
High complexity  - Low complexity 0.43 0.16 1.00 ns 
High complexity  - Medium complexity 0.43 0.55 0.98 ns 
Gross photosynthesis 
Dissolved food - Thawed plankton 0.55 -0.06 1.00 ns 
Low complexity - Thawed plankton 0.52 0.03 1.00 ns 
Medium complexity - Thawed plankton 0.52 -0.95 0.88 ns 
High complexity  - Thawed plankton 0.52 -0.97 0.87 ns 
Low complexity - Dissolved food 0.50 0.09 1.00 ns 
Medium complexity - Dissolved food 0.50 -0.93 0.89 ns 
High complexity  - Dissolved food 0.50 -0.94 0.88 ns 
Medium complexity - Low complexity 0.47 -1.09 0.81 ns 
High complexity  - Low complexity 0.47 -1.11 0.80 ns 
High complexity  - Medium complexity 0.47 -0.02 1.00 ns 
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Tab. S6. Linear mixed effects model results of calcification, volume growth, and surface area 

growth of symbiotic Stylophora pistillata fed with different food treatments over 18 weeks. 

Standard error (st.error), statistics (stats.), significance (sig.). Model specifications: model <- 

lmer(scale(variable)~food + (1|genotype), data=data. Significance codes used are defined as: p 

< 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 

Variable/Food options std. 
error 

statistic p-value sig.  

Calcification  
Dissolved food - Thawed plankton 0.40 -0.19 1.00 ns 
Low complexity - Thawed plankton 0.42 0.13 1.00 ns 
Medium complexity - Thawed plankton 0.45 -1.55 0.53 ns 
High complexity  - Thawed plankton 0.40 0.43 0.99 ns 
Low complexity - Dissolved food 0.42 0.32 1.00 ns 
Medium complexity - Dissolved food 0.45 -1.37 0.64 ns 
High complexity  - Dissolved food 0.40 0.63 0.97 ns 
Medium complexity - Low complexity 0.47 -1.62 0.48 ns 
High complexity  - Low complexity 0.42 0.29 1.00 ns 
High complexity  - Medium complexity 0.45 1.93 0.30 ns 
Volume growth 
Dissolved food - Thawed plankton 0.25 4.40  <0.001 *** 
Low complexity - Thawed plankton 0.26 2.13 0.21 ns 
Medium complexity - Thawed plankton 0.28 0.34 1.00 ns 
High complexity  - Thawed plankton 0.26 7.66 <0.001 *** 
Low complexity - Dissolved food 0.26 -2.12 0.21 ns 
Medium complexity - Dissolved food 0.28 -3.57 0.01 ** 
High complexity  - Dissolved food 0.26 3.41 0.01 ** 
Medium complexity - Low complexity 0.29 -1.58 0.51 ns 
High complexity  - Low complexity 0.27 5.36 <0.001 *** 
High complexity  - Medium complexity 0.29 6.56 <0.001 *** 
Surface area growth 
Dissolved food - Thawed plankton 0.24 5.05 <0.001 *** 
Low complexity - Thawed plankton 0.25 2.95 0.03 * 
Medium complexity - Thawed plankton 0.27 -0.58 0.98 ns 
High complexity  - Thawed plankton 0.25 5.60 <0.001 *** 
Low complexity - Dissolved food 0.25 -1.94 0.30 ns 
Medium complexity - Dissolved food 0.27 -5.06 <0.001 *** 
High complexity  - Dissolved food 0.25 0.71 0.95 ns 
Medium complexity - Low complexity 0.28 -3.21 0.01 * 
High complexity  - Low complexity 0.26 2.56 0.08 ns 
High complexity  - Medium complexity 0.28 5.60 <0.001 *** 
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Tab. S7. Linear mixed effects model results of net photosynthesis, respiration and gross 

photosynthesis of symbiotic Stylophora pistillata fed with different food options over 18 weeks. 

Standard error (st.error), statistics (stats.), significance (sig.). Model specifications: model <- 

lmer(scale(variable)~food + (1|genotype), data=data. Significance codes used are defined as: p 

< 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 

Variable/Food options std. 
error 

statistic p-value sig.  

Net photosynthesis 
Dissolved food - Thawed plankton 0.50 -0.02 1.00 ns 
Low complexity - Thawed plankton 0.50 -0.45 0.99 ns 
Medium complexity - Thawed plankton 0.51 -1.33 0.67 ns 
High complexity  - Thawed plankton 0.51 -0.62 0.97 ns 
Low complexity - Dissolved food 0.48 -0.44 0.99 ns 
Medium complexity - Dissolved food 0.50 -1.35 0.66 ns 
High complexity  - Dissolved food 0.50 -0.62 0.97 ns 
Medium complexity - Low complexity 0.50 -0.92 0.89 ns 
High complexity  - Low complexity 0.50 -0.19 1.00 ns 
High complexity  - Medium 
complexity 

0.51 0.71 0.95 ns 

Respiration 
Dissolved food - Thawed plankton 0.46 -0.36 1.00 ns 
Low complexity - Thawed plankton 0.46 -0.60 0.97 ns 
Medium complexity - Thawed plankton 0.48 0.63 0.97 ns 
High complexity  - Thawed plankton 0.48 0.61 0.97 ns 
Low complexity - Dissolved food 0.45 -0.25 1.00 ns 
Medium complexity - Dissolved food 0.46 1.00 0.85 ns 
High complexity  - Dissolved food 0.46 0.99 0.86 ns 
Medium complexity - Low complexity 0.46 1.25 0.72 ns 
High complexity  - Low complexity 0.46 1.23 0.73 ns 
High complexity  - Medium 
complexity 

0.48 -0.01 1.00 ns 

Gross photosynthesis 
Dissolved food - Thawed plankton 0.50 0.59 0.98 ns 
Low complexity - Thawed plankton 0.50 0.13 1.00 ns 
Medium complexity - Thawed plankton 0.52 -0.45 0.99 ns 
High complexity  - Thawed plankton 0.52 0.23 1.00 ns 
Low complexity - Dissolved food 0.49 -0.47 0.99 ns 
Medium complexity - Dissolved food 0.50 -1.05 0.83 ns 
High complexity  - Dissolved food 0.50 -0.35 1.00 ns 
Medium complexity - Low complexity 0.50 -0.59 0.98 ns 
High complexity  - Low complexity 0.50 0.11 1.00 ns 
High complexity  - Medium 
complexity 

0.52 0.68 0.96 ns 
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Tab. S8. Linear mixed effects model results of calcification, volume growth and surface area 

growth of bleached Galaxea fascicularis fed with different food options over 18 weeks. 

Standard error (st.error), statistics (stats.), significance (sig.). Model specifications: model <- 

lmer(scale(variable)~food + (1|genotype), data=data. Significance codes used are defined as: p 

< 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 

Variable/Food options std. error statistic p-value sig.  
Calcification  
Dissolved food - Thawed plankton 0.53 0.03 1.00 ns 
Low complexity - Thawed plankton 0.51 0.38 1.00 ns 
Medium complexity - Thawed plankton 0.51 1.16 0.77 ns 
High complexity  - Thawed plankton 0.50 0.91 0.89 ns 
Low complexity - Dissolved food 0.53 0.34 1.00 ns 
Medium complexity - Dissolved food 0.53 1.09 0.81 ns 
High complexity  - Dissolved food 0.52 0.85 0.91 ns 
Medium complexity - Low complexity 0.51 0.78 0.94 ns 
High complexity  - Low complexity 0.50 0.52 0.99 ns 
High complexity  - Medium complexity 0.50 -0.28 1.00 ns 
Volume growth 
Dissolved food - Thawed plankton 0.50 -2.54 0.08 ns 
Low complexity - Thawed plankton 0.46 -1.19 0.76 ns 
Medium complexity - Thawed plankton 0.46 -2.06 0.24 ns 
High complexity  - Thawed plankton 0.45 -0.06 1.00 ns 
Low complexity - Dissolved food 0.50 1.43 0.60 ns 
Medium complexity - Dissolved food 0.50 0.63 0.97 ns 
High complexity  - Dissolved food 0.49 2.54 0.08 ns 
Medium complexity - Low complexity 0.46 -0.87 0.91 ns 
High complexity  - Low complexity 0.45 1.17 0.77 ns 
High complexity  - Medium complexity 0.45 2.06 0.24 ns 
Surface area growth 
Dissolved food - Thawed plankton 0.57 0.48 0.99 ns 
Low complexity - Thawed plankton 0.51 0.79 0.93 ns 
Medium complexity - Thawed plankton 0.51 0.73 0.95 ns 
High complexity  - Thawed plankton 0.49 2.25 0.16 ns 
Low complexity - Dissolved food 0.56 0.23 1.00 ns 
Medium complexity - Dissolved food 0.56 0.17 1.00 ns 
High complexity  - Dissolved food 0.54 1.53 0.54 ns 
Medium complexity - Low complexity 0.49 -0.06 1.00 ns 
High complexity  - Low complexity 0.47 1.49 0.57 ns 
High complexity  - Medium complexity 0.47 1.55 0.53 ns 
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Tab. S9. Linear mixed effects model results of calcification, volume growth, and surface area 

growth of bleached Porites lobata fed with different food options over 18-weeks. Standard 

error (st.error), statistics (stats.), significance (sig.). Model specifications: model <- 

lmer(scale(variable)~food + (1|genotype), data=data. Significance codes used are defined for p 

values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 

Variable/Food options std. error statistic p-value sig.  
Calcification  
Dissolved food - Thawed plankton 0.41 0.68 0.96 ns 
Low complexity - Thawed plankton 0.41 1.88 0.33 ns 
Medium complexity - Thawed plankton 0.41 2.36 0.13 ns 
High complexity  - Thawed plankton 0.41 1.83 0.36 ns 
Low complexity - Dissolved food 0.41 1.20 0.75 ns 
Medium complexity - Dissolved food 0.41 1.67 0.45 ns 
High complexity  - Dissolved food 0.41 1.15 0.78 ns 
Medium complexity - Low complexity 0.41 0.48 0.99 ns 
High complexity  - Low complexity 0.41 -0.05 1.00 ns 
High complexity  - Medium complexity 0.41 -0.53 0.98 ns 
Volume growth 
Dissolved food - Thawed plankton 0.33 0.28 0.99 ns 
Low complexity - Thawed plankton 0.33 0.13 1.00 ns 
Medium complexity - Thawed plankton 0.33 3.47 0.005 ** 
High complexity  - Thawed plankton 0.33 3.67 0.002 ** 
Low complexity - Dissolved food 0.33 -0.14 1.00 ns 
Medium complexity - Dissolved food 0.33 3.19 0.012 * 
High complexity  - Dissolved food 0.33 3.39 0.006 ** 
Medium complexity - Low complexity 0.33 3.33 0.007 ** 
High complexity  - Low complexity 0.33 3.54 0.004 ** 
High complexity  - Medium complexity 0.33 0.20 1.00 ns 
Surface area growth 
Dissolved food - Thawed plankton 0.35 -0.92 0.89 ns 
Low complexity - Thawed plankton 0.35 -1.64 0.47 ns 
Medium complexity - Thawed plankton 0.35 0.60 0.98 ns 
High complexity  - Thawed plankton 0.35 3.47 0.005 ** 
Low complexity - Dissolved food 0.35 -0.72 0.95 ns 
Medium complexity - Dissolved food 0.35 1.51 0.55 ns 
High complexity  - Dissolved food 0.35 4.38 <0.001 *** 
Medium complexity - Low complexity 0.35 2.24 0.17 ns 
High complexity  - Low complexity 0.35 5.11 <0.001 *** 
High complexity  - Medium complexity 0.35 2.87 0.03 * 
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Tab. S10. Linear mixed effects model results of calcification, volume growth, and surface area 

growth of bleached Stylophora pistillata fed with different food options over 18weeks. All 

bleached corals fed with the thawed plankton died during the experiment and were not included 

in the analysis. Standard error (st.error), statistics (stats.), significance (sig.). Model 

specifications: model <- lmer(scale(variable)~food + (1|genotype), data=data. Significance 

codes used are defined for p values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not 

significant. 

Variable/Food options std. error statistic p-value sig.  
Calcification      
Low complexity - Dissolved food 0.43 0.35 0.99 ns 
Medium complexity - Dissolved food 0.41 0.55 0.95 ns 
High complexity  - Dissolved food 0.41 3.24 0.01 ** 
Medium complexity - Low complexity 0.43 0.19 1.00 ns 
High complexity  - Low complexity 0.43 2.79 0.03 * 
High complexity  - Medium complexity 0.41 2.68 0.04 * 
Volume growth     
Low complexity - Dissolved food 0.32 0.73 0.88 ns 
Medium complexity - Dissolved food 0.31 0.24 0.99 ns 
High complexity  - Dissolved food 0.32 6.04 <0.001 *** 
Medium complexity - Low complexity 0.32 -0.50 0.96 ns 
High complexity  - Low complexity 0.32 5.16 <0.001 *** 
High complexity  - Medium complexity 0.32 5.80 <0.001 *** 
Surface area growth     
Low complexity - Dissolved food 0.31 1.04 0.73 ns 
Medium complexity - Dissolved food 0.30 0.12 1.00 ns 
High complexity  - Dissolved food 0.31 5.68 <0.001 *** 
Medium complexity - Low complexity 0.31 -0.92 0.80 ns 
High complexity  - Low complexity 0.32 4.52 <0.001 *** 
High complexity  - Medium complexity 0.31 5.56 <0.001 *** 
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Tab. S11. Linear mixed effects model results of respiration rates of bleached Galaxea 

fascicularis, Porites lobata, and Stylophora pistillata fed with different food options over 18 

weeks. Standard error (st.error), statistics (stats.), significance (sig.). All bleached corals of S. 

pistillata fed with thawed plankton died during the experiment and were not included in the 

analysis. Model specifications: model <- lmer(scale(variable)~food + (1|genotype), data=data. 

Significance codes used are defined for p values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns 

= not significant. 

Species/Food options std. error statistic p-value sig.  
Galaxea fascicularis     
Dissolved food - Thawed plankton 0.48 1.60 0.50 ns 
Low complexity - Thawed plankton 0.45 0.09 1.00 ns 
Medium complexity - Thawed plankton 0.48 2.53 0.08 ns 
High complexity  - Thawed plankton 0.45 -0.02 1.00 ns 
Low complexity - Dissolved food 0.46 -1.56 0.52 ns 
Medium complexity - Dissolved food 0.49 0.90 0.90 ns 
High complexity  - Dissolved food 0.46 -1.67 0.45 ns 
Medium complexity - Low complexity 0.46 2.51 0.09 ns 
High complexity  - Low complexity 0.43 -0.11 1.00 ns 
High complexity  - Medium complexity 0.46 -2.62 0.07 ns 
Porites lobata     
Dissolved food - Thawed plankton 0.50 -0.88 0.90 ns 
Low complexity - Thawed plankton 0.51 -0.47 0.99 ns 
Medium complexity - Thawed plankton 0.63 -0.98 0.86 ns 
High complexity  - Thawed plankton 0.51 0.18 1.00 ns 
Low complexity - Dissolved food 0.50 0.40 0.99 ns 
Medium complexity - Dissolved food 0.62 -0.29 1.00 ns 
High complexity  - Dissolved food 0.50 1.06 0.82 ns 
Medium complexity - Low complexity 0.63 -0.60 0.97 ns 
High complexity  - Low complexity 0.51 0.65 0.97 ns 
High complexity  - Medium complexity 0.63 1.13 0.79 ns 
Stylophora pistillata     
Low complexity - Dissolved food 0.42 -0.63 0.92 ns 
Medium complexity - Dissolved food 0.47 1.81 0.27 ns 
High complexity  - Dissolved food 0.42 1.73 0.31 ns 
Medium complexity - Low complexity 0.47 2.37 0.08 ns 
High complexity  - Low complexity 0.42 2.35 0.09 ns 
High complexity  - Medium complexity 0.47 -0.27 0.99 ns 
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Tab. S12. Linear mixed effects model results of calcification, volume growth, surface area 

growth and respiration of symbiotic and bleached Galaxea fascicularis fed with different food 

options over 18 weeks. Standard error (st.error), statistics (stats.), significance (sig.). Model 

specifications: model <- lmer(scale(variable)~condition + (1|genotype), data=data. Significance 

codes used are defined as: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 
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Variable/Food options std. 
error 

statistic p-value sig.  

Calcification  
Thawed plankton 0.38 2.96 0.96 ns 
Dissolved food 0.42 2.82 0.004 ** 
Low complexity 0.32 3.83 0.12 ns 
Medium complexity 0.28 2.43 0.01 * 
High complexity 0.30 3.73 <0.001 *** 
Volume growth 
Thawed plankton 0.49 -0.33 0.73 ns 
Dissolved food 0.51 0.95 0.33 ns 
Low complexity 0.41 2.31 0.02 * 
Medium complexity 0.47 1.33 0.18 ns 
High complexity 0.70 0.45 0.12 ns 
Surface area growth 
Thawed plankton 0.49 0.63 0.52 ns 
Dissolved food 0.53 0.25 0.79 ns 
Low complexity 0.30 2.42 0.01 * 
Medium complexity 0.48 0.89 0.37 ns 
High complexity 0.44 1.85 0.63 ns 
Respiration 
Thawed plankton 0.40 2.80 0.005 ** 
Dissolved food 0.47 -1.28 0.19 ns 
Low complexity 0.39 2.94 0.003 ** 
Medium complexity 0.49 -0.77 0.43 ns 
High complexity 0.46 1.17 0.23 ns 
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Tab. S13. Hedges’ g effect sizes of calcification, volume growth, surface area growth, and 

respiration of symbiotic and bleached Galaxea fascicularis fed with different food treatments 

over 18 weeks. Lower confidence interval (lower C.I.), upper confidence interval (upper C.I.) 

and effect sizes are given.  
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Variable/Food options   estimate lower C.I. upper C.I. effect size 
Calcification  
Thawed plankton -1.06 -2.11 -0.01 large 
Dissolved food -1.36 -2.52 -0.19 large 
Low complexity -0.68 -1.66 0.30 medium 
Medium complexity -0.82 -1.85 0.20 large 
High complexity -1.30 -2.35 -0.26 large 
Volume growth 
Thawed plankton 0.15 -0.84 1.13 negligible 
Dissolved food -0.14 -1.19 0.91 negligible 
Low complexity -1.02 -2.03 -0.01 large 
Medium complexity -0.82 -1.85 0.20 large 
High complexity -0.69 -1.67 0.29 medium 
Surface area growth 
Thawed plankton -0.29 -1.28 0.69 small 
Dissolved food -0.13 -1.18 0.93 negligible 
Low complexity -0.99 -1.99 0.02 large 
Medium complexity -0.41 -1.41 0.58 small 
High complexity -0.83 -1.83 0.16 large 
Respiration     
Thawed plankton -1.29 -2.37 -0.21 large 
Dissolved food 0.33 -0.73 1.39 small 
Low complexity -1.32 -2.37 -0.27 large 
Medium complexity 0.59 -0.41 1.60 medium 
High complexity -0.53 -1.50 0.44 medium 
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Tab. S14. Linear mixed effects model results of calcification, volume growth, surface area 

growth and respiration of symbiotic and bleached Porites lobata fed with different food options 

over 18 weeks. Standard error (st.error), statistics (stats.), significance (sig.). Model 

specifications: model <- lmer(scale(variable)~condition + (1|genotype), data=data.  

Significance codes used are defined as: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not 

significant. 

Variable/Food options std. error statistic p-value sig.  
Calcification  
Thawed plankton 0.38 2.54 0.01 * 
Dissolved food 0.40 1.49 0.13 ns 
Low complexity 0.45 1.50 1.13 ns 
Medium complexity 0.45 1.88 0.06 ns 
High complexity 0.44 2.54 0.01 * 
Volume growth 
Thawed plankton 0.40 2.45 0.01 * 
Dissolved food 0.36 2.47 0.01 * 
Low complexity 0.37 2.23 0.001 ** 
Medium complexity 0.43 1.95 0.05 ns 
High complexity 0.38 2.50 0.01 * 
Surface area growth 
Thawed plankton 0.46 1.70 0.08 ns 
Dissolved food 0.33 2.69 0.007 ** 
Low complexity 0.39 2.77 0.005 ** 
Medium complexity 0.43 1.32 0.18 ns 
High complexity 0.39 -1.21 0.22 ns 
Respiration 
Thawed plankton 0.40 2.97 0.002 ** 
Dissolved food 0.50 -0.01 0.98 ns 
Low complexity 0.43 1.96 0.04 * 
Medium complexity 0.41 2.46 0.01 * 
High complexity 0.40 1.87 0.06 ns 
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Tab. S15. Hedges’ g effect sizes of calcification, volume growth, surface area growth and 

respiration of symbiotic and bleached Porites lobata fed with different food options over 18 

weeks. Lower confidence interval (lower C.I.), upper confidence interval (upper C.I.) and effect 

sizes are given. 
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Variable/Food options  estimate lower C.I. upper C.I. effect size 
Calcification 
Thawed plankton -1.03 -2.05 -0.02 large 
Dissolved food -0.99 -2.00 0.01 large 
Low complexity -0.67 -1.65 0.30 medium 
Medium complexity -0.58 -1.56 0.38 medium 
High complexity -0.93 -1.96 0.10 large 
Volume growth 
Thawed plankton -1.06 -2.07 -0.04 large 
Dissolved food -0.83 -1.83 0.16 large 
Low complexity -1.43 -2.5 -0.37 large 
Medium complexity -0.93 -1.93 0.08 large 
High complexity -1.09 -2.14 -0.04 large 
Surface area growth 
Thawed plankton -0.28 -1.24 0.67 small 
Dissolved food -0.54 -1.5 0.43 medium 
Low complexity -1.61 -2.71 -0.52 large 
Medium complexity -0.88 -1.88 0.12 large 
High complexity 0.2 -0.79 1.19 negligible 
Respiration 
Thawed plankton -1.41 -2.53 -0.27 large 
Dissolved food -1.13 -2.15 -0.10 large 
Low complexity -0.88 -1.87 0.11 large 
Medium complexity 0.00 -0.97 0.98 negligible 
High complexity -0.76 -1.74 0.22 medium 
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Tab. S16. Linear mixed effects model results of calcification, volume growth, surface area 

growth and respiration of symbiotic and bleached Stylophora pistillata fed with different food 

options over 18 weeks. Standard error (st.error), statistics (stats.), significance (sig.). Model 

specifications: model <- lmer(scale(variable)~condition + (1|genotype), data=data. All bleached 

corals fed with thawed plankton died during the experiment and were not included in the 

analysis (NA). Significance codes used are defined as: p < 0.001 (***), p < 0.01 (**), p < 0.05 

(*), ns = not significant. 

Variable/Food options std. error statistic p-value sig.  
Calcification  
Thawed plankton NA NA NA NA 
Dissolved food 15.4 3.27 0.001 ** 
Low complexity 17.4 3.14 0.001 ** 
Medium complexity 0.25 6.56 <0.001 *** 
High complexity 8.48 5.83 <0.001 *** 
Volume growth 
Thawed plankton NA NA NA NA 
Dissolved food 0.01 7.56 <0.001 *** 
Low complexity 0.29 7.43 <0.001 *** 
Medium complexity 0.16 11.1 <0.001 *** 
High complexity 0.13 10.3 <0.001 *** 
Surface area growth 
Thawed plankton NA NA NA NA 
Dissolved food 0.20 6.52 <0.001 *** 
Low complexity 0.69 11.05 <0.001 *** 
Medium complexity 0.16 11.07 <0.001 *** 
High complexity 0.55 10.90 <0.001 *** 
Respiration 
Thawed plankton NA NA NA NA 
Dissolved food 0.51 -0.46 0.64 ns 
Low complexity 0.44 1.84 0.06 ns 
Medium complexity 0.46 1.22 0.21 ns 
High complexity 0.45 1.46 0.14 ns 
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Tab. S17. Hedges’ g effect sizes of calcification, volume growth, and surface area growth of 

symbiotic and bleached Stylophora pistillata fed with different food options over 18 weeks. All 

bleached corals fed with thawed plankton died during the experiment and were not included in 

the analysis (NA). Lower confidence interval (lower C.I.), upper confidence interval (upper 

C.I.) and effect size are given.  
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Variable/Food options  estimate lower C.I. upper C.I. effect size 
Calcification 
Thawed plankton NA NA NA NA 
Dissolved food -2.94 -4.32 -1.57 large 
Low complexity -1.41 -2.48 -0.35 large 
Medium complexity -1.65 -2.83 -0.47 large 
High complexity -2.03 -3.2 -0.86 large 
Volume growth 
Thawed plankton NA NA NA NA 
Dissolved food -4.91 -6.82 -3.01 large 
Low complexity -3.08 -4.48 -1.67 large 
Medium complexity -3.55 -5.19 -1.92 large 
High complexity -3.09 -4.5 -1.68 large 
Surface area growth 
Thawed plankton NA NA NA NA 
Dissolved food -4.09 -5.76 -2.41 large 
Low complexity -3.65 -5.2 -2.09 large 
Medium complexity -2.82 -4.26 -1.38 large 
High complexity -2.8 -4.14 -1.46 large 
Respiration 
Thawed plankton NA NA NA NA 
Dissolved food -0.55 -1.52 0.42 medium 
Low complexity -0.82 -1.81 0.16 large 
Medium complexity 0.22 -0.79 1.23 small 
High complexity -0.66 -1.63 0.31 medium 



 Appendix 
 

 
Tab. S18. Comparison of effect sizes between food options of symbiotic and bleached 

Galaxea fascicularis fed over 18 weeks.  
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Variable/Food 1 

 
Food 2 

 
EZ diff 

 
SE diff 

 
Z-Statistic 

 
p-value 

 
sig.  

Calcification 
Thawed plankton Dissolved food 0.3 0.8 0.4 0.7 ns 
Thawed plankton High complexity 0.24 0.8 0.3 0.8 ns 
Thawed plankton Low complexity -0.38 0.7 -0.5 0.6 ns 
Thawed plankton Medium complexity -0.24 0.7 -0.3 0.7 ns 
Dissolved food High complexity -0.06 0.8 -0.1 0.9 ns 
Dissolved food Low complexity -0.68 0.8 -0.9 0.4 ns 
Dissolved food Medium complexity -0.54 0.8 -0.7 0.5 ns 
High complexity Low complexity -0.62 0.7 -0.8 0.4 ns 
High complexity Medium complexity -0.48 0.7 -0.6 0.5 ns 
Low complexity Medium complexity 0.14 0.7 0.2 0.8 ns 
Volume growth 
Thawed plankton Dissolved food 0.29 0.73 0.39 0.69 ns 
Thawed plankton High complexity 0.84 0.71 1.18 0.24 ns 
Thawed plankton Low complexity 1.17 0.72 1.63 0.10 ns 
Thawed plankton Medium complexity 0.97 0.73 1.34 0.18 ns 
Dissolved food High complexity 0.55 0.73 0.75 0.45 ns 
Dissolved food Low complexity 0.88 0.74 1.18 0.24 ns 
Dissolved food Medium complexity 0.68 0.75 0.91 0.36 ns 
High complexity Low complexity 0.33 0.72 0.46 0.65 ns 
High complexity Medium complexity 0.13 0.72 0.18 0.86 ns 
Low complexity Medium complexity -0.2 0.73 -0.27 0.79 ns 
Surface area growth 
Thawed plankton Dissolved food -0.16 0.74 -0.22 0.83 ns 
Thawed plankton High complexity 0.54 0.71 0.76 0.45 ns 
Thawed plankton Low complexity 0.7 0.72 0.97 0.33 ns 
Thawed plankton Medium complexity 0.12 0.71 0.17 0.87 ns 
Dissolved food High complexity 0.7 0.74 0.95 0.34 ns 
Dissolved food Low complexity 0.86 0.74 1.16 0.25 ns 
Dissolved food Medium complexity 0.28 0.74 0.38 0.71 ns 
High complexity Low complexity 0.16 0.72 0.22 0.82 ns 
High complexity Medium complexity -0.42 0.72 -0.59 0.56 ns 
Low complexity Medium complexity -0.58 0.72 -0.80 0.42 ns 
Respiration 
Thawed plankton Dissolved food -1.62 0.77 -2.10 0.04 * 
Thawed plankton High complexity -0.76 0.74 -1.03 0.30 ns 
Thawed plankton Low complexity 0.03 0.77 0.04 0.97 ns 
Thawed plankton Medium complexity -1.88 0.75 -2.50 0.01 * 
Dissolved food High complexity 0.86 0.73 1.17 0.24 ns 
Dissolved food Low complexity 1.65 0.76 2.17 0.03 * 
Dissolved food Medium complexity -0.26 0.75 -0.35 0.73 ns 
High complexity Low complexity 0.79 0.73 1.08 0.28 ns 
High complexity Medium complexity -1.12 0.71 -1.57 0.12 ns 
Low complexity Medium complexity -1.91 0.74 -2.58 0.01 * 
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Tab. S19. Comparison of effect sizes between symbiotic and bleached Porites lobata fed over 

18 weeks. Differences between effect sizes (EZ diff), standard error (SE diff), Z-Statistic and 

p-value are given.  
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Variable/Food 1 Food 2 EZ diff SE diff Z-Statistic p-value sig.  
Calcification 
Thawed plankton Dissolved food -0.05 0.73 -0.07 0.95 ns 
Thawed plankton High complexity -0.11 0.74 -0.15 0.88 ns 
Thawed plankton Low complexity -0.37 0.72 -0.51 0.61 ns 
Thawed plankton Medium complexity -0.45 0.72 -0.63 0.53 ns 
Dissolved food High complexity -0.06 0.74 -0.08 0.94 ns 
Dissolved food Low complexity -0.32 0.72 -0.45 0.66 ns 
Dissolved food Medium complexity -0.4 0.71 -0.56 0.58 ns 
High complexity Low complexity -0.26 0.73 -0.36 0.72 ns 
High complexity Medium complexity -0.34 0.72 -0.47 0.64 ns 
Low complexity Medium complexity -0.08 0.70 -0.11 0.91 ns 
Volume growth 
Thawed plankton Dissolved food -0.23 0.73 -0.32 0.75 ns 
Thawed plankton High complexity 0.03 0.75 0.04 0.97 ns 
Thawed plankton Low complexity 0.37 0.75 0.49 0.62 ns 
Thawed plankton Medium complexity -0.13 0.73 -0.18 0.86 ns 
Dissolved food High complexity 0.26 0.74 0.35 0.72 ns 
Dissolved food Low complexity 0.6 0.74 0.81 0.42 ns 
Dissolved food Medium complexity 0.1 0.72 0.14 0.89 ns 
High complexity Low complexity 0.34 0.76 0.45 0.66 ns 
High complexity Medium complexity -0.16 0.74 -0.22 0.83 ns 
Low complexity Medium complexity -0.5 0.75 -0.67 0.50 ns 
Surface area growth 
Thawed plankton Dissolved food 0.26 0.69 0.38 0.71 ns 
Thawed plankton High complexity -0.48 0.70 -0.68 0.49 ns 
Thawed plankton Low complexity 1.33 0.74 1.79 0.07 ns 
Thawed plankton Medium complexity 0.6 0.71 0.85 0.40 ns 
Dissolved food High complexity -0.74 0.71 -1.05 0.29 ns 
Dissolved food Low complexity 1.07 0.74 1.44 0.15 ns 
Dissolved food Medium complexity 0.34 0.71 0.48 0.63 ns 
High complexity Low complexity 1.81 0.75 2.40 0.02 * 
High complexity Medium complexity 1.08 0.72 1.50 0.13 ns 
Low complexity Medium complexity -0.73 0.76 -0.96 0.33 ns 
Respiration 
Thawed plankton Dissolved food -0.28 0.78 -0.36 0.72 ns 
Thawed plankton High complexity -0.65 0.76 -0.85 0.39 ns 
Thawed plankton Low complexity -0.53 0.77 -0.69 0.49 ns 
Thawed plankton Medium complexity -1.41 0.76 -1.85 0.06 ns 
Dissolved food High complexity -0.37 0.72 -0.51 0.61 ns 
Dissolved food Low complexity -0.25 0.73 -0.34 0.73 ns 
Dissolved food Medium complexity -1.13 0.72 -1.57 0.12 ns 
High complexity Low complexity 0.12 0.71 0.17 0.87 ns 
High complexity Medium complexity -0.76 0.71 -1.08 0.28 ns 
Low complexity Medium complexity -0.88 0.71 -1.24 0.21 ns 
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Tab. S20. Comparison of effect sizes between food options of symbiotic and bleached 

Stylophora pistillata fed over 18-weeks. All bleached corals fed with thawed plankton died 

during the experiment and were not included in the analysis. Differences between effect sizes 

(EZ diff), standard error (SE diff), Z-Statistic and p-value are given. Significance codes used 

are defined as: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant.   
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Variable/Food 1 Food 2 EZ diff SE diff Z-Statistic p-value sig.  
Calcification 
Dissolved food High complexity -0.91 0.92 -0.99 0.32 ns 
Dissolved food Low complexity -1.53 0.89 -1.72 0.08 ns 
Dissolved food Medium complexity -1.29 0.92 -1.40 0.16 ns 
High complexity Low complexity -0.62 0.81 -0.77 0.44 ns 
High complexity Medium complexity -0.38 0.85 -0.45 0.65 ns 
Low complexity Medium complexity 0.24 0.81 0.30 0.77 ns 
Volume growth 
Dissolved food High complexity -1.82 1.21 -1.51 0.13 ns 
Dissolved food Low complexity -1.83 1.21 -1.52 0.13 ns 
Dissolved food Medium complexity -1.36 1.28 -1.06 0.29 ns 
High complexity Low complexity -0.01 1.02 -0.01 0.99 ns 
High complexity Medium complexity 0.46 1.10 0.42 0.68 ns 
Low complexity Medium complexity 0.47 1.10 0.43 0.67 ns 
Surface area growth 
Dissolved food High complexity -1.29 1.09 -1.18 0.24 ns 
Dissolved food Low complexity -0.44 1.17 -0.38 0.71 ns 
Dissolved food Medium complexity -1.27 1.13 -1.13 0.26 ns 
High complexity Low complexity 0.85 1.05 0.81 0.42 ns 
High complexity Medium complexity 0.02 1.00 0.02 0.98 ns 
Low complexity Medium complexity -0.83 1.08 -0.77 0.44 ns 
Respiration 
Dissolved food High complexity 0.11 0.70 0.16 0.88 ns 
Dissolved food Low complexity 0.27 0.71 0.38 0.70 ns 
Dissolved food Medium complexity -0.77 0.71 -1.08 0.28 ns 
High complexity Low complexity 0.16 0.71 0.23 0.82 ns 
High complexity Medium complexity -0.88 0.71 -1.23 0.22 ns 
Low complexity Medium complexity -1.04 0.72 -1.44 0.15 ns 
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Tab. S21. δ13C and δ15N isotope signature of the source amino acids contained in host tissue and 

symbionts of bleached and symbiotic Ctenactis echinata and Pocillopora verrucosa.  (mean ± 

standard deviation). 
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δ13C δ15N 

Amino acid Bleached Symbiotic Symbiodiniaceae Bleached Symbiotic Symbiodiniaceae 
C. echinata 
Asparagine -7.5 ± 2.1 -7.3 ± 1.7 -6.1 ± 2.1 8 ± 1.0 7.4 ± 1.9 5.0 ± 1.2 
Glycine -8.3 ± 1.5 -8.4 ± 1.8 -9.4 ± 2.7 1.6 ± 1.2 1.5 ± 1.0 1.5 ± 1.0 
Lysine  -8.3 ± 1.5 -8.6 ± 1.6 -8.6 ± 1.7 2.7 ± 1.1 2.2 ± 1.2 1.5 ± 0.9 
Methionine  -18.7 ± 1.8 -16.9 ± 2.0 -15.1 ± 1.5 2.2 ± 1.1 1.0 ± 1.3 1.9 ± 0.9 
Phenylananine -20.0 ± 0.8 -19.9 ± 0.8 -18.8 ± 1.2 0.5 ± 0.4 -0.5 ± 1.2 -0.3 ± 1.2 
P. verrucosa 
Asparagine -12.3 ± 1.9 -10.9 ± 2.7 -6.7 ± 2.0 4.2 ± 1.3 1.6 ± 0.8 1.0 ± 1.0 
Glycine -8.8 ± 2.3 -8.7 ± 2.4 -10.0 ± 3.3 -2.6 ± 1.1 0.4 ± 0.8 -1.0 ± 1.3 
Lysine -11.5 ± 0.8 -11.4 ± 1.8 -10.5 ± 1.4 2.8 ± 0.8 2.3 ± 0.9 1 ± 1.5 
Methionine -24.1 ± 2.1 -16.4 ± 1.5 -13.2 ± 1.1 6.1 ± 1.2 3.0 ± 1.0 2.2 ± 0.9 
Phenylananine -22.3 ± 0.7 -22.0 ± 0.9 -19.4 ± 0.6 4.2 ± 1.3 3.0 ± 1.0 2.2 ± 0.9 
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Tab. S22. Linear mixed effects models result from δ13C isotope values of five source amino 

acids: asparagine, glycine, lysine, methionine and phenilananine of the host tissue and symbionts 

of bleached and symbiotic corals of Ctenactis echinata (white) and Pocillopora verrucosa 

(gray). Standard error (st.error), p value, significance (sig.) and model specifications are given. 

Significance codes used are defined for p values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns 

= not significant. 
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Amino acid Host fraction std. error p value  Sig. 
Asparagine Symbiotic tissue - Bleached tissue 0.47 0.92 ns 

Symbiodiniaceae -Bleached tissue 0.47 0.66 ns 
Symbiodiniaceae - Symbiotic tissue 0.35 0.23 ns 
Symbiotic tissue - Bleached tissue 0.29 1.12 ns 
Symbiodiniaceae -Bleached tissue 0.29 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.25 < 0.001 *** 

Glycine Symbiotic tissue - Bleached tissue 0.42 0.99 ns 
Symbiodiniaceae -Bleached tissue 0.42 0.48 ns 
Symbiodiniaceae - Symbiotic tissue 0.40 0.52 ns 
Symbiotic tissue - Bleached tissue 0.24 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.24 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.20 0.42 ns 

Lysine Symbiotic tissue - Bleached tissue 0.46 0.87 ns 
Symbiodiniaceae -Bleached tissue 0.45 0.89 ns 
Symbiodiniaceae - Symbiotic tissue 0.42 0.99 ns 
Symbiotic tissue - Bleached tissue 0.43 0.98 ns 
Symbiodiniaceae -Bleached tissue 0.40 0.13 ns 
Symbiodiniaceae - Symbiotic tissue 0.40 0.20 ns 

Methionine Symbiotic tissue - Bleached tissue 0.30 0.02 * 
Symbiodiniaceae -Bleached tissue 0.30 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.30 0.01 * 
Symbiotic tissue - Bleached tissue 0.14 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.14 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.11 < 0.001 *** 

Phenylananine Symbiotic tissue - Bleached tissue 0.38 0.98 ns 
Symbiodiniaceae -Bleached tissue 0.38 0.01 * 
Symbiodiniaceae - Symbiotic tissue 0.36 0.01 * 
Symbiotic tissue - Bleached tissue 0.19 0.5 ns 
Symbiodiniaceae -Bleached tissue 0.19 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.20 < 0.001 *** 
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Tab. S23. Linear mixed effects models result from δ15N isotope values of five source amino 

acids: asparagine, glycine, lysine, methionine and phenilananine of the host tissue and symbionts 

of bleached and symbiotic corals of Ctenactis echinata (white) and Pocillopora verrucosa 

(gray). Standard error (st.error), p value, significance (sig.) and model specifications are given. 

Significance codes used are defined for p values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns 

= not significant. 
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Amino acid Host fraction std. error p value  Sig. 
Asparagine Symbiotic tissue - Bleached tissue 0.32 0.65 ns 

Symbiodiniaceae -Bleached tissue 0.32 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.23 < 0.001 *** 
Symbiotic tissue - Bleached tissue 0.12 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.12 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.9 < 0.001 *** 

Glycine Symbiotic tissue - Bleached tissue 0.42 0.95 ns 
Symbiodiniaceae -Bleached tissue 0.42 0.93 ns 
Symbiodiniaceae - Symbiotic tissue 0.42 0.99 ns 
Symbiotic tissue - Bleached tissue 0.29 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.29 0.02 * 
Symbiodiniaceae - Symbiotic tissue 0.28 0.01 * 

Lysine Symbiotic tissue - Bleached tissue 0.48 0.61 ns 
Symbiodiniaceae -Bleached tissue 0.48 0.96 ns 
Symbiodiniaceae - Symbiotic tissue 0.48 0.22 ns 
Symbiotic tissue - Bleached tissue 0.35 0.18 ns 
Symbiodiniaceae -Bleached tissue 0.35 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.35 0.005 ** 

Methionine Symbiotic tissue - Bleached tissue 0.48 0.99 ns 
Symbiodiniaceae -Bleached tissue 0.48 0.31 ns 
Symbiodiniaceae - Symbiotic tissue 0.31 0.07 ns 
Symbiotic tissue - Bleached tissue 0.21 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.21 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.22 0.1 ns 

Phenylananine Symbiotic tissue - Bleached tissue 0.36 0.80 ns 
Symbiodiniaceae -Bleached tissue 0.36 0.50 ns 
Symbiodiniaceae - Symbiotic tissue 0.25 0.75 ns 
Symbiotic tissue - Bleached tissue 0.26 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.26 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.22 ns ns 
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Tab. S24. Linear mixed effects models result from δ13C isotope values of five trophic amino 

acids: alanine, glutamic acid, isoleucine, proline and valine of the host tissue and symbionts of 

bleached and symbiotic corals of Ctenactis echinata (white) and Pocillopora verrucosa (gray). 

Standard error (st.error), p value, significance (sig.) and model specifications are given. 

Significance codes used are defined for p values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns 

= not significant. 
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Amino acid Host fraction std. error p value  Sig. 
Alanine Symbiotic tissue - Bleached tissue 0.42 0.93 ns 

Symbiodiniaceae -Bleached tissue 0.42 0.02 * 
Symbiodiniaceae - Symbiotic tissue 0.35 0.01 * 
Symbiotic tissue - Bleached tissue 0.41 0.84 ns 
Symbiodiniaceae -Bleached tissue 0.41 0.82 ns 
Symbiodiniaceae - Symbiotic tissue 0.41 0.99 ns 

Glutamic acid Symbiotic tissue - Bleached tissue 0.38 0.15 ns 
Symbiodiniaceae -Bleached tissue 0.38 0.02 * 
Symbiodiniaceae - Symbiotic tissue 0.38 0.72 ns 
Symbiotic tissue - Bleached tissue 0.32 0.006 ** 
Symbiodiniaceae -Bleached tissue 0.32 0.0004 *** 
Symbiodiniaceae - Symbiotic tissue 0.33 0.75 ns 

Isoleucine Symbiotic tissue - Bleached tissue 0.48 0.84 ns 
Symbiodiniaceae -Bleached tissue 0.48 0.86 ns 
Symbiodiniaceae - Symbiotic tissue 0.38 0.99 ns 
Symbiotic tissue - Bleached tissue 0.35 0.002 ** 
Symbiodiniaceae -Bleached tissue 0.35 0.90 ns 
Symbiodiniaceae - Symbiotic tissue 0.35 0.0001 *** 

Proline Symbiotic tissue - Bleached tissue 0.47 0.89 ns 
Symbiodiniaceae -Bleached tissue 0.47 0.99 ns 
Symbiodiniaceae - Symbiotic tissue 0.40 0.79 ns 
Symbiotic tissue - Bleached tissue 0.32 1.00 ns 
Symbiodiniaceae -Bleached tissue 0.32 0.001 ** 
Symbiodiniaceae - Symbiotic tissue 0.33 0.001 ** 

Valine Symbiotic tissue - Bleached tissue 0.42 0.78 ns 
Symbiodiniaceae -Bleached tissue 0.42 0.85 ns 
Symbiodiniaceae - Symbiotic tissue 0.41 0.98 ns 
Symbiotic tissue - Bleached tissue 0.41 0.36 ns 
Symbiodiniaceae -Bleached tissue 0.41 0.86 ns 
Symbiodiniaceae - Symbiotic tissue 0.35 0.57 ns 
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Tab. S25. Linear mixed effects models result from δ15N isotope values of five trophic amino 

acids: alanine, glutamic acid, isoleucine, proline and valine of the host tissue and symbionts of 

bleached and symbiotic corals of Ctenactis echinata (white) and Pocillopora verrucosa (gray). 

Standard error (st.error), p value, significance (sig.) and model specifications are given. 

Significance codes used are defined for p values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns 

= not significant. 
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Amino acid Host fraction std. error p value  Sig. 
Alanine Symbiotic tissue - Bleached tissue 0.29 0.44 ns 

Symbiodiniaceae -Bleached tissue 0.29 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.20 < 0.001 *** 
Symbiotic tissue - Bleached tissue 0.12 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.12 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.11 < 0.001 *** 

Glutamic acid Symbiotic tissue - Bleached tissue 0.37 0.62 ns 
Symbiodiniaceae -Bleached tissue 0.37 0.72 ns 
Symbiodiniaceae - Symbiotic tissue 0.26 0.97 ns 
Symbiotic tissue - Bleached tissue 0.16 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.16 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.12 < 0.001 *** 

Isoleucine Symbiotic tissue - Bleached tissue 0.32 0.13 ns 
Symbiodiniaceae -Bleached tissue 0.32 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.23 0.0005 *** 
Symbiotic tissue - Bleached tissue 0.13 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.13 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.13 < 0.001 *** 

Proline Symbiotic tissue - Bleached tissue 0.28 0.6 ns 
Symbiodiniaceae -Bleached tissue 0.28 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.20 < 0.001 *** 
Symbiotic tissue - Bleached tissue 0.10 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.10 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.08 < 0.001 *** 

Valine Symbiotic tissue - Bleached tissue 0.38 0.70 ns 
Symbiodiniaceae -Bleached tissue 0.38 0.08 ns 
Symbiodiniaceae - Symbiotic tissue 0.27 0.14 ns 
Symbiotic tissue - Bleached tissue 0.14 < 0.001 *** 
Symbiodiniaceae -Bleached tissue 0.14 < 0.001 *** 
Symbiodiniaceae - Symbiotic tissue 0.11 < 0.001 *** 



 Appendix 
 

 
Tab. 26. Linear mixed effects models result from calculated trophic position (TPGlu-Phe) values 

from two amino acids (glutamic acid and phenylalanine) of the host tissue and symbionts of 

bleached and symbiotic Ctenactis echinata and Pocillopora verrucosa. Standard error 

(st.error), p value, significance (sig.) and model specifications are given. Significance codes 

used are defined for p values: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), ns = not significant. 
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Species/Host fractions std. error p value  Sig. model specifications
C. echinata 
Symbiotic tissue - Bleached tissue 0.50 0.87 ns 

model <- lmer(scale(TP)
~Host fraction + (1|station), data=data

Symbiodiniaceae -Bleached tissue 0.50 1.00 ns 
Symbiodiniaceae - Symbiotic tissue 0.38 0.81 ns 
P. verrucosa 
Symbiotic tissue - Bleached tissue 0.32 0.19 ns 

model <- lmer(scale(TP)
~Host fraction + (1|station), data=data

Symbiodiniaceae -Bleached tissue 0.32 0.18 ns 
Symbiodiniaceae - Symbiotic tissue 0.25 0.08 ns 



 Appendix 
 

 
Tab. 27. Trophic position (TPGlu-Phe) values from two amino acids (Glutamic acid and 

Phenylalanine) of the host tissue and symbionts of bleached and symbiotic Ctenactis echinata 

and Pocillopora verrucosa.  (mean ± standard deviation). 

 

Species Bleached Symbiotic Symbiodiniaceae
Ctenactis echinata 1.4 ± 0.2 1.3 ± 0.3 1.3 ± 0.2

Pocillopora verrucosa 1.5 ± 0.1 1.2 ± 0.3 1.0 ± 0.2
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Tab. S28. Linear mixed-effects model results of the growth variables: surface area growth, 

volume growth, and calcification of P. verrucosa and S. pistillata exposed to microplastics and 

two different feeding regimens over six weeks. Treatments Control, MP = microplastic, and 

MP+HF = microplastic and high feeding were compared. Standard error (st.error), p-value, 

significance (sig.). Model specifications: lmer(scale(variable)~Treatment + (1|genotype), 

data=data. Significance codes used are defined as: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), p 

> 0.05 (ns = not significant).  
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Variable/Species Treatments std.error p-value sig.  
Surface area growth 
P. verrucosa MP - Control -0.2 0.8 ns 
 MP+HF - Control 0.5 0.2 ns 
 MP+HF - MP 0.7 0.1 ns 
S. pistillata MP - Control -0.3 0.6 ns 
 MP+HF - Control 0.1 0.9 ns 
 MP+HF - MP 0.5 0.4 ns 
Volume growth 
P. verrucosa MP - Control -0.5 0.3 ns 
 MP+HF - Control 0.1 0.8 ns 
 MP+HF - MP 0.7 0.1 ns 
S. pistillata MP - Control 0.3 0.6 ns 
 MP+HF - Control 0.7 0.1 ns 
 MP+HF - MP 0.3 0.6 ns 
Calcification 
P. verrucosa MP - Control -0.2 0.6 ns 
 MP+HF - Control 0.2 0.6 ns 
 MP+HF - MP 0.4 0.1 ns 
S. pistillata MP - Control -0.4 0.5 ns 
 MP+HF - Control 0.1 0.8 ns 
 MP+HF - MP 0.5 0.2 ns 
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Tab. S29. Linear mixed-effects model results of the photophysiology variables: net 
photosynthesis, respiration, gross photosynthesis, effective quantum yield (Y(II)), and maximum 
quantum yield (Fv/Fm). 
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Variable/Species Treatments std.error p-value sig.  
Net photosynthesis 
P. verrucosa MP - Control 0.13 <0.001 *** 
 MP+HF - Control 0.13 0.21 ns 
 MP+HF - MP 0.14 <0.001 *** 
S. pistillata MP - Control 0.29 0.58 ns 
 MP+HF - Control 0.32 0.19 ns 
 MP+HF - MP 0.31 0.01 ** 
Respiration 
P. verrucosa MP - Control 0.21 0.07 ns 
 MP+HF - Control 0.21 0.05 ns 
 MP+HF - MP 0.22 <0.001 *** 
S. pistillata MP - Control 0.34 0.55 ns 
 MP+HF - Control 0.41 <0.001 *** 
 MP+HF - MP 0.38 0.01 ** 
Gross photosynthesis 
P. verrucosa MP - Control 0.11 <0.001 *** 
 MP+HF - Control 0.11 0.003 ** 
 MP+HF - MP 0.11 <0.001 *** 
S. pistillata MP - Control 0.26 0.67 ns 
 MP+HF - Control 0.28 0.01 * 
 MP+HF - MP 0.27 <0.001 *** 
Effective quantum yield (Y(II)) 
P. verrucosa MP - Control 0.15 0.54 ns 
 MP+HF - Control 0.16 0.93 ns 
 MP+HF - MP 0.16 0.78 ns 
S. pistillata MP - Control 0.33 0.97 ns 
 MP+HF - Control 0.34 0.92 ns 
 MP+HF - MP 0.34 0.83 ns 
Maximum quantum yield Fv/Fm 
P. verrucosa MP - Control 0.37 0.009 ** 
 MP+HF - Control 0.37 0.31 ns 
 MP+HF - MP 0.37 0.29 ns 
S. pistillata MP - Control 0.23 0.68 ns 
 MP+HF - Control 0.24 0.03 * 
 MP+HF - MP 0.24 0.20 ns 
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Tab. S30. Linear mixed-effects model results of the tissue composition: total content of 

carbohydrates (carb), lipids (lip), proteins (prot), and tissue energy content (tot) of P. verrucosa at 

the end of the six-week MP exposure. Control, MP = microplastic, MP+HF = microplastic + 

high feeding. Standard error (st.error),  p-value, significance (sig.). Model specifications: 

lmer(scale(variable)~Treatment + (1|genotype), data=data. Significance codes used are defined 

as: p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), p > 0.05 (ns = not significant).  
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Variable Treatments std.error p-value sig.  
Carbohydrates 
 MP - Control 0.35 <0.001 *** 
 MP+HF - Control 0.34 0.004 ** 
 MP+HF - MP 0.35 0.5 ns 
Lipids 
 MP - Control 0.39 0.009 ** 
 MP+HF - Control 0.37 0.06 ns 
 MP+HF - MP 0.38 0.72 ns 
Proteins 
 MP - Control 0.39 0.04 * 
 MP+HF - Control 0.38 0.31 ns 
 MP+HF - MP 0.39 0.6 ns 
Tissue energy content 
 MP - Control 0.40 0.02 * 
 MP+HF - Control 0.39 0.25 ns 
 MP+HF - MP 0.40 0.51 ns 



 Appendix 
 

 
Tab. S31. Linear mixed-effects model results of the bleaching intensity of P. verrucosa and S. 

pistillata exposed to a six-week MP experimental period and a short-term heat stress. Treatments: 

Control, MP = microplastic, and MP+HF = microplastic and high feeding. Standard error 

(st.error),  p-value, significance (sig.). Model specifications: lmer(scale(variable)~Treatment + 

(1|genotype), data=data. Significance codes used are defined as: p < 0.001 (***), p < 0.01 (**), p 

< 0.05 (*), p > 0.05 (ns = not significant). 
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Species Treatments std.error p-value sig.  
P. verrucosa 
 MP - Control -0.8 0.04 * 
 MP+HF - Control 0.1 0.8 ns 
 MP+HF - MP -1.0 0.008 ** 
S. pistillata 
 MP - Control -0.6 0.7 ns 
 MP+HF - Control -0.2 0.1 ns 
 MP+HF - MP -0.3 0.6 ns 



 Abbreviations 
  

 

7 Abbreviations  
AAs                                                   Amino acids 

ALA                                                  Alanine  

ASP                                                   Asparagyne  

B                                                       Boron  

Ca                                                     Calcium  

C. echinata                                       Ctenactis echinata 

Cu                                                     Copper  

CSIA-AAs                                        Compound-specific stable isotope analysis of amino acids  

G. fascicularis                                  Galaxea fascicularis 

GLU                                                 Glutamic acid  

GLY                                                  Glycine  

HF                                                     Heterotrophic feeding 

ISO                                                    Isoleucine  

Mg                                                     Magnesium  

MET                                                  Methionine  

MPs                                                   Microplastics 

N                                                       Nitrogen  

Polyamide                                         PA 

P. lobata                                           Porites lobata 

P. verrucosa                                     Pocillopora verrucosa 

PHE                                                 Phenylananine  

Polyethylene                                     PE 

Polyethylene terephthalate               PET 

Polypropylene                                  PP 

Polystyrene                                       PS 

Polyvinyl chloride                           PVC 

PRO                                                 Proline  

LYS                                                 Lysine  

S. pistillata                                      Stylophora pistillata 

TP                                                   Trophic position 

VAL                                                Valine  

Zn                                                   Zinc  
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