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Summary 

 

 

The continuous increase in greenhouse gas (GHG) emissions, especially carbon dioxide (CO2), 

since the beginning of global industrialization has resulted in significant alterations in seawater 

physicochemical properties, particularly elevated seawater temperatures (ocean warming, 

OW) and ocean acidification (OA). These changes have wide-ranging consequences for marine 

organisms, affecting their biological functions and ecological roles. The combined effects of OW 

and OA may amplify adverse outcomes compared to individual stressors due to the complex 

reorganization of cellular mechanisms and molecular pathways, which subsequently appear in 

behavioral modifications. However, organismal reactions and thresholds to these stressors are 

variable, which might differ within organism ontogeny or among taxa, making predictions 

challenging. Therefore, increasing research has been performed to better understand the 

potential mechanisms underlying the ability of marine organisms to alleviate the effects of 

environmental change, mainly due to OW and OA. Thus, employing multiple bioindicators, 

specifically keystone species such as starfish, to evaluate the impacts of OW and OA offers a 

comprehensive approach to examining their effects not simply on the organism concerned but 

also on the broader ecosystem. 

 

The presented studies in this thesis aim to contribute to the understanding the role of 

physiochemistry and trade-offs on marine ectotherms, particularly asterinid starfish, in coping 

with environmental stress. For this purpose, mineralogic, metabolic, behavioral, lipidomics, 

and enzymatic activity approaches are used. The research summarized in this thesis provides 

the first investigation of the effects of global ocean change on biomineralization and 

physiological traits through long-term experiments using asterinid starfish species, 

Aquilonastra yairi, distributed in tropical to subtropical regions (across the Mediterranean Sea, 

Red Sea, and Gulf of Suez). The starfish were exposed to two temperature levels (27 °C and 32 

°C) crossed with three pCO2 regimes (455 µatm, 1052 µatm, and 2066 µatm), representing 

factorial combinations of ambient conditions and future levels of CO2 and temperature change 

according to the IPCC-Representative Concentration Pathways (RCPs) 8.5 greenhouse gas 

emission scenario for the year 2100. 
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The present work revealed that asterinid starfish demonstrate high stressor tolerance and 

resilience to increased temperature and pCO2 through adaptive adjustments in physiological 

functions or behavioral activities, suggesting high homeostatic capacities and the ability to 

regulate physiochemical response to maintain survival, fitness, and metabolic biosynthesis 

under chronic conditions. The temperature was the predominant factor, exerting a significant 

effect on the magnitude and frequency of the affected physiological-related processes; 

however, concurrent exposure to OA and OW stress produced synergistic effects on some of 

the starfish physiology-related responses tested. While decreased pH negatively affects starfish 

calcification performance, the increased temperature potentially mitigates these effects. 

However, increased temperature might also lead to more magnesium (Mg2+) incorporation into 

the calcite lattice, potentially compromising the starfish skeleton. Furthermore, it was revealed 

that starfish can preserve lipid-associated biochemistry (FAs) under elevated temperature and 

pCO2, which potentially provides molecular instruments to cope with future OA and OW 

scenarios. However, combined OA and OW significantly affected Ca-ATPase and Mg-ATPase 

enzyme activities, which are recognized to play an important role in the biomineralization 

pathway, raising concerns about potential susceptibilities in skeletal development and 

preservation. 

 

Investigating the complex impacts of global ocean change on marine organisms requires a 

comprehensive research approach that encompasses diverse biological, chemical, and physical 

traits. Understanding the physiological and chemical responses of bioindicator species, e.g., 

asterinid starfish, to combined stressors OW and OA is important to comprehend the 

relationships and interactions between biological processes and abiotic environmental 

conditions, which in turn essential for accurately predicting their resilience, ecological 

implication, and broader ecosystem dynamics. At the ecosystem scale, this study significantly 

contributes to the ongoing knowledge for future studies of the impact of climate change on 

coral reef-associated invertebrates. Specifically, this finding is beneficial for the conservation 

of coral reef ecosystems under future ocean conditions. 
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Zusammenfassung 

 

 

Der kontinuierliche Anstieg der Treibhausgasemissionen (THG), insbesondere von Kohlendioxid 

(CO2), seit Beginn der globalen Industrialisierung hat zu erheblichen Veränderungen der 

physikalisch-chemischen Eigenschaften des Meerwassers geführt, insbesondere zu erhöhten 

Meerwassertemperaturen (Ozeanerwärmung, OW) und zur Versauerung der Ozeane (OA). 

Diese Veränderungen haben weitreichende Folgen für die Meeresorganismen und 

beeinträchtigen ihre biologischen Funktionen und ökologischen Aufgaben. Die kombinierten 

Auswirkungen von OW und OA können die negativen Folgen im Vergleich zu den einzelnen 

Stressoren verstärken, da sich zelluläre Mechanismen und molekulare Pfade komplex 

umgestalten, was sich wiederum in Verhaltensänderungen niederschlägt. Die Reaktionen und 

Schwellenwerte der Organismen auf diese Stressfaktoren sind jedoch komplex und variabel 

und können sich innerhalb der Ontogenese des Organismus oder zwischen den Taxa 

unterscheiden, was Vorhersagen schwierig macht. Aus diesem Grund werden immer mehr 

Forschungsarbeiten durchgeführt, um die potenziellen Mechanismen besser zu verstehen, die 

der Fähigkeit von Meeresorganismen zugrunde liegen, die Auswirkungen von 

Umweltveränderungen, vor allem aufgrund von OW und OA, abzumildern. Der Einsatz 

mehrerer Bioindikatoren, insbesondere von Schlüsselarten wie Seesternen, zur Bewertung der 

Auswirkungen von OW und OA bietet daher einen umfassenden Ansatz zur Untersuchung ihrer 

Auswirkungen nicht nur auf den betreffenden Organismus, sondern auch auf das Ökosystem 

im weiteren Sinne. 

 

Die in dieser Arbeit vorgestellte Studie zielt darauf ab, die Rolle der Physiochemie und der 

Kompromisse bei marinen ektothermen Organismen, insbesondere bei Seesternen, bei der 

Bewältigung von Umweltstress zu verstehen, indem mineralogische, metabolische, 

verhaltensbezogene, lipidomische und enzymatische Aktivitätsansätze verwendet werden. Es 

handelt sich um die erste Forschungsarbeit, die die Auswirkungen des globalen Ozeanwandels 

auf die Biomineralisierung und physiologische Eigenschaften anhand von 

Langzeitexperimenten mit der Seesternart Aquilonastra yairi untersucht, die in tropischen bis 

subtropischen Regionen (Mittelmeer, Rotes Meer und Golf von Suez) verbreitet ist. Die 

Seesterne wurden zwei Temperaturniveaus (27 °C and 32 °C) in Kombination mit drei pCO2-

Regimen (455 µatm, 1052 µatm, und 2066 µatm) ausgesetzt, die faktorielle Kombinationen von 
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Umgebungsbedingungen und zukünftigen CO2- und Temperaturänderungen gemäß dem IPCC-

Szenario der repräsentativen Konzentrationspfade (RCPs) 8.5 für das Jahr 2100 darstellen. 

 

Die vorliegende Arbeit zeigte, dass Asteriniden-Seesterne eine hohe Stresstoleranz und 

Widerstandsfähigkeit gegenüber erhöhten Temperaturen und pCO2 aufweisen, und zwar durch 

adaptive Anpassungen der physiologischen Funktionen oder Verhaltensaktivitäten, was auf 

hohe homöostatische Kapazitäten und die Fähigkeit zur Regulierung physiochemischer 

Reaktionen zur Aufrechterhaltung des Überlebens, der Fitness und der metabolischen 

Biosynthese unter chronischen Bedingungen schließen lässt. Die Temperatur war der 

vorherrschende Faktor, der eine signifikante Auswirkung auf das Ausmaß und die Häufigkeit 

der betroffenen physiologischen Prozesse hatte; die gleichzeitige Exposition gegenüber OA- 

und OW-Stress führte jedoch zu synergistischen Effekten auf einige der getesteten 

physiologischen Reaktionen der Seesterne. Während sich ein niedriger pH-Wert negativ auf die 

Kalzifizierungsleistung der Seesterne auswirkt, mildert die erhöhte Temperatur diese 

Auswirkungen möglicherweise ab. Eine erhöhte Temperatur könnte jedoch auch zu einem 

verstärkten Einbau von Magnesium (Mg2+) in das Kalzitgitter führen, wodurch das 

Seesternskelett möglicherweise beeinträchtigt wird. Darüber hinaus zeigte sich, dass Seesterne 

die lipidassoziierte Biochemie (Fettsäuren) unter erhöhten Temperaturen und pCO2 bewahren 

können, was möglicherweise molekulare Instrumente zur Bewältigung künftiger OA- und OW-

Szenarien bietet. Allerdings beeinträchtigte die Kombination von OA und OW die Aktivitäten 

der Enzyme Ca-ATPase und Mg-ATPase, die bekanntermaßen eine wichtige Rolle bei der 

Biomineralisierung spielen, erheblich, was Anlass zur Sorge über mögliche Anfälligkeiten bei 

der Entwicklung und Erhaltung des Skeletts gibt. 

 

Die Untersuchung der komplexen Auswirkungen des globalen Ozeanwandels auf 

Meeresorganismen erfordert einen umfassenden Forschungsansatz, der verschiedene 

biologische, chemische und physikalische Merkmale umfasst. Das Verständnis der 

physiologischen und chemischen Reaktionen von Bioindikatorarten, z. B. Asteriniden-Seestern, 

auf die kombinierten Stressoren OW und OA ist wichtig, um die Beziehungen und 

Wechselwirkungen zwischen biologischen Prozessen und abiotischen Umweltbedingungen zu 

verstehen, was wiederum für eine genaue Vorhersage ihrer Widerstandsfähigkeit, der 

ökologischen Auswirkungen und der breiteren Ökosystemdynamik unerlässlich ist. Auf der 

Ebene der Ökosysteme trägt diese Studie auch zum aktuellen Wissensstand für künftige 
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Studien über die Auswirkungen des Klimawandels auf mit Korallenriffen assoziierte wirbellose 

Tiere bei. Insbesondere ist dieses Ergebnis für die Erhaltung von Korallenriff-Ökosystemen 

unter zukünftigen Meeresbedingungen von Nutzen. 
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Overview of publications and conference’s contribution 

 

 

The presented doctoral dissertation is based on a cumulative thesis consisting of three articles 

published in international peer-reviewed journals (Chapters 2, 3, and 4). The authors’ 

contributions to the manuscripts are summarized on the back of the respective cover pages. 

Chapter 2:  Khalil, M., Doo, S. S., Stuhr, M., & Westphal, H. (2022). Ocean warming amplifies 

the effects of ocean acidification on skeletal mineralogy and microstructure in the 

asterinid starfish Aquilonastra yairi. Journal of Marine Science and Engineering, 

10(8), 1065. https://doi.org/10.3390/jmse10081065. 

 

Chapter 3: Khalil, M., Doo, S. S., Stuhr, M., & Westphal, H. (2023). Long-term physiological 

responses to combined ocean acidification and warming show energetic trade-offs 

in an asterinid starfish. Coral Reefs, 42(4), 845-858. 

https://doi.org/10.1007/s00338-023-02388-2. 

 

Chapter 4: Khalil, M., Stuhr, M., Kunzmann, A., & Westphal, H. (2024). Simultaneous ocean 

acidification and warming do not alter the lipid-associated biochemistry but induce 

enzyme activities in an asterinid starfish. Science of the Total Environment, 932, 

173000. https://doi.org/10.1016/j.scitotenv.2024.173000. 

 

In addition, four journal articles (served as author/co-author) unrelated to doctoral research 

work (2020-2024) were also published in international peer-reviewed journals. Article details 

are provided in the appendix. 

 

During doctoral study, part of the work has been presented at the conferences outlined below: 

Khalil, M., Doo, S. S., Stuhr, M., & Westphal, H. (2023, January 24). Physiological effects of 

combined ocean acidification and warming on asterinid starfish. ZMT Annual 

Conference 4 (ZAC-4), Bremen, Germany.  

Understanding how marine ecosystems are impacted by environmental stressors relies on 

accurate predictions of species-specific responses (performances of marine organisms) to 

climate change. In this study, we assess the combined effects of elevated pCO2 and 

temperature on organismal mortality, metabolic rate, righting activity, and calcification rates 

https://doi.org/10.3390/jmse10081065
https://doi.org/10.1007/s00338-023-02388-2
https://doi.org/10.1016/j.scitotenv.2024.173000
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of the tropical asterinid starfish Aquilonastra yairi. Adult specimens of A. yairi were acclimated 

at two temperature levels (27 °C and 32 °C) crossed with three pCO2 concentrations (455 µatm, 

1052 µatm, and 2066 µatm) for 90 days. At the end of the 90-day incubation, mortality was not 

altered by temperature and pCO2 treatments. Elevated temperature alone increased metabolic 

rate, accelerated righting activity, and caused a decline in calcification rate. In contrast, 

elevated pCO2 concentration increased metabolic rate and reduced calcification rate but did 

not significantly affect the righting activity. These results demonstrate that temperature is the 

main driver regulating starfish physiology. However, the combination of high temperature and 

high pCO2 concentration shows nonlinear and potentially synergistic effects on organismal 

physiology (e.g., metabolic rate), whereby the high temperature benefits the starfish to cope 

with the adverse effect of high pCO2 concentration (low pH) on calcification and minimize 

skeletal dissolution. Our study implies that while the temperature is the most significant 

stressor associated with global change for asterinid starfish, interactive effects with pCO2 might 

raise physiological perturbations. 

 

Khalil, M., Stuhr, M., Kunzmann, A., & Westphal, H. (2024, January 16). Ocean acidification and 

warming effects on lipid-associated biochemistry and enzyme activities in an asterinid 

starfish. ZMT Annual Conference 5 (ZAC-5), Bremen, Germany. 

Ocean acidification and ocean warming as part of global climate change consequences are 

affecting marine organismal physiology on a microscale and are altering ecosystem functions 

on a broader level. However, there is still sparse information on how they interact to affect 

tropical and subtropical intertidal species. Driving the environmental window of marine species 

away from their optimum conditions triggers stress that may affect biochemical metabolic 

characteristics, with consequences on lipid-related biochemistry and enzyme biosynthesis. This 

study aims to investigate lipids and associated fatty acids (FAs) and the activity of enzymes 

involved in the calcification process of asterinid starfish Aquilonastra yairi in response to near-

future global change scenarios. The A. yairi in our experiment were acclimatized to two 

temperature levels (27 °C, 32 °C) crossed with three pCO2 concentrations (455 µatm, 1052 

µatm, 2066 µatm) for 90 days. The composition of the total lipids (ΣLC) and FAs were unaffected 

by combined elevated temperature and pCO2, but at elevated temperature, there was an 

increase in ΣLC, SFAs (saturated fatty acids) and PUFAs (polyunsaturated fatty acids), and a 

decrease in MUFAs (monounsaturated fatty acids). Furthermore, statistical tests confirmed 

that temperature was the sole factor significantly altering the SFAs composition. A 
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homeoviscous adaptation strategy appears to be employed by A. yairi to reduce the impacts of 

elevated temperatures and pCO2. Parabolic responses and unstable Ca-ATPase and Mg-ATPase 

enzyme activities were detected at ambient temperature-elevated pCO2, while stable enzyme 

activities were observed at high-temperature-elevated pCO2. Hence, the increased 

temperature seems to allow the starfish to cope with the negative effect of increased pCO2 on 

enzyme activities (antagonistic interactive effects). Our results indicate that lipid biochemistry 

in starfish is resilient to elevated pCO2 but not temperature, while enzyme activities appear 

more sensitive to alterations in pCO2.  
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Chapter 1. General introduction 

 

 

1.1. Global ocean change 

The release of anthropogenic greenhouse gases (GHGs) emission (e.g., carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O), and fluorinated gases) into the atmosphere as a result of 

human activities has changed the physical and chemical properties of the world's oceans since 

the industrial revolution in the early 19th century (IPCC, 2023; Yoro & Daramola, 2020), referred 

to as global ocean change (Boyd et al., 2018). In particular, GHGs CO2, CH4, and N2O have 

increased and are projected to continue growing in line with population and economic growth 

(Le Quéré et al., 2009). In 2019, net anthropogenic GHG emissions were reached 56 ± 6.6 

gigaton CO2 equivalent (GtCO2-eq), which is approximately 6.5 GtCO2-eq (12%) higher than in 

2010 and 54 GtCO2-eq (54%) higher than in 1990 (IPCC (2023); Figure 1.1). This increased 

emission has been primarily attributed to anthropogenic activities via fossil fuel combustion, 

cement production, deforestation, agricultural expansion and intensification, industrial 

processes, and waste management (Friedlingstein et al., 2023; IPCC, 2019, 2023; Sabine et al., 

2004).  

 

CO2 is one of the most significant GHGs in the earth's atmosphere. During 1851-2022, the world 

emitted 2550 ± 260 Gt CO2 into the atmosphere (Friedlingstein et al., 2023). CO₂ concentrations 

in the atmosphere have been recorded to increase linearly ≈47% since 1850, with the 

accelerated rate achieving ≈2.2 ppm/year over the last decade (Ramonet et al., 2023). 

Emissions rose from mean levels of ≈278 ppm in 1750 (IPCC, 2021), the beginning of the 

industrial era, to ≈417.1 ppm in 2022 (Lan et al. (2023); Figure 1.3a) and is estimated to reach 

≈419.3 ppm in 2023 (Friedlingstein et al., 2023) which is higher than in the last 800,000 years 

(Friedlingstein et al., 2023; IPCC, 2023; Lindsey, 2023). By the end of the year 2100, the 

atmospheric CO2 concentration is estimated to range from ≈580 ppm (RCP4.5) to ≈1000 ppm 

(RCP8.5) (IPCC (2014); Figure 1.3b), resulting in an increase in heat trapped and re-emitted 
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within the earth (greenhouse effect) and generating positive radiative forcing1 (Doney et al., 

2014; Fawzy et al., 2020; Gattuso et al., 2015; IPCC, 2023).  

 

 

 
Figure 1.1.  Annual-mean atmospheric main GHGs emission CO2, CH4, and N2O (1850-2019), 

and CO2 contributions from human anthropogenic activities (modified from IPCC 

(2023). GHG emissions have risen at an accelerating rate since 1850. As of 2019, 

the levels of CO2, CH4, and N2O in the atmosphere all exceeded 410 parts per 

million (ppm), 1866 parts per billion (ppb), and 332 parts per billion (ppb), 

respectively (IPCC, 2023). 

 

The ramifications of disturbances to the earth's heat balance may have extensive and profound 

impacts on the planet and its inhabitants, including increased global average temperatures, 

 
1 Positive radiative forcing refers to a situation where there is an increase in the amount of energy (in watts per square 
meter, Wm-2) entering the earth's atmosphere compared to the amount of energy leaving it. As simpler form, more 
energy from the sun is being absorbed by the earth and its atmosphere than is being radiated back to space. This 
imbalance leads to a net gain of energy within the earth's climate system and results in warming (Etminan et al., 2016). 
Positive radiative forcing is primarily driven by increasing concentration of GHGs in the atmosphere (Doney et al., 2014; 
Etminan et al., 2016). 
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changes in weather systems and climatic conditions, accelerated melting of glaciers and ice 

sheets, acidification (soil and ocean), intensifying extreme weather events, rising sea levels; 

leading to ecosystem shifts and potential extinctions, affecting agricultural-fisheries 

productivity and food availability, and driving migration and population displacement (Hegerl 

et al., 2018; Hughes, 2000; IPCC, 2019, 2022, 2023). Therefore, understanding the impacts of 

global change is imperative to grasp the potential effects on organisms, ecosystems, and 

human societies, as well as exploring potential strategies to reverse events and mitigate 

existing and emerging problems. 

 

Oceans are a critical component of the earth's climate system; serve as a heat reservoir and 

carbon sink, by absorbing ≈89% of atmospheric heat (Cheng et al., 2022; von Schuckmann et 

al., 2023) and ≈25% of CO2 (Gruber et al., 2023), respectively. About 61.9% of absorbed heat 

warms the upper 0-700 m of the ocean’s water column (Cheng et al., 2021). Increasing heat in 

the atmosphere due to intensifying anthropogenic climate change over the past few decades 

leads to increasing ocean heat content (Li et al., 2023), resulting in an increase of its interior 

temperature and further referred to as ocean warming (OW) (Cheng et al., 2021; Cheng et al., 

2022; Ruela et al., 2020). This phenomenon (i.e., OW) has permeated and dispersed into entire 

ocean layers, spanning from the surface to the abyssal zone (Durack et al., 2018). Since the 

1970s, ocean temperatures have exhibited a linear increasing trend (NOAA (2023); Figure 1.2a), 

with the global sea surface temperature (SST) reaching its highest record in 2023 (SST anomaly 

0.54 °C; Cheng et al. (2024)). The global average ocean temperature has risen by ≈1.5 °C since 

1850 and is projected to increase in the range of 3.3 °C to 5.7 °C by the end of 2100 relative to 

1850 to 1900 under the Shared Socioeconomic Pathways (SSPs) SSP5-8.5 high CO2 emission 

scenario (IPCC (2021, 2023); Figure 1.2b). Furthermore, OW has frequently been associated 

with an increased frequency of extreme regional warming episodes referred to as marine 

heatwaves (Frolicher et al., 2018), which may pose a higher risk to marine organisms and 

ecosystem services (Smith et al., 2023). 

 

Meanwhile, increased atmospheric CO2 concentrations have driven increased ocean CO2 

uptake. Ocean CO2 sink trends have grown linearly over the past six decades, rising from about 

-1.1 ± 0.4 Gt C year-1 in the early 1960s to about -2.8 ± 0.4 Gt C year-1 in 2022, with a projection 

to reach 2.9 ± 0.6 Gt C year-1 in 2023 (Friedlingstein et al., 2023). When CO2 dissolves and 

absorbs into seawater, CO2 reacts with seawater to form carbonic acid (H2CO3), which then 
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dissociates, resulting in a reduction of the carbonate ion (CO3
2-) concentration and increases 

the bicarbonate ion (HCO3
-) and hydrogen ion (H+) concentrations (Figure 1.3c), causing a 

reduction in ocean pH and a profound alteration of ocean carbonate chemistry in a process 

described as ocean acidification (OA) (Caldeira & Wickett, 2003; Feely et al., 2004). Ocean 

surface seawater pH has declined about ≈0.1 units since the industrial era began, or -0.017 to 

-0.027 pH units per decade since the late 1980s, which equates to ≈26% increase in H+ 

concentration (IPCC, 2013, 2021).  Furthermore, since the 1980s, there has been a reported 

decline in pH in the subtropical open oceans ranging from -0.016 to -0.019 pH units per decade, 

which is equivalent to an increase in H+ concentration of ca ≈4% per decade; meanwhile, the 

western tropical Pacific showed a slower pH decrease of -0.010 to -0.013 pH units per decade 

(IPCC, 2021). 

 

Changes in the equilibrium state of the carbonate system in seawater, primarily CO3
2- and HCO3, 

resulting from increased pCO2, have direct geochemical implications on the carbonate 

saturation state (Ω) (Doney et al., 2009). Under the IS92a scenario2 in 2100, CO3
2- concentration 

of tropical surface ocean is projected to decline ≈45% relative to preindustrial levels, leading to 

a reduction in seawater Ω (Orr et al., 2005). From 1750 to 2010, the global average CO3
2- 

declined by ≈16% from 228 to 190 μmol kg−1 (Jiang et al., 2023). Based on dissolution kinetics, 

the reduction in seawater Ω (particularly aragonite Ωarag and calcite Ωcalc) is assumed to affect 

the formation and dissolution rate of calcium carbonate (CaCO3) (Feely et al., 2004; Orr et al., 

2005), which is the chemical compound precipitated by most marine organisms for their shells 

or skeletons. 

 

 
2 The IS92a scenario was one of several emission scenarios developed in the early 1990s by the IPCC to explore different 
possible pathways of future GHGs emissions. These scenarios were part of the IPCC's Second Assessment Report (SAR) 
published in 1995. The IS92a scenario falls under the so-called "business-as-usual" category, representing a future with 
relatively high GHGs emissions if no specific policies or actions are taken to mitigate climate change. The scenario assumes 
a continuation of historical trends and does not incorporate significant efforts to reduce emissions or address climate 
change (IPCC, 1996). 
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Figure 1.2.  Historical and projection of global surface temperature. (a). The annual mean of 

earth's surface temperature anomalies from 1850 to 2022. The trends of land and 

ocean surface temperature anomalies are 0.09 °C/decade and 0.04 °C/decade, 

respectively. Datasets were extracted from NOAA (2023), (b). Cumulative 

temperature (1850-2019) and projected temperature (2020-2050) of the earth's 

surface based on GHG CO2 emissions (modified from IPCC (2021)). The projected 

temperatures are modeled using cumulative CO2 emissions under the IPCC-SSPs 

scenario. 
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 (c) 

 

 
Figure 1.3.  Historical and projection of the global surface CO2-pH trend and the potential for 

ocean acidification. (a) observed and current global atmospheric CO2 

concentration trend. Datasets were extracted from (Lan et al., 2023), (b) the 

cumulative ocean pH (1950-2019), and the projected surface ocean pH (2020-

2010) based on the GHG CO2 emissions (modified from IPCC (2021)). The projected 

surface ocean pH is modeled using cumulative CO2 emissions under the IPCC-SSPs 

scenario, (c) schematic diagram of the ocean acidification processes. 
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1.2. Effect of ocean acidification and ocean warming on marine organisms 

Global ocean change is causing significant environmental changes that potentially pose major 

challenges for marine organisms. Physicochemical changes in the ocean, by rising temperatures 

and acidification, can directly or indirectly alter several biochemical responses in marine 

organisms, which cascade at the molecular, individual, population, community, and ecosystem 

levels, including their adaptive capacity (Brierley & Kingsford, 2009; Doney et al., 2012; 

Poloczanska et al., 2013). Obtaining insight into the current responses of marine organisms to 

environmental stressors, together with their adaptive potential to future environmental 

scenarios, is crucial for predicting the consequences of persistent global change on populations, 

communities, and ecosystems. Over the past decade, the effects of single and multi-stressors 

on marine organisms have been extensively studied using various approaches both in the 

laboratory and in the natural environment at different scales, magnitudes, and durations across 

a wide range of taxa including cnidaria, crustaceans, mollusks, echinoderms, and marine plants 

(Bednaršek et al., 2021; Harvey et al., 2013; Hu et al., 2022; Ji & Gao, 2021; Leung et al., 2022; 

Medeiros & Souza, 2023; Przeslawski et al., 2015; Thomas et al., 2020). The response of 

organisms to stressors is variable, typically affecting biological performance (e.g., behavior, 

metabolism, foraging, competitive capability, growth, and reproduction), fitness, and skeletal 

mineralogy (Gao et al., 2020; Nagelkerken & Munday, 2016). Additionally, the intensity and 

conditions of stressors have species-specific effects (Kroeker et al., 2013), leading to vastly 

variable and complex responses in marine organisms depending on taxa (Harvey et al., 2013), 

stressor exposure, and organismal adaptive potential (Heugens et al., 2001; Parker et al., 1999; 

Vargas et al., 2017), and biological complexity3 (Harvey et al., 2014), thus making it difficult to 

accurately predict outcomes for specific species or even ecosystem.  

 

Temperature plays a crucial role in the biological functions and shaping the physiological 

mechanisms of marine organisms, impacting from embryonic development and biochemical 

performance to species distribution (Arroyo et al., 2022; Knapp & Huang, 2022; Peck et al., 

2009; Sunday et al., 2012). A modest change in temperature can have a significant consequence 

on the stability, flexibility, and structure of molecules involved in biological processes (Miller & 

Stillman, 2012; Slein et al., 2023; Somero, 2002). E.g., the structure of enzymes, which are 

 
3 Biological complexity refers to the complex organization and interplay between organisms across different levels of 
biological organization, including molecular, cellular, organ, organism, population, community, and ecosystem levels. It 
includes the diversity of life forms, their structural and functional features, and the dynamic mechanisms that regulate 
their behavior, development, and interactions with the environment (Adami, 2009). 
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critical for numerous biochemical reactions in echinoderms, may be altered by changes in 

temperature (Lawrence, 1985); hence, it could affect catalytic activity and efficiency, 

potentially impairing processes of digestion and metabolism (Klinger et al., 1997; Schulte, 

2015). In addition, the thermal sensitivity of structural proteins in echinoderms, particularly 

involved in skeleton formation (Killian & Wilt, 2008; Livingston et al., 2006; Matranga et al., 

2013), could be affected by increased temperature (Dubois, 2014; Magdalena et al., 2012; Zhan 

et al., 2019) and therefore have implications on the skeletal development and integrity, which 

are vital for their survival and ecological role in marine ecosystems. Furthermore, elevated 

temperature (OW) beyond thermal tolerance thresholds leads to rapid deterioration in bio-

physiological functions, compromising the biological performances and survivability of marine 

organisms (see reviews Lang et al. (2023); Nguyen et al. (2011); Smith et al. (2023)). OW has 

contributed to mass mortality events (Garrabou et al., 2022), altered organism distribution 

(Lonhart et al., 2019) and migration (Langan et al., 2021), increased incidence of infectious 

disease outbreaks (Tracy et al., 2019), hypoxia (Earhart et al., 2022), coral bleaching (McManus 

et al., 2020; Suggett & Smith, 2020), disrupted reproductive biology (Alix et al., 2020), changes 

in food webs and trophic dynamics (du Pontavice et al., 2020; Maureaud et al., 2017), increased 

invasive species dispersion (Occhipinti-Ambrogi, 2007), and altered behavior of marine 

organisms (Joyce et al., 2022). 

 

OA is a stressor that also potentially affects marine organisms and ecosystem functions. The 

decreased pH and changes in the seawater carbonate system due to elevated concentrations 

of CO2 can potentially lead to bioecological implications, affecting a wide range of marine life, 

including mollusks, corals, pteropods, foraminifera, echinoderm, and other calcifying 

organisms (Fabry et al., 2008; Kroeker et al., 2010). Related to this context, marine calcareous 

organisms have a unique susceptibility because of the calcification processes are expected to 

be hindered by decreased seawater pH (Cyronak et al., 2016), which is essential for forming 

and preserving calcium carbonate (CaCO3) skeleton structures, including shells, endoskeletons, 

and exoskeletons (Orr et al., 2005). Additionally, OA may lead to acidosis4, which in turn can 

disrupt numerous critical physiological processes, including aerobic metabolism (Pörtner, 

2008). It can impact the growth, development, abundance, reproduction, settlement, 

metabolism, sensory functions, and survival of marine organisms, with numerous species being 

 
4 Acidosis refers to a physiological condition where there is an imbalance in the internal pH levels of organims, typically 
caused by increased acidity in the surrounding seawater due to OA (Melzner et al., 2009). 
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more vulnerable in their early life stages (Ashur et al., 2017; Hendriks et al., 2010; Kroeker et 

al., 2010; Przeslawski et al., 2015; Ross et al., 2011). However, the effects of OA are not uniform 

across taxa and location, and the rate at which it occurs is a determining factor in the extent to 

which calcifying organisms will be able to adapt (Wittmann & Pörtner, 2013). 

 

In addition to altering the bio-physiological performance of organisms, in some studies, OW 

and OA (as sole or combined factors) have been found to significantly affect the skeletal 

microstructure and integrity of calcareous species, i.e., biomineralization (Byrne & Fitzer, 2019; 

Figuerola et al., 2021). However, other studies observed that effects are highly specific to the 

taxonomic group, with some showing negative responses, some positive responses, and others 

remaining unaffected (Byrne et al., 2014; Fabricius et al., 2011; Hofmann & Bischof, 2014; 

Iglesias-Rodriguez et al., 2008; Ries et al., 2009). This variability in response appears to be 

intricately linked to the biological formation system of the calcareous skeleton or shell, as well 

as the delicate balance between calcification (production and deposition of CaCO3) and 

dissolution (CaCO3 dissociates and incorporated into a solution) processes (Clark, 2020). 

Calcification has been used as a proxy to evaluate the direct effects of CO2 alteration on various 

taxa since OA is recognized to increase the vulnerability of CaCO3 shell or skeleton-building 

organisms to biomineralization processes and promote dissolution (Levin et al., 2015). The 

impacts on the calcification rates of calcifying organisms by OA are attributable to decreases in 

pH (i.e., increasing proton concentrations, [H+]) and saturation state (Ω) (Cyronak et al., 2016). 

Decreases in pH might affect calcification in two fashions: directly, by decreasing 

concentrations and rates of CO3
2- formation within the extracellular calcifying medium (ECM), 

and indirectly, by altering the metabolism (Erez et al., 2011).  

 

Among marine invertebrates, various taxa precipitate different forms of CaCO3 (polymorphs) 

with different solubilities, thus, potentially different sensitivities to OA and OW (Adkins et al., 

2021; Andersson et al., 2008). The CaCO3 skeleton consists of one or a combination of calcite 

with subgroup low Mg calcite (LMC) and high Mg calcite (HMC) (Long et al., 2014), aragonite, 

and the rare mineral vaterite (Skinner & Ehrlich, 2014). No chemical boundary clearly separates 

pure calcite from MgCO3. In general, pure calcite is categorized as a crystalline form of CaCO3 

that is composed solely of calcite minerals without any significant impurities or other mineral 

phases, and it contains 56.03% CaO and 43.97% CO2 (Haldar, 2020). Further, calcites with >4 

wt% (4 wt% ~ 10 mol%) MgCO3 are conventionally defined as HMC (Chave, 1962; Ries et al., 
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2009; Stanley et al., 2002; Tucker & Wright, 1990), although this boundaries is not universally 

acknowledged, e.g., Smith et al. (2006) divides MgCO3 into three groups: LMC (0 wt% to 4 wt% 

MgCO3), intermediate Mg calcite (IMC; 4 wt% to 8 wt% MgCO3), and HMC (>8 wt% MgCO3), 

while Andersson and Mackenzie (2011) recommends a threshold between IMC and HMC is 12 

wt% MgCO3. Mineral solubility in seawater varies, with vaterite being the most 

thermodynamically unstable and having highest solubility among CaCO3 polymorphs (Addadi 

et al., 2003), Mg-calcite being the most soluble than aragonite and pure calcite, and aragonite 

being more soluble than pure calcite (Andersson et al., 2008; Morse et al., 2006; Raz et al., 

2000; Walter, 1984). The solubility of calcite increases with increasing Mg content (Davis et al., 

2000). This could lead shells or skeletons with high Mg calcite (e.g., bryozoans, echinoderms, 

calcareous red algae, and some foraminifera) to become more soluble, thus rendering those 

marine organisms with such mineral phases more susceptible to OA (Figuerola et al., 2021; 

Lebrato et al., 2016). Furthermore, increased ocean temperatures (OW) were found to 

exacerbate the effects of OA in species with Mg-calcite or aragonite shells or skeletons, as the 

Mg content in calcite typically enhanced with increased seawater temperature (Burton & 

Walter, 1987; Mucci, 1987; Oomori et al., 1987), therefore, potentially increasing the solubility 

of the skeleton with temperature. In addition, such conditions are also found in aragonite 

crystal-producing organisms (e.g., corals, mollusks, pteropods, and most extant fish species), in 

which reduced pH and aragonite saturation state (Ωar) due to OA decreases the rate of 

aragonite precipitation in CaCO3 skeleton structure (Byrne & Fitzer, 2019; Cohen & Holcomb, 

2009; Gazeau et al., 2013). 

 

Although OW and OA have first been studied as distinct stressors on marine organisms, recent 

studies have demonstrated that their interactions lead to non-linear and synergistic effects 

(Table 1.1) due to complex interactions between physiological, ecological, and biogeochemical 

processes (Boyd & Hutchins, 2012; Gao et al., 2020; Gruber, 2011) through additive effects 

(combined stressor effects equal the sum of stressor's individual effects; no additional stress), 

antagonistic effects (one stressor offsets the effect of the other; decreased stress), and 

synergistic effects (the interplay of stressors results in a combined effect that is greater than 

the sum of their individual effects; amplified stress) (Folt el at., 1999; Todgham & Stillman, 

2013; Figure 1.4). Ultimately, the sensitivity of marine organisms to OA and OW correlates with 
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life stage, mobility, acclimatization and adaptation5, thermal windows of species, habitat and 

ecological niche, genetic diversity, trophic interactions, and geographic location (Andersson et 

al., 2015; Breitburg et al., 2015; Byrne & Przeslawski, 2013; Donelson et al., 2019; Harvey et al., 

2013; Hillebrand et al., 2018; Hu et al., 2024; Przeslawski et al., 2015; Wittmann & Pörtner, 

2013). 

 

 

 
Figure 1.4. Conceptual approach of stressor interactive effects on organismal performance. 

Multiple stressors may independently affect performance (additive interactive 

effect), interact to decrease performance (antagonistic interactive effect), or 

interact to increase performance (synergistic interactive effect) in a non-linear and 

unpredictable manner (modified from Todgham and Stillman (2013)).

 
5 Acclimatization refers to physio-biochemical modifications or controlled phenotypic responses by an individual organism 
to multiple simultaneous stressors in the natural environment at a specific timeframe. Acclimatization serves to enhance 
the fitness and life performance of organisms in the environment and is a prerequisite for the adaptation process. 
Acclimatization chronic changes are reversible. Adaptation refers to the process whereby an organism undergoes a 
physical, behavioral, biochemical, or physiological modification in order to better acclimate to its environment, enhancing 
the ability to withstand, reproduce, and evolve, which usually proceeds very slowly. Adaptation may involve genetic 
modification when adverse environments endure over multiple generations of a species (Hill et al., 2012; Randall et al., 
1997; Willmer et al., 2004). 
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Table 1.1. Studies on the impacts of ocean acidification and ocean warming as combined stressors (OW*OA) on marine invertebrates. The studies 

involved factorial experimental design, level of OA (pH/pCO2), and OW (Temperature, °C). This study contains only descriptive statistics. 

OA*OW refers to the effects of combined stressors, which are statistically significant (p < 0.05). The pH levels are listed as published on the 

total scale (pHT
a), NBS scale (pHNBS

b), or no scale (pHc) if not indicated. pCO2 levels (µatm/ppm) indicated next to pH. Abbreviations, OA: 

ocean acidification; OW: ocean warming; OA*OW: ocean acidification + ocean warming (combined stressor effect); NS: not specified.   

 

Taxon Species (life stage) pH/pCO2 level 
Temperature 

level 

Exposure 

duration 

Interactive effect of ocean 

acidification and ocean warming 
References 

Starfish Aquilonastra yairi  

(adult) 

8.00a/455 µatm, 

7.74a/1052 µatm, 

7.47a/2066 µatm  

27 °C, 32 °C 90 days OA*OW altered Ca-ATPase and Mg-

ATPase activities 

Khalil et al. (2024c) 

Starfish Aquilonastra yairi  

(adult) 

8.00 a/455 µatm,  

7.74 a/1052 µatm, 

7.47a/2066 µatm  

27 °C, 32 °C 90 days OA*OW increased metabolic rates, 

32 °C : 2066 µatm generated a stable-

low calcification rate 

Khalil et al. (2023) 

Starfish Aquilonastra yairi 

(adult) 

8.00a/455 µatm, 

7.74a/1052 µatm, 

7.47a/2066 µatm  

27 °C, 32 °C 90 days OA*OW altered skeletal Mg/Ca ratio 

and degraded skeleton structures 

Khalil et al. (2022) 

Starfish Asterias rubens 
(adult) 

8.1b/400 ppm, 

7.9b/760 ppm 

20 °C, 24 °C 70 days OA*OW reduced growth rate and 

calcified mass 

Keppel et al. (2014) 

Starfish Parvulastra exigua 
(adult) 

8.2 b/356-366 ppm, 

7.8b/1022-1075 

ppm,  

18 °C, 21 °C, 

24 °C 

1 day OA*OW increased O2 consumption McElroy et al. (2012) 
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7.6 b/1679–1778 

ppm 

Starfish Pisaster ochraceus 

(juvenile) 

7.9b/380 µatm, 

7.8b/780 µatm 

12 °C, 15 °C 70 days OA*OW increased the feeding rate 

and reduced the calcified material 

Gooding et al. (2009) 

crown-of-

thorns 

starfish  

Acanthaster spp. 

(larvae) 

8.01b/548.4 µatm, 

8.00b/555.2 µatm, 

7.74b/989.2 µatm, 

7.72b/1022.7 µatm 

Ambient, +2°C 21 days OA*OW delayed larvae development Hue et al. (2022) 

Mussel  Mytilus coruscus 

(adult) 

8.1b, 7.8b, 7.4b 23 °C, 28 °C 28 days OA*OW reduced clearance rates, 

oxygen consumption rates, ammonia 

excretion rates, oxygen-to-nitrogen 

(O:N) ratios, ATP content, and 

pyruvate kinase activities 

Tang et al. (2022) 

Pteropods Limacina spp. 

(juvenile) 

8.0a/400 µatm, 

7.9a/750 µatm, 

7.7a/1100 µatm 

3.5 °C, 5.5 °C 7 days OA*OW reduced PUFA compound Lischka et al. (2022) 

Pteropod 

(Antarctic) 

Limacina helicina 

antarctica 

(adult) 

8.2a/ 264 μatm, 

7.95a/500 μatm, 

7.7a/920 μatm 

−0.8 °C, 4 °C 16 days OA*OW increased metabolic rate Hoshijima et al. 

(2017) 

Giant clam Tridacna squamosa 

(juvenile) 

8.1b/450 µatm, 

7.8b/ 950 µatm 

28.5 °C, 30.5 °C 60 days OA*OW increased interindividual 

variation in mineral concentrations 

and reduced shell nitrogen content 

Armstrong et al. 

(2022) 
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Foraminifera Amphistegina lobifera  

(adult) 

8.16b/492 ppm, 

7.97b/963 ppm, 

7.50b/3182 ppm 

28 °C, 31 °C 2 months OA*OW reduced foraminifera pore 

sizes, putative decreases in test 

stability, and increased 

microenvironmental pH gradients 

Stuhr et al. (2021) 

Coral Pocillopora damicornis 

(adult) 

8.1a/400 ppm, 

7.9a/1000 ppm, 

7.5a/2800 ppm 

28 °C, 31 °C 8 weeks OA*OW decreased δ11B, [CO32−]cf, 

Ωcf , and DICcf 

Guillermic et al. 

(2021) 

Coral Stylophora pistillata 

(adult) 

 

8.1a/400 ppm, 

7.9a/1000 ppm, 

7.5a/2800 ppm 

28 °C, 31 °C 8 weeks OA*OW decreased δ11B, [CO32−]cf, 

Ωcf , and DICcf 

Guillermic et al. 

(2021) 

Coral Acropora hyacinthus 

(adult) 

8.00a/410 μatm, 

7.85a/652 μatm, 

7.71a/934 μatm 

26 °C, 28.5 °C, 

31 °C 

12 weeks OA*OW increased dark respiration 

rate and calcification rate 

Anderson et al. 

(2019) 

Coral Pocillopora damicornis 

(larvae) 

8.0a/500 μatm, 

7.7a/1100 μatm 

29 °C, 30.8 °C 21 days OA*OW decreased photochemical 

efficiency (Fv/Fm) and budding rate 

Jiang et al. (2017) 

Sponge Spheciospongia vesparium 

(adult) 

8.1a, 7.7a 26 °C, 32 °C 6 days OA* OW interfered with the sponge 

microbiome; combined OA and OW 

permanently destabilized the 

structure and function of the sponge 

microbial community 

Chai et al. (2024) 

Sea urchin Echinometra lucunter 

(Embryo-larvae) 

8.2c, 7.5c 26 °C, 28 °C NS OA*OW decreased embryo-larval 

development 

Caetano et al. 

(2021) 
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Sea urchin Echinometra lucunter 

(larvae) 

8.0b, 7.7b, 7.4b 26 °C, 28 °C, 

30 °C, 34 °C, 

38 °C 

3 months OA*OW decreased the pluteus larvae 

development rate 

Pereira et al. (2020) 

Sea urchin Loxechinus albus 

(juvenile) 

7.7b/500 μatm, 

7.4b/1400 μatm 

15 °C, 20 °C 30 days OA*OW increased HSP70 

transcription level 

Manriquez et al. 

(2019) 

Sea urchin Lytechinus variegatus 

(larvae) 

8.1b, 7.8b 28 °C, 31 °C 13 days OA*OW reduced body length and rod 

length; increased asymmetrical rod 

form 

Lenz et al. (2019) 

Sea urchin Paracentrotus lividus 

(adult) 

7.9a/634 μatm,  

7.7a/990 μatm, 

7.4a/1756 μatm 

17 °C, 21 °C 81 days OA*OW reduced growth Cohen-Rengifo et al. 

(2019) 

Sea urchin Tripneustes gratilla 

(juvenile-adult) 

8.1b, 7.8b, 7.6b 22 °C, 25 °C, 

28 °C 

146 days OA*OW reduced gonad index Dworjanyn and 

Byrne (2018) 

Sea urchin Loxechinus albus 

(juvenile) 

7.8a/400 µatm, 

7.6a/1200 µatm 

16 °C, 19 °C 7 months OA*OW fasted foraging speed 

(horizontal) 

Manríquez et al. 

(2017) 

Sea urchin 

(Antarctic) 

Sterechinus neumayeri 

(adult) 

8.0b/419 μatm,  

7.7b/834 μatm, 

7.5b/1361 μatm 

-0.3 °C, 1.9 °C, 

2.2 °C 

40 

months 

OA*OW reduced energy consumed 

and energy absorbed from food 

Morley et al. (2016) 

Sea urchin Paracentrotus lividus 

(larvae) 

8.1b/310 μatm,  

7.7b/895 μatm, 

7.4b/1862 μatm 

19 °C, 20.5 °C, 

22.5 °C 

30 days OA*OW increased mortality rate, 

shorted body, and arm length 

Garcia et al. (2015) 
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Gastropod Austrocochlea 

concamerata 

(adult) 

8.1b/400 ppm, 

7.8b/940 ppm 

21 °C, 24 °C 8 weeks OA*OW reduced assimilation 

efficiency, absorption rate, the scope 

for growth (energy budget), and shell 

weight (strength); increased 

respiration rate 

Leung et al. (2020) 

Gastropod Tritia reticulata 

(veliger) 

8.1b, 7.9b 18 °C, 20 °C, 

22 °C 

14 days OA*OW increased larval mortality; 

slowed swimming activities 

Fonseca et al. 

(2020) 

Gastropod Dicathais orbita 

(adult) 

380 ppm, 750 ppm 23 °C, 25 °C 35 days OA*OW reduced PUFAs concentration Valles-Regino et al. 

(2015) 

Gastropod Tegula atra 

(Adult) 

7.9b/500 μatm,  

7.5 b/1600 μatm 

12 °C, 20 °C 60 days OA*OW exhibited an antagonistic 

interactive effect; when the pCO2 level 

was increased, the positive effect of 

OW on oxygen uptake decreased 

Benitez et al. (2024) 

Mussel Mytilus edulis 

(adult) 

8.0b/380 ppm, 

7.8b/1000 ppm 

17 °C, 20 °C 8 weeks OA*OW reduced mussel body volume, 

shell width and length 

Knights et al. (2020) 

Mussel Mytilus edulis 

(adult) 

8.1b, 7.8b 19 °C, 22 °C, 

25 °C 

2 months OA*OW reduced calcification rate and 

Ca/Mg ratio 

Li et al. (2015) 

Mussel Mytilus coruscus 

(adult) 

8.1b, 7.7b 20 °C, 30 °C 30 days OA*OW reduced digestive enzyme 

activities 

Khan et al. (2020) 

Mussel Mytilus galloprovincialis 

(adult) 

8.0c, 7.65c 16 °C, 21 °C 22 days OA*OW reduced condition index, 

growth rate and organic matter; 

increased respiration rate 

Gestoso et al. 

(2016) 
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Mussel Mytilus edulis 

(adult) 

380 μatm, 550 

μatm, 750 μatm, 

1000 μatm 

12 °C, 14 °C 9 months OA*OW reduced the aragonite/calcite 

ratio and shell thickness 

Fitzer et al. (2015) 

Copepod Acartia tonsa 

(adult) 

500 μatm, 1000 

μatm, 1500 μatm, 

2000 μatm, 2500 

μatm, 3000 μatm 

13 °C, 19 °C 26 days OA*OW increased the developmental 

rate and produced an antagonistic 

effect on instantaneous mortality 

rates. 

Garzke et al. (2020) 

Sea hares Stylocheilus striatus 

(adult) 

8.10b, 7.85b, 7.65b 28 °C, 31 °C 2 weeks OA*OW increased the time to foraging 

choice and metabolic rate; reduced 

foraging choice and locomotion speed 

Horwitz et al. (2020) 

Oyster Magallana gigas 

(adult) 

7.8b/400 ppm, 

7.7b/750 ppm, 

7.6b/1000 ppm 

16.8 °C, 20 °C 12 weeks OA*OW reduced protein, lipid, 

carbohydrate, and caloric content; 

increased accumulation of copper 

Lemasson et al. 

(2019) 

Oyster Ostrea edulis 

(adult) 

8.0b/400 ppm, 

7.8b/750 ppm, 

7.7b/1000 ppm 

16.8 °C, 20 °C 12 weeks OA*OW reduced lipid content Lemasson et al. 

(2019) 

Lobster Homarus americanus 

(adult) 

 

8.1b/47 Pa, 

7.1b/948 Pa 

16 °C, 20 °C 16 days OA*OW reduced hemolymph pH; 

increased hemolymph pCO2 (Pa), 

HCO3
- ,and ammonia concentration; 

increased oxygen consumption and 

ammonia excretion; reduced citrate 

synthase enzyme activities 

Klymasz-Swartz et 

al. (2019) 
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Scallop Pecten maximus 

(adult) 

 

8.05b/362 ppm, 

8.09b/454 ppm, 

7.82b/860 ppm, 

7.85b/946 ppm, 

7.41b/2639 ppm, 

7.42b/2750 ppm 

9.0 °C, 12 °C 74 days OA*OW increased condition factor 

(Fulton’s K) 

Cameron et al. 

(2019) 

Scallop Argopecten irradians 

(juvenile) 

7.9a, 7.2a 24 °C, 31 °C 4 weeks OA*OW reduced survival rate Stevens and Gobler 

(2018) 

Scallop Argopecten purpuratus 

(juvenile) 

8.0b/400 μatm, 

7.7b/1000 μatm 

14 °C, 18 °C 18 days OA*OW increased ingestion rate,  Lardies et al. (2017) 

Clams Mercenaria mercenaria 

(juvenile) 

7.9a, 7.2a 24 °C, 31 °C 4 weeks OA*OW reduced respiration rate and 

growth rate; Increased survival rate 

Stevens and Gobler 

(2018) 

Cockle Cerastoderma edule 

(adult) 

8.2b/335 μatm, 

8.11b/325 μatm, 

7.82b/870 μatm, 

7.75b/746 μatm 

15 °C , 18 °C 50 days OA*OW reduced condition index Ong et al. (2017) 

Seahorses Hippocampus guttulatus 

(adult) 

8.0a/400 µatm, 

7.5a/1400 µatm 

18 °C, 26 °C, 

30 °C 

NS OA*OW increased respiration and 

ventilation rate; reduced swinging 

behavior 

Faleiro et al. (2015) 

Brittle star Microphiopholis gracillima 

(adult) 

8.1 b/177 µatm, 

7.8 b/420 µatm, 

7.6 b/713 µatm 

25 °C, 28 °C, 

32 °C 

6 weeks OA*OW increased respiration rate 

and increased mortality 

Christensen et al. 

(2017) 
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Brittle star Hemipholis cordifera 

(adult) 

8.1 b/177 µatm, 

7.8 b/420 µatm, 

7.6 b/713 µatm 

25 °C, 28 °C, 

32 °C 

6 weeks OA*OW increased respiration rate 

and increased mortality 

Christensen et al. 

(2017) 

Brittle star Ophionereis schayeri 

(adult) 

8.0 b/327 µatm, 

7.7 b/1080 µatm, 

7.3 b/2316 µatm, 

19 °C, 25 °C, 5 weeks OA*OW increased O2 uptake Christensen et al. 

(2011) 

Brittle star 

(Arctic) 

Ophiocten sericeum 

(adult) 

8.3 b/265 µatm, 

7.7 b/733 µatm, 

7.3 b/1836 µatm, 

5 °C, 8.5 °C 20 days OA*OW reduced arm regeneration 

and differentiation (functional 

recovery) 

Wood et al. (2011) 

Brittle star Ophiura ophiura 

(adult) 

8.0 b/573 µatm, 

7.7 b/1341 µatm, 

7.3 b/2411 µatm, 

10.5 °C, 15 °C 40 days OA*OW increased O2 uptake rate Wood et al. (2010) 
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1.3. The adaptive potential of marine organisms to global ocean change 

The adaptive capacity is the potential of individual species or population(s) to respond, 

tolerate, or adapt to climate change through various ecophysiological mechanisms (Dawson et 

al., 2011), which are influenced by the ecosystem's capacities, community-population 

structures and Interspecies connectivity (Bernhardt & Leslie, 2013; Côté & Darling, 2010). 

Marine organisms under changing environments are predicted to experience various 

combinations of phenotypic plasticity6 (i.e., behavioral, morphological, and physiological) 

through acclimatization, phenological shift7, biogeographical movement, and/or genetically 

based adaptation or microevolution to altered environments (i.e., OA and OW); species unable 

to rapidly perform these adaptive responses could face potential extinction (Donelson et al., 

2019; Fuller et al., 2010; Hoffmann & Sgro, 2011; Kelly et al., 2013; Ross et al., 2023; Somero, 

2010; Staudinger et al., 2013; Sydeman & Bograd, 2009).   

 

Acclimatization facilitates an adaptive response to a changing environment within the lifetime 

of an individual organism. This process depends on phenotypic plasticity, where physiological, 

morphological, and behavioral changes induced by environmental conditions generate a 

phenotypic spectrum from single genotypes (Chown et al., 2010; Donelson et al., 2019; Kelly, 

2019). Consequently, phenotypic plasticity serves as a potential short-term resilience 

mechanism against stressors associated with climate change, with the potential for further 

propagation through transgenerational transmission, involving stressor-induced epigenetic 

effects (Donelson et al., 2018; Lee et al., 2020; McCaw et al., 2020). However, it requires trade-

offs between these pathways and energy, where excessive energy is needed, causing less 

energy to be devoted to other bio-physiological processes and functions (Kelly et al., 2013; 

Sokolova et al., 2012). On the other side, long-term adaptive processes are preceded by 

modifications in the genetic material of the organism through evolution (Kelley et al., 2016).  

 

The initial adaptive response through phenotypic plasticity of marine species to changing 

environmental conditions is characterized by behavioral adjustments directly derived from the 

 
6 Phenotypic plasticity is the intrinsic capability of a marine organism and its genotype to generate multiple phenotypes 
(the anatomical or morphological attributes exhibited by an organism) and modulate their behavioral or physiological 
responses in the presence of diverse environmental conditions (Pigliucci et al., 2006). Plasticity may manifest as adaptive, 
wherein the organism demonstrates persistence in a novel environment, or as nonadaptive, signifying a departure from 
the optimal state (Ghalambor et al., 2007). 
7 Phenological shift is temporal adjustments observed in the occurrence of biological events or phases in the life cycles of 
organisms (e.g., molting, migration, and reproduction), a phenomenon attributed to fluctuations in climatic conditions or 
habitat-related factors (Lieth, 1974; Thackeray et al., 2016). 
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regulation of physiological and biochemical processes that allow organisms to withstand 

adverse environmental stressors, ensuring the maintenance of fitness and population success 

(Wong & Candolin, 2015). Furthermore, behavioral changes have been proposed as an 

important biomarker8 to determine the existence of potentially significant bioeffects of natural 

or anthropogenic pollution in the marine environment (Galloway et al., 2004). In recent years, 

an increasing number of studies have indicated that behavioral change could play an essential 

role in allowing marine organisms to cope with the environmental changes induced by OA-OW 

and help explain why certain species are able to survive or even thrive, while others falter 

(Beaugrand & Kirby, 2018; Briffa et al., 2012; Clements & Hunt, 2015; Nagelkerken & Munday, 

2016; Padilla & Savedo, 2013).  

 

Morphological modifications of marine organisms, defined as the adjustment of physical 

(phenotypic) characteristics to changing environmental conditions, have been identified as 

adaptive mechanisms in response to climate change (Hellberg et al., 2001; Munday et al., 

2013). These alterations can manifest rapidly as short-term responses 

(acclimation/acclimatization) as a trade-off pathway to mitigate the adverse impact of stressors 

on other physiological factors within an ecosystem/niche or develop gradually over an 

extended timeframe, constituting an adaptation process (Chan et al., 2011; Ross et al., 2023). 

For instance, in ectothermic9 species, morphological acclimatization is evident in changes such 

as altered body size (Gardner et al., 2011; Kaustuv et al., 2001), coloration (Kronstadt et al., 

2013), structural modifications in the shells and exoskeletons (Todd, 2008), or dormancy 

(Chevin & Hoffmann, 2017). These adjustments often contribute to thermal biology and 

energetic regulation, enabling organisms to better cope with temperature fluctuations and 

maintain optimal physiological functions.  

 

Physiological phenotypic plasticity in marine organisms in response to global ocean change 

refers to their ability to adapt and modify physiological traits to cope with unfavorable and 

changing environmental conditions. This plasticity allows them to maintain essential functions 

 
8 Biomarker is a functional measure of stressor exposure manifested at the sub-organismal (biochemical and cellular), 
physiological, or behavioral level and impacts occurring at higher levels of the biological organization, e.g., population 
level (Mouneyrac & Amiard-Triquet, 2013).  
9 Ectothermic, so-called cold-blooded animal, is an animal that acquires its body heat primarily from its surroundings 
environment, e.g., most invertebrates, fish, amphibians, and reptiles (Schulte, 2011). 
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such as metabolism, thermoregulation10, and reproduction (Morley et al., 2019). The ability of 

marine organisms to demonstrate adaptive phenotypic plasticity manifests itself through 

complex mechanisms spanning across multiple physiological levels and systems, including 

various adjustments on molecular, cellular, tissue, and organismal levels to mitigate and 

respond to changes in their environment (Evans & Hofmann, 2012; Seebacher et al., 2014; 

Somero, 2012). Growing empirical data highlight that elevated temperatures (OW) may 

enhance the fitness of marine organisms within physiological constraints, therefore, potentially 

enhancing their adaptive capacities to cope with climate change (Foo & Byrne, 2016; Leung et 

al., 2021; Leung et al., 2019). Apparently, the physiological adaptive potential of marine 

organisms is largely dependent on species-specific, time-scale exposure of organisms to 

stressors and environmental conditions encountered by parent generations (Donelson et al., 

2018). Numerous marine species may exhibit a higher adaptive capacity to gradual warming 

beyond the scope delineated by short-term experimental investigations. Rapid elevated 

experimental temperatures, characterized by quick or acute warming, possess the potential to 

amplify measurable physiological effects and simultaneously hinder the manifestation of 

adaptive responses (Munday et al., 2013; Seebacher et al., 2014). In particular, global ocean 

change represents a long-term process that unfolds across generations of diverse marine 

organisms (IPCC, 2023), fostering the potential evolution of resistance to gradual temperature 

rise. Insight into the physiological adaptive capabilities of organisms in response to climate 

change is important for predicting future species distributions and population dynamics, as well 

as implementing effective conservation strategies (Wikelski & Cooke, 2006). 

 

1.4. Bioindicator species for assessing the effects of ocean warming and ocean 

acidification  

Bioindicators are organisms or biological systems that provide valuable information about the 

health and quality of the environment and how it changes, attributed to anthropogenic 

perturbations (e.g., pollution and habitat degradation) or natural stressors (e.g., cyclones, 

currents, and waves) through time (Holt & Miller, 2010; Markert et al., 2003). The use of 

bioindicators for pollutant impact assessment in both terrestrial and marine ecosystems has 

been widely and intensely applied through in-situ (direct field assessment) and ex-situ 

(laboratory-based experimental) approaches (da Costa Filho et al., 2022; Parmar et al., 2016). 

 
10 Thermoregulation refers to the ability of an organism to maintain its internal body temperature within a restricted 
range utilizing autonomic control mechanisms through various physiological mechanisms to maintain thermal 
homeostasis (Tattersall et al., 2012). 
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In the marine environment, various organisms and biological processes are employed to 

monitor and understand the impacts of anthropological activities, climate change, and 

pollution on marine habitats. To serve as a bioindicator for pollution-environment stressors, an 

organism must satisfy specific criteria; in general, the candidate organism should possess 

ecological and societal significance, exhibit suitable distribution and accessibility, preferably 

possess longevity, and demonstrate sensitivity to stressors (Gerhardt, 2009). One prominent 

group of marine bioindicators includes benthic invertebrates, e.g., echinoderms, mollusks, and 

crustaceans, organisms that play a crucial role in marine trophic dynamic (Heymans et al., 

2014). 

 

Over the past decades, members of the phylum Echinodermata have been broadly used to 

evaluate the effects of increased GHG-CO2 (OA) and temperature (OW) on marine organisms, 

particularly on calcifying marine animals (Bednaršek et al., 2021; Dupont et al., 2010; Lang et 

al., 2023). Echinoderms constitute a heterogeneous assemblage of deuterostome division, 

encompassing a total of 20550 species including 13000 extinct species and 7550 extant species 

(Zhang, 2013), categorized into five distinct classes: Crinoidea (sea lilies and feather stars), 

Asteroidea (sea stars or starfishes), Ophiuroidea (brittle stars), Echinoidea (sea urchins), and 

Holothuroidea (sea cucumbers) (Pawson, 2007). The widespread distribution and bio-

ecological significance in marine habitats (some are considered as keystone species, e.g., 

Asteroidea (Gaymer & Himmelman, 2008; Paine, 1966), along with the understanding of their 

fundamental bio-physiological profiles and high sensitivity to many types of contaminants or 

stressors, establish this phylum as an ideal model for the investigation of ocean stressors 

(Garcês & Pires, 2023). 

 

Echinodermata are considered highly sensitive to CO2/pH changes due to their comparatively 

low metabolic rate and temperature-dependent metabolism (Hughes et al., 2011), weak pH 

regulation abilities (Stumpp & Hu, 2017), and calcified skeletal structure (Gorzelak, 2021). The 

echinoderm skeleton is composed of high Mg calcite, which is susceptible to dissolution under 

OA conditions (Andersson et al., 2008). Furthermore, as an ectotherm animal, echinoderms 

demonstrate high sensitivity to environmental warming, with physiological responses 

dependent on temperature fluctuations within their thermal tolerance range (Sampaio et al., 

2021). It renders echinoderms become a suitable bio-model species to examine the effect of 

elevated ocean temperatures. However, multiple studies have indicated that certain species of 
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echinoderm do not experience adverse effects under exposure to OA and OW, neither as sole 

nor combined stressors (Byrne & Fitzer, 2019; Leung et al., 2022; Medeiros & Souza, 2023; Ross 

et al., 2023; Venegas et al., 2023). This substantiates the proposition that the impacts of OA 

and OW are predominantly dependent on the species-specific attributes and the intensities of 

stressor exposures. 

 

Assays of the effects of OA and OW as sole or combined factors on Echinodermata as 

bioindicators have generated a significant number of studies (262 articles11; see Lang et al. 

(2023); Medeiros and Souza (2023) for reviews) mainly focused on species of the class 

Echinoidea (sea urchins, 198 articles11). However, it is noteworthy that there is currently an 

absence of investigations on the effects of OA and OW on crinoids, while starfish is a 

moderately studied class (i.e., Asteroidea, 47 articles11). Investigations examining the impact of 

elevated CO2 and temperature levels on responses of echinoderm have delved into 

physiological effects on growth, feeding, survival, reproduction, acid-base regulation, 

metabolism, calcification, and skeletal mineralogy.  

 

1.5. Research aim and approach 

1.5.1. Study objective and hypothesis 

The objectives of this thesis focus on assessing the interactive effects of current and projected 

near-future global ocean change (OA and OW) on the physio-chemical processes of tropical-

subtropical asterinid starfish species and to recognize the mechanisms used by them to tolerate 

(acclimation potential) future global changes. For this, we undertook long-term controlled 

laboratory experiments, comparing observations between current ocean physics-chemical 

states and manipulated temperature, carbonate chemistry, and pH conditions, simulating 

predictions for future oceans. Furthermore, to the best of our knowledge, this study addresses 

for the first time the interactive effects of two stressors on aspects of micro-physiology, i.e., 

calcification, metabolic lipid-fatty acids, and enzyme activity in a tropical-subtropical starfish 

species. 

 

 

 

 

 
11 Search using the Google Scholar platform was performed on 31 January 2024 
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This dissertation addresses the following specific aims: 

1. Evaluate the biomineralization parameters on the tropical-subtropical asterinid starfish 

Aquilonastra yairi under OA and OW conditions, e.g., skeletal mineralogy and 

microstructures (Chapter 2) 

Hypothesis: Elevated seawater temperature and decreased seawater pH will negatively 

affect the biomineralization parameters of asterinid starfish, exhibiting alterations in 

skeletal mineralogy and microstructure relative to ambient conditions. 

2. Investigate how future predictions of OA and OW affect the life development of A. yairi, 

namely survivability, metabolic rate, righting behavior, and calcification rate (Chapter 

3). 

Hypothesis: Under projected OA and OW scenarios, asterinid starfish will undergo 

decreased survival rates due to increased physiochemical stress triggered by 

environmental changes. Furthermore, metabolic rates of asterinid starfish will increase 

in response to elevated temperatures caused by altered energetic expenditure and 

physiological stress. Then, the righting behavior of asterinid starfish will be negatively 

affected; become slower, potentially impairing their locomotion abilities. Calcification 

rates will decrease under OA conditions, which mirrors the challenge of maintaining 

skeletal integrity. 

3. Evaluate the micro-physiological responses of A. yairi when OA and OW stressors are 

added in terms of their lipid-fatty acids (FAs) biochemistry and enzyme activity (Chapter 

4). 

Hypothesis: Simultaneous OA and OW will significantly modify asterinid starfish lipid-

FAs biochemistry and enzyme activities. Starfish will exhibit alterations in lipid and FAs 

composition, including modifications of FA profiles in response to environmental stress. 

Meanwhile, the enzyme activities involved in the calcification process will be 

significantly reduced under OA and OW stress. 

 

1.5.2. Model species: asterinid starfish 

Asteroids (starfish or sea stars; class: Asteroidea) are among the largest diversified classes of 

the phylum Echinodermata with distinctive and varied body shapes, comprising 1962 different 

species that are grouped into 40 families and 366 different genera (taxonomic status: accepted;  

Mah (2024); WoRMS Editorial Board (2024)). Starfish are dispersed at all ocean depth gradients 

ranging from intertidal to abyssal zones (≈6000 m) and are present throughout the world's 
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oceans; however, they are most abundant in tropical Atlantic and Indo-Pacific regions (Blake, 

1990; Clark & Downey, 1992). Starfish have multifaceted ecological roles, impacting marine 

ecosystems through predation activities, bioturbation12 (functioning as habitat engineers), 

organic matter decomposition, and fostering nutrient recycling (Belaústegui et al., 2017; 

Menge & Sanford, 2013; Rahman et al., 2018). Certain starfish species function as keystone 

organisms and as integral components of trophic interactions (Menge et al., 2013; Paine, 1966).  

 

Within the class Asteroidea, the family Asterinidae (asternid starfish) is the largest constituent 

group comprising 35 genera and 172 species (taxonomic status: accepted;  WoRMS Editorial 

Board (2024)). Asternid are typically small starfish that exhibit distinctive anatomical 

characteristics, including a flattened dorsal side, very short arms, and radial body symmetry 

manifesting as a penta-radial arrangement in which five arms radiate symmetrically from a 

central disk; however, there is variation within the group (O’Loughlin & Waters, 2004). Besides 

playing pivotal ecological roles owing to their adaptations and interactions within marine 

ecosystems, asterinid starfish are particularly suitable as bioindicator species to observe 

environmental disturbances (Mah & Blake, 2012; Rahman et al., 2018) due to their unique 

planktonic juvenile and subsequent benthic life history stages and evolution (Byrne, 2006), and 

as they encompass diversified species and thus perform an ecological structuring role in their 

habitat (Moreau et al., 2021; Saier, 2001). Also, they are relatively moderate-tolerant to habitat 

changes caused by environmental stressors (Holt & Miller, 2010; McElroy et al., 2012; Nguyen 

& Byrne, 2014). Some species in this group are considered keystone species due to their role 

at the trophic level in benthic communities (Menge & Sanford, 2013), where changes in their 

populations influence the entire community and the stability of the habitat, making them 

beneficial in early detection and timely mitigation of environmental disruptions (Byrne & 

Przeslawski, 2013). 

 

To investigate the effect of OA and OW on asterinid starfish, A. yairi (Figure 1.4) was studied 

under a controlled laboratory setup. In addition to general attributes underlying the use of 

asternid starfish as bioindicators, as described in the paragraph above, the use of this asterinid 

 
12 Bioturbation is the disturbance and alteration of sediment or soil by living organisms (e.g., benthic invertebrates), 
primarily through activities like burrowing, tunneling, and movement. This process affects the physical, chemical, and 
biological aspects of the substrate, including mechanical mixing, nutrient redistribution, sediment oxygenation, and the 
creation of diverse microhabitats. Bioturbation plays a vital role in nutrient cycling and overall ecosystem functioning 
(Arya et al., 2022; Kristensen et al., 2012). 
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species as a bioindicator is based on their geographically widespread distribution and their life 

history as an intertidal species (Ebert, 2021) that are frequently subjected to high 

environmental variability and susceptible to terrestrial and oceanic disturbances. These rapid 

changes in environmental regimes, primarily temperature, are decisive factors affecting the 

bio-physiology of intertidal species (Helmuth et al., 2005; Helmuth & Hofmann, 2001). Starfish 

are ectothermic animals that respond to environmental change more rapidly compared to 

terrestrial species; the fact that they are slow-moving inhibits them from escaping from 

environmental regime alterations, hence qualifying them as reliable bioindicators 

(Mieszkowska, 2021; Pincebourde et al., 2009). A. yairi has been reported to occur from tropical 

to subtropical regions, mainly across the Mediterranean Sea, Red Sea, and Gulf of Suez (Al-

Rshaidat et al., 2016; Ebert, 2021; O'Loughlin & Rowe, 2006). The biological aspects of this 

species remain poorly described, but A. yairi is recognized as a tiny and cryptic nocturnal 

starfish species that lives under rocks, reef structures, and within rubble zones (intertidal 

areas); body size reaches a radius of up to ≈7 mm (body length measurement from the disk’s 

center to the longest arm’s tip) with the number of arms up to eight, but usually six arms, often 

forming asymmetrical post-fissiparity, and reproduces by fission (Ebert, 2021; O'Loughlin & 

Rowe, 2006). 
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Figure 1.4.  The studied asternid starfish Aquilonastra yairi. (a) dorsal (upper) part, (b) ventral 

(bottom) part, (c) fissiparous-asexual reproduction (fission) fragment, (d) skeleton 

microstructure appearance (stereom pore). 

 
1.5.3. Experimental design and procedures 

The long-term starfish culture experiment aimed to address the defined research objectives 

(see Subchapter 1.5.1). Here, the general setup is given. Detailed information relevant for the 

different chapters is provided in the methodology section of each of those chapters. To 

investigate the physiochemical alteration of starfish induced by elevated seawater pCO2 and 

temperature, starfish of the species A. yairi were reared in aquaria system under controlled 

experimental environment conditions at the Marine Experimental Ecology (MAREE) - Leibniz 

Center for Tropical Marine Research (ZMT), Bremen (Figure 1.4. and Supplementary Figure 
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S2.1). The species of A. yairi used in this experiment originated from the culture stock of the 

MAREE-ZMT.  

 

Elevated temperature and pCO2 experiment in an aquaria setup 

In total, 342 specimens (size 3-11 mm in diameter) of adult A. yairi were prepared for the test, 

cleaned of the adhering external material, and allowed to acclimate in a communal tank with 

a recirculating water system at an ambient temperature of 27 °C for seven days.  

After an additional seven-day acclimation phase, individuals (n = 19) were randomly distributed 

into 18 experimental aquaria (25 liters), which were illuminated with LED lights 

(Aquaillumination® Hydra 52 HD) with 25-30 µmol photons m-2 s-1. The starfish were reared for 

90 days in one of six treatments (three replicate tanks per treatment), where two temperature 

levels were crossed with three regimes of pCO2: (T1) 27 °C: 455 µatm, (T2) 27 °C: 1052 µatm, 

(T3) 27 °C: 2066 µatm, (T4) 32 °C: 455 µatm, (T5) 32 °C: 1052 µatm, and (T6) 32 °C: 2066 µatm, 

which represent factorial combinations of ambient conditions and future levels of temperature 

and CO2 change. The targeted temperature levels and pCO2 concentrations were gradually 

increased over ten days to prevent physiological shock.  

 

Treatment tank temperatures (±SE) were kept at 27 (±0.05) and 32 (±0.08) °C, independently, 

using a closed-circle heating system (Heaters Titanium Tube 600 W, Shego, Germany) managed 

by a programmable thermostat. The pCO2 of the pumped gas was regulated by mixing 

compressed CO2-free air and compressed CO2 using an electronic solenoid valve mass flow 

controller (HTK Hamburg, Germany; pure CO2 provided by Linde GmbH, Pullach, Germany) to 

produce a gas mixture formulated to the target pCO2 condition according to standard operating 

procedures (SOPs) for CO2 measurements in the ocean (Dickson et al., 2007). Temperature, 

salinity, and pHNBS were measured three times per week using a multielectrode portable probe 

(WTW Multiline 3630 IDS, Xylem Analytics, Germany). The pHtotal scale was measured weekly 

through the spectrophotometric method following SOP 6b (Dickson et al., 2007) using the 

indicator dye meta, m-cresol purple as the chromogenic reagent. Seawater samples for total 

alkalinity (AT) and dissolved inorganic carbon (DIC or CT) analysis were collected weekly and 

measured following the protocols described in Dickson et al. (2007). AT was measured by open-

cell potentiometric Gran titration (precision, ±10 µmol kg-1), and DIC was determined by the 

colorimetric analytical method using a Shimadzu DIC analyzer (precision, ±10 µmol kg-1). The 

seawater carbonate system parameters pCO2, carbonate ion concentration [CO3
-2], bicarbonate 
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ion concentration [HCO3
-], aqueous CO2, calcite saturation state (ΩCa), and aragonite saturation 

state (ΩAr) were calculated with the program CO2SYS software for MS Excel (Pelletier et al., 

2007b), using Hansson (1973) and Mehrbach et al. (1973) refitted by Dickson and Millero (1987) 

for K1 and K2 carbonic acid constants; Dickson (1990) for KHSO4 equilibrium constant; Dickson 

and Riley (1979) for KHF dissociation constant; Uppström (1974) for the boric acid constant 

([B]T); and Mucci (1983) for the stoichiometric calcite solubility constant. 

 

Determination of the physio-chemical parameters 

The methods used in this study to evaluate the effects of OW and OA on the physiochemical 

aspects of starfish are described in detail in individual chapters. A concise overview of the 

methodology is presented in Table 1.2. 

 

Table 1.2.  Observed parameters and methodology applied to examine the effect of OW and 

OA on the starfish A. yairi. 

Chapter Physiochemical parameter Methodology description 

Chap. 2 Skeletal mineralogy 

composition 

The concentration of skeletal minerals (Ca, Mg, 

and Sr) was analyzed using plasma optical 

emission spectroscopy (ICP-OES). 

Chap. 2 Skeleton microstructure Starfish specimens were cut into thin sections, 

rinsed to remove organic matter, and 

subsequently air-dried. Skeleton plates were then 

mounted on stubs and observed under a scanning 

electron microscope (SEM) to characterize and 

compare the skeleton microstructure between 

treatments. 

Chap. 3 Metabolic rates Metabolic rates were estimated as rates of 

oxygen consumption (MO2). Real-time MO2 was 

measured biweekly using optical fluorescence-

based oxygen respirometry. The O2 consumption 

rate was then calculated using the equation from 

Sinclair et al. (2006) 
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Chap. 3 Mortality Dead starfish were identified by the distinctive 

loss of color (e.g., whitening) on the dorsal side 

(aboral surface) or by the absence of tube feet 

(podia) movement. These parameters were 

observed daily. 

Chap. 3 Righting behavior The righting response refers to the starfish's 

ability, when positioned on the ventral side, to flip 

over into the normal position on the dorsal side. 

The righting activity coefficient (RAC) was 

calculated using the formula from Watts and 

Lawrence (1990). 

Chap. 3 Calcification rate Starfish calcification rate (GTA) was quantified 

using the modified alkalinity anomaly technique 

proposed by Gazeau et al. (2015). 

Chap. 4 Total lipid Total lipid (ΣLC) was extracted and purified 

according to the methods described by Bligh and 

Dyer (1959).  

Chap. 4 Fatty acids (SFAs, MUFAs, 

and PUFAs) 

The fatty acids (FAs) of the starfish were 

determined as fatty acid methyl esters (FAMEs) in 

accordance with methods from Christie (1998). 

Chap. 4 Enzyme activities (Ca-

ATPase and Mg-ATPase 

activities) 

Assessment of enzyme activity is initiated by 

measuring protein concentration using the 

Bradford assay method (Bradford, 1976). 

Furthermore, Ca-ATPase and Mg-ATPase 

activities were measured according to protocols 

initially developed by Chan et al. (1986), Busacker 

and Chavin (1981) and modified by Prazeres et al. 

(2015) 

 

1.5.4. Outline of the thesis 

This dissertation uses a multifaceted approach to examine and assist in better predicting the 

effects of global ocean change (OA and OW) on the physio-chemical aspects of tropical-

subtropical asterinid starfish and to address the knowledge gaps outlined above (Figure 1.5).  
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Chapter 1: General overview of global ocean change, particularly ocean warming and ocean 

acidification, and the research related to the effects of this global ocean change on bio-

ecological aspects of marine organisms. Furthermore, it identified existing knowledge gaps that 

need to be overcome in order to enhance our understanding of the future responses of marine 

organisms to global ocean change.   

 

Chapter 2: Ocean warming amplifies the effects of ocean acidification on skeletal mineralogy 

and microstructure in the asterinid starfish A. yairi. This chapter focuses on evaluating the 

alterations in the mineral composition and microstructure of starfish skeletons exposed to high 

temperatures and elevated pCO2. Starfish specimens from six combinations of temperature (27 

°C and 32 °C) and pCO2 (455 µatm, 1052 µatm, 2066 µatm) treatments within two incubation 

times, 45 days and 90 days, were collected to compare the quantity of skeleton constituent 

minerals as well as skeletal microstructure differences. The study provides valuable insights 

into biomineralization capacities in calcifying organisms, specifically echinoderm, within the 

context of projected global oceanic changes. The outcomes of this research have been 

published in the Journal of Marine Science and Engineering. 

 

Chapter 3: Long-term physiological responses to combined ocean acidification and warming 

show energetic trade-offs in an asterinid starfish. This chapter assesses the combined effects 

of elevated pCO2 and temperature on organismal metabolism, mortality, righting behavior, and 

calcification of the coral reef-associated starfish A. yairi. Specimens were incubated at two 

temperature levels (27 °C and 32 °C) crossed with three pCO2 regimes (455 µatm, 1052 µatm, 

and 2066 µatm). Subsequently, the predetermined observation indicators were frequently 

analyzed and compared between treatments, offering insight into the performance of essential 

physiological functions and behaviors of marine organisms under OA and OW pressure and 

potential acclimation pathways. The outcomes of this research have been published in the 

scientific journal Coral Reefs. 

 

Chapter 4: Simultaneous ocean acidification and warming do not alter the lipid-associated 

biochemistry but induce enzyme activities in an asterinid starfish. This chapter delves into a 

comprehensive examination of lipid and associated fatty acids (FAs) biochemistry, alongside 

the assessment of enzyme activities pivotal in the biomineralization pathway of the tropical-
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subtropical asterinid starfish, A. yairi, in response to current and future global ocean change 

scenarios. Starfish used in our experiments were acclimatized at two temperature levels (27 °C, 

32 °C) crossed with three pCO2 concentrations (455 μatm, 1052 μatm, 2066 μatm) over 90 days. 

Predetermined biochemical factors were analyzed at 30-day intervals to gain insight into the 

micro-physiochemical profile and its alterations due to exposure to elevated temperatures and 

pCO2. The compelling findings of this study have been peer-reviewed and disseminated through 

publication in Science of The Total Environment. 

 

Following the preceding chapters, the general discussion in Chapter 5 provides an extensive 

and in-depth discussion that integrates previous studies, addresses subsidiary aspects, 

evaluates and elaborates on findings, and helps to understand the importance of the research. 

 

Chapter 6: Conclusion and future research provides a comprehensive summary of the main 

findings of this dissertation, then outlines emerging research questions and suggests potential 

future research directions in this field. To enhance both intelligibility and accessibility, a 

comprehensive list of references for each chapter is presented at the end of this dissertation. 

This consolidated reference section allows for easy access and browsing of the sources cited 

for each chapter.  
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Figure 1.5.  Schematic outline of the chapter-specific objectives and overarching approach of 

the dissertation. The background context of ocean warming and acidification 

caused by GHGs-CO2 and its ramifications on marine life (Chapter 1), the interactive 

effects of OA/OW on the biomineralization process of starfish A. yairi which is 

reflected in their skeletal mineralization and microstructure (Chapter 2), potential 

alterations in important physiological factors and behaviour of starfish under 

OA/OW environment (Chapter 3), starfish micro-physiochemical profiles of lipid-

FAs and its enzyme activities under OA/OW conditions (Chapter 4), the previous 

chapters are further synthesized (Chapter 5), general conclusion and questions 

that may remain unaddressed in this dissertation are highlighted for future studies 

(Chapter 6).  
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Chapter 2.  Ocean warming amplifies the effects of ocean acidification 

on skeletal mineralogy and microstructure in the asterinid 

starfish Aquilonastra yairi 
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Abstract 

Ocean acidification and ocean warming compromise the capacity of calcifying marine 

organisms to generate and maintain their skeletons. While many marine calcifying organisms 

precipitate low-Mg calcite or aragonite, the skeleton of echinoderms consists of more soluble 

Mg-calcite. To assess the impact of exposure to elevated temperature and increased pCO2 on 

the skeleton of echinoderms, in particular the mineralogy and microstructure, the starfish 

Aquilonastra yairi (Echinodermata: Asteroidea) was exposed for 90 days to simulated ocean 

warming (27 °C and 32 °C) and ocean acidification (455 µatm, 1052 µatm, 2066 µatm) 

conditions. The results indicate that temperature is the major factor controlling the skeletal Mg 

(Mg/Ca ratio and Mgnorm ratio), but not for skeletal Sr (Sr/Ca ratio and Srnorm ratio) and skeletal 

Ca (Canorm ratio) in A. yairi. Nevertheless, inter-individual variability in skeletal Sr and Ca ratios 

increased with higher temperature. Elevated pCO2 did not induce any statistically significant 

element alterations of the skeleton in all treatments over the incubation time, but increased 

pCO2 concentrations might possess an indirect effect on skeletal mineral ratio alteration. The 

influence of increased pCO2 was more relevant than that of increased temperature on skeletal 

microstructures. pCO2 as a sole stressor caused alterations on stereom structure and 

degradation on the skeletal structure of A. yairi, whereas temperature did not; however, 

skeletons exposed to elevated pCO2 and high temperature show a strongly altered skeleton 

structure compared to ambient temperature. These results indicate that ocean warming might 

exacerbate the skeletal maintaining mechanisms of the starfish in a high pCO2 environment and 

could potentially modify the morphology and functions of the starfish skeleton. 

 

Keywords: ocean acidification, ocean warming, echinoderm, starfish, mineralogy, skeleton, 

biomineralization 
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2.1. Introduction 

The oceans are estimated to take up ≈31% of the CO2 increase that is currently observed 

(Watson et al., 2020). This is known to lead to lowered pH values of the seawater, resulting in 

a reduced carbonate saturation state (Ω), and changes in carbonate–bicarbonate ion balance, 

recognized as ocean acidification (OA) (Feely et al., 2004; Sabine et al., 2004). These changes in 

seawater chemistry lead to measurable reactions of marine species and ecosystems, and are 

known to have negative repercussions for many calcifying organisms (Dupont et al., 2010; 

Hoegh-Guldberg & Bruno, 2010; Orr et al., 2005; Rodolfo-Metalpa et al., 2010), including 

certain scleractinian corals, bryozoans, mollusks, and echinoderms. Decreased carbonate ion 

concentration [CO3
2−] can disrupt the physiologically regulated biomineralization mechanism 

that generates, preserves, and maintains calcium carbonate (CaCO3) structures, e.g., 

exoskeleton, test, spine, tube feet, teeth, pedicellariae and spicules (Killian & Wilt, 2008; Mann, 

1983; Matranga et al., 2011; Orr et al., 2005). This mechanism involves mineral formation, 

characteristics, morphogenesis, and organic molecules (Feng, 2011; Gilbert & Wilt, 2011; 

Gorzelak, 2021; Mann, 1983). This is particularly the case for organisms precipitating a skeleton 

composed of high Mg-calcite (HMC), i.e., with a significant concentration of magnesium 

carbonate (MgCO3) in the carbonate (>4 mol% MgCO3) (Kawahata et al., 2019; Ries et al., 2016). 

HMC is the most soluble of the polymorphs of crystalline CaCO3 and is thermodynamically 

metastable (Morse et al., 2006; Ries et al., 2016). Furthermore, previous studies have shown 

that OA significantly affects the size and weight of shells or skeletons of many marine calcifiers 

(Anand et al., 2021; Duquette et al., 2017; Watson et al., 2012). In contrast, some calcifiers, 

mainly photosynthesizing or photosymbiotic ones, including some corals and algae, show 

positive responses in calcification and growth values as they benefit from increased CO2 

concentrations by an enhanced photosynthesis rate, which provides additional potential 

energy for the calcification process (Ries et al., 2009). 

 

At the same time, seawater temperature (ocean warming, OW) influences the ecophysiology 

of marine organisms (Pörtner, 2008), skeletal mineralogy (Chave, 1954; Duquette et al., 2018; 

Gorzelak, 2021; Hermans et al., 2010; Lowenstam & Weiner, 1989; Ries et al., 2016; Weber, 

1973; Weiner & Dove, 2003), growth rate (Gazeau et al., 2013), and mineral growth control 

mechanisms (Olson et al., 2012). Previous studies have found inconsistent reactions to 

increased temperature exposure, ranging from no effect to significant changes in skeletal 

mineralogy. For example, the skeletal Mg/Ca ratios of the scleractinian coral Acropora sp. 
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(Reynaud et al., 2007), the sea urchin Paracentrotus lividus (Hermans et al., 2010), the 

foraminifera Planoglabratella operculari, Quinqueloculina yabei (Toyofuku et al., 2000) and 

Ammonia tepida (Dissard et al., 2010) increase with temperature; conversely, the skeletal 

Mg/Ca ratios of the sea urchin Lytechinus variegatus was significantly lower in individuals kept 

at high temperature (~30 °C) compared to the ambient temperature (~26 °C) (Duquette et al., 

2018). Skeletal Sr/Ca ratios decreases with increasing temperature in the scleractinian coral 

Acropora sp. (Bell et al., 2017; Reynaud et al., 2007), Sr/Ca ratios increases with increasing 

temperature in the foraminifera A. tepida (Dissard et al., 2010) or Globigerinoides ruber 

(Kısakürek et al., 2008), and is not significantly affected by temperature in the foraminifera 

Trifarina angulosa (Rathburn & De Deckker, 1997). However, the effects of temperature on 

skeletal mineralogy and structure are still largely unclear and are likely influenced by 

phylogenetic factors, growth rate (Dodd, 1967; Weber, 1973; Weiner & Dove, 2003), latitude 

(Chave, 1954), biological ‘vital effects’ (Kolbuk et al., 2020), and stage or species-specific 

differences (LaVigne et al., 2013). 

 

The effects of combined OA and OW on marine calcifier organisms are thought to be additive, 

antagonistic, or synergistic (Todgham & Stillman, 2013). Previous meta-studies observed 

complex responses of calcifying marine organisms to combined OW and OA that vary from a 

significant negative effect to no effect on the organism (Harvey et al., 2013). Moreover, there 

is a trend toward enhanced sensitivity (i.e., the capability to sense and respond to 

environmental alterations) of biomineralization, growth, survival, and life stages development 

to OA in corals, echinoderm, and mollusks when being concurrently exposed to elevated 

temperatures (Kroeker et al., 2013). Besides, there is growing evidence that elevated 

temperatures can exacerbate microstructure disruption caused by elevated pCO2 in ectotherm 

species, e.g., in some mollusks such as the giant clam Tridacna maxima (Brahmi et al., 2021) 

and the mussel Mytilus edulis (Knights et al., 2020; Li et al., 2015), and echinoderms such as the 

sea urchin Tripneustes gratilla (Byrne et al., 2014). However, these synergistic effects of OA and 

OW seem to be complex, and the magnitude of effect sizes and organism response varies 

between taxa groups, trophic level, habitat, and life stages (Byrne, 2011; Harvey et al., 2013; 

Kroeker et al., 2013). 

 

Echinoderms comprise a wide variety of taxa, with a complex calcium carbonate 

biomineralization. Their skeleton is formed within the syncytium by progressive crystallization 
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of a transient amorphous calcium carbonate phase (ACC) (Politi et al., 2004), through a 

biologically controlled intracellular mechanism within vesicles or vacuoles formed by fused cell 

membranes inside cells (Feng, 2011; Gorzelak, 2021; Kokorin et al., 2015). The echinoderm 

endoskeleton is composed of a complex three-dimensional porous microstructure (stereom) 

with connecting trabeculae (i.e., mesh-like interconnecting matrix rod of calcite skeleton) 

(Gorzelak, 2021), which are composed of 99.8–99.9% weight/weight (w/w) HMC with Sr as the 

primary trace element (Borremans et al., 2009; Dubois, 2014), and the other 0.1–0.2% (w/w) 

of the skeleton being organic components consisting of proteins and glycoproteins, called the 

intrastereomic organic matrix (IOM) (Killian & Wilt, 1996; Weiner, 1985). The IOM has critical 

functions in the biomineralization process during the transient ACC phase by stabilizing the 

skeleton, controlling mineral incorporation into the skeleton, and controlling the nucleation 

and morphology of the skeletal crystals (Addadi & Weiner, 1992; Hermans et al., 2011). The 

trace element concentration of biogenic CaCO3 is affected by biological factors, e.g., phylogeny, 

life stage, food supply, as well as by physical-chemical factors, e.g., temperature, salinity, 

seawater carbonate chemistry, concentration of Mg2+ and Ca2+ ions in the seawater, light, and 

hydrostatic pressure (Borremans et al., 2009; Kolbuk et al., 2020; Lowenstam & Weiner, 1989; 

Mackenzie et al., 1983; Ries, 2011; Ries et al., 2016). Seawater chemistry influences the 

mineralogy of the echinoderm skeleton by changing the physiological cost of sustaining the 

biological control of intracellular chemistry (Knoll, 2003). For echinoderms with their skeletons 

being composed of HMC (MgCO3 between 2.5% and 39% (Matranga et al., 2011)), their 

skeletons become more soluble under OA conditions (Andersson et al., 2008; Byrne & Fitzer, 

2019; Dubois, 2014; Morse et al., 2006). 

 

To gain a better understanding of the effects of combined OA and OW on biomineralization, 

systematic comparative studies across a phylogenetically diverse spectrum of taxa are needed 

(Knoll, 2003). The present study contributes to this goal by investigating the mineral 

composition and skeleton microstructure of Aquilonastra yairi (phylum Echinodermata, class 

Asteroidea, family Asterinidae) under controlled OA and OW conditions. This asterinid starfish 

thrives in the marine intertidal and coral reefs of the Red Sea and the Mediterranean Sea, 

where it lives in crevices and beneath corals or rocks (O'Loughlin & Rowe, 2006). It has an 

important ecological function as a grazer of marine algae, bacterial mats, detritus, and other 

fragments of food (Menge & Sanford, 2013). Previous studies have indicated deleterious effects 

of combined OA and OW on the physiological performances of asterinid starfish (Balogh & 
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Byrne, 2020; Khalil et al., 2023; McElroy et al., 2012; Nguyen & Byrne, 2014), while the effects 

of each stressor and their potential synergetic effects on skeletal mineral ratio and 

microstructure are currently still poorly understood. 

 

2.2. Materials and methods 

2.2.1.  Experimental design and control of seawater chemistry 

In this study, starfish A. yairi was used as a model organism to investigate the combined effects 

of OW and OA. A total of 342 specimens of A. yairi (size 3–11 mm) from the cultivated stock of 

the MAREE (Marine Experimental Ecology facility) of ZMT, Bremen, Germany, were studied in 

the present experiment. Following acclimation procedures (see Supplementary Materials), the 

starfish were cultured for 90 days in six different treatments, namely at two different 

temperatures (ambient temperature: 27 °C, and high temperature: 32 °C) crossed with three 

levels of pCO2 (low pCO2: 455 µatm, medium pCO2: 1052 µatm, and high pCO2: 2066 µatm). All 

six treatments were replicated in three aquaria (Supplementary Materials Figure S2.1). 

 

Target temperature and pCO2 levels were ramped up gradually over the first ten days to avoid 

physiological shock. Then the temperature (mean ± SE) in the treatment tanks was maintained 

at 27 ± 0.05 °C and 32 ± 0.08 °C, respectively, using a closed circle heating system (Heaters 

Titanium Tube 600 W, Schego Schemel & Goetz, Offenbach, Germany), controlled with a 

programmable thermostat. The mixture of the gas bubbled into the seawater in the bottom 

storage compartment sump was reached by blending compressed CO2-free air and compressed 

CO2 (pure CO2 provided by Linde GmbH, Pullach, Germany) using electronic solenoid-valve 

mass-flow controllers (HTK Hamburg GmbH, Hamburg, Germany) in accordance with the 

standard operating procedure (SOP) for ocean CO2 measurements (Dickson et al., 2007). Details 

of the seawater chemistry control and manipulation are provided in the Supplementary 

Materials. The seawater parameters and carbonate chemistry for the experimental exposures 

are given in Table 2.1.    
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Table 2.1.  Seawater chemistry values measured during a 90-day experimental period for Aquilonastra yairi reared under two temperature levels 

(27 °C and 32 °C) crossed with three levels of pCO2 (455 µatm, 1052 µatm, and 2066 µatm). Data are presented as mean values ± SE. AT, 

total alkalinity; DIC, dissolved inorganic carbon; pCO2, partial pressure of CO2; [CO3
−2], carbonate ion concentration; [HCO3

−], bicarbonate 

ion concentration; [CO2], dissolved CO2; ΩCa, calcite saturation state; ΩAr, aragonite saturation state. 

 

Treatment 
Measured parameters 

Salinity (PSU) Temperature (°C) pH(NBS scale) pH(total scale) AT (µmol/kg-SW) DIC (µmol/kg-SW 

27 °C: 455 µatm 34.56 ± 0.12 27.48 ± 0.06 8.13 ± 0.00 8.00 ± 0.00 2504.42 ± 15.33 2168.86 ± 15.23 

27 °C: 1052 µatm 34.73 ± 0.06 27.23 ± 0.04 7.87 ± 0.01 7.74 ± 0.01 2514.45 ± 16.78 2340.99 ± 11.62 

27 °C: 2066 µatm 34.75 ± 0.05 27.34 ± 0.03 7.60 ± 0.01 7.47 ± 0.01 2539.83 ± 38.86 2479.40 ± 36.58 

32 °C: 455 µatm 34.65 ± 0.08 32.03 ± 0.05 8.13 ± 0.00 8.00 ± 0.00 2510.27 ± 47.18 2134.38 ± 38.40 

32 °C: 1052 µatm 34.78 ± 0.05 32.10 ± 0.04 7.87 ± 0.00 7.74 ± 0.00 2532.19 ± 40.05 2325.20 ± 40.02 

32 °C: 2066 µatm 34.76 ± 0.02 32.20 ± 0.08 7.60 ± 0.01 7.47 ± 0.01 2584.38 ± 41.93 2493.30 ± 37.87 

Treatment 
Calculated parameters 

pCO2 (µatm) [CO3
−2] (µmol/kg-SW) [HCO3

−] (µmol/kg-SW) [CO2] (µmol/kg-SW) ΩCa ΩAr 

27 °C: 455 µatm 456.13 ± 8.24 245.64 ± 2.52 1911.05 ± 14.94 12.17 ± 0.22 5.96 ± 0.06 3.96 ± 0.04 

27 °C: 1052 µatm 1059.58 ± 32.04 138.12 ± 4.64 2178.74 ± 9.58 28.42 ± 0.86 3.35 ± 0.11 2.22 ± 0.07 

27 °C: 2066 µatm 2075.40 ± 30.99 81.18 ± 2.35 2342.71 ± 34.29 55.51 ± 0.82 1.97 ± 0.06 1.31 ± 0.04 

32 °C: 455 µatm 453.78 ± 6.51 273.82 ± 8.23 1849.66 ± 30.77 10.90 ± 0.16 6.71 ± 0.20 4.52 ± 0.14 

32 °C: 1052 µatm 1045.15 ± 44.00 162.68 ± 4.67 2147.47 ± 38.59 25.05 ± 1.06 3.98 ± 0.11 2.69 ± 0.08 

32 °C: 2066 µatm 2057.31 ± 74.42 99.46 ± 4.64 2344.63 ± 34.94 49.20 ± 1.78 2.44 ± 0.11 1.64 ± 0.08 
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2.2.2.  Skeletal mineral composition analysis 

On days 45 and 90 of the experimental treatment, six specimens from each replicate tank (i.e., 

36 in total on each of those days) were randomly collected and rinsed in Milli-Q (18.2 MΩ) 

water before drying for ~48 h at 40 °C. In preparation for trace element analysis, to remove 

organic material from the skeletal matrix, dried starfish were soaked in hydrogen peroxide 

(H2O2) (Bray et al., 2014; Ehrlich et al., 2011; Russell et al., 2004) for 24 h and subsequently 

cleaned mechanically, i.e., residual organic material was removed by forceps, and further 

potential contaminations were removed with deionized water in an ultrasonic bath. Then, the 

sample material was manually ground using a mortar and pestle. The powdered samples were 

kept at room temperature in sealed vials until analysis. 

 

The element concentration of Ca, Mg, and Sr in the skeleton was determined with a Spectro 

CIROS Vision (SPECTRO Analytical Instruments GmbH, Kleve, Germany) inductively coupled 

plasma optical emission spectroscope (ICP-OES). The samples (weighing 0.02–0.1 mg) were 

digested with concentrated nitric acid (HNO3) and H2O2 (high-purity of trace metal grade 

reagent). The solutions were then diluted to the acidity of 0.5 M HNO3 with aliquots of 0.1 mL 

and weighed again. Instrument calibration solutions (Inorganic Ventures™ 1000 ppm standard 

stock solution) were prepared using single-element standards in proportion to the A. yairi 

skeleton concentrations. Measurements of all starfish samples were done routinely against the 

international reference standard JLs−1, a coral in-house working standard (ZMT-CM1), and HNO3 

blanks. Mg and Sr mineral elements are reported as a ratio over calcium (Ca), i.e., Mg/Ca, and 

Sr/Ca and over total skeletal material, i.e., Canorm, Mgnorm, and Srnorm, to account for minor 

organic material still present on or within the carbonate skeleton. 

 

2.2.3.  Analysis of the skeleton microstructure 

One specimen from the 45-day and 90-day incubations from each treatment tank was 

randomly selected (n = 12), washed, and prepared for the SEM analysis. Each starfish was cut 

with dissecting scissors around the part of arms and cleaned of soft tissue. Organic material 

was dissolved using a 30% H2O2 solution buffered in NaOH (0.1 N) at room temperature for 24 

h. Skeletons were then rinsed with distilled water repeatedly to remove any remaining organic 

material and then air-dried for 48 h at room temperature. Skeleton plates were then mounted 

on a stub with carbon-based tape and gold-sputtered (Cressington Sputter Coater 108 auto, 

Cressington Scientific Instruments, Watford, UK) for 30 s. Secondary electron images (SE) were 



 

45 
 

generated with a scanning electron microscope (SEM; Tescan Vega3 XMU, Brno – Kohoutovice, 

Czech Republic) to characterize the skeleton microstructure, using a beam voltage of 5 kV for 

a magnification of up to 3000×. All SEM micrographs were examined for any visible differences 

between treatments, including signs of dissolution, surface smoothness, the shape of stereom 

pores, and the shape of inner matrix aperture pores. 

 

2.2.4.  Statistical analysis 

Statistical analysis was performed using the software R, version 4.1.3 (R Core Team, 2022). 

Normality of data distribution and homogeneity of variance was tested with the Shapiro–Wilk 

statistic W test (α = 0.05) (Shapiro & Wilk, 1965) and Levene’s test (α = 0.05) (Levene, 1960), 

respectively, and indicated that all data of skeletal mineral ratios were normally distributed and 

the homoscedasticity assumption for the data was equal. The effects of temperature, pCO2, 

incubation time, and their interactions on skeletal mineral element to calcium ratios (Mg/Ca 

and Sr/Ca) and skeletal mineral element to total skeletal material ratios (Canorm, Mgnorm, and 

Srnorm) were examined using three-way analysis of variance (ANOVA), and Tukey HSD post hoc 

analyses were conducted using agricolae R-package 1.3–5 (de Mendiburu, 2021). Temperature, 

pCO2, and incubation time were fixed factors, while skeletal mineral ratios were used as 

response variables. All statistics were evaluated with a significance level of α = 0.05. 

 

2.3. Result 

Over the duration of the experiment (90 days), the starfish mortality rate was low and only 

found in the high-temperature treatment. In general, the results indicate that elevated 

temperature and pCO2 changed the skeletal mineral composition, whereas elevated pCO2 

affected skeletal microstructure in A. yairi. 

 

2.3.1. Elemental composition of skeletal carbonate 

Overall, a relatively small range of Mg/Ca ratio values were observed across all our treatments 

(181.95–204.26 mmol/mol). The starfish had consistently higher Mg/Ca ratios in the 32 °C 

treatments (190.90 ± 1.41 mmol/mol, mean ± SE) than those held at 27 °C (187.59 ± 0.83 

mmol/mol, mean ± SE) throughout all pCO2 concentration levels. Both incubation time and 

temperature had a main effect on skeletal Mg/Ca ratio (p = 0.049 and p = 0.033, respectively; 

Table 2.2). Inter-individual variability in skeletal Mg/Ca ratios was substantially higher in 

starfish subjected to high temperatures (32 °C) compared to those exposed to ambient 
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temperatures (27 °C) in all pCO2 combined treatments (Figure 2.1A). No consistent pCO2 effect 

as the sole factor was found, and the Mg/Ca ratio displayed the typical parabolic responses to 

pCO2 (Figure 2.1A). Elevated pCO2 as the sole stressor did not significantly affect skeletal Mg/Ca 

ratios (p = 0.414, Table 2.2). The interaction of temperature: pCO2: incubation time on starfish 

skeletal Mg/Ca ratios was significant (p = 0.014, Table 2.2). However, Tukey’s HSD post hoc 

analysis did not reveal any significant interactions in Mg/Ca ratios (Table 2.2 and 

Supplementary Materials Table S2.1). 

 

 

 
Figure 2.1.  Changes in skeletal properties (A) Mg/Ca ratios (mmol/mol) and (B) Sr/Ca ratios 

(mmol/mol) of skeletal carbonate in A. yairi exposed to different temperatures (27 

°C and 32 °C) crossed with different pCO2 concentrations (455 µatm, 1052 µatm, 

and 2066 µatm) measured after 45 and 90 days of incubation (n = 36). 

 

Sr/Ca ratios ranged from 2.52 mmol/mol to 2.76 mmol/mol across treatments (Figure 2.1B). 

The Sr/Ca ratio at 32 °C had the highest fluctuation in values compared to 27 °C, where Sr/Ca 

ratios at 27 °C treatments (2.63 ± 0.01 mmol/mol, mean ± SE) were slightly higher than for the 

32 °C treatments (2.62 ± 0.01 mmol/mol, mean ± SE) (Figure 2.1B). Inter-individual variability 



 

47 
 

of Sr/Ca ratios were substantially higher for medium and high pCO2 treatments (1052 µatm, 

2066 µatm) compared to low pCO2 (455 µatm) treatments; this was the case at both 

temperature levels (Figure 2.1B). No significant response of Sr/Ca ratio to differences in the 

pCO2 and temperature as combined or as sole stressors (Table 2.2). However, skeletal Sr/Ca 

ratios were significantly altered over incubation time (p = 0.006, Table 2.2), with increasing 

values from samples taken after 45 days compared to those collected after 90 days. 

 

Canorm ratios showed relatively variable values, which ranged between 647.74 mg/g and 755.30 

mg/g across all treatments (Figure 2.2A). Canorm ratios were changed over the incubation time 

(p = 0.036, Table 2.2). The Canorm ratios at 27 °C rose from 699.73 ± 5.41 mg/g (mean ± SE) at 

45 days to 709.02 ± 4.33 mg/g (mean ± SE) at 90 days incubation time (enhanced 1.33%), 

whereas the Canorm ratios at 32 °C rose from 693.51 ± 8.93 mg/g (mean ± SE) at 45 days to 

712.60 ± 7.48 mg/g (mean ± SE) at 90 days incubation time (enhanced 2.74%). Canorm ratios 

were not significantly affected by temperature (p = 0.838, Table 2.2) or pCO2 (p = 0.307, Table 

2.2) as a single factor, nor as a combined factor (p = 0.250, Table 2.2). 

 

Mgnorm ratios from the skeleton of A. yairi were significantly altered by incubation time (p = 

0.001, Table 2.2). Mgnorm ratios increased from 45 days to 90 days in both temperature 

treatment conditions (Figure 2.2B). At 27 °C, the Mgnorm ratios increased from 109.57 ± 0.94 

mg/g (mean ± SE) at 45 days to 112.98 ± 0.57 mg/g (mean ± SE) at 90 days incubation time (i.e., 

3.11% increase), while at 32 °C, the Mgnorm ratios increased from 110.61 ± 1.04 mg/g (mean ± 

SE) at 45 days to 115.31 ± 0.63 mg/g (mean ± SE) at 90 days incubation time (4.25% increase). 

There was no significant effect of pCO2 nor any combined effect of the factors (Table 2.2). 

However, temperature led to a marginal increase in the Mgnorm ratios (p = 0.051, Table 2.2). 

 

Srnorm ratios were altered over incubation time (p = 0.005, Table 2) at both temperature 

treatments (Figure 2.2C). The mean value of the Srnorm ratio at 27 °C increased by 2.38% from 

day 45 (3.36 ± 0.04 mg/g, mean ± SE) to day 90 (3.44 ± 0.02 mg/g, mean ± SD). Similarly, the 

mean value of Srnorm ratio at 32 °C increased from 45 days (mean ± SD, 3.30 ± 0.04 mg/g) to 90 

days (3.47 ± 0.06 mg/g, mean ± SD) incubation time (5.15% increase). However, there was no 

significant effect of combined stressor factors nor solely stressor factors on Srnorm ratios (Table 

2.2). 
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Figure 2.2.  Ratios between skeletal mineral element to total skeletal material (A) Canorm ratios 

(mg/g), (B) Mgnorm ratios (mg/g), and (C) Srnorm ratios (mg/g) in A. yairi exposed to 

elevated temperatures levels (27 °C and 32 °C) crossed with increased pCO2 

concentrations (455 µatm, 1052 µatm and 2066 µatm) measured after 45 and 90 

days of incubation (n = 36). 
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Table 2.2.  Summary of three-way ANOVA results for the skeletal mineral ratios of A. yairi 

exposed to temperature (27 °C, 32 °C) crossed with elevated pCO2 (455 µatm, 1052 

µatm, 2066 µatm) treatments for 45 and 90 days incubation time. Bold terms 

indicate a significant difference (p < 0.05). 

 
Skeletal mineral ratio df F Pr (<F) Post-hoc test result* 

Mg/Ca ratio     

Incubation time 1 4.319 0.049 90 days > 45 days 

pCO2 2 0.915 0.414  

Temperature 1 5.144 0.033 32 °C > 27 °C 

Incubation time: pCO2 2 0.715 0.500  

Incubation time:temperature 1 0.039 0.845  

pCO2: temperature 2 0.478 0.626  

Incubation time: pCO2: 

temperature 
2 5.143 0.014 

n.s., Supplementary 

Materials Table S2.1 

Residuals 24    

Sr/Ca ratio     

Incubation time 1 9.027 0.006 90 days > 45 days 

pCO2 2 0.405 0.671  

Temperature 1 0.481 0.495  

Incubation time: pCO2 2 1.794 0.188  

Incubation time: temperature 1 1.519 0.230  

pCO2: temperature 2 2.016 0.155  

Incubation time: pCO2: 

temperature 
2 1.132 0.339  

Residuals 24    

Canorm ratio     

Incubation time 1 4.951 0.036 90 days > 45 days 

pCO2 2 1.242 0.307  

Temperature 1 0.043 0.838  

Incubation time: pCO2 2 1.711 0.202  

Incubation time: temperature 1 0.59 0.450  

pCO2: temperature 2 1.471 0.250  

Incubation time: pCO2: 

temperature 
2 1.65 0.213  

Residuals 24    
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Mgnorm ratio     

Incubation time 1 24.523 0.001 90 days > 45 days 

pCO2 2 0.582 0.566  

Temperature 1 4.206 0.051 32 °C > 27 °C 

Incubation time: pCO2 2 0.616 0.548  

Incubation time: temperature 1 0.621 0.438  

pCO2: temperature 2 0.609 0.552  

Incubation time: pCO2: 

temperature 
2 2.133 0.140  

Residuals 24    

Srnorm ratio     

Incubation time 1 9.814 0.005 90 days > 45 days 

pCO2 2 0.500 0.613  

Temperature 1 0.156 0.696  

Incubation time: pCO2 2 1.862 0.177  

Incubation time: temperature 1 1.405 0.248  

pCO2: temperature 2 1.655 0.212  

Incubation time: pCO2: 

temperature 
2 0.707 0.503  

Residuals 24    

 
* Tukey HSD post hoc tests were performed where ANOVA results indicated significant effects of one or 

several factors (incubation time, pCO2, temperature) with p-values adjusted for multiple testing (padj). 

 

2.3.2. Skeletal microstructure 

High magnification SEM micrographs showed marked differences in skeletal structure between 

low pCO2 (455 µatm) compared to medium and high pCO2 treatments (1052 µatm, 2066 µatm, 

respectively) at both ambient and high temperatures (27 °C, 32 °C, respectively). The skeletal 

structure in low pCO2 crossed with ambient (27 °C: 455 µatm) and high temperatures (32 °C: 

455 µatm) revealed no remarkable differences between 45-day and 90-day incubation time. 

The stereom pores were arranged equally in shape and the aperture pores of the inner matrix 

were relatively equal in shape, while the trabecular surface was smooth (Figure 2.3A,B,G,H and 

Table 2.3). 
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In contrast, after 45-day and 90-day incubation times, the skeleton from medium and high pCO2 

treatments at ambient temperatures showed stereom structures that were more variable in 

shape compared to the control treatment, and signs of degradation, i.e., dissolution, were 

observed on the surface of the trabeculae (Figure 2.3C–F and Table 2.3). Furthermore, under 

high temperatures, these medium and high pCO2 treatments in addition result in signs of 

skeletal degradation observed at the trabeculae surface, while the apertures of the inner matrix 

pores were wider (i.e., un-equal in shape) compared to the control treatment and the ambient 

temperature crossed with medium and high pCO2 treatments (Figure 2.3I–L and Table 2.3). 

 

Table 2.3.  Skeletal microstructure characteristics of A. yairi under crossed temperatures and 

pCO2 conditions at different incubation times as observed with scanning electron 

microscopy (SEM). 

 
Incubation time Temperature pCO2 Skeletal surface Stereom pores Inner matrix pores 

45 days 

27 °C 

455 µatm ND ES EP 

1052 µatm DS US EP 

2066 µatm DS US UP 

32 °C 

455 µatm ND ES EP 

1052 µatm DS US UP 

2066 µatm HD HU UP 

90 days 

27 °C 

455 µatm ND ES EP 

1052 µatm DS US EP 

2066 µatm DS US UP 

32 °C 

455 µatm ND ES EP 

1052 µatm DS US UP 

2066 µatm HD HU UP 

 
Note: ND: the skeleton surface is smooth and has no signs of degradation; DS: the skeleton surface had 

degradation signs; HD: the skeleton surface had high degradation signs; ES: the stereom pores were equal in 

shape; US: the stereom pores were un-equal in shape; HU: the stereom pores were highly un-equal in shape; 

EP: the inner matrix aperture pores were relatively equal in shape; UP: the inner matrix aperture pores were 

relatively un-equal in shape (wider). n = 12.  
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Figure 2.3.  SEM micrographs of the skeletal microstructure of A. yairi cultured under two temperature levels 

(27 °C and 32 °C) crossed with three pCO2 concentrations (455 µatm, 1052 µatm and 2066 µatm). 
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Stereom microstructure after 45 (A,C,E,G,I,K) and 90 days (B,D,F,H,J,L) of incubation time. sp: 

stereom pore; st: skeleton trabeculae; imp: stereom inner matrix pore; ⓐ the galleries stereom 

pores are less-equal in shape; ⓑ dissolution in calcium carbonate skeleton; ⓒ increased size of 

inner matrix aperture pores. Technical image acquisition, SEM mode: SE, SEM HV: 5.0 kV, SEM 

magnification: 3000×. 

 

2.4. Discussion 

Our results imply that temperature plays a primary regulatory role in Mg concentration in the 

skeletal carbonate of A. yairi, where the Mg/Ca ratios increase under high-temperatures. This 

corroborates results from previous studies that found higher Mg concentrations associated 

with higher temperatures in echinoid and asteroid species (Chave, 1954; Weber, 1969; Weber, 

1973). This temperature association was previously attributed to kinetic factors affecting ion 

discrimination (Weber, 1973) and also to the physiological mechanisms that control Mg 

absorption in cells (Rosenthal et al., 1997) during the biomineralization process. The increased 

Mg content of HMC was connected to an amorphous calcium magnesium carbonate (ACMC) 

precursor (Purgstaller et al., 2021; Radha et al., 2012). At high temperatures, the aqueous Mg2+ 

solvation energy barrier becomes lower (Di Lorenzo et al., 2018); hence this condition might 

favor more Mg2+ to be incorporated into the calcite lattice, encouraging the formation of 

ACMC, which later transforms into HMC. 

 

Echinoderms are generally considered relatively poor regulators of internal acid–base balance, 

where the range of regulatory capacities is species-specific (Stumpp & Hu, 2017). In 

hypercapnic conditions (high pCO2, low pH), echinoderms increase the bicarbonate 

concentration in their coelomic fluid and practice passive skeletal dissolution to support 

internal acid–base regulatory functions due to acidosis (Miles et al., 2007). Higher Mg 

concentrations in the skeleton in conjunction with a degradation in the inner skeleton (see 

Section 2.3.2) due to skeletal dissolution, as documented in the current studies, support the 

assumption of a trade-off mechanism (Asnaghi et al., 2014; Khalil et al., 2023). The released 

HMC mineral is then used as an active buffering mechanism to compensate for changes in 

internal pH that may help to avoid or reduce physiological impacts. 

 

We noticed that no single (temperature or pCO2) nor combined stressor treatment affected 

skeletal Sr (Sr/Ca and Srnorm) in A. yairi. This contrasts with previous studies on the starfish 
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Asterias rubens (Borremans et al., 2009) and the sea urchin P. lividus (Hermans et al., 2010), 

which reported that the Sr/Ca ratio depended on temperature. These contrasting results 

indicate a species-specific skeletal Sr control mechanism in the echinoderm group that may 

respond to the stressors. The calcification rates might play an important role in skeletal Sr 

precipitation rather than direct dependence on temperature. It is difficult to discriminate the 

effects of temperature and pCO2 on skeletal Sr. Our data indicated that the skeletal Sr was 

increased over incubation time in all treatment combinations (Supplementary Materials Figure 

S2.2) except the 27 °C: 455 µatm treatment, assuming that temperature and pCO2 might have 

an indirect effect on skeletal Sr through their control over the calcification process (Kısakürek 

et al., 2008; Lorens, 1981; Russell et al., 2004; Weiner & Dove, 2003), which are common in 

biogenic calcites (Lea et al., 1999; Stoll et al., 2002). However, the incorporation pathways of 

Sr into the echinoderm ACC are still poorly understood, so further studies are needed. 

 

We found a strong correlation between skeletal Sr and skeletal Mg (R2 = 0.04, p < 0.001, 

Supplementary Materials Figure S2.3), as Srnorm increases with increasing Mgnorm ratio. Hence, 

Mg might play a role in affecting the Sr precipitation. Sr ions cannot easily substitute for Ca ions 

due to differences in cations ions size and weight (Sr2+ ionic radius of 1.18 Å: Ca2+ ionic radius 

of 1.00 Å (Shannon, 1976)), which makes them incompatible in calcite (Tesoriero & Pankow, 

1996). High concentrations of Mg2+ (ionic radius of 0.72 Å (Shannon, 1976)) that are 

incorporated in inorganic calcite can distort the crystal lattice (i.e., lattice deformation), which 

increases the size of calcium lattice positions and thus allows for increased incorporation of Sr2+ 

(Mucci & Morse, 1983). 

 

Similar to skeletal Sr, we found no direct influence of temperature or pCO2 on the Canorm ratio 

(Table 2.2). However, the highest inter-individual variability of Canorm indicates that 

temperature and/or pCO2 considerably alter the production of skeletal Ca in A. yairi, where 

Canorm ratios exhibited an increase with incubation time, except for the treatment of 27 °C: 455 

µatm (~703 mg/g) where the ratio was relatively unchanged (Supplementary Materials Figure 

S2.4). CaCO3 is more soluble at lower temperatures (Zeebe & Wolf-Gladrow, 2001) and high 

pCO2 (Ries et al., 2009). Under OW conditions, starfish seem to be able to boost their capacity 

to control calcification through the modulation of the intracellular calcifying fluids pH to 

produce CaCO3. This might provide them with higher resistance and resilience towards the 

effects of OA. The increased energetic costs of this physiological response are indicated by 
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elevated respiration rates (Khalil et al., 2023). Hence, in the long term, this phenotypic plasticity 

and biocalcification control mechanism might have further physiological implications for the 

starfish. 

 

The hypercapnic conditions of the high pCO2 treatment in our experiment have resulted in 

visible adverse effects on the skeletal structures in both ambient as well as elevated 

temperatures (Figure 2.3, Table 2.3). We detected changes in the stereom pores, the inner 

matrix pores and degradation of the skeleton surface through reduced deposition or 

dissolution, which increased over incubation time in the starfish that were exposed to medium 

and high pCO2. These skeletal alterations might be due to the thin layer of epithelial tissue 

covering the starfish body wall (Dubois & Chen, 1989), which acts as a protective membrane 

between the skeleton and the seawater (Melzner et al., 2020). Furthermore, the degradation 

of the epithelial tissue could also explain why the combination of OW with OA enhances the 

degradation of the skeletal structure that was observed in the high pCO2 treatment (32 °C: 2066 

µatm). We hypothesize that the epithelial tissue might become weaker in its function due to 

degradation of the epithelium cells during long-term experiments. Epithelial tightness is 

controlled by a protein series that molds a seal among epithelial cells (Melzner et al., 2020), 

which are sensitive to elevated temperature. 

 

The seawater chemistry factor, which was underlying the altered skeletal structure in A. yairi 

might involve calcium carbonate saturation state (Ω). Skeletal degradation provides evidence 

that the skeleton of A. yairi was negatively affected by lowered calcite saturation state (Ωca) as 

a function of increasing pCO2 (Table 2.1), which directly affects the biomineralization and 

dissolution of the CaCO3 in skeletal structures (Feely et al., 2009; Watson et al., 2012). Near Ωca 

~3, we found stereom alteration and degradation signs in trabeculae, which indicates that A. 

yairi was facing difficulty in producing and maintaining their skeleton compared to low pCO2 

treatments (Ωca > 5). Previous studies found that the skeletal morphometric development of 

echinoid (e.g., sea urchin L. variegatus) was significantly affected by Ωca 2.53 (Challener et al., 

2013). Furthermore, increased susceptibility of the skeleton to dissolution through OA was 

suggested to be due to the skeleton composed of HMC, which is 30 times more soluble than 

pure calcite (McClintock et al., 2011; Politi et al., 2004). When the qualitative approach depicts 

changes in the skeleton micro-morphology because of exposure to elevated pCO2 and 

temperature (Table 2.3, Figure 2.3), further investigation using quantitative analysis (e.g., 
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stereom and inner matrix pore size) is required to quantify the alteration magnitude in skeleton 

microstructure as the deleterious impact of OA and OW (Hazan et al., 2014; Johnson et al., 

2020). 

 

Under OW and OA scenarios, calcifying marine organisms are expected to face unfavorable 

conditions to produce and maintain their skeletal HMC in order to sustain their biomechanical 

functions. Phenotypic plasticity requires re-allocation of energy as a trade-off and may 

represent a potential key mechanism for species viability (Gibbin et al., 2017). For A. yairi, this 

mechanism might reflect strategies to maintain their skeletal HMC in a low pH environment by 

modulating their cellular chemistry to create isolated microenvironments of deposition, 

producing the specific mineral they necessitate, which involves significant energy re-allocation 

(Stumpp et al., 2012). Since the asterinid starfish produces HMC, which is more soluble than 

calcite and aragonite, it signifies that more energy will be required to preserve the calcification 

process as the mechanism in both constructing and maintaining their skeletal components, 

leading to energy trade-offs against other physiological processes (Khalil et al., 2023; Wood et 

al., 2008). 

 

Changes in the shape of the stereom pores and degradation of the starfish skeleton potentially 

have implications for skeletal strength, stiffness, and function. Weakening of the structure 

possibly will reduce locomotion performance and result in a lower ability to resist predators 

and to face ocean currents, which then conveys consequences to the benthic community 

structure. 
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2.6. Supplementary materials 

Animal collection and acclimation 

To prepare the Aquilonastra yairi specimens for the experiment, they were cleansed from 

externally attached materials, thoroughly rinsed with flowing seawater repeatedly and small 

forceps to lift the attached debris, and allowed to acclimate in a communal tank with a 

recirculating water system at the ambient temperature of ≈27 °C for seven days. Afterwards, 

they were randomly distributed into 18 experimental aquaria (25 litres), illuminated with LED 

lamps (Aquaillumination® Hydra 52 HD) at 25–30 µmol photons m-2 s-1. After an additional 

seven-day acclimation phase, the main experiment was started. No visual sign of stress (i.e., 

discoloration and erratic flipping) was observed during the acclimation period. During 

acclimation and experimental exposure, the starfish A. yairi were able to feed on living diatoms 

that naturally grow at the aquaria walls and deposited detritus flocs. 

 

Seawater chemistry control and manipulation 

Temperature, salinity, and pHNBS (pH electrodes calibrated in diluted National Bureau of 

Standards buffers) were measured three times per week using a calibrated multielectrode 

portable probe (WTW Multiline 3630 IDS, Xylem Analytics, Weilheim, Germany). The pHtotal scale 

was measured weekly via spectrophotometry (Shimadzu UV-1700 Pharma Spec UV-Vis 

Spectrophotometer) following SOP 6b [1] using the indicator dye m-cresol purple (Sigma-

Aldrich). Seawater samples for total alkalinity (AT) and dissolved inorganic carbon (DIC) analysis 

were collected weekly in 500-mL borosilicate glass vials, poisoned with 200-µL of saturated 

mercuric chloride (HgCl2) solution and refrigerated until analysis. AT and DIC were measured 

according to the best practice of ocean acidification seawater measurement protocols (Dickson 

et al., 2007). AT was measured by open-cell potentiometric Gran titration (precision, ±10 µmol 

kg-1), and DIC was determined by the colorimetric analytical method using a Shimadzu DIC 

analyser (precision, ±10 µmol kg-1). The seawater carbonate system parameters pCO2, 

carbonate ion concentration [CO3
-2], bicarbonate ion concentration [HCO3

-], aqueous CO2, 

calcite saturation state (ΩCa), aragonite saturation state (ΩAr) were calculated with the program 

CO2SYS for Microsoft Excel (Pelletier et al., 2007b), using Hansson (1973) and Mehrbach et al. 

(1973) refitted by Dickson and Millero (1987) for K1 and K2 carbonic acid constants; Dickson 

(1990) for KHSO4 equilibrium constant; Dickson and Riley (1979) for KHF dissociation constant; 

Uppström (1974) for the boric acid constant ([B]T); and Mucci (1983) for the stoichiometric 

calcite solubility constant.  
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Table S2.1. Tukey HSD post hoc test for the interactive effects of incubation time (45 and 90 

days), pCO2 (455 µatm, 1052 µatm, 2066 µatm) and temperature (27 °C, 32 °C) on 

skeletal Mg/Ca ratio of A. yairi using the ‘agricolae R-package’ for multiple 

comparisons to interrogate the main effects of incubation time, temperature and 

pCO2 (incubation time: pCO2: temperature, p = 0.014, Table 2.2). 

Condition diff. lwr. upr. padj 

90 days:1052 µatm:27 °C vs 45 days:1052 µatm:27 °C 5.4800 -7.3920 18.3520 0.9156 

45 days:2066 µatm:27 °C vs 45 days:1052 µatm:27 °C -1.3833 -14.2553 11.4887 1.0000 

90 days:2066 µatm:27 °C vs 45 days:1052 µatm:27 °C 5.3933 -7.4787 18.2653 0.9233 

45 days:455 µatm:27 °C vs 45 days:1052 µatm:27 °C 2.3467 -10.5253 15.2187 0.9999 

90 days:455 µatm:27 °C vs 45 days:1052 µatm:27 °C 0.0400 -12.8320 12.9120 1.0000 

45 days:1052 µatm:32 °C vs 45 days:1052 µatm:27 °C 9.3533 -3.5187 22.2253 0.3220 

90 days:1052 µatm:32 °C vs 45 days:1052 µatm:27 °C 5.0967 -7.7753 17.9687 0.9460 

45 days:2066 µatm:32 °C vs 45 days:1052 µatm:27 °C 2.0433 -10.8287 14.9153 1.0000 

90 days:2066 µatm:32 °C vs 45 days:1052 µatm:27 °C 4.5700 -8.3020 17.4420 0.9741 

45 days:455 µatm:32 °C vs 45 days:1052 µatm:27 °C 0.3467 -12.5253 13.2187 1.0000 

90 days:455 µatm:32 °C vs 45 days:1052 µatm:27 °C 10.3000 -2.5720 23.1720 0.2077 

45 days:2066 µatm:27 °C vs 90 days:1052 µatm:27 °C -6.8633 -19.7353 6.0087 0.7355 

90 days:2066 µatm:27 °C vs 90 days:1052 µatm:27 °C -0.0867 -12.9587 12.7853 1.0000 

45 days:455 µatm:27 °C vs 90 days:1052 µatm:27 °C -3.1333 -16.0053 9.7387 0.9988 

90 days:455 µatm:27 °C vs 90 days:1052 µatm:27 °C -5.4400 -18.3120 7.4320 0.9192 

45 days:1052 µatm:32 °C vs 90 days:1052 µatm:27 °C 3.8733 -8.9987 16.7453 0.9926 

90 days:1052 µatm:32 °C vs 90 days:1052 µatm:27 °C -0.3833 -13.2553 12.4887 1.0000 

45 days:2066 µatm:32 °C vs 90 days:1052 µatm:27 °C -3.4367 -16.3087 9.4353 0.9972 

90 days:2066 µatm:32 °C vs 90 days:1052 µatm:27 °C -0.9100 -13.7820 11.9620 1.0000 

45 days:455 µatm:32 °C vs 90 days:1052 µatm:27 °C -5.1333 -18.0053 7.7387 0.9435 

90 days:455 µatm:32 °C vs 90 days:1052 µatm:27 °C 4.8200 -8.0520 17.6920 0.9626 

90 days:2066 µatm:27 °C vs 45 days:2066 µatm:27 °C 6.7767 -6.0953 19.6487 0.7494 

45 days:455 µatm:27 °C vs 45 days:2066 µatm:27 °C 3.7300 -9.1420 16.6020 0.9945 

90 days:455 µatm:27 °C vs 45 days:2066 µatm:27 °C 1.4233 -11.4487 14.2953 1.0000 

45 days:1052 µatm:32 °C vs 45 days:2066 µatm:27 °C 10.7367 -2.1353 23.6087 0.1667 

90 days:1052 µatm:32 °C vs 45 days:2066 µatm:27 °C 6.4800 -6.3920 19.3520 0.7951 

45 days:2066 µatm:32 °C vs 45 days:2066 µatm:27 °C 3.4267 -9.4453 16.2987 0.9973 

90 days:2066 µatm:32 °C vs 45 days:2066 µatm:27 °C 5.9533 -6.9187 18.8253 0.8657 

45 days:455 µatm:32 °C vs 45 days:2066 µatm:27 °C 1.7300 -11.1420 14.6020 1.0000 

90 days:455 µatm:32 °C vs 45 days:2066 µatm:27 °C 11.6833 -1.1887 24.5553 0.1000 
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45 days:455 µatm:27 °C vs 90 days:2066 µatm:27 °C -3.0467 -15.9187 9.8253 0.9990 

90 days:455 µatm:27 °C vs 90 days:2066 µatm:27 °C -5.3533 -18.2253 7.5187 0.9266 

45 days:1052 µatm:32 °C vs 90 days:2066 µatm:27 °C 3.9600 -8.9120 16.8320 0.9912 

90 days:1052 µatm:32 °C vs 90 days:2066 µatm:27 °C -0.2967 -13.1687 12.5753 1.0000 

45 days:2066 µatm:32 °C vs 90 days:2066 µatm:27 °C -3.3500 -16.2220 9.5220 0.9978 

90 days:2066 µatm:32 °C vs 90 days:2066 µatm:27 °C -0.8233 -13.6953 12.0487 1.0000 

45 days:455 µatm:32 °C vs 90 days:2066 µatm:27 °C -5.0467 -17.9187 7.8253 0.9493 

90 days:455 µatm:32 °C vs 90 days:2066 µatm:27 °C 4.9067 -7.9653 17.7787 0.9578 

90 days:455 µatm:27 °C vs 45 days:455 µatm:27 °C -2.3067 -15.1787 10.5653 0.9999 

45 days:1052 µatm:32 °C vs 45 days:455 µatm:27 °C 7.0067 -5.8653 19.8787 0.7118 

90 days:1052 µatm:32 °C vs 45 days:455 µatm:27 °C 2.7500 -10.1220 15.6220 0.9996 

45 days:2066 µatm:32 °C vs 45 days:455 µatm:27 °C -0.3033 -13.1753 12.5687 1.0000 

90 days:2066 µatm:32 °C vs 45 days:455 µatm:27 °C 2.2233 -10.6487 15.0953 1.0000 

45 days:455 µatm:32 °C vs 45 days:455 µatm:27 °C -2.0000 -14.8720 10.8720 1.0000 

90 days:455 µatm:32 °C vs 45 days:455 µatm:27 °C 7.9533 -4.9187 20.8253 0.5470 

45 days:1052 µatm:32 °C vs 90 days:455 µatm:27 °C 9.3133 -3.5587 22.1853 0.3276 

90 days:1052 µatm:32 °C vs 90 days:455 µatm:27 °C 5.0567 -7.8153 17.9287 0.9487 

45 days:2066 µatm:32 °C vs 90 days:455 µatm:27 °C 2.0033 -10.8687 14.8753 1.0000 

90 days:2066 µatm:32 °C vs 90 days:455 µatm:27 °C 4.5300 -8.3420 17.4020 0.9757 

45 days:455 µatm:32 °C vs 90 days:455 µatm:27 °C 0.3067 -12.5653 13.1787 1.0000 

90 days:455 µatm:32 °C vs 90 days:455 µatm:27 °C 10.2600 -2.6120 23.1320 0.2119 

90 days:1052 µatm:32 °C vs 45 days:1052 µatm:32 °C -4.2567 -17.1287 8.6153 0.9846 

45 days:2066 µatm:32 °C vs 45 days:1052 µatm:32 °C -7.3100 -20.1820 5.5620 0.6601 

90 days:2066 µatm:32 °C vs 45 days:1052 µatm:32 °C -4.7833 -17.6553 8.0887 0.9645 

45 days:455 µatm:32 °C vs 45 days:1052 µatm:32 °C -9.0067 -21.8787 3.8653 0.3724 

90 days:455 µatm:32 °C vs 45 days:1052 µatm:32 °C 0.9467 -11.9253 13.8187 1.0000 

45 days:2066 µatm:32 °C vs 90 days:1052 µatm:32 °C -3.0533 -15.9253 9.8187 0.9990 

90 days:2066 µatm:32 °C vs 90 days:1052 µatm:32 °C -0.5267 -13.3987 12.3453 1.0000 

45 days:455 µatm:32 °C vs 90 days:1052 µatm:32 °C -4.7500 -17.6220 8.1220 0.9661 

90 days:455 µatm:32 °C vs 90 days:1052 µatm:32 °C 5.2033 -7.6687 18.0753 0.9384 

90 days:2066 µatm:32 °C vs 45 days:2066 µatm:32 °C 2.5267 -10.3453 15.3987 0.9998 

45 days:455 µatm:32 °C vs 45 days:2066 µatm:32 °C -1.6967 -14.5687 11.1753 1.0000 

90 days:455 µatm:32 °C vs 45 days:2066 µatm:32 °C 8.2567 -4.6153 21.1287 0.4943 

45 days:455 µatm:32 °C vs 90 days:2066 µatm:32 °C -4.2233 -17.0953 8.6487 0.9855 

90 days:455 µatm:32 °C vs 90 days:2066 µatm:32 °C 5.7300 -7.1420 18.6020 0.8910 

90 days:455 µatm:32 °C vs 45 days:455 µatm:32 °C 9.9533 -2.9187 22.8253 0.2455 
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Figure S2.1. Schematic of ocean acidification and ocean warming experimental design with a fully factorial combination of low pCO2 (455 μatm), 

moderate pCO2 (1052 μatm), and high pCO2 (2066 μatm) treatments with ambient temperature (27 °C) and high temperature (32 °C) 

treatments.
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Figure S2.2. Skeletal Sr values over incubation time in A. yairi exposed to elevated 

temperatures levels (27 °C and 32 °C) crossed with increased pCO2 concentrations 

(455 µatm, 1052 µatm, and 2066 µatm). (A) Sr/Ca ratio (mmol/mol), (B) Srnorm 

ratio (mg/g). Data were presented as mean (n = 36). 
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Figure S2.3. Correlation of Srnorm ratios (mg/g) against Mgnorm ratios (mg/g) (R2 = 0.44, F1, 34 = 

26.78, p = 1.019 x 10-5) in A. yairi exposed to elevated temperatures levels (27 °C 

and 32 °C) crossed with increased pCO2 concentrations (455 µatm, 1052 µatm, 

and 2066 µatm). n = 36. 
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Figure S2.4. Skeletal Canorm (mg/g) ratio over incubation time in A. yairi exposed to elevated 

temperatures levels (27 °C and 32 °C) crossed with increased pCO2 concentrations 

(455 µatm, 1052 µatm, and 2066 µatm). Data were presented as mean (n = 36).  
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Abstract 

While organismal responses to climate change and ocean acidification are increasingly 

documented, longer-term (> a few weeks) experiments with marine organisms are still sparse. 

However, such experiments are crucial for assessing potential acclimatization mechanisms, as 

well as predicting species-specific responses to environmental change. Here, we assess the 

combined effects of elevated pCO2 and temperature on organismal metabolism, mortality, 

righting activity, and calcification of the coral reef-associated starfish Aquilonastra yairi. 

Specimens were incubated at two temperature levels (27 °C and 32 °C) crossed with three pCO2 

regimes (455 µatm, 1052 µatm, and 2066 µatm) for 90 days. At the end of the experiment, 

mortality was not altered by temperature and pCO2 treatments. Elevated temperature alone 

increased metabolic rate, accelerated righting activity, and caused a decline in calcification 

rate, while high pCO2 increased metabolic rate and reduced calcification rate, but did not affect 

the righting activity. We document that temperature is the main stressor regulating starfish 

physiology. However, the combination of high temperature and high pCO2 showed non-linear 

and potentially synergistic effects on organismal physiology (e.g., metabolic rate), where the 

elevated temperature allowed the starfish to better cope with the adverse effect of high pCO2 

concentration (low pH) on calcification and reduced skeletal dissolution (antagonistic 

interactive effects) interpreted as a result of energetic tradeoffs. 

 

Keywords: starfish Aquilonastra yairi, multiple stressors, interactive effect, physiological 

response, calcification, climate change acclimatization 
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3.1. Introduction 

Rising CO2 concentration in the oceans has led to lowered seawater pH, referred to as ocean 

acidification (OA), while simultaneous ocean warming (OW) and changes in circulation, 

stratification, nutrient, salinity, and oxygen levels result in complex changes in environmental 

conditions (Doney et al., 2012). Many marine calcifiers such as foraminifera, mollusks, 

echinoderms, corals, and coralline algae are expected to be negatively impacted by OA 

(Figuerola et al., 2021; Kawahata et al., 2019), whereas those organisms that have 

photosynthesizing or photosymbiotic capabilities (e.g., algae; zooxanthellate corals) also 

exhibit increased growth (Cornwall et al., 2017; Ries et al., 2009). Generally, physiology-related 

processes such as the skeleton formation of marine organisms are impacted by OA (Gazeau et 

al., 2007; Wittmann & Pörtner, 2013). Moreover, OA potentially affects ecological processes 

influencing the performance of marine organisms, with consequences in shaping community 

structure, disrupting population dynamics, and altering ecosystem function (Hale et al., 2011; 

Hall-Spencer & Harvey, 2019; Widdicombe & Spicer, 2008). Concurrently, OW is a critical driver 

of physiological mechanisms defining the thermal tolerance window of marine ectotherm 

species (Pörtner, 2012), with tropical species commonly being more sensitive relative to 

temperature (Tewksbury et al., 2008). Ecological processes such as species distribution, life 

history, community assemblage, and marine ecosystem structure are all influenced by OW 

(Doo et al., 2020; Hillebrand et al., 2018; Hoegh-Guldberg & Bruno, 2010). On the organismal 

level, OW has been shown to negatively affect overall physiological performance, immune 

defense, feeding, reproductive biology (Pörtner & Farrell, 2008; Stuhr et al., 2021; Yao & 

Somero, 2014), and metabolic processes (Hoegh-Guldberg & Bruno, 2010).  

 

While studies on the impacts of climate change on marine life have focused mainly on ocean 

acidification or ocean warming as individual/sole stressors (Bednaršek et al., 2021; Dupont & 

Pörtner, 2013; Wittmann & Pörtner, 2013; Yao & Somero, 2014), recently, more studies on 

combined stressors have been undertaken. Previous meta-analyses identify trends towards 

increased sensitivity to OA when marine species are simultaneously exposed to OW (Bednaršek 

et al., 2019; Kroeker et al., 2013), associated with effects on adaptation capacity, thermal 

tolerance, activity level, mobility, life stages, and life history (Byrne & Przeslawski, 2013; 

Pörtner & Farrell, 2008). Other studies found that marine organisms that are adapted to high 

fluctuations in temperature and pH are possibly more resistant to future environmental 
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changes due to their preadapted physiological capacities (acclimation) and phenotypic 

plasticity (Ericson et al., 2018; Leung et al., 2022; Melzner et al., 2009; Whiteley, 2011).  

 

For echinoderms, earlier studies show varied reactions (Byrne & Hernández, 2020). In 

echinoids, the combination of OW (+5°C) and OA (-0.5 pH units) leads to an increased 

metabolism rate (Carey et al., 2016), decreased growth rate in +3°C warming and -0.2 pH units   

(Uthicke et al., 2014), reduced thermal tolerance at +5°C warming and -0.3 pH units (Manriquez 

et al., 2019), and significantly impacted reproductive potential at +6°C warming and -0.5 pH 

units (Dworjanyn & Byrne, 2018); in brittle stars to metabolic upregulation at +6°C warming 

and -0.6 pH units (Christensen et al., 2011) and slowed arm regeneration at +3.5°C warming 

and 1.0 pH units (Wood et al., 2011); and in crown-of-thorns starfish (COTS) to either decreased 

larval size at +4°C warming and -0.5 pH units (Kamya et al., 2014) or beneficial effects on growth 

and feeding at +4°C warming and -0.4 pH units (Kamya et al., 2018). In general, early life stages 

were more sensitive to OA and OW; however, OW of +3°C seems to mitigate the negative 

effects of OA (-0.3 pH units) in certain species of echinoderms (Brennand et al., 2010). 

 

Studies on starfish (phylum Echinodermata, class Asteroidea), specifically, have shown that the 

impacts of OW and OA as sole or combined stressors widely range from strongly depressed 

metabolic rates reaching below the normal resting value (Collard et al., 2013) to non-significant 

effects (McElroy et al., 2012). OW elicits increased metabolic rates in starfish, similar to other 

ectotherms (Peck et al., 2008), while elevated seawater pCO2 in conjunction with increased 

temperature generally results in increased mortality rates (Byrne et al., 2013). OW is further 

documented to increase the righting rate (Ardor Bellucci & Smith, 2019; Kleitman, 1941; Peck 

et al., 2008; Watts & Lawrence, 1986; Watts & Lawrence, 1990), while righting behavior was 

not significantly modulated by decreased pH (McCarthy et al., 2020). For small-sized starfish 

such as asterinids (family Asterinidae), the combined stressors of OA and OW have been found 

to induce metabolic depression (McElroy et al., 2012) and increased larvae and juvenile 

mortality (Byrne et al., 2013; Nguyen & Byrne, 2014) . However, we are unaware of other 

studies that document and quantify the calcification processes of asterinid starfish, neither in 

an ambient environment nor under predicted climate change conditions (i.e., combined OW 

and OA). Moreover, the acclimatization potential of tropical asterinid starfish to prolonged 

periods of changes in pH and temperature is largely unknown. To address this knowledge gap, 

we performed a controlled laboratory experiment to examine the long-term integrative effects 
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of ocean acidification and warming on metabolic rate, mortality, righting response, and 

calcification rate for 90 days on the cryptic tropical asterinid starfish Aquilonastra yairi. 

Ecologically, the starfish A. yairi is a nocturnal species inhabiting underwater rocks, reef 

structures, and intertidal rubble areas in the Red Sea, Mediterranean Sea, and Gulf of Suez 

(Ebert, 2021; O'Loughlin & Rowe, 2006). Although this starfish species inhabits shallow 

intertidal waters, its bioecology remains poorly known.   

 

3.2. Material and methods 

3.2.1. Experimental design and seawater chemistry control and measurement 

A total of 342 specimens (size 3-11 mm) of adult A. yairi (Supplementary Figure S3.1) were 

collected from stock cultures in the MAREE (Marine Experimental Ecology) of ZMT, Bremen 

(Germany). Following acclimation (see Supplementary Text), the starfish were held for 90 days 

in one of six treatments (three replicate tanks each) where two temperature levels were 

crossed with three pCO2 regimes: (T1) 27 °C : 455 µatm, (T2) 27 °C : 1052 µatm, (T3) 27 °C : 

2066 µatm, (T4) 32 °C : 455 µatm, (T5) 32 °C : 1052 µatm, and (T6) 32 °C : 2066 µatm, which 

represent factorial combinations of ambient conditions and future levels of CO2 and 

temperature change according to the IPCC-Representative Concentration Pathways (RCPs) 8.5 

greenhouse gas emission scenario for the year 2100 (IPCC, 2014). Moreover, the ambient 

temperature (27 °C) represents the average sea surface temperature (SST) in summer (June-

October) in natural habitats of A. yairi (e.g., Gulf of Suez). To avoid physiological shock, targeted 

pCO2 and temperature levels were slowly ramped up over ten days. In short, to generate gas 

mixtures formulated to the target pCO2 conditions, CO2-free air and pure CO2 gas were mixed 

with solenoid-valve mass flow controllers and bubbled via flexible microporous air stones into 

the seawater reservoirs of each treatment group, then continuously pumped into replicate 

tanks. Treatment tank temperatures were maintained using a closed-circle heating system 

controlled with a programmable thermostat (Supplementary Figure S3.2). Details of the water 

chemistry control and manipulation are provided in the Supplementary Text and Khalil et al. 

(2022). Aquarium water samples were obtained during experiments for carbonate chemistry 

assessment. The water parameters and carbonate chemistry for the treatment tanks are given 

in Supplementary Table S3.1. 
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3.2.2. Metabolic rate 

Metabolic rates of A. yairi under each of the six treatment groups (n = 6 individuals per 

treatment) were estimated as rates of oxygen consumption (MO2). Real-time MO2 was measured 

bi-weekly throughout the experiment using optical fluorescence-based oxygen respirometry 

(24-channel oxygen meter – SDR SensorDish Reader, PreSens, Germany). Subsequently, the 

individual starfish specimen was weighed for damp-dry wet body mass (see Supplementary 

Text). The rate of O2 consumption was calculated using the equation by Sinclair et al. (2006):  

MO2 (µmol g-1 h-1) = (([C]i – [C]f – [C]blank (µmol L-1) * V (L)) / (WBM (g) * t (h)), 

where [C]i is the initial [O2] concentration vials (µmol L-1), [C]f is the final [O2] concentration in 

the sample vial for specimen i (µmol L-1) after time t (h), [C]blank is the difference between the 

initial [O2] concentration in the blank vial minus the final [O2] concentration in the blank vial 

(µmol L-1) over time t, V is the volume of the vial (minus the displacement of the starfish) (L), 

and WBM is the damp-dry wet body mass of the specimen i (g). 

 

3.2.3. Mortality 

During the 90-day exposure, every 24 hours, the treatments were checked for mortality of 

individuals. Dead A. yairi were identified by a characteristic loss in color (e.g., whitening) on the 

dorsal side (aboral surface) or by the absence of tube feet (podia) movement. Dead starfish 

were removed from the experimental tanks. Mortality rates were assessed from the 

cumulative mortality per 30-day experimental period (i.e., after 30, 60, and 90 days, 

respectively) and compared between treatments after 90 days. The mortality rate was 

calculated by the following equation: Mortality (%) = dead individuals per treatment / total 

individuals per treatment × 100% 

 

3.2.3. Righting behaviour 

Righting behavior of starfish A. yairi (n = 6 individuals per treatment) was measured periodically 

(six times) during the incubation time (see Supplementary Text). The righting response refers 

to the ability of a starfish when positioned on the ventral side (oral surface), to turn over into 

the normal position on the dorsal side (aboral surface). The righting activity coefficient (RAC) is 

used to indicate the organismal intensity of activity patterns (Stickle & Diehl, 1987) and reflects 

the level of stress and well-being (Lawrence & Cowell, 1996). RAC was counted as RAC = 1.000 

/ righting time response (s) (Watts & Lawrence, 1990). The increased RAC rate indicates that 
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the starfish need less time to return to their natural position, thus being related to higher stress 

levels and vice versa (Sonnenholzner et al., 2010). 

 

3.2.5. Calcification rate 

The alkalinity anomaly technique was used to determine the calcification rate (GTA) of the 

starfish A. yairi (n = 3 individuals per treatment). This procedure has been widely used for short-

term incubation as it is a non-destructive and precise technique (see Supplementary Text). 

Changes of AT throughout the incubations were corrected for the discharge of inorganic 

nutrients follows the modified equation from Gazeau et al. (2015): 

GTA = ΔNH4
+ - ΔAT - Δ(NO3

− + NO2
−) - ΔPO4

3- / 2 * dw * t 

Where GTA is the calcification rate of the starfish (µmol CaCO3 g dw-1 h-1); and ΔNH4
+, ΔAT, Δ(NO3

− 

+ NO2
−), ΔPO4

3- (µmol kg-1) refer to the variations in concentrations of ammonium, total 

alkalinity, nitrate + nitrite, and phosphate, between the beginning and the end of the 

experiment, respectively; dw is the damp-dry wet weigh (g) of the starfish; t represents time 

(h) of incubation. 

 

3.2.6. Statistical analysis 

All statistical analyses were performed with the software R version 4.2.2 (R Core Team, 2023), 

complemented with R-package ‘car’ v.3.1-0 (Fox & Weisberg, 2019). The Shapiro-Wilk statistic 

W test (Shapiro & Wilk, 1965) was used to test the data for normality, while Levene’s test was 

applied to check the homogeneity of variance (Levene, 1960), before ANCOVA and ANOVA 

model statistical analysis was performed. When data were not normally distributed or 

indicated heteroscedasticity, a logarithmic transformation (Log(x)) was carried out following 

Sokal and Rohlf (2012). The effect of OA and OW on the metabolic rate and righting behavior 

of the starfish were analyzed by using multifactorial analysis of covariance (ANCOVA) with pCO2 

concentration and temperature as fixed factors, while incubation time was treated as a 

continuous covariate. Then, a two-factor analysis of variance (ANOVA) was used to determine 

whether pCO2 concentration and temperature (treated as fixed factors) and the combination 

of the factors had an effect on the starfish calcification rate. Tukey’s honestly significant 

difference (HSD) post hoc comparisons were used to detect significant differences among 

treatments. All statistics were evaluated with a significance level of α = 0.05. 
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The OA and OW effects on physiological parameters were visualized using the R-package 

‘ggplot2’ v.3.3.6 (Wickham, 2016). Linear polynomial interpolation analyses (formula: y ~ poly 

(x, 2)) were conducted to determine the best-fit shape of fixed factor (pCO2 and temperature) 

and continuous covariate (incubation time) relationship on the metabolic rates (Supplementary 

Figure S3.3) and the RAC (Supplementary Figure S3.4). 

 

3.3.  Results 

3.3.1. Metabolic rate 

The metabolic rate MO2 (measured as O2 consumption) was lower at 27 °C compared to 32 °C 

throughout the entire experiment (Figure 3.1; Supplementary Table S3.2 and Figure S3.3). 

Metabolic rate was lowest at ambient temperature crossed with low pCO2 concentration (27 

°C : 455 µatm, 0.820 ± 0.047 µmol g-1 h-1; mean ± SE), whereas the highest MO2 was found at 

high temperature and low pCO2 concentration (32 °C : 455 µatm, 1.459 ± 0.086 µmol g-1 h-1; 

mean ± SE). The O2 consumption of the individual starfish was strongly elevated, i.e. by ~46%, 

with increased temperature compared to ambient temperature treatments (from 0.979 ± 0.042 

µmol g-1 h-1 to 1.431 ± 0.091 µmol g-1 h-1; mean ± SE, F1, 240 = 61.023, p = 0.001; Table 3.1). 

 

As the sole factor, pCO2 was found to significantly affect MO2, where increased pCO2 linearly 

increased O2 consumption at ambient temperature (from 0.820 ± 0.047 µmol g-1 h-1 to 1.130 ± 

0.066 µmol g-1 h-1; mean ± SE, equal to 37.80% on average; F2, 240 = 3.264, p = 0.040; Table 3.1 

and Supplementary Table S3.4). Respiration was significantly affected by combined factors of 

temperature and pCO2 (F2, 240 = 4.315, p = 0.014; Table 3.1 and Supplementary Tables S3.4), 

implying that the major influence of temperature on O2 consumption was notably diminished 

by high pCO2 (decreased from 1.459 ± 0.091 µmol g-1 h-1 to 1.419 ± 0.066 µmol g-1 h-1; mean ± 

SE, equal to -2.74% on average; Supplementary Table S3.2). Exposure time significantly 

influenced O2 consumption and exhibited parabolic MO2 responses to the stressors in all 

treatments (F6, 240 =3.027, p = 0.007; Table 3.1 and Supplementary Figure S3.3).  

 

3.3.2. Mortality 

In total, four specimens died throughout the experiment. All of these mortalities occurred 

within the last 30 days of the experiment, which means that from day 1 to 60 of exposure, 

survival in all treatment groups was at 100%. No mortality was observed for any of the 27 °C 

temperature treatment groups (i.e., 27 °C combined with 455 µatm, 1052 µatm, and 2066 
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µatm). At 32 °C, one specimen, which equals to 1.56%, died in 455 µatm treatment (day 84) as 

well as in 1052 µatm treatment (day 71), and two specimens (3.17%) died at 2066 µatm 

treatment (days 67 and 79). 

 

 

 
Figure 3.1.  The metabolic rate (MO2) responses, measured as oxygen consumption of A. yairi 

(shown in the upper left corner) reared under different pCO2 levels (455 µatm, 

1052 µatm, and 2066 µatm) and temperatures (27 °C and 32 °C). n = 42 individuals 

per treatment group. The yellow dots indicate the mean effect in each treatment, 

and green vertical bars indicate 95% confidence intervals. Dots represent 

individual MO2 values, displayed with jitter to avoid overlap. Different letters 

designate significant differences between treatments (p ≤ 0.05) based on Tukey’s 

HSD post hoc comparison. 
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3.3.3. Righting activity 

All individuals were capable of righting in less than 10 min after inversion. The fastest righting 

activity coefficient (RAC) was observed at high temperature crossed with medium pCO2 

concentration (32 °C: 1052 µatm, 21.042 ± 1.393; mean ± SE), while the lowest RAC was 

observed at ambient temperature and high pCO2 concentration (27 °C : 2066 µatm, 13.745 ± 

0.815; mean ± SE). Righting time was significantly faster at a temperature of 32 °C compared 

to 27 °C (F2, 205 = 45.473, p = 0.001; Figure 3.2; Supplementary Table S3.3), i.e., the elevated 

temperature increased RAC by ~39% (from 14.616 ± 0.076 to 20.263 ± 1.324; mean ± SE; F1, 205 

= 45.473, p = 0.001; Table 3.1). RAC declined linearly with incubation time in all treatments (F5, 

205 = 2.255, p = 0.050; Table 3.1 and Supplementary Figure S3.4). Moreover, the ANCOVA model 

analysis indicated that the RAC was neither affected by pCO2 as sole factor (F2, 205 = 0.784, p = 

0.458; Table 3.1), nor by a combination of both factors (F2, 205 = 0.401, p = 0.671; Table 3.1). 

 

3.3.4. Calcification rate 

In general, the calcification rate (GTA) of A. yairi was significantly affected by pCO2 as a sole 

factor (F2, 12 = 59.431, p = 0.001; Table 3.1 and Supplementary Table S3.4), with reduced GTA at 

2066 µatm compared to 455 and 1052 µatm. Moreover, statistical analysis confirmed that the 

GTA on A. yairi indicated a significant interaction of the effects of temperature:pCO2 (F2, 12 = 

44.506, p = 0.001; Figure 3.3a, Table 3.1 and Supplementary Table S3.4). Calcification rate 

decreased significantly in response to increasing pCO2 under both temperature treatments 

(Table 3.1, Supplementary Table S3.4). As a sole factor, temperature did not affect the GTA of 

A. yairi (F2, 12 = 4.326, p = 0.060; Table 3.1). 

 

A negative linear trend in GTA was found at ambient temperatures (27 °C), where individuals 

exposed to high pCO2 (2066 µatm, pHsw (total scale) = 7.47 ± 0.01; mean ± SE: GTA = -1.506 ± 0.476 

µmol CaCO3 g dw-1 h-1; mean ± SD) showed 258.94% reduction in mean GTA compare to 

individuals reared at low pCO2 (455 µatm, pHsw (total scale) = 8.00 ± 0.00; mean ± SE: GTA = 0.947 ± 

0.206 µmol CaCO3 g dw-1 h-1; mean ± SD). In contrast to the ambient temperature treatment, 

the GTA at elevated temperature treatment (32 °C) showed stable-lower trends, ranging 

between -0.194 and 0.255 µmol CaCO3 g dw-1 h-1 (0.096 ± 0.127 µmol CaCO3 g dw-1 h-1; mean ± 

SD). However, in the 32 °C treatments, the starfish exposed to higher pCO2 (2066 µatm, pHsw 

(total scale) = 7.47 ± 0.01; mean ± SE: GTA = -0.011 ± 0.164 µmol CaCO3 g dw-1 h-1; mean ± SD) 

revealed a 107.69% decline in mean compared to starfish exposed at low pCO2 (455 µatm, pHsw 
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(total scale) = 8.00 ± 0.00; mean ± SE: GTA = 0.147 ± 0.010 µmol CaCO3 g dw-1 h-1; mean ± SD) (Figure 

3.3a and 3.3b). 

 

 

 
Figure 3.2.  Righting activity coefficient (RAC) of A. yairi exposed under different pCO2 

concentrations (455 µatm, 1052 µatm, 2066 µatm) and temperatures (27 °C, 32 

°C). High RAC values indicate low righting times (s), and vice versa (n = 36 

individuals per treatment group). Relatively higher RAC values are associated with 

higher levels of stress. The green vertical bar indicates 95% confidence intervals, 

yellow dots indicate the mean effect in each treatment. Dots represent individual 

RAC values, displayed with jitter to avoid overlap. Different letters designate 

significant differences between treatment groups (p ≤ 0.05). 
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Figure 3.3.  Calcification rate (GTA) of A. yairi reared under different pCO2 concentrations (455 

µatm, 1052 µatm, 2066 µatm) and temperatures (27 °C, 32 °C). Horizontal dotted 

lines indicate zero GTA. (a) shows the relationship between mean calcification rate, 

temperature, and pCO2 concentration. Error bars indicate standard deviation and 

different letters designate significant differences between treatments (p ≤ 0.05) 

based on Tukey’s HSD post hoc comparison. (b) shows the pHsw (total scale)-

dependence of A. yairi calcification rate at 27 °C and 32 °C. The symbols (cyan and 

orange cycles) indicate the calcification rate for the starfish in each replicate, and 

black symbols represent the mean effect for the starfish in each treatment. Shaded 

areas represent the 95% confidence interval; n = 18 (three samples per treatment). 
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Table 3.1.  Results of the multifactorial statistical analysis on metabolic rate, righting activity, 

and calcification rate of the starfish A. yairi reared under different pCO2 

concentrations (455 µatm, 1052 µatm, 2066 µatm) and temperatures (27 °C, 32 °C) 

for 90 days of incubation time. Significant effects (p ≤ 0.05) are in bold. 

 

Effect df 
Sum 

Sq. 

Mean 

Sq. 
F Pr (>F) 

Post hoc summary (Tukey 

HSD) 

Metabolic rate (ANCOVA)   

Incubation time 6 2.779 0.463 3.027 0.007 

day-60 > day-1, day-45, day-

75, day-90 (Supplementary 

Table S3.4) 

Temperature 1 9.338 9.338 61.023 0.001 32 °C > 27 °C 

pCO2 2 0.999 0.500 3.264 0.040 
2066 µatm > 455 µatm 

(Supplementary Table S3.4) 

Temperature:pCO2 2 1.321 0.660 4.315 0.014 

32 °C:455 µatm > 27 °C:455 

µatm; 27 °C:2066 µatm > 27 

°C:455 µatm; 27 °C:1052 

µatm > 32 °C:455 µatm; 32 

°C:1052 µatm > 27 °C:455 

µatm, 27 °C:1052 µatm;  

32 °C:2066 µatm > 27 °C:455 

µatm, 27 °C:1052 µatm 

(Supplementary Table S3.4) 

Residuals 240 36.726 0.153    

Righting activity (ANCOVA)   

Incubation time 5 1.350 0.270 2.255 0.050 
day-90 < day-37 

(Supplementary Table S3.4) 

Temperature 1 5.444 5.444 45.473 0.001 32 °C > 27 °C 

pCO2 2 0.188 0.094 0.784 0.458  

Temperature:pCO2 2 0.096 0.048 0.401 0.671  

Residuals 205 24.542 0.120    

Calcification rate (two-way ANOVA)   

Temperature 1 0.045 0.045 4.326 0.060  

pCO2 2 1.246 0.623 59.431 0.001 

2066 µatm < 455 µatm, 1052 

µatm (Supplementary Table 

S3.4) 
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Temperature:pCO2 2 0.933 0.467 44.506 0.001 

27 °C:455 µatm > 27 °C:2066 

µatm, 32 °C:455 µatm, 32 

°C:1052 µatm, 32 °C:2066 

µatm;  

27 °C:1052 > 32 °C:455 µatm, 

32 °C:1052 µatm, 27 °C:2066 

µatm, 32 °C:2066 µatm;  

27 °C:2066 µatm > 32 °C:455 

µatm, 32 °C:1052 µatm, 32 

°C:2066 µatm 

(Supplementary Table S3.4) 

Residuals 12  0.126   0.011    

 

3.4.  Discussion 

3.4.1. Metabolic response under multiple stressors 

In our study, the metabolism of A. yairi was significantly impacted by elevated seawater pCO2, 

temperature, and incubation time. Respiration rates (MO2, as a proxy for organismal 

metabolism) varied significantly with temperature, pCO2, and combined pCO2 and 

temperature. Mean MO2 values increase over time as acclimation temperature capacity 

increases (from 27 °C to 32 °C), indicating rising thermal sensitivity. At a temperature of 32 °C, 

A. yairi consumed 46.16 % (on average) more oxygen compared to the specimens kept at 27 

°C, suggesting increased metabolic activity as a stress response through the physiological 

adjustment over time to the elevated temperature  (Lenz et al., 2019). This was followed by a 

continued rise in metabolism to a new steady-state condition as the starfish adapted their 

physiology to the new environment (i.e., acclimation to increased temperature condition), 

demonstrating physiological adaptability (Piersma & Drent, 2003). Concurrent exposure to 

lowered pH and warmer seawater conditions could lead A. yairi to undergo metabolic 

suppression, which is an effective adaptation mechanism that enables organisms to survive 

acute short-term stress by temporarily reducing energy-intensive processes in order to 

increase the time-span of tolerance (Guppy & Withers, 2007; Pörtner & Farrell, 2008; Pörtner 

et al., 2004). Increased metabolism is thought to be a response to an amplified energy 

requirement associated with elevated temperature levels and pCO2, hence reducing the energy 

available for other energy-intensive processes for example, the increased energy used for basal 

maintenance and intra-extracellular acid-base balance (Sokolova 2013). We suspect that A. 
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yairi might suppress physiological processes in order to maintain homeostasis function and 

fitness, thus modifying the mechanism for energy assimilation, hormone regulatory processes, 

enzyme activities, membrane composition, ion and gas transport, and mitochondrial 

abundance or mitochondrial capacity as has previously been described for a range of organisms 

(Hazel, 1995; Hochachka & Somero, 2002; Sokolova et al., 2012; Willmer et al., 2004); however, 

this is as yet to be proven. Increasing metabolic rate as a response to increasing temperature 

has also been found in the sea urchins Lytechinus variegatus (Lenz et al., 2019), brittle stars 

Ophionereis schayeri (Christensen et al., 2011) and Ophiura ophiura (Wood et al., 2010). Since 

A. yairi demonstrated an increase in metabolic rate along with increasing temperature, 

indicating the relationship between physiological performance, body temperature, and 

environmental temperature, it is necessary to evaluate the mechanistic relation using the 

thermal performance curve models in further studies. 

 

Although temperature is known to be the main factor for metabolism, pCO2 also influences 

metabolic rates through its effects on changing seawater pH and, afterwards regulating cellular 

acid-base balance and ion transport (Kaniewska et al., 2012). When the external pH is highly 

variable, acid-base control includes proton generation, transport, consumption, and 

intracellular compartment buffering, demanding a higher energy supply (Seibel & Walsh, 2001; 

Seibel & Walsh, 2003). The mechanisms by which decreased seawater pH alter metabolic rates 

in marine invertebrates are complex, species-specific, and vary depending on the metabolic 

pathway component that is impacted (Pan et al., 2015). In asterinid starfish, the effect of 

elevated pCO2 concentrations as an individual stressor on the metabolic rate might be 

negligible at the organismal level (McElroy et al., 2012). Markedly, we observed that the 

metabolic rate increased with rising pCO2 concentration in the 27 °C treatments, but 

conversely, acclimation to the high temperature (32 °C) caused a narrow and non-significant 

decrease in metabolic rate along with rising pCO2 concentration. These results indicate that the 

combined changes of temperature and pCO2 produce a complex pattern of non-linear 

(synergistic) responses in the metabolic rate, unpredictably affecting physiological 

performance (Folt et al., 1999; Todgham & Stillman, 2013). Similar complex metabolic 

responses to elevated pCO2 and temperature have been reported before from other marine 

invertebrates (Harvey et al., 2013; Przeslawski et al., 2015), e.g., the decapod Metapenaeus 

joyneri (Dissanayake & Ishimatsu, 2011), the porcelain crabs Petrolisthes cinctipes (Paganini et 

al., 2014), the sea urchin L. variegatus (Lenz et al., 2019), and the sea hare Stylocheilus striatus 
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(Horwitz et al., 2020). However, our report here is the first to show that high temperatures can 

reduce the negative effect of increased pCO2 concentration on starfish metabolism. 

 

3.4.2. Ocean warming and pCO2 impact on mortality 

High resilience of A. yairi was observed to the ranges of future pCO2 and temperature levels 

simulated in this study. In fact, we observed no negative effect of OW or OA as a single stressor 

or their interaction to their mortality rate. Our findings are consistent with earlier studies 

exposing adult starfish Leptasterias polaris (Dupont & Thorndyke, 2012) to elevated 

temperature and pCO2 conditions as single or combined stressors. In contrast, a high mortality 

rate was commonly found in the early life stages of echinoderms species when exposed to 

ocean acidification and warming, such as the starfish Meridiastra calcar (Nguyen et al., 2012), 

and Patiriella regularis (Byrne et al., 2013). While the adult A. yairi studied here did not show 

any such effect, data on the early life stages of this starfish are as yet lacking.  

 

The resilience of A. yairi to elevated temperatures and pCO2 levels observed here regarding 

their mortality rate may be attributed to several factors. (i) Sensitivity to stressors varies across 

life stages (Kroeker et al., 2013), where the adult stage has more capability to cope with 

stressors due to their structure and functional size of organs (Piersma & Lindström, 1997), 

including mechanisms to surge MO2 and suppress un-substantial physiology processes to 

increase biological performance and fitness. It implies that there might be a regulatory tradeoff 

between metabolic physiology and other physiological functions when exposed to high 

temperatures and pCO2 in order to maintain an acceptable level of fitness and thus reduce the 

mortality rate. (ii) When the organism is capable of acclimating its temperatures and pCO2 

threshold to the new level that falls within the thermo-pH tolerance limits, the fitness of the 

organism is maintained, yielding decreases in their mortality rate (Pörtner, 2008; Pörtner, 2012; 

Tomanek, 2010). (iii) A. yairi as a marine intertidal organism is adapted to habitats that 

experience high fluctuations in temperature and pH and seems to have preadapted 

physiological capacities and plasticity (Ericson et al., 2018; Melzner et al., 2009; Whiteley, 2011; 

Widdicombe & Spicer, 2008). While this study focused on chronic heat stress of +5°C, further 

acute heat stress in the form of marine heat waves or thermal pulse in shallow-water habitats 

could elicit deleterious effects (Balogh & Byrne, 2020; Vinagre et al., 2018), and should be 

addressed in future studies. 
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3.4.3. Ocean warming influence on righting response 

Righting reflexes are regularly used as a proxy of health, fitness, and stress in echinoderms 

(Lawrence & Cowell, 1996), where delayed righting duration may heighten predation risk 

(Gutowsky et al., 2016). Our results show that A. yairi successfully performed functional 

behavior (righting performance) at both temperatures, 27 °C and 32 °C, combined with 

elevated pCO2 concentration levels (455 µatm, 1052 µatm, and 2066 µatm). This implies that 

the experimental conditions were within the thermal and pCO2 tolerance range of A. yairi. Our 

results show that the elevated temperature was the primary influence on the righting response. 

We interpret the observation that RAC was significantly higher at 32 °C compared to 27 °C to 

indicate that temperature induced an increased metabolic rate (as the source of energy supply) 

and stimulated neuronal systems to actuate muscle kinetics, thus rising locomotion speed 

(Young et al., 2006a, 2006b). Ectothermic animals, including echinoderms, generally exhibit a 

positive correlation between environmental temperature, body temperature and metabolic 

rate (Carey et al., 2016; Ulbricht, 1973). Similar to this current study, faster righting responses 

after exposure to maximum tolerance temperatures were observed in other echinoderms 

species, including Luidia clathrate (Watts & Lawrence, 1986; Watts & Lawrence, 1990), and 

Echinaster (Othilia) graminicola (Ardor Bellucci & Smith, 2019).  

 

In this study, we found that increased pCO2 did not influence the righting response of A. yairi 

at either of the temperatures (27 °C and 32 °C). Similar observations have been reported for 

the sea urchin L. variegatus (Challener & McClintock, 2013), and Paracentrotus lividus (Marceta 

et al., 2020). The increasing of the metabolism as a response to temperature changes provides 

excess energy that allows the starfish to control their homeostatic mechanisms, including 

cellular acid-base regulation (Pörtner et al., 2004) to avert acidosis, so that the effect of pCO2 

(hypercapnia) is minimized. Consequently, neuromuscular function to coordinate between 

tube feet and spine in righting activities occurs with minimum disruption. Besides, the 

experimental time span of exposure to elevated pCO2 would have been insufficient to trigger 

physiological alterations associated with behavior and sensory impairment. In our experiment, 

exposure time significantly influenced the righting activity of A. yairi, with RAC getting lower 

with the time of exposure in all treatment groups (Supplementary Figure S3.4). A recent study 

on the sea urchin P. lividus found a similar behavior where righting time variability was 

significantly affected by exposure time (Asnicar et al., 2021). We speculate that A. yairi might 

experience musculoskeletal fatigue due to continuous and prolonged exposure to stressors, 
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resulting in gradual interferences in the nervous system and neurotransmission (Heuer et al., 

2019), followed by weakening muscle contractions and decreased locomotion speed that 

produces slackness in righting time behavior. Clearly, the timescale of exposure is critical such 

that animals might not respond to elevated pCO2 on a timescale typical for experiments, but 

may do so after prolonged exposure. 

 

3.4.4. Potential antagonistic effect of elevated temperature and pCO2 on calcification 

The capability of A. yairi observed here to calcify in an environment with lowered pH is a 

threshold-negative trend (i.e., narrow change on calcification rate under medium pCO2 

concentration (GTA: positive); negative GTA value under highest pCO2 concentration) when the 

ambient temperature is crossed with elevated pCO2 (Ries, 2011; Ries et al., 2009). We here 

observe the dissolution of CaCO3 and loss of calcified substance in A. yairi exposed to a high 

pCO2 concentration (2066 µatm) at 27 °C temperature environments (GTA = -1.51±0.48 µmol 

CaCO3 g dw-1 h-1). This corroborates earlier studies on echinoderms that found decreased 

calcification under high-pCO2 (low pH) conditions in the sea star Pisaster ochraceus (Gooding et 

al., 2009), the urchins Echinometra mathaei (Shirayama, 2005), and E. viridis (Courtney et al., 

2013). 

 

Conversely, A. yairi exhibited a depressed but low-positive net calcification rate at 32 °C under 

low and medium pCO2 treatments; low-negative GTA (in mean) at 32 °C under high pCO2 

treatment. Similar temperature-related effects in calcification rate have been reported for 

several calcifying marine species, for example, the Pacific starfish P. ochraceus (Gooding et al., 

2009). This can possibly be explained by these starfish allocating their energy supplies towards 

maintaining a positive calcification rate in an elevated CO2 environment. Energy is required to 

regulate the pH at the site of calcification through maintaining an H+-gradient between the 

external seawater and the internal membrane-bound calcifying fluid (Ries 2011). This elevated 

energy allocation for calcification could be met by the increase in metabolic rate observed at 

higher temperature (see Subchapter 3.3.1), potentially providing more metabolic energy. Thus, 

energy reallocation to calcification and other physiologically-mediated or physiological 

processes (D'Olivo and McCulloch 2017; Glazier et al. 2020), could be a potential acclimation 

to changing environmental conditions (Stuhr et al. 2021). However, as calcification is an 

energetically costly process, it is expected that an energetic tradeoff mechanism occurs 

between constructing and maintaining the skeleton with other physiological processes. In the 
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long term, this mechanism might have further adverse physiological repercussions for the 

starfish. Corroborating our interpretation, a positive increase in calcification rate coinciding 

with an increase in metabolic rates was also found in the brittlestar O. ophiura (Wood et al. 

2010). 

 

Our study shows that, besides seawater carbonate chemistry, temperature acts as an indirect 

determinant in regulating the calcification and dissolution rate of A. yairi, because temperature 

influences the physiological and biochemical processes that are contingent on the thermal 

tolerance capacity of organisms (Pörtner 2012). Our findings indicate that elevated 

temperature might alleviate the effect of ocean acidification on calcification performance in A. 

yairi and thereby mitigate the impacts of decreases in carbonate saturation in the seawater (Ω; 

Supplementary Table S3.1). Additionally, increased temperatures are potentially advantageous 

to calcifying organisms as precipitation of CaCO3 is enhanced by higher temperatures (Manno 

et al. 2012; Pinsonneault et al. 2012), while reducing the solubility of seawater CO2, thus 

decreasing the dissolution rate (Ries et al. 2016). A positive calcification response to increasing 

temperatures at high pCO2 has been described before for organisms where the temperature is 

beneath the thermal optimum and depending on their potential adaptability to increasing 

temperatures (Karelitz et al. 2017; Manríquez et al. 2017), and here we observe an analogous 

behavior for A yairi.  

 

We interpret the combined effects of increasing temperature and pCO2 on the calcification rate 

of A. yairi as an antagonistic response, with OW reducing the negative effects of OA. The term 

antagonistic effect describes the situation when the combined effect of multiple stressors is 

less than the sum of effects elicited by single stressors, in which one stressor offsets the effect 

of the other (Folt et al. 1999), influenced by different responsible parameters including 

organism phyla, genetics, life stages, feeding, disturbance history, stressors magnitude, 

exposure duration, and light (Kroeker et al. 2013; Przeslawski et al. 2015; Guillermic et al. 2021). 

This suggests that a lowered calcification rate or even dissolution at higher pCO2 concentrations 

(lowered pH) can be partially compensated by elevated temperature. Previous studies on the 

sea star P. ochraceus (Gooding et al., 2009), and the sea urchin Tripneustes gratilla (Brennand 

et al. 2010), and E. viridis (Courtney et al. 2013) have shown a similar antagonistic interactive 

reaction to OA and OW with respect to calcification. For the starfish A. yairi studied here, the 

calcification response to OA is resilient under the higher temperature (32 °C), even though at a 
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low-positive calcification rate. However, we documented that for long-term exposure, low 

calcification rate (GTA close to 0 µmol CaCO3 g dw-1 h-1) in high temperature (32 °C) under 

elevated pCO2 treatments altered to the microstructure and mineral composition of the starfish 

skeleton (Khalil et al. 2022), which means that calcification rate might not compensate for the 

dissolution rate in the longer perspective. 

 

3.5. Conclusion 

Our study gives novel insights into the potential response of the starfish A. yairi to future OA 

and OW. The parameters pCO2 and temperature as sole or combined stressors had little effect 

on starfish mortality, but temperature acted as a primary regulator of increased metabolic and 

accelerated righting activity, whereas pCO2 leads to a decreased calcification rate. Notably, A. 

yairi might benefit from increased temperatures to mitigate the negative effect of increased 

pCO2 on their calcification. Seemingly, an accelerated metabolic rate in response to elevated 

temperatures is a functional factor that provides sufficient energy for starfish to endure low 

seawater pH. Energetic trade-offs and reallocation among physiological processes are exhibited 

to maintain starfish performance and survivability throughout the duration of exposure. 

Sufficient food availability is required to sustain a higher energetic demand. Increasing feeding 

activities could alter the feeding behavior of the starfish and potentially increase the risk of 

predation, even though faster righting activity is thought to decrease predation risk. However, 

such ecological consequences are as yet unknown. Clearly, understanding how environmental 

stressors affect the physiology and performance of marine organisms is essential in predicting 

species-specific responses to climate change, with implications to the ecosystem context. 
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3.7. Supplementary materials 

Supplementary text 

Animal collection and acclimation 

Aquilonastra yairi (342 specimens, size 3-11 mm) were collected from stock cultured in the 

MAREE (Marine Experimental Ecology) of ZMT. The specimens were cleaned from epibionts 

and debris and allowed to acclimate in a tank with a recirculating system to the temperature 

of ≈27 °C. After seven days of acclimation, the starfish were randomly distributed to the 18 

treatment tanks (19 specimens in each tank) for a further 7-day acclimation period (see Khalil 

et al. (2022)).  

 

Seawater chemistry control and manipulation 

The pCO2 of the bubbled gases were regulated by blending compressed CO2-free air and 

compressed CO2 using electronical solenoid-valve mass flow controllers (HTK Hamburg, 

Germany; pure CO2 provided by Linde GmbH, Pullach, Germany) to generate gas mixtures 

formulated to the target pCO2 conditions in accordance with the standard operating procedure 

(SOP) for ocean CO2 measurements (Dickson et al., 2007), and bubbled through microporous 

air stones into the lower water reservoirs of each treatment group. Water was continuously 

pumped from the lower reservoir to the three replicate tanks contained within the upper 

reservoir of each treatment group. Water overflowed the replicate tanks into the upper 

reservoir, then streamed down into the lower reservoir. Dead coral fragments and activated 

charcoal were used to filter the water in the lower reservoir. Furthermore, an aquarium pump 

circulates the aquarium water continuously from the lower reservoir to the replicate tanks in 

the upper reservoir. The treatment group and replicate tank were covered with a transparent 

Plexiglas lid to avert in-/outgassing and minimize evaporation. Treatment tank temperatures 

(±SE) were maintained at 27 (± 0.05)  °C and 32 (± 0.08)  °C, separately using a closed circle 

heating system (Heaters Titanium Tube 600 W, Shego, Germany) controlled with a 

programmable thermostat (Supplementary Figure S3.2). 

 

Temperature, salinity, and pHNBS were measured three times per week using a multielectrode 

portable probe (WTW Multiline 3630 IDS, Xylem Analytics, Germany). National Bureau of 

Standard (NBS) buffers pH 4.00 and 7.00 were used to calibrate the pH electrode probe, while 

the salinity-conductivity probe was calibrated with certified seawater reference material 

(Dickson CRM batch #154) of salinity 33.347. The pHtotal scale was measured weekly through the 
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spectrophotometric (Shimadzu UV-1700 Pharma Spec UV-Vis Spectrophotometer) method 

following SOP 6b (Dickson et al., 2007) using the indicator dye meta, m-cresol purple (Sigma-

Aldrich) as the chromogenic reagent. Seawater samples for total alkalinity (AT) and dissolved 

inorganic carbon (CT) analysis were collected weekly in 500-mL borosilicate glass vials and 

poisoned with 200 µL of saturated mercuric chloride (HgCl2) solution and refrigerated until 

analysis. Measurements of AT and CT followed the protocols described in Dickson et al. (2007). 

AT was measured by open-cell potentiometric Gran titration (to a precision of 10 µmol/kg), and 

CT was determined by the colorimetric analytical method using a Shimadzu DIC analyzer (to a 

precision of 10 µmol/kg). The seawater carbonate system parameters pCO2, carbonate ion 

concentration [CO3
-2], bicarbonate ion concentration [HCO3

-], aqueous CO2, calcite saturation 

state (ΩCa), and aragonite saturation state (ΩAr) were calculated with the program CO2SYS 

software for MS Excel (Pelletier et al., 2007b), using Hansson (1973) and Mehrbach et al. (1973) 

refitted by Dickson and Millero (1987) for K1 and K2 carbonic acid constants; Dickson (1990) for 

KHSO4 equilibrium constant; Dickson and Riley (1979) for KHF dissociation constant; Uppström 

(1974) for the boric acid constant ([B]T); and Mucci (1983) for the stoichiometric calcite 

solubility constant (supplementary material, Table S1). The full description of seawater 

chemistry control and manipulation is presented in Khalil et al. (2022) 

 

Metabolic rate measurement 

Oxygen consumption rate (MO2) was measured seven times throughout the experiment, 

namely on days 1, 15, 30, 45, 60, 75, and 90 of incubation time. Any epibionts were identified 

and removed prior to the measurement to prevent competition for oxygen consumption. 

During each of the seven measuring campaigns, six starfish per treatment (in total n = 36) were 

continuously observed for 60 minutes in 2-mL respiration glass vials equipped with integrated 

planar oxygen sensors (5 mm diameter, optical isolation, type SV-PSt5-NAU-D5-YOP, PreSens, 

Germany). For the measurements, the individuals were transferred into respiration glass vials 

that were filled with seawater of the same pCO2 and temperature as the starfish had been 

exposed to throughout the experiment, along with two controls per treatment to correct for 

microorganism respiration (blank vials containing seawater from experimental tanks but no 

starfish).  

 

The starfish were placed in the respiration glass vials in the experimental seawater tanks when 

immersed to avoid air bubbles and placed sequentially on the sensor disk surface. The 
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respiration glass vials were then closed tightly and sealed. The starfish were acclimated to the 

respiration vials for 30 minutes prior to the 60 minutes incubation in which MO2 was measured. 

MO2 measurements were performed under dark condition by using an incubator (temperature 

accuracy ± 0.1 °C) equipped with an orbital shaker. The glass vials were constantly stirred 

during the measuring period with a rotating plate at a speed of 50 rpm to ensure homogeneous 

oxygen measurements (Clark et al., 2013). Respiration data were obtained at three-minute 

time intervals using the digital software SDR v4.0.0 (PreSens, Germany). Following the 

respiration measurements, the individual starfish were patted dry, and damp-dry wet fresh 

body mass was weighed using an analytical balance with an accuracy of 0.0001 g. The starfish 

were returned back to their aquaria immediately after the testing. 

 

Righting activity coefficient measurement 

Righting activity coefficient (RAC) was measured six times throughout the experiment (on days 

1, 19, 37, 55, 73, and 90 of exposure). To measure righting activity time, individual starfish were 

gently placed inside a petri dish with the dorsal side inverted in the experimental tanks at the 

corresponding treatment scenario. The righting activity was considered completed when the 

ventral side of the disc and the ambulacra were laid entirely on the bottom floor of the 

experimental tank (Lawrence & Cowell, 1996; McCarthy et al., 2020). The time taken by the 

starfish to invert the ventral side to the bottom substrate was recorded (in seconds) and 

observed for a total of 10 min. Individuals that did not exhibit any righting action within ten 

minutes were assigned a value of 0 (Watts & Lawrence, 1990). The righting time response of 

the starfish individuals (n = 6 per treatment, 36 in total per time interval) for all treatments 

were recorded every 19 days over the 90 days of the experimental period. 

 

Calcification rate measurement 

Calcification was estimated by using the relationship: Ca2+ + 2HCO3
-
 ⇌ CaCO3 + CO2 + H2O, based 

on the assumption that the precipitation of 1 mole of CaCO3 consumes 2 moles of HCO3
-  

(Gazeau et al., 2007; Martin et al., 2006). However, other biogeochemical mechanisms, e.g., 

changes in inorganic nutrient concentration, might also have an influence on total alkalinity AT 

(Wolf-Gladrow et al., 2007). Consequently, the starfish calcification rate (GTA) was estimated 

using the modified alkalinity anomaly technique proposed by Gazeau et al. (2015) to correct 

for other processes (e.g., remineralization and assimilation) that can affect AT independent 

from calcification. Calcification rates were determined by conducting short-term incubations 
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(48 hours) on individual starfish in a closed system. One individual from each replicate (n = 18) 

was chosen randomly and placed in separate 300-mL polyethylene beakers containing 50 ml of 

filtered seawater (0.45 µm) from the respective treatment tanks. The beakers were then placed 

in an incubator to maintain a consistent temperature (27 ± 0.1 °C and 32 ± 0.1 °C, respectively), 

and the seawater was constantly mixed in each beaker via a stir-plate (30 rpm) during the 

incubation. Before and after incubation, samples were taken from all beakers for determining 

total alkalinity (AT), ammonium (NH4
+), nitrate + nitrite (NO3

− + NO2
−), and phosphate (PO4

3). 

Samples were immediately fixated with 100 µL of a saturated solution of mercuric chloride 

(HgCl2) and refrigerated (4 °C) for further analysis. AT was determined by open-cell 

potentiometric Gran titration (accuracy ±10 µmol kg-1).
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Supplementary table 

Table S3.1.  Seawater parameters (mean ± SE) from treatment tanks of A. yairi. AT, total alkalinity; CT, dissolved inorganic carbon (DIC); pCO2, partial 

pressure of CO2; [CO3
-2], carbonate ion; [HCO3

-], bicarbonate ion; [CO2], dissolved CO2; Ωca, calcite saturation state; ΩAr, aragonite saturation 

state; SW, seawater. 

 

Measured parameters 

Treatment 

T1 (27 °C : 455 µatm) 
T2 (27 °C : 1052 

µatm) 

T3 (27 °C : 2066 

µatm) 

T4 (32 °C : 455 

µatm) 

T5 (32 °C : 1052 

µatm) 

T6 (32 °C : 2066 

µatm) 

Salinity (PSU) 34.56 ± 0.12 34.73 ± 0.06 34.75 ± 0.05 34.65 ± 0.08 34.78 ± 0.05 34.76 ± 0.02 

Temperature (°C) 27.48 ± 0.06 27.23 ± 0.04 27.34 ± 0.03 32.03 ± 0.05 32.10 ± 0.04 32.20 ± 0.08 

pHT (NBS scale) 8.13 ± 0.00 7.87 ± 0.01 7.60 ± 0.01 8.13 ± 0.00 7.87 ± 0.00 7.60 ± 0.01 

pHT (total scale) 8.00 ± 0.00 7.74 ± 0.01 7.47 ± 0.01 8.00 ± 0.00 7.74 ± 0.00 7.47 ± 0.01 

AT (µmol/kg-SW) 2504.42 ± 15.33 2514.45 ± 16.78 2539.83 ± 38.86 2510.27 ± 47.18 2532.19 ± 40.05 2584.38 ± 41.93 

CT (µmol/kg-SW) 2168.86 ± 15.23 2340.99 ± 11.62 2479.40 ± 36.58 2134.38 ± 38.40 2325.20 ± 40.02 2493.30 ± 37.87 

Calculated parameters 

Treatment 

T1 (27 °C : 455 µatm) 
T2 (27 °C : 1052 

µatm) 

T3 (27 °C : 2066 

µatm) 

T4 (32 °C : 455 

µatm) 

T5 (32 °C : 1052 

µatm) 

T6 (32 °C : 2066 

µatm) 

pCO2 (µatm) 456.13 ± 8.24 1059.58 ± 32.04 2075.40 ± 30.99 453.78 ± 6.51 1045.15 ± 44.00 2057.31 ± 74.42 

[CO3
-2] (µmol/kg-SW) 245.64 ± 2.52 138.12 ± 4.64 81.18 ± 2.35 273.82 ± 8.23 162.68 ± 4.67 99.46 ± 4.64 

[HCO3
-] (µmol/kg-SW) 1911.05 ± 14.94 2178.74 ± 9.58 2342.71 ± 34.29 1849.66 ± 30.77 2147.47 ± 38.59 2344.63 ± 34.94 

[CO2] (µmol/kg-SW) 12.17 ± 0.22 28.42 ± 0.86 55.51 ± 0.82 10.90 ± 0.16 25.05 ± 1.06 49.20 ± 1.78 

Ωca 5.96 ± 0.06 3.35 ± 0.11 1.97 ± 0.06 6.71 ± 0.20 3.98 ± 0.11 2.44 ± 0.11 

ΩAr 3.96 ± 0.04 2.22 ± 0.07 1.31 ± 0.04 4.52 ± 0.14 2.69 ± 0.08 1.64 ± 0.08 
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Table S3.2.  The effect of temperature (27 °C, 32 °C) and pCO2 (455 µatm, 1052 µatm, and 2066 

µatm) on the starfish A. yairi metabolic rate for 90 days of incubation time.  

 
Treatment Oxygen consumption (mean ± SE) 

T1, 27 °C : 455 µatm (n = 42) 0.820 ± 0.047 µmol g-1 h-1 

T2, 27 °C : 1052 µatm (n = 42) 0.988 ± 0.057 µmol g-1 h-1 

T3, 27 °C : 2066 µatm (n = 42) 1.130 ± 0.066 µmol g-1 h-1 

T4, 32 °C : 455 µatm (n = 42) 1.459 ± 0.086 µmol g-1 h-1 

T5, 32 °C : 1052 µatm (n = 42) 1.419 ± 0.091 µmol g-1 h-1 

T6, 32 °C : 2066 µatm (n = 42) 1.416 ± 0.089 µmol g-1 h-1 

 

 

Table S3.3.  The effect of temperature (27 °C, 32 °C) and pCO2 (455 µatm, 1052 µatm, and 2066 

µatm) on the starfish A. yairi righting activity coefficient (RAC) for 90 days of 

incubation time. 

 
Treatment RAC (mean ± SE) 

T1, 27 °C : 455 µatm (n = 36) 15.025 ± 0.774 

T2, 27 °C : 1052 µatm (n = 36) 15.048 ± 0.709 

T3, 27 °C : 2066 µatm (n = 36) 13.745 ± 0.815 

T4, 32 °C : 455 µatm (n = 36) 19.624 ± 1.227 

T5, 32 °C : 1052 µatm (n = 36) 21.042 ± 1.393 

T6, 32 °C : 2066 µatm (n = 36) 20.122 ± 1.353 
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Table S3.4.  Tukey HSD post hoc test results for the sole and interactive effects of temperature 

(27 °C and 32 °C), and pCO2 (455 µatm, 1052 µatm, and 2066 µatm) on the starfish 

A. yairi metabolic rate and calcification rate (Table 3.1) for 90 days of incubation 

time. Significant effects (p < 0.05) are in bold. 

 
Condition diff. lwr. upr. padj 

Metabolic rate (Mo2)     

Incubation time     

day15 vs day1 0.128 -0.146 0.402 0.806 

day30 vs day1 0.107 -0.168 0.381 0.910 

day45 vs day1 0.054 0.220 0.328 0.997 

day60 vs day1 0.331 0.057 0.605 0.007 

day75 vs day1 0.014 -0.260 0.288 1.000 

day90 vs day1 0.040 -0.234 0.314 0.999 

day30 vs day15 -0.022 -0.296 0.252 1.000 

day45 vs day15 -0.074 -0.349 0.200 0.984 

day60 vs day15 0.203 -0.071 0.477 0.300 

day75 vs day15 -0.114 -0.388 0.160 0.879 

day90 vs day15 -0.088 -0.363 0.186 0.962 

day45 vs day30 -0.053 -0.327 0.221 0.998 

day60 vs day30 0.224 -0.050 0.499 0.189 

day75 vs day30 -0.092 -0.367 0.182 0.953 

day90 vs day30 -0.067 -0.341 0.208 0.991 

day60 vs day45 0.277 0.003 0.551 0.046 

day75 vs day45 -0.040 -0.314 0.235 1.000 

day90 vs day45 -0.014 -0.288 0.260 1.000 

day75 vs day60 -0.317 -0.591 -0.043 0.012 

day90 vs day60 -0.291 -0.565 -0.017 0.029 

day90 vs day75 0.026 -0.248 0.300 1.000 

pCO2     

1052 µatm vs 455 µatm 0.071 -0.071 0.214 0.465 

2066 µatm vs 455 µatm 0.154 0.012 0.296 0.030 

2066 µatm vs 1052 µatm 0.083 -0.060 0.225 0.358 

Temperature:pCO2     

32 °C : 455 µatm vs 27 °C : 455 µatm 0.575 0.330 0.820 0.000 
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27 °C : 1052 µatm vs 27 °C : 455 µatm 0.181 -0.065 0.426 0.282 

32 °C : 1052 µatm vs 27 °C : 455 µatm 0.537 0.292 0.782 0.000 

27 °C : 2066 µatm vs 27 °C : 455 µatm 0.330 0.084 0.575 0.002 

32 °C : 2066 µatm vs 27 °C : 455 µatm 0.553 0.308 0.799 0.000 

27 °C : 1052 µatm vs 32 °C : 455 µatm -0.394 -0.639 -0.149 0.000 

32 °C : 1052 µatm vs 32 °C : 455 µatm -0.038 -0.283 0.207 0.998 

27 °C : 2066 µatm vs 32 °C : 455 µatm -0.245 -0.491 0.000 0.050 

32 °C : 2066 µatm vs 32 °C : 455 µatm -0.021 -0.267 0.224 1.000 

32 °C : 1052 µatm vs 27 °C : 1052 µatm 0.356 0.111 0.602 0.001 

27 °C : 2066 µatm vs 27 °C : 1052 µatm 0.149 -0.096 0.394 0.503 

32 °C : 2066 µatm vs 27 °C : 1052 µatm 0.373 0.128 0.618 0.000 

27 °C : 2066 µatm vs 32 °C: 1052 µatm -0.207 -0.453 0.038 0.151 

32 °C : 2066 µatm vs 32 °C: 1052 µatm 0.016 -0.229 0.262 1.000 

32 °C : 2066 µatm vs 27 °C : 2066 µatm 0.224 -0.021 0.469 0.096 

Righting activity (RAC)     

Incubation time     

day19 vs day1 0.075 -0.159 0.310 0.940 

day37 vs day1    0.091 -0.143 0.326 0.872 

day55 vs day1   -0.046 -0.280 0.189 0.993 

day73 vs day1   -0.040 -0.274 0.195 0.997 

day90 vs day1   -0.143 -0.378 0.092 0.499 

day37 vs day19   0.016 -0.219 0.251 1.000 

day55 vs day19  -0.121 -0.356 0.114 0.675 

day73 vs day19  -0.115 -0.350 0.120 0.721 

day90 vs day19  -0.218 -0.453 0.016 0.085 

day55 vs day37  -0.137 -0.372 0.098 0.546 

day73 vs day37  -0.131 -0.366 0.103 0.594 

day90 vs day37  -0.234 -0.469 0.000 0.050 

day73 vs day55  0.006 -0.229 0.241 1.000 

day90 vs day55  -0.097 -0.332 0.137 0.840 

day90 vs day73  -0.103 -0.338 0.131 0.804 

Calcification rate (GTA)     

pCO2     

1052 µatm vs 455 µatm 0.115 -0.043 0.273 0.168 

2066 µatm vs 455 µatm 0.607 0.449 0.764 0.000 
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2066 µatm vs 1052 µatm 0.492 0.334 0.649 0.000 

Temperature:pCO2     

32 °C : 455 µatm vs 27 °C : 455 µatm 0.533 0.252 0.814 0.000 

27 °C : 1052  µatm vs 27 °C : 455 µatm 0.233 -0.048 0.514 0.128 

32 °C : 1052 µatm vs 27 °C : 455 µatm 0.530 0.249 0.811 0.000 

27 °C : 2066 µatm vs 27 °C : 455 µatm 1.138 0.857 1.419 0.000 

32 °C : 2066 µatm vs 27 °C : 455 µatm 0.609 0.328 0.889 0.000 

27 °C : 1052  µatm vs 32 °C : 455 µatm -0.300 -0.581 -0.019 0.034 

32 °C : 1052 µatm vs 32 °C : 455 µatm -0.003 -0.284 0.278 1.000 

27 °C : 2066 µatm vs 32 °C : 455 µatm 0.605 0.324 0.886 0.000 

32 °C : 2066 µatm vs 32 °C : 455 µatm 0.076 -0.205 0.357 0.938 

32 °C : 1052 µatm vs 27 °C : 1052 µatm 0.297 0.017 0.578 0.036 

27 °C : 2066 µatm vs 27 °C : 1052 µatm 0.905 0.624 1.186 0.000 

32 °C : 2066 µatm vs 27 °C : 1052 µatm 0.376 0.095 0.657 0.007 

27 °C : 2066 µatm vs 32 °C : 1052 µatm 0.608 0.327 0.888 0.000 

32 °C : 2066 µatm vs 32 °C : 1052 µatm 0.078 -0.202 0.359 0.929 

32 °C : 2066 µatm vs 27 °C : 2066 µatm -0.529 -0.810 -0.248 0.000 
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Supplementary figure 

(a) 

 

(b) 

 

 
Figure S3.1.  Asterinid starfish A. yairi, (a) dorsal view, (b) ventral view. 
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Figure S3.2.  Schematic of experimental design to determine the impact of ocean acidification and warming on the tropical asterinid starfish A. yairi 

(unmodified from Khalil et al. (2022)).
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Figure S3.3. Linear polynomial interpolation model for the metabolic rate (MO2) responses of 

A. yairi reared under different pCO2 concentrations (455 µatm, 1052 µatm, and 

2066 µatm) and temperatures (27 °C, 32 °C) for 90 days of incubation time. 

Colored dots indicate the mean effect on MO2 in each treatment. 
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Figure S3.4.  Linear polynomial interpolation model for the righting activity coefficient (RAC) 

of A. yairi reared under different pCO2 concentrations (455 µatm, 1052 µatm, and 

2066 µatm) and temperatures (27 °C, 32 °C) for 90 days of incubation time. 

Colored dots indicate the mean effect on RAC in each treatment. 
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Abstract 

Ocean acidification and warming affect marine ecosystems from the molecular scale in 

organismal physiology to broad alterations of ecosystem functions. However, knowledge of 

their combined effects on tropical-subtropical intertidal species remains limited. Pushing the 

environmental range of marine species away from the optimum initiates stress impacting 

biochemical metabolic characteristics, with consequences on lipid-associated and enzyme 

biochemistry. This study investigates lipid-associated fatty acids (FAs) and enzyme activities 

involved in biomineralization of the tropical-subtropical starfish Aquilonastra yairi in response 

to projected near-future global change. The starfish were acclimatized to two temperature 

levels (27 °C, 32 °C) crossed with three pCO2 concentrations (455 µatm, 1052 µatm, 2066 µatm). 

Total lipid (ΣLC) and FAs composition were unaffected by combined elevated temperature and 

pCO2, but at elevated temperature, there was an increase in ΣLC, SFAs (saturated FAs) and 

PUFAs (polyunsaturated FAs), and a decrease in MUFAs (monounsaturated FAs). However, 

temperature was the sole factor to significantly alter SFAs composition. Positive parabolic 

responses of Ca-ATPase and Mg-ATPase enzyme activities were detected at 27 °C with elevated 

pCO2, while stable enzyme activities were observed at 32 °C with elevated pCO2. Our results 

indicate that the lipid-associated biochemistry of A. yairi is resilient and capable of coping with 

near-future ocean acidification and warming. However, the calcification-related enzymes Ca-

ATPase and Mg-ATPase activity appear to be more sensitive to pCO2/pH changes, leading to 

vulnerability concerning the skeletal structure. 

 

Keywords: global ocean change, multiple stressors, asteroid, lipid content, fatty acid, 

calcification-related enzyme 
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4.1.  Introduction 

Approximately ≈25% (mean uptake of -2.7 ± 0.3 Pg C per year-1, 1 Pg = 1015 g) of the annual CO2 

emissions are directly absorbed by the oceans (Gruber et al., 2023) and significantly alter 

seawater chemistry (i.e., reductions in pH and re-equilibration of carbonate systems), termed 

ocean acidification (OA) (Zeebe, 2012). These alterations leave an imprint on oceanic and 

coastal environments with potential impacts on the eco-physiology of marine organisms, 

especially calcifying species (Doney et al., 2012; Feely et al., 2004; Leung et al., 2022). Previous 

studies have shown that OA impacts physio-chemical aspects (i.e., behavior, reproduction, 

growth, development, survival, fitness, and metabolism) and skeletal mineralogical structures 

(i.e., biomineralization) of marine organisms (Byrne & Fitzer, 2019; Dubois, 2014; Figuerola et 

al., 2021; Kroeker et al., 2013; Leung et al., 2022; Melzner et al., 2020). Furthermore, the effects 

of OA on marine organisms can interact, often non-intuitively, with those of other 

environmental stressors, including ocean warming (OW) (Gao et al., 2020). OW alone is 

recognized to elicit detrimental consequences on vital biological processes of a wide range of 

marine organisms, with cascading effects on habitat structure and ecosystem functioning 

(Smale et al., 2019). 

 

Among marine ecosystems, intertidal regions are predicted to experience the most significant 

impacts of OA and OW due to their exposure to high variability in temperature, pH, and direct 

anthropogenic drivers (Harley et al., 2006). This environmental volatility could expose marine 

intertidal organisms (e.g., anthozoa, asteroidea, bivalvia, and gastropoda) to conditions beyond 

the limits of their tolerance range, which may substantially impact their biological performance 

metrics (Byrne, 2011; Gao et al., 2020; Melzner et al., 2020). OA and OW can affect cellular and 

molecular processes that are physically reflected by an organism (Pörtner, 2008). Furthermore, 

OA and OW have been recognized to influence the intracellular ionic balance in calcifying 

organisms (Ramesh et al., 2017). Consequently, major reductions in biological performance and 

shifts in the organismal mode of life (i.e., active vs. passive) can follow, subsequently disrupting 

the trophic levels and causing further shifts in the food web system (Guinotte & Fabry, 2008; 

Pörtner, 2008). 

 

As slow-moving intertidal echinoderms, asteroids (common name: starfish or sea stars, class 

asteroidea) are highly susceptible to abiotic and biotic changes in their habitat. Owing to their 

capacity as ectothermic animals with narrow tolerable to temperature alterations, asteroids 
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are considered useful model organisms for global change studies focusing on the effects of OW 

and OA (Lang et al., 2023; Nguyen & Byrne, 2014). OA can narrow the thermal tolerance range, 

resulting in a higher susceptibility to extreme temperatures and reducing an organism's 

performance metrics, altering morphological structures, behavioral responses, and 

physiological processes (Pörtner, 2008; Schalkhausser et al., 2012; Walther et al., 2009). 

Furthermore, the asteroid endoskeleton is composed of high Mg-calcite (>4 wt% MgCO3 

(Dickson, 2002; Weber, 1969)); hence, it is more susceptible to dissolution under OA conditions 

(Dubois, 2014; Figuerola et al., 2021). Previous research has shown that interactive effects 

(additive or synergistic) of OA and OW in the asteroid class elevated the metabolic rate (Khalil 

et al., 2023), increased larval mortality (Byrne et al., 2013), and produced larval developmental 

delay (Hue et al., 2022), behavioral modifications (McLaren & Byrne, 2022), modified coelomic 

fluid and coelomocytes (Wahltinez et al., 2023) and altered skeletal mineralogy (Khalil et al., 

2022). On the contrary, other studies have found that some asteroids could benefit from 

combined OA and OW, showing increased growth (Gooding et al., 2009), and feeding 

enhancement (Kamya et al., 2016). However, the biochemical and physiological mechanisms 

underlying the phenotypic response of asteroids to lower pH (high pCO2) and increased 

temperature remain unknown.   

 

Understanding how organisms might respond to combined OA and OW can be gained through 

laboratory experiments that expose organisms to manipulated levels of seawater pCO2 and 

temperature. While in recent years, abundant experiments have been carried out studying the 

effects of future environmental changes (e.g., elevated temperature, reduced pH, hypoxia, and 

changes in seawater Mg2+/Ca2+ ratio as a sole or combined stressor) on the physiological 

processes and skeletal production of echinoderm species (Azcarate-Garcia et al., 2024; Byrne 

& Fitzer, 2019; Hu et al., 2022; Lang et al., 2023; Sampaio et al., 2021; Smith et al., 2016), we 

here examine how a tropical-subtropical asterinid starfish regulates its physiological 

performance in response to environmental stressors (OA and OW) by analyzing the 

composition of lipid-associated fatty acids (FAs) and the activities of enzymes typically involved 

in the calcification process. Lipids and associated FAs play a critical role in maintaining the 

functions of growth, metabolism, and buoyancy control; lipid-FAs are not only an essential 

factor for the fluidity of the plasma membrane but also a carrier for the preservation of material 

and energy in marine animals and serve as indicators of an organism's dietary pattern and bio-

physiological condition (Dalsgaard et al., 2003; Zhukova, 2022). Marine organisms also utilize 
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their lipids as a defense mechanism against the influence of environmental stressors or lipid 

peroxidation by restructuring FAs and sterols (isoprenoid-derived lipids, e.g., cholesterol in 

animals) of the lipid bilayer to preserve the physical characteristics of biological membranes 

(Hazel & Williams, 1990; Parrish, 2013). FAs indicate biochemical alterations in response to 

organismal physiological stress conditions (Bennett et al., 2018; Filimonova et al., 2016), 

immunity (Gao et al., 2018), and inflammation (Calder, 2010). FAs contain carboxylic acids with 

long hydrocarbon chains of different lengths and saturation grades (classified by the number 

of double bonds), generally classified into saturated fatty acids (SFAs, no double bonds), 

monounsaturated fatty acids (MUFAs, one double bond per molecule) and polyunsaturated 

fatty acids (PUFAs, two or more double bonds per molecule) (IUPAC-IUB, 1977). Among these 

FA chains, PUFAs such as eicosapentaenoic acid (EPA; C20:5ω3) and docosahexaenoic acid 

(DHA; C22:6ω3) are FA compounds essential for growth, reproduction, and survival (Kattner et 

al., 2007), and are involved in maintaining cell structures and functions in marine organism 

(Filimonova et al., 2016).  

 

It is well known from marine animals that FA compounds and membranes are influenced by 

environmental factors (Dalsgaard et al., 2003; Hazel, 1995; Hazel & Williams, 1990; Yoon et al., 

2022), including temperature (e.g., elevated temperature significantly reduced PUFAs and 

increased SFAs concentration) (Garzke et al., 2016; Valles-Regino et al., 2015) and pCO2 (e.g., 

high levels of pCO2 increase SFAs and reduced PUFAs concentrations) (Rossoll et al., 2012). 

Increased ratios of PUFAs (ω6:ω3) in animals indicate inflammation and physiological unhealth 

(Calder, 2010; Safuan et al., 2021). However, ectothermic animals are recognized to have the 

ability to counteract the effects of environmental stressors through an organism-specific 

physiological response termed homeoviscous adaptation (HVA) (Ernst et al., 2016; Sinensky, 

1974). This adaptation process allows organisms to strengthen their cell membrane structure 

(i.e., PUFAs formation alters membrane fluidity and SFAs formation increases membrane 

stability) to avert membrane destabilization and maintain the functional state of cell 

membranes (Ernst et al., 2016; Hazel, 1995; Sinensky, 1974).  

 

Enzymes play the main role as protein catalysts in most physiological processes to accelerate 

and regulate biochemical reactions (Hill et al., 2012). They are fundamental in the FA synthesis 

pathway (e.g., desaturation and elongation of FAs carbon chain) (Zhuang et al., 2022). 

Furthermore, enzymes are the principal agents of physiological transformation in that they are 
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responses to alterations in the external environment (Hill et al., 2012). Changes in enzyme 

activity under OA/OW are reliable proxies to determine the resulting physiological-related 

process disruption (Donachy et al., 1989; Prazeres & Pandolfi, 2016), including 

biomineralization processes in calcifying organisms (Chave, 1984; Ivanina et al., 2020). 

Moreover, alterations in membrane-bound enzymes (e.g., Ca-ATPase and Mg-ATPase) are 

biomarker indicators of organismal stress, where the level of enzyme variation mirrors the 

impairment of physiological function that entails these enzyme systems (Vijayavel et al., 2007). 

Although studies have shown that OA or OW as sole stressors can significantly alter Ca-ATPase 

and Mg-ATPase activities in coral (Jiang et al., 2019) and foraminifera (Prazeres & Pandolfi, 

2016; Prazeres et al., 2015), the interactive combined effects of OA and OW on asteroids 

remain largely unknown. 

 

To address these knowledge gaps on FAs biochemical composition and enzyme activities (Ca-

ATPase and Mg-ATPase) in asteroids, we performed a controlled laboratory experiment and 

investigated the long-term interactive effects of OA and OW for 90 days in the small asterinid 

starfish Aquilonastra yairi (Echinodermata: Asteroidea: Asterinidae). A. yairi is a nocturnal 

species that lives under rocks, reef structures, and in rubble areas; distributed from tropical to 

subtropical regions particularly in the eastern Mediterranean Sea, the Red Sea, and the Gulf of 

Suez (Ebert, 2021; O'Loughlin & Rowe, 2006). Our study provides insights into the physiological 

tolerance and resilience of A. yairi when exposed to near-future combined OA/OW conditions 

and supports our understanding of the consequences on their biological performance. 

 

4.2.  Methods 

4.2.1.  Experimental design and exposure conditions 

Adult specimens of A. yairi were taken from stock cultured in the MAREE (Marine Experimental 

Ecology) facility of ZMT, Bremen, Germany (342 specimens: size 3-11 mm) and were cleaned 

from debris. They were allowed to acclimate in a communal tank with recirculating artificial 

seawater (Red Sea Salt, Germany) to a temperature of ≈27 °C for seven days. Then, asteroids 

were randomly assigned to 18 experimental tanks (19 specimens in each tank) for a further 

seven-day acclimation period. During the acclimation period, no visible signs of stress were 

observed (i.e., discoloration and erratic flipping). Following acclimation, asteroids were 

exposed for 90 days to one of the six combinations of two temperature levels (27 °C and 32 °C) 

crossed with three concentrations of pCO2 (455 µatm, 1052 µatm, and 2066 µatm), which 
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represent factorial combinations of ambient environments and the forthcoming levels of 

changes in the temperature and pCO2 regime according to the IPCC-Representative 

Concentration Pathways (RCPs) 8.5 emission scenario for year 2100 (IPCC, 2014). Moreover, 

the ambient temperature (27 °C) represents the summer mean sea surface temperature (SST) 

(June to October) in natural habitats of A. yairi (e.g., in the Gulf of Suez). Three replicate 

experimental tanks were set up for each treatment. Each experimental tank was independent 

of the others, with isolated chillers, heaters, and CO2 systems. To prevent physiological shock, 

temperature, and pCO2 concentration levels were ramped up over ten days. During 

experimental exposure, A. yairi was feeding on living diatoms that were allowed to grow on the 

walls of aquaria and deposited detritus flocs. The experimental conditions and design are 

described in detail in Khalil et al. (2022). 

 

Seawater samples were periodically taken during experiments to assess the carbonate 

chemistry of the seawater. Briefly, CO2-free air and pure CO2 gas were mixed with solenoid-

valve mass flow controllers to generate gas mixtures that were formulated to the target pCO2 

conditions, in compliance with the standard operating procedure (SOP) for ocean CO2 

measurements (Dickson et al., 2007). The resulting gas mixtures were then bubbled into each 

treatment group's seawater reservoirs using flexible microporous air stones and repeatedly 

pumped into replicate tanks. A programmed thermostat was used to regulate a closed-circle 

heating system that maintained treatment tank temperatures. Water parameters (i.e., 

temperature, salinity, pHT (total scale), and pHNBS scale) and water carbonate chemistries (total 

alkalinity (AT) and dissolved inorganic carbon (CT)) were measured periodically, which were 

subsequently used to calculate the water carbonate system. Details of the seawater chemistry 

control and manipulation, seawater parameters, and carbonate chemistry for the experimental 

tanks are provided in Supplementary material (Supplementary text and Table S4.1) and Khalil 

et al. (2022). 

 

4.2.2.  Total lipid and fatty acids analysis  

Three specimens from each of the six treatment tanks were collected after 30, 60, and 90 days. 

The specimens were snap-frozen by submerging them in liquid nitrogen, freeze-dried, and 

stored at -80 °C until further analysis. Total lipid (ΣLC) was extracted and purified according to 

the methods described by Bligh and Dyer (1959). Briefly, to separate the lower chloroform 

phase containing lipids from the rest of the tissue, two purification cycles of a 2:1 
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chloroform/methanol solution and ultrapure water were performed. The upper phase of the 

homogenates was discarded after centrifugation (3500 rpm for 5 min). ΣLC was determined 

gravimetrically by drying and weighing a subsample and expressed in mg lipid per g asteroids 

dry weight. The fatty acids of the asteroids were determined as fatty acid methyl esters 

(FAMEs) at the end of the experiment. The relative composition of 14–24 carbon chain FAs of 

each individual was determined by transmethylation of dry asteroids lipid samples by acid-

catalyzed esterification with 1% sulfuric acid in methanol, incubated at 50 °C for 16 h, and 

extracted into FAMEs in accordance with methods from Christie (1998). FAMEs were analyzed 

and quantified using a flame ionization detector gas chromatograph (GC) (Agilent 7890B MSD 

5977 GC-FID, USA), and the output chromatograph peaks were identified using an FA standard 

mixture (37-component FAME, Supelco, Bellefonte PA) (Galloway et al., 2015). The FA profile 

of an individual was interpreted using a printed output chromatograph. To calculate the 

absolute concentration of each FA, the area of each FA was divided by the area of the internal 

FA standard. This value was multiplied by the internal FA standard concentration added at the 

beginning and normalized to their dry weight. Final concentrations of FA are expressed as μg 

mg−1 of dry weight (DW). 

 

4.2.3.  Ca-ATPase and Mg-ATPase activity assays 

For Ca-ATPase and Mg-ATPase activity assays, nine A. yairi specimens were collected from each 

of the treatment groups after 30, 60, and 90 days of incubation time. As for the lipid analysis, 

the specimens were snap-frozen, freeze-dried, and stored at -80 °C. The samples were thawed 

on ice and homogenized in 200 μL Tris buffer (500 mM sucrose, 150 mM KCl, 20 mM Tris, 1 mM 

dithiothreitol, and 0.1 mM phenylmethylsulphonyl, pH 7.6). Homogenates were then 

centrifuged at 12,600 g for 15 min at 4 °C. The supernatants were transferred to a new tube, 

and an aliquot of 50 μL was preserved for the determination of protein concentration 

determination using the Bradford assay (Bradford, 1976). Briefly, BioRad's Bradford micro-

assays set on a 96-well flat bottom plate was adapted with a standard protein solution 

prepared using bovine γ-globulin (1 mg mL-1). In each well of the microplate, 10 μL of each 

sample was added along with 290 μL of Bradford reagent (Sigma-Aldrich, USA). After 15 min of 

agitation at 150 revs min-1, the absorbance was read at 600 m using an Absorbance 

Microplate Reader (Tecan, Switzerland). Protein concentrations were expressed in mg of 

protein mL-1. 
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Ca-ATPase and Mg-ATPase activities were measured according to protocols initially developed 

by Busacker and Chavin (1981), Chan et al. (1986), and modified by Prazeres et al. (2015). The 

working buffer for Ca-ATPase contained 80 mM NaCl, 20 mM Tris-Base, 15 mM KCl, and 15 mM 

CaCl2. Mg-ATPase was measured using a similar working buffer, where MgCl2 replaced CaCl2 at 

the same concentration, while the pH was adjusted to 8.1. The sample homogenates (20 μL) 

were mixed with 250 μL of working buffer containing 1 mM ouabain. The reaction started with 

the addition of 30 μL ATP stock solution (3 mM). Subsequently, the mixture was incubated at 

30 °C for 30 min. The reaction was stopped by adding Malachite Green Reagent in a Phosphate 

Assay Kit (Sigma-Aldrich, USA). Three technical replicates were measured for each sample. The 

inorganic phosphate (Pi) released by enzyme activity was determined based on a colorimetric 

method (Fiske & Subbarow, 1925) using the Phosphate Assay Kit (Sigma-Aldrich, USA) and 

calculated using a standard curve constructed with 1 mM Pi standards (Sigma-Aldrich, USA). 

The Pi concentration in the reaction mixture on 96-well microplates (Greiner Bio-One, 

Germany) was quantified at 620 m by using an Absorbance Microplate Reader (Tecan, 

Switzerland). Homogenization buffer was used as a blank control. Ca-ATPase and Mg-ATPase 

activities were normalized to the total protein content and are expressed as μmoles Pi mg 

protein–1 min–1. 

 

4.2.4.  Statistical analysis 

All data manipulation, visualization, and statistical analysis were performed using the R 

programming language v. 4.3.2 (R Core Team, 2023). The Shapiro-Wilk statistic W test (Shapiro 

& Wilk, 1965) combined with visual Q-Q plots and histograms was used to test the data for 

normality, while Levene's test was applied to check the homogeneity of variance (Levene, 

1960), before statistical analysis was performed. When data were not normally distributed or 

indicated heteroskedasticity, we transformed our predictor variables to improve normality 

assumptions using 'bestNormalize' v.1.9.1 in the R-statistical package (Peterson, 2021). The 

effects of elevated temperature and pCO2 and their interaction on ΣLC and enzyme activities 

(i.e., Ca-ATPase and Mg-ATPase) were analyzed using a two-way multifactorial analysis of 

covariance (ANCOVA) using 'car' v.3.1-2 R-statistical package (Fox & Weisberg, 2019), with 

temperature and pCO2 as fixed factors, while incubation time was treated as a continuous 

covariate. Subsequently, Tukey's honest significant difference (HSD) post hoc comparisons 

were used to detect the origin of variation for significant interactions. The magnitude of the 

effect sizes of the statistical models expressed as partial eta squared (ηp2), are also specified. 
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OA/OW and their interaction effects on the asteroids fatty acids class (i.e., SFAs, MUFAs, and 

PUFAs) were analyzed using a two-way multivariate analysis of covariance (MANCOVA) in 

'MASS' v.7.3-60 R-statistical package (Venables & Ripley, 2002) complemented with 'car' v.3.1-

2 R-statistical package (Fox & Weisberg, 2019). Temperature levels and pCO2 concentrations 

(solely and combined) were treated as fixed factors, and incubation time was a covariate in this 

initial MANCOVA test. Following the MANCOVA test, a series of two-way ANCOVAs were 

performed on each of the response variables of the FA classes and continued with post hoc 

comparisons of Tukey's HSD to distinguish significant differences among treatments. In 

addition, principal component analysis (PCA) was performed to explore differences in FA 

classes between treatment groups and to identify those FAs that explain most of the variability 

in the data set, carried out using base R functions combined with the 'ggbiplot' v.0.55 R-package 

(Wickham, 2016) to visualize the PCA result. The results were considered statistically significant 

(moderate evidence of an effect) at alpha values of p ≤ 0.05. All functional response figures 

were plotted using 'ggplot2' v. 3.4.4 (Wickham, 2016). 

 

4.3.  Results 

4.3.1. Total lipid 

Total lipid (ΣLC) exhibited a linear decrease with increasing levels of pCO2 at ambient 

temperature (27 °C). In contrast, at high temperature (32 °C), elevated pCO2 concentrations 

resulted in a parabolic trend in lipid content (Figure 4.1). Under elevated pCO2, ΣLC in 27 °C 

treatments (mean ± SE; 0.739 ± 0.040 mg g-1 DW) was 20.08% higher than in 32 °C treatments 

(0.591 ± 0.102 mg g-1 DW). The highest lipid content occurred at 32 °C and medium pCO2 

concentration (1052 µatm; 1.327 ± 0.562 mg g-1 DW), while low pCO2 concentration (455 µatm) 

at 32 °C treatment produces the lowest lipid content (0.652 ± 0.096 mg g-1 DW). The quantities 

of lipid content in A. yairi were not significantly affected by either elevated temperature 

(ANCOVA, p > 0.05; Supplementary Table S4.2) or pCO2 (ANCOVA, p > 0.05;  Supplementary 

Table S4.2) as sole factor neither combined factors (ANCOVA, p > 0.05;  Supplementary Table 

S2), but showed differences between incubation time with higher lipid contents on day 90 

compared to day 30 (ANCOVA,  F2,43 = 4.85, p = 0.02, ηp2 = 0.18;  Supplementary Table S4.2 and 

Table S4.4). ΣLC exhibited a linear increase with incubation time, except for the 32 °C : 2066 

µatm treatment where ΣLC changed in a negative parabolic pattern (Supplementary Figure 

S4.1). 
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Figure 4.1.  Total lipid (mg g-1 DW) of A. yairi (shown in the upper left corner) for 90 days of 

exposure to different temperature levels (27 °C, 32 °C) and pCO2 concentrations 

(455 µatm, 1052 µatm, and 2066 µatm). Boxplots display the mean effect in each 

treatment (black dots), median (horizontal solid bar inside the box), interquartile 

(upper and lower horizontal lines of the box), and 1.5x interquartile ranges 

(whiskers). Vertical dark-green bars denote 95% confidence intervals of ΣLC values; 

n = 54. 

 

4.3.2. Fatty acids composition 

Saturated FAs (% ΣSFAs = 43.50% of total detected FAs (ΣdFAs)) were the most abundant 

components in all treatment groups (Table 4.1, Figure 4.2, and Supplementary Figure S4.2), 

with the exception of the 27 °C : 455 µatm treatment, followed by monounsaturated FAs (% 

ΣMUFAs = 31.81% of ΣdFAs), and polyunsaturated FAs (% ΣPUFAs = 24.62% of ΣdFAs). 

Furthermore, A. yairi contained more omega-3 (ω3; PUFAs C18:3ω3, C20:5ω3, and C22:6ω3 = 

21.24% of ΣdFAs) than omega-6 (ω6; PUFAs C18:2ω6, C20:2ω6, and C20:4ω6 = 3.38% of ΣdFAs) 
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in all treatment groups (Table 4.1). Overall, SFAs were the most dominant FA class in A. yairi, 

followed by MUFAs and PUFAs under all treatment conditions. 

 

 

 
Figure 4.2.  Fatty acids composition of asteroid A. yairi exposed to different temperature levels 

(27 °C, 32 °C) and pCO2 concentrations (455 µatm, 1052 µatm, and 2066 µatm) for 

90 days of incubation time. Boxplots display the mean effect in each treatment 

(color dots), median (horizontal solid bar inside the box), interquartile (upper and 

lower horizontal lines of the box), and 1.5x interquartile ranges (whiskers). Vertical 

dark-green bars denote 95% confidence intervals of fatty acids. Letters designate 

significant differences between the temperature treatment (p < 0.05); n = 54. 

 

The FA compositions of A. yairi exposed to an elevated temperature of 32 °C (2362.63 ± 37.41 

µg mg-1 DW) had a higher total FA composition compared to asteroids at an ambient 

temperature of 27 °C (2198.67 ± 22.90 µg mg-1 DW), reflecting the decrease in MUFAs and 

PUFAs at 27 °C : 1052 µatm, and 2066 µatm treatments, including a strong decrease in MUFAs 

C16:1ω9 and C18:1ω7, and PUFAs C18:2ω6 and C20:5ω3 (Table 4.1, Figure 4.2, and 
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Supplementary Figure S4.2). FAs composition at high-temperature treatments increased in a 

parabolic pattern in response to elevated pCO2 (Figure 4.2), with the highest intensification 

observed at 32 °C : 1052 µatm for all FA classes (SFAs, MUFAs, and PUFAs; Table 4.1). 

Furthermore, SFAs (mean) exhibited an increase at high-temperature and elevated pCO2 

treatments (32 °C : 1052 µatm and 2066 µatm) compared to ambient temperature and low-

pCO2 treatment (27 °C : 455 µatm), whereas MUFAs (mean) reveal a decreased with elevated 

pCO2 in all temperature treatment groups (Figure 4.2 and Supplementary Figure S4.2). It is 

noticed that the concentration of PUFA C18:3ω3 (ALA) in high pCO2 (2066 µatm) at both 

temperature treatments declined to close to zero (Table 4.1). EPA:DHA ratio decreased with 

increasing temperature from ca 8.61:1 to 7.47:1 (Table 4.1).  

 

A PCA on the entire FAs composition data set provided a two-dimensional pattern (Figure 4.3), 

which explained 65.1% of the total variance. Principal component PC1 explained 52.7% of the 

FAs variability, with the majority of the contribution from FSAs (C20:0, C18:0, C16:0, C14:0, 

C22:0), MUFAs (C16:1ω9, C18:1ω7, C18:1ω7, C20:1ω9), and PUFAs (C20:5ω3, C20:2ω6). PUFAs 

C18:2ω6, C18:3ω3, C20:2ω6, and C20:5ω3 contributed the most to the principal component 

PC2, followed by MUFA C22:1ω9 and SFA C24:0 which explained 12.4% of the variability in the 

FAs composition. The 95% confidence interval ellipses of PCA showed no separation between 

the treatment groups. Furthermore, the PCA showed that there were no notable variations in 

FAs composition between the six treatment groups. 

 

There was no significant effect of pCO2 as the sole factor in FA compositions or combined factor 

with temperature (MANCOVA, p > 0.05; Supplementary Table S4.3). Nonetheless, temperature 

was the only sole factor found to affect SFAs significantly (MANCOVA, F1,6 = 365.84, p = 0.04, 

Supplementary Table S4.3), but found not significantly to affect other FA classes (MANCOVA, p 

> 0.05; Supplementary Table S4.3). FA classes showed no significant alter by incubation time in 

all treatment groups (MANCOVA, p > 0.05; Supplementary Table S4.3). Subsequent ANCOVA 

analyses for each of the three FAs classes revealed statistically significant effects of incubation 

time on SFA C16:0 (ANCOVA,  F2,39 = 6.06, p = 0.01, ηp2 = 0.24;  Supplementary Tables S4.2 and 

S4.4) and PUFA C20:5ω3 (ANCOVA, F2,29 = 3.45, p = 0.05, ηp2 = 0.19; Supplementary Tables S4.2 

and S4.4), while temperature as the sole factor observed significantly affected SFA C18:0 

(ANCOVA, F1,29 = 5.19, p = 0.03, ηp2 = 0.19; Supplementary Tables S4.2 and S4.4) only. However, 

pCO2 as the sole or combined factor with temperature did not affect any FAs profile in all 
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treatment groups (ANCOVA, p > 0.05; Supplementary Table S4.2). Furthermore, the ω3:ω6 

ratio was found not to change significantly affect by any factor (ANCOVA, p > 0.05; 

Supplementary Table S4.2). 

 

 
 
Figure 4.3.  Biplot of principal component analysis (PCA) based on fatty acid profiles (n = 18 

classes) for asteroid A. yairi exposed to different temperature levels (27 °C, 32 °C) 

and pCO2 concentrations (455 µatm, 1052 µatm, and 2066 µatm) for 90 days of 

incubation time; n = 54. Individual samples are color-coded according to the 

treatment level. The plot is shown with 95% confidence ellipses. 
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Table 4.1.  Total lipid and fatty acids composition of A. yairi reared under different temperature levels (27 °C, 32 °C) and pCO2 concentrations (455 

µatm, 1052 µatm, and 2066 µatm). Total lipid is expressed as mg g-1 (mean ± SE) of asteroids tissue dry weight (DW). FAs are expressed 

as µg mg-1 (mean ± SE) of asteroids tissue DW. ΣSFAs: sum of SFAs, ΣMUFAs: sum of MUFAs, ΣPUFAs: sum of PUFAs,  ω3: omega-3,  

ω6:omega-3, Σω3:Σω6: ratio of omega-3 (ω3) fatty acids to omega-6 (ω6) fatty acids, EPA:DHA: ratio of eicosapentaenoic acid (EPA) to 

docosahexaenoic acid (DHA). 

 
Lipid (mg g-1 DW) and fatty 

acids (µg mg-1 DW) profile 

Temperature: 27 ℃ Temperature: 32 ℃ 

pCO2: 455 µatm pCO2: 1052 µatm pCO2: 2066 µatm pCO2: 455 µatm pCO2: 1052 µatm pCO2: 2066 µatm 

Lipid content 

ΣLC (total lipid) 0.819 ± 0.144 0.790 ± 0.215 0.689 ± 0.255 0.561 ± 0.096 0.780 ± 0.146 0.431 ± 0.067 

Saturated fatty acids (SFAs) 

C14:0 (myristic acid) 33.951 ± 8.349 21.664 ± 4.777 29.336 ± 7.308 22.794 ± 5.978 37.598 ± 7.772 34.765 ± 13.073 

C16:0 (palmitic acid) 158.177 ± 42.055 116.436 ± 26.763 164.601 ± 58.930 126.428 ± 26.863 220.231 ± 38.858 140.754 ± 27.394 

C18:0 (stearic acid) 96.067 ± 39.108 130.907 ± 24.849 89.930 ± 8.192 126.056 ± 21.900 167.943 ± 35.030 151.656 ± 28.139 

C20:0 (arachidic acid) 8.166 ± 1.756 7.110 ± 1.735 9.409 ± 3.769 6.460 ± 1.201 12.793 ± 2.381 8.335 ± 1.877 

C22:0 (behenic acid) 11.936 ± 2.672 9.080 ± 2.461 9.426 ± 3.768 9.077 ± 1.772 11.741 ± 3.650 11.318 ± 3.124 

C24:0 (lignoceric acid) 20.086 ± 1.894 24.359 ± 3.796 19.606 ± 2.111 23.600 ± 5.575 22.408 ± 5.374 26.593 ± 8.162 

Monounsaturated fatty acids (MUFAs) 

C14:1ω5 (myristoleic acid) 1.273 ± 0.350 0.410 ± 0.226 1.057 ± 0.338 1.275 ± 0.657 0.489 ± 0.235 1.372 ± 0.539 

C16:1ω9 (palmitoleic acid) 147.920 ± 52.933 79.149 ± 24.489 63.579 ± 10.241 61.512 ± 21.641 120.378 ± 34.358 46.091 ± 12.424 

C18:1ω9 (oleic acid) 22.467 ± 8.341 26.892 ± 12.687 43.533 ± 19.549 21.538 ± 4.703 32.295 ± 5.261 22.141 ± 4.685 

C18:1ω7 (vaccenic acid) 163.476 ± 41.671 90.653 ± 17.174 110.357 ± 29.423 78.131 ± 17.304 134.293 ± 47.998 96.548 ± 28.360 

C20:1ω9 (gondoic acid) 11.605 ± 2.614 13.559 ± 5.891 12.744 ± 7.125 11.294 ± 2.604 21.905 ± 8.873 16.205 ± 3.774 
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C22:1ω9 (erucic acid) 0.054 ± 0.054 0.195 ± 0.195 0.211 ± 0.141 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

Polyunsaturated fatty acids (PUFAs) 

C18:2ω6 (linoleic acid, LA) 4.920 ± 4.657 2.863 ± 2.250 0.000 ± 0.000 15.610 ± 5.486 3.375 ± 3.375 8.124 ± 3.731 

C18:3ω3 (α-linolenic acid, ALA) 0.929 ± 0.929 1.450 ± 0.950 0.000 ± 0.000 3.185 ± 1.763 0.000 ± 0.000 0.000 ± 0.000 

C20:2ω6 (eicosadienoic acid) 5.529 ± 0.938 4.017 ± 0.667 9.202 ± 4.425 10.381 ± 3.112 7.191 ± 1.968 8.360 ± 1.498 

C20:4ω6 (arachidonic acid, AA) 10.370 ± 3.247 9.563 ± 3.897 9.090 ± 5.129 15.184 ± 4.967 13.884 ± 4.845 16.522 ± 7.814 

C20:5ω3 (eicosapentaenoic 

acid, EPA) 

153.044 ± 54.857 143.242 ± 29.017 112.185 ± 23.199 69.901 ± 16.069 294.261 ± 24.507 83.323 ± 32.343 

C22:6ω3 (docosahexaenoic 

acid, DHA) 

8.821 ± 2.640 20.431 ± 7.753 18.139 ± 9.174 15.914 ± 7.676 27.689 ± 6.617 16.309 ± 6.696 

Fatty acids (FAs) indices 

ΣSFAs 308.297 ± 28.811 285.196 ± 27.412 302.703 ± 29.911 290.815 ± 27.931 450.306 ± 43.512 346.827 ± 31.749 

ΣMUFAs 346.741 ± 31.199 210.664 ± 16.309 231.270 ± 17.653 173.750 ± 13.478 309.360 ± 24.561 182.356 ± 14.898 

ΣPUFAs 183.613 ± 24.525 181.567 ± 22.774 148.617 ± 17.702 130.174 ± 9.844 346.400 ± 47.474 132.638 ± 11.024 

Σω3 226.409 ± 17.135 209.600 ± 10.568 157.673 ± 10.193 108.284 ± 8.284 321.950 ± 7.781 99.632 ± 9.760 

Σω6 20.819 ± 2.947 16.443 ± 2.271 23.533 ± 4.932 41.175 ± 4.522 24.449 ± 3.396 33.006 ± 4.348 

Σω3:Σω6 7.82:1 10.04:1 7.13:1 2.16:1 13.17:1 3.02:1 

EPA:DHA 17.35:1 7.011:1 6.19:1 4.39:1 10.63:1 5.11:1 
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4.3.3. Ca-ATPase and Mg-ATPase activities 

Ca-ATPase and Mg-ATPase activities exhibited a positive parabolic response pattern to 

increasing pCO2 at ambient temperature (27 °C) treatment, whereas enzyme activity shows a 

stable pattern in response to increasing pCO2 at high temperature (32 °C) (Figure 4.4). The 

highest Ca-ATPase activity (mean ± SE; 0.73 ± 0.03 μmoles Pi mg protein–1 min–1) was observed 

under ambient temperature and low pCO2 concentration (455 µatm), and the lowest value 

(0.59 ± 0.02 μmoles Pi mg protein–1 min–1) at ambient temperature and medium pCO2 

concentration (1052 µatm) condition. Ca-ATPase activity was significantly affected by 

incubation time, where Ca-ATPase activity showed a significant decrease as incubation time 

progressed with exception of 27 °C : 1055 µatm (ANCOVA, F2,151 = 27.96, p = 0.00, ηp2 = 0.27; 

Supplementary Table S4.2, Table S4.4, and Figure S4.3a), pCO2 concentration (ANCOVA, F2,151 = 

4.02, p = 0.02, ηp2 = 0.05; Figure 4.4a, Supplementary Table S4.2 and Table S4.4) and by the 

interaction of the factors temperature and pCO2 (ANCOVA, F2,151 = 6.01, p = 0.00, ηp2 = 0.07; 

Supplementary Table S4.2 and Table S4.4), but not by temperature (ANCOVA,  p > 0.05; 

Supplementary Table S4.2). 

 

Similarly, Mg-ATPase activity was also significantly affected by the combined factors of 

temperature and pCO2 (ANCOVA, F2,151 = 7.75, p = 0.00, ηp2 = 0.09; Figure 4.4b, Supplementary 

Table S4.2 and Table S4.4), as well as by the sole factor of pCO2 (ANCOVA, F2,151 = 3.92, p = 0.02, 

ηp2 = 0.05; Supplementary Table S4.2 and Table S4.4) and incubation time (ANCOVA, F2,151 = 

25.62, p = 0.00, ηp2 = 0.25; Supplementary Table S4.2 and Table S4.4). However, temperature 

as the sole factor was found to not significantly affect Mg-ATPase activity in A. yairi (ANCOVA, 

p > 0.05; Supplementary Table S4.2). Furthermore, the highest Mg-ATPase activity was 

observed in 27 °C : 456 µatm treatment, whereas the lowest was found in 27 °C : 1052 µatm. 

Apparently, Mg-ATPase activity decreased over incubation time, except for the 27 °C : 1052 

µatm treatment with a negative parabolic pattern (Supplementary Figure S4.3b). 
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Figure 4.4.  Enzyme activities of asteroid A. yairi exposed to different temperature levels (27 

°C, 32 °C) and pCO2 concentrations (455 µatm, 1052 µatm, and 2066 µatm) for 90 

days of incubation time; (a) Ca-ATPase (μmoles Pi mg protein–1 min–1), and (b) Mg-

ATPase (μmoles Pi mg protein–1 min–1). Boxplots display the mean effect in each 

treatment (black dots), median (horizontal solid bar inside the box), and 

interquartile (upper and lower horizontal lines of the box) and 1.5x interquartile 

ranges (whiskers). Vertical dark-green bars denote 95% confidence intervals of 

enzyme activity values. Letters designate significant differences between the 

treatment groups (Tukey's HSD, p < 0.05); n = 53. 
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4.4.  Discussion 

4.4.1. Lipid-associated resilience and homeoviscous adaptations  

Assessing lipid and associated FAs allows to define the metabolic status, oxidative stress, 

potential energy provision, cell remediation, developmental potential, and reproductive 

capacity of an organism (Murphy, 2001; Stanley-Samuelson, 1987). Our results show that 

increased pCO2 concentration and temperature level as a sole stressor or combined stressors 

do not significantly affect the total lipid content (ΣLC) of A. yairi. They imply that this asterinid 

species is relatively robust against conditions predicted in future global change scenarios. A 

possible explanation for the absence of significant changes in asteroid ΣLC in response to 

elevated temperature and pCO2 was their retention of foraging capacity and feeding 

performance under stressful conditions (Gooding et al., 2009); hence, the lipid generation and 

conservation mechanism could remain functional. Furthermore, tropical-subtropical marine 

organisms are less exposed to seasonal diet pulses and have faster metabolic rates (Brett et al., 

2009), which allows them to control relative lipid levels and subsequently use it rapidly to cope 

with environmental stressors. Lipids and bioaccumulation of minerals obtained by consuming 

microalgae (e.g., diatoms and microbial mats) are required continuously throughout the diet 

to support physiological development and maintain health and fitness (Kainz & Fisk, 2009). 

Additionally, a higher ΣLC (in mean) was observed at higher temperatures and medium pCO2 

concentration treatment (32 °C : 1052 µatm), implying that the starfish could have enhanced 

its biosynthetic capacity to convert non-lipid molecules into lipids in such environmental 

settings. Future studies should thus verify this in manipulative trials with fully controlled diets. 

 

The lipid sensitivities to OA and OW as sole or combined stressors in marine invertebrates show 

different scales, varying from functional adaptability (positive effects) to specific physiological 

losses (negative effects). Our findings concur with earlier research demonstrating that marine 

invertebrate species exposed to elevated pCO2 and temperature levels (as sole or combined 

factors) did not exhibit alterations in their lipids content, e.g., sea urchin Strongylocentrotus 

purpuratus (Matson et al., 2012), sponges Carteriospongia foliascens, Cymbastela coralliophila, 

Rhopaloeides odorabile and Stylissa flabelliformis (Bennett et al., 2018), and the corals Porites 

spp. and Acropora millepora (Strahl et al., 2016). In contrast, other studies have found 

alterations in the organismal lipid content in response to OA and OW, e.g., Caribbean coral A. 

cervicornis (ΣLC ↑; OA*) (Towle et al., 2015), scallop Crassadoma gigantea (ΣLC ↑; OA*) (Alma 

et al., 2020), blue mussel Mytilus edulis (ΣLC ↑; OW*) (Matoo et al., 2021), Arctic pteropod 
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Limacina helicina (ΣLC ↓; OA:OW*) (Lischka et al., 2022), oyster Crassostrea virginica (ΣLC ↓; 

OA*) (Schwaner et al., 2023). These differences in responses indicate that the sensitivity is 

species-specific and probably highly dependent on geographic distribution, habitat, 

physiological acclimation capacity, stressor intensity, and life history of species. 

 

In addition to their significance in energy conservation, fatty acids are involved in numerous 

essential cellular functions, most notably through their function as building blocks of cell 

membranes. Essential FAs are also recognized as key determinants of ecosystem health and 

stability (Parrish, 2013). Overall, elevated water temperature exerted a larger effect on the FA 

compositions relative to acidification. Our results showed that under future ocean scenarios, 

the temperature (as the sole stressor) affects the composition of asteroid FAs, where the FAs 

composition becomes more saturated during elevated temperature acclimation (i.e., SFAs 

increase in the negative parabolic pattern). This result is consistent with previous studies in 

other marine invertebrate species, such as sea cucumber Apostichopus japonicus (Yu et al., 

2016), copepod Paracalanus sp. (Garzke et al., 2016), gastropod Dicathais orbita (Valles-Regino 

et al., 2015), and shrimp Palaemon elegans (Maia et al., 2022).  

 

Temperature appears to contribute to increasing the amount of all SFA classes, with SFAs C18:0 

alone found to have a statistically significant increase at high temperatures (ANCOVA, p < 0.05). 

However, it seems that the effects of OA might quantitatively modify the impacts of 

temperature on asteroid SFAs composition. We suggest that the increased concentration of 

SFA under high-temperature environmental conditions is attributed to the enhanced allocation 

of SFA to cell membranes to preserve membrane stability and viscosity and is functional in 

counteracting the reduced internal cell pH due to acidification (Maia et al., 2022); where high 

temperature often leads to protein degeneration in the lipid bilayer of biomembranes, which 

generates a preponderance of membrane fluidity and increases membrane permeability 

(Hazel, 1995). Furthermore, SFA C16:0 is the final major by-product of FAs biosynthesis within 

the cell cytosol, serving as precursors for long-chain de novo biosynthesis of both saturated and 

unsaturated FAs (Gurr et al., 2002). C16:0 is used as a lipid mediator for cell signaling, 

neuroprotective, anti-neuroinflammatory, and analgesic activities (Carta et al., 2017). Increases 

in SFA C16:0 and C18:0 that were found in this study are suggested to represent a response 

mode to suppress physiological disorders resulting from elevated temperature beyond thermal 

optima; C16:0 and C18:0 are synthesized on-demand and exert their functions in loco during 
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inflammations and neurodegenerative disorders to counteract inflammation and neuronal 

lesion. However, drastic increases in C16:0 and C18:0 could have adverse physiological 

consequences - apoptosis, oxidative stress, and endothelial dysfunction (Carta et al., 2017; 

Wang et al., 2007). Furthermore, SFAs are categorized as rapid energy resources, and their 

extraction could accelerate in response to OA/OW conditions to offset the higher energetic 

expenses associated with survival in a chronic environment (Garzke et al., 2016).  

 

Although neither temperature nor pCO2 as a sole or combined factor lacked a statistically 

significant effect on MUFAs (MANCOVA, p > 0.05), there was a decreasing trend in the MUFAs 

abundance as temperature-pCO2 increased markedly in MUFAs C16:1ω9 and C18:1ω7. This 

might indicate thermal-acidity stress responses by the asteroid. MUFAs represent a highly 

catabolizable energetic resource (Tocher, 2010); thus, asteroid would probably metabolize 

them to yield energy to offset the energetic deficits that ensue due to increased energy 

expenditure for cell-physiological processes in parallel with thermoregulation during stressful 

conditions. Other physiological factors, e.g., development and reproduction under extreme 

environmental conditions, require immense energy expenditure (Doney et al., 2012), which 

might also contribute to depletion in MUFA stores. Decreased MUFA levels under warming and 

acidification conditions were recorded in the sponges C. foliascens, C. coralliophila, and S. 

flabelliformis (Bennett et al., 2018). Interestingly, however, MUFA palmitoleic acid (C16:1ω9) 

at 32 °C : 1052 µatm was increased compared to 27 °C : 455 µatm. In this context, C16:1ω9 

enhancement is suggested as a potential acclimation measure to diminish the inflammatory 

effects caused by elevated temperature, because animal and cell culture studies indicate that 

C16:1ω9 acts as an anti-inflammatory and reduces the adverse effects of higher SFA (de Souza 

et al., 2018). 

 

Asteroid PUFAs did not significantly alter in response to changes in temperature and/or pCO2 

(i.e., MANCOVA and ANCOVA statistical results). However, individuals reared at 27 °C contained 

less ΣPUFAs than those reared at 32 °C. All PUFA classes were found to enhance as temperature 

increased, with a particular major increase observed in C18:2ω6 (linoleic acid) and C20:4ω6 

(arachidonic acid, AA) by ≈273% and ≈68%, respectively. pCO2 concentrations most likely 

contributed to modifying the quantitative level of PUFA shifts in response to elevated 

temperature. These increased levels of PUFAs suggest that tropical-subtropical asteroids are 

predicted to become more resilient and adaptable to current and future global ocean changes, 
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where enhancement of PUFAs could be utilized to cope with the adverse physiological effects 

of stressors (Yoon et al., 2022). Relative enhancement of PUFAs ω3 and ω6 with increasing 

temperature arguably reflects physiological differences that may promote the resistance of this 

species to environmental stress (i.e., resilience to physiological stress) (Filimonova et al., 2016; 

Tocher, 2010). Increased PUFAs could be related to acclimation mechanisms to maintain 

membrane fluidity and permeability and subsequent cell homeostasis, regulate ion flux and 

thermoregulation in the encounter of environmental changes; besides, PUFAs play important 

roles in the reproductive process, neurological development, immune system, and serve as 

essential hormone precursors (i.e., for eicosanoids) (Calder & Grimble, 2002; Stanley-

Samuelson, 1987; Zhukova, 2022). Asteroids acquire PUFAs from their diets; therefore, an 

increase in PUFAs may be related to feeding performances that are not affected by stressors. 

Moreover, elevated temperatures were found to increase feeding rates in some asteroids 

species (Gooding et al., 2009), leading to higher nutrition intake. The sources of PUFAs in 

asteroids diets are unclear, but it has been associated with microorganisms living in benthic 

habitats, e.g., macroalgae, specific diatom species, protozoa, and microeukaryotes (Howell et 

al., 2003). Furthermore, some marine invertebrates have the ability to directly synthesize 

PUFAs (e.g., C20:4ω6, C20:5ω3, and C22:6ω3) through the FA desaturation process (Nakamura 

& Nara, 2004; Yoon et al., 2022). However, further research is required to identify the potential 

desaturation process in asteroids for generating PUFAs. On the contrary, previous studies have 

shown that, mostly, marine invertebrates exposed to elevated temperatures as the sole factor 

or combined with pCO2 produce a reduction in ΣPUFAs, e.g., sea cucumber A. japonicus (Yu et 

al., 2016), gastropod D. orbita (Valles-Regino et al., 2015), scallop C. gigantea (Alma et al., 

2020), shrimp P. elegans (Maia et al., 2022), and hard coral A. digitifera (Safuan et al., 2021).  

 

We noted a reduction in PUFA ω-3 along with an enhancement of PUFA ω-6 as temperature 

increases. This alteration is related to the lipid peroxidation activation mechanism in protecting 

membranes against oxidation damage induced by stressors. Temperature can modulate cell 

membrane structure by stimulating the lipid peroxidation pathway that initiates by reactive 

oxygen species (ROS) (Butow et al., 1998), in which membrane phospholipids (i.e., primarily 

PUFAs) are exposed to oxidative reactions by ROS. Higher lipid saturation and high O2 

concentration lead to an increase in the velocity of the lipid radical chain reactions (Anacleto 

et al., 2014). PUFAs ω-3 and ω-6 are further employed to inhibit ROS through increasing 

macrophage phagocytosis capacity (Ambrozova et al., 2010). Furthermore, the PUFAs ω-3:ω-6 
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ratio is well-known to significantly contribute to membrane functions and cellular processes, 

e.g., cell survivability (Schmitz & Ecker, 2008). Although PUFAs ω3:ω6 ratio was marginally 

significant (ANCOVA, F1,41 = 3.10,  p = 0.09, ηp2 =  =  0.07; Supplementary Table S4.2) affected 

by temperature as sole factor, PUFAs ω-3:ω-6 ratio was recoded to decrease from 8.25:1 at 

ambient temperature (27 °C) to 5.18:1 after being exposed to high-temperature (32 °C) 

treatment for 90 days. The ratio shift suggests a switch of PUFAs regulation from the anti-

inflammatory mode (more PUFAs ω-3) to the pro-inflammatory mode (more PUFAs ω-6) 

(Schmitz & Ecker, 2008). Inflammation plays an important role in systemic mechanisms of 

cellular defense and helps protect against harmful stimuli, e.g., immune responses, cell-tissue 

repair, and warning signals of physiological anomalies; however, prolonged or excessive 

inflammation can lead to tissue damage, organ dysfunction, and increased risk of various health 

problems (Calder, 2010; Calder & Grimble, 2002). 

 

The present study reveals a potential acclimation mechanism of cell membrane remodeling 

homeoviscous adaptation in response to elevated seawater temperature (Hazel, 1995; Hazel & 

Williams, 1990). An increase in asteroid SFAs and PUFAs followed by a reduction in MUFAs and 

PUFAs ω-3:ω-6 ratio implied compensatory alterations in fluidity and permeability of cell 

membrane lipid bilayers to preserve membrane biophysical functions and properties under 

chronic environmental stress. Still, it remains obscure whether this biochemical acclimation 

strategy is viable under more prolonged durations and higher intensities of stressors. 

Moreover, further research is essential to assess the impacts of future ocean scenarios on 

asteroids larvae (produced by sexual reproductive mode) or 'juvenile' individuals (produced by 

fissiparous in asexual reproductive mode) since a higher vulnerability at the early 

developmental stage may pose barriers to species' survival in the continuously changing 

oceans. 

 

4.4.2. Enzyme activities under multiple stressors and their potential role in calcification 

Ca-ATPase and Mg-ATPase activities show susceptibility to changes in pCO2 and temperature. 

Statistical analysis indicated that the interaction of OA and OW significantly affected Ca-ATPase 

and Mg-ATPase activities; enzyme activities decreased with increasing temperature and pCO2 

concentration, suggesting impaired adenosine triphosphate (ATP) production and enzyme 

function, resulting in reduced energy supplies needed to sustain the metabolic demands of 

routine maintenance. In addition to serving as energy storage for various physiological cellular 
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processes (Petersen & Verkhratsky, 2016; Sokolova et al., 2012), ATP is an organic molecule 

that plays a vital role as a biochemical catalyst in physiological cellular processes, ion 

transporters or exchangers (e.g., Ca2+ and Mg2+) in the calcification process, and in the removal 

of excess protons (H+) from the biomineralization site for the skeleton (Ivanina et al., 2020). In 

ectothermic animals (e.g., echinoids), those bio-cellular processes involve high-energy 

utilization and intensive catalysts that are provided by ATP (Pan et al., 2015; Stumpp & Hu, 

2017). Studies of Ca-ATPase and Mg-ATPase activities under the influence of OA and OW as 

combined or single factors have yielded different and inconsistent responses. For instance, Ca-

ATPase and Mg-ATPase activities of the benthic foraminifera Amphistegina lessonii were 

enhanced after exposure to OA and OW for 30 days; however, Marginopora vertebralis had the 

opposite response (Prazeres et al., 2015). A finding similar to that of the present study was 

reported in the razor clam Sinonovacula constricta, where elevated CO2 (decreased pH) 

suppressed Ca-Mg ATPase activity after one week of exposure (Peng et al., 2017). Duration of 

exposure, stressor intensity, species-specific differences, experimental setups, and 

methodology appear to contribute to differences in the response of these important enzymes 

to OA/OW. 

 

Our results showed different Ca-ATPase and Mg-ATPase activities between ambient (27 °C) and 

high temperature (32 °C) treatments in response to increasing pCO2 concentrations. Enzyme 

activity at ambient temperature displayed a positive parabolic curve in response to increased 

pCO2 concentrations, indicating a plasticity-physiological acclimation response to balance 

intracellular acid-base conditions due to changes in pH. Furthermore, lower enzyme activity at 

medium concentrations of pCO2 specified stress conditions, where asteroid lost their capacity 

to accelerate physiological enzyme activities due to disturbances of their energy balance in low-

pH environments (Bisswanger, 2017; Khalil et al., 2023). The energy balance could be adversely 

influenced by OA both directly through the negative effects of lower extracellular and 

intracellular pH on energy metabolism and indirectly through increased energy expenditure for 

biomineralization and acid-base regulation processes (Sokolova et al., 2012). On the contrary, 

at high concentrations of pCO2 (27 °C : 2066 µatm), asteroid increased enzyme activities to 

balance extra- and intracellular acid-base conditions to maintain optimal physio-chemical 

microenvironment conditions, thus ensuring fundamental asteroid component survival (very 

low mortality, see Khalil et al. (2023)) in these chronic stress environments. Enhanced enzyme 

activity may allow asteroids to actively pump H+ to maintain pH homeostasis in the extracellular 
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calcifying fluid (ECF, pHCF). Consequently, up-regulation of the H+ pump under high OA renders 

more metabolic CO2 produced by cell organelle-mitochondria, which subsequently aggravates 

calicoblastic cell acidosis, making H+ dissipation more arduous (Laurent et al., 2014; Melzner et 

al., 2020) and skeletons become more susceptible to dissolution (see Khalil et al. (2022) for the 

descriptions of skeletal dissolution of asteroids A. yairi under OA/OW). We thus suggest that 

this rapid acceleration would involve a high-energy demand that might result in a trade-off and 

temporal energy reallocation with other physiological functions (Khalil et al., 2023; Sokolova et 

al., 2012). Furthermore, increased enzyme activity may indicate increased Ca2+ and Mg2+ ion 

provision into the ECF to promote asteroids calcification under OA conditions (Khalil et al., 

2022). However, increasing ion supply seems unable to counteract the adverse effects of OA, 

as evidenced by significantly decreased calcification rates (Khalil et al., 2022). 

 

The opposite condition was observed in the high-temperature regime (32 °C), where Ca-ATPase 

and Mg-ATPase activities exhibited low-stable responses, although they were significantly 

reduced compared to the ambient temperature and low pCO2 concentrations (27 °C : 455 

µatm) treatment. Elevated temperature seems to allow A. yairi to cope with the negative effect 

of increased pCO2 (decreased seawater pH) on enzyme activities (antagonistic interactive 

effects). High temperatures are likely to stimulate and stabilize enzyme activity by intensifying 

ATP synthesis and utilization during intracellular acid-base homeostasis. We suggest that 

elevated temperatures could accelerate enzyme activity by utilizing a high energy supply 

through optimum-efficiency metabolic pathways to counteract another stressor (i.e., elevated 

pCO2) (Somero, 1978), thus alleviating physiological stress and allowing asteroids to maintain 

other vital physiological-related functions (e.g., biomineralization).  

 

Furthermore, we previously showed that the high-temperature treatment combined with 

elevated pCO2 resulted in a low-stable calcification rate in the asteroid A. yairi (see Khalil et al. 

(2023)), which was also reflected in enzyme activity. These identical characteristics represent 

a strong correlation between enzyme activity and the calcification process, indicating the role 

of Ca-ATPase and Mg-ATPase as crucial enzymes involved in the biomineralization process in 

asteroids, in addition to V-type H+ ATPase (Tresguerres, 2016), carbonic anhydrase (CA), and 

Na+/K+ ATPase (Ivanina et al., 2020; Pan et al., 2015) in echinoderm species. Biomineralization 

processes (e.g., calcification) are known to be influenced not only by environmental conditions 

such as pH and temperature or salinity, but also closely related to organic molecules and 
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biochemical cellular compounds (e.g., protein and enzyme) (Ivanina et al., 2020). The process 

of Ca2+ and Mg2+ balance in echinoderm species through intracellular modulation via trans-

membrane transporters was described in prior studies (Kolbuk et al., 2020; Stumpp & Hu, 

2017); however, the enzymes involved in the process have not been elucidated. The present 

study has reflected on the roles of enzymes, specifically Ca-ATPase and Mg-ATPase, in the 

calcification process of echinoids. However, the physio-biochemical mechanisms underlying 

this process remain unknown; hence, further studies are needed in this direction. 

 

4.5. Conclusions 

The impacts of concurrent ocean warming and acidification on lipid content, fatty acids 

composition, and calcification-related enzyme activities (Ca-ATPase and Mg-ATPase) of the 

asteroid A. yairi were investigated for the first time. Examining total lipid and associated FAs 

provides insight into how these tropical-subtropical asteroids utilize their energy resources 

under current and near-future global environmental changes. Under OA/OW conditions, A. 

yairi exhibits acclimation ability to maintain energy homeostasis presumably through efficient 

lipid-associate regulation and concurrently remodel membrane biophysics (e.g., membrane 

structure, fluidity, permeability, and functional properties) by adjusting their lipid-FAs 

biosynthesis, thereby giving them potential compensatory mechanisms to adapt with changes 

in ocean temperature and pH (i.e., homeoviscous adaptation). Furthermore, elevated 

temperatures seem to confer a physiological benefit in maintaining enzyme activities that 

minimize the effects of reduced pH, indicating that Ca-ATPase and Mg-ATPase activities in 

asteroid species are temperature- and pH-dependent physiological functions. Collectively, the 

findings of this study provide insight into the potential biochemical adaptation mechanisms 

utilized by the asteroid species A. yairi to cope with ongoing and imminent global changes in 

ocean conditions, specifically OW and OA. However, it is important to note that different 

asteroid species may respond differently to OW/OA, depending on the magnitude and rate of 

environmental change, as well as interactions with other species and ecological processes. 
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4.7. Data availability 

The data that support the findings of this study are available at PANGAEA open access 

repository; data of total lipid: https://doi.pangaea.de/10.1594/PANGAEA.965904 (Khalil et al., 

2024d), fatty acid compositions: https://doi.pangaea.de/10.1594/PANGAEA.965902 (Khalil et 

al., 2024b), and enzyme activities: https://doi.pangaea.de/10.1594/PANGAEA.965905 (Khalil 

et al., 2024a). 

 

4.8. Supplementary materials 

Supplementary text 

Seawater chemistry control and manipulation 

Using electronic solenoid valve mass flow controllers (HTK Hamburg, Germany; pure CO2 

provided by Linde GmbH, Pullach, Germany), the pCO2 of the bubbled gases was regulated by 

blending compressed CO2-free air and compressed CO2 to create gas mixtures that were 

formulated according to the target pCO2 conditions in accordance with the standard operating 

procedure (SOP) for ocean CO2 measurements (Dickson et al., 2007). Subsequently, the 216-

liter treatment sumps were then gradually introduced with the gas stream using a sparging 

tube. The treatment tank temperatures (±SE) were regulated to 27 (± 0.05) °C and 32 (± 0.08) 

°C, through the utilization of a closed-circulation heating system (Heaters Titanium Tube 600 

W, Shego, Germany) that was managed by a programmable thermostat.  

 

Temperature, salinity, and pHNBS (National Bureau of Standards) were measured regularly (three times per 

week) using a multielectrode portable probe (WTW Multiline 3630 IDS, Xylem Analytics, 

Germany). The pH electrode probe was calibrated using NBS buffers pH 4.00 and pH 7.00, while 

the salinity-conductivity probe was calibrated with certified seawater reference material 

(Dickson CRM batch #154) of salinity 33.347. The pHtotal scale was measured weekly using the 

spectrophotometric method (Shimadzu UV-1700 Pharma Spec UV-Vis Spectrophotometer) 

following SOP 6b (Dickson et al., 2007) using the indicator dye meta, m-cresol purple (Sigma-

Aldrich) as the chromogenic reagent.  

 

https://doi.pangaea.de/10.1594/PANGAEA.965904
https://doi.pangaea.de/10.1594/PANGAEA.965902
https://doi.pangaea.de/10.1594/PANGAEA.965905
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Water samples for total alkalinity (AT) and dissolved inorganic carbon (Ct) analysis were 

collected weekly in 500-mL borosilicate glass vials. The samples were then poisoned with 200 

µL of saturated mercuric chloride (HgCl2) solution and refrigerated until further analysis. AT and 

CT measurements were performed according to the protocols described by Dickson et al. 

(2007). AT was measured by open cell potentiometric Gran titration (to a precision of 10 

µmol/kg), and CT was determined by the colorimetric analytical method using a Shimadzu DIC 

analyzer (to a precision of 10 µmol/kg). The CO2SYS software for MS Excel (Pelletier et al., 

2007a) was used to calculate the seawater carbonate system parameters pCO2, carbonate ion 

concentration [CO3
-2], bicarbonate ion concentration [HCO3

-], aqueous CO2, calcite saturation 

state (ΩCa), and aragonite saturation state (ΩAr): using Hansson (1973) and Mehrbach et al. 

(1973) refitted by Dickson and Millero (1987) for K1 and K2 carbonic acid constants; Dickson 

(1990) for KHSO4 equilibrium constant; Dickson and Riley (1979) for KHF dissociation constant; 

Uppström (1974) for the boric acid constant ([B]T); and Mucci (1983) for the stoichiometric 

calcite solubility constant. The detail description of water chemistry control and manipulation 

is provided in Khalil et al. (2022).



 

130 

 

Supplementary table 

 

Table S4.1.  Summary of water parameters from treatment tanks of A. yairi. AT, total alkalinity; CT, dissolved inorganic carbon (DIC); pCO2, partial 

pressure of CO2; [CO3
-2], carbonate ion; [HCO3

-], bicarbonate ion; [CO2], dissolved CO2; Ωca, calcite saturation state; ΩAr, aragonite saturation 

state. Salinity, temperature, pHNBS scale, pHT (total scale), AT, and CT were measured in water samples collected during the exposure. Other 

parameters are calculated using CO2SYS software. Data are represented as means ± SE. 

Water parameters 
Temperature: 27 °C Temperature: 32 °C 

pCO2: 455 µatm pCO2: 1052 µatm pCO2: 2066 µatm pCO2: 455 µatm pCO2: 1052 µatm pCO2: 2066 µatm 

Salinity (PSU) 34.56 ± 0.12 34.73 ± 0.06 34.75 ± 0.05 34.65 ± 0.08 34.78 ± 0.05 34.76 ± 0.02 

Temperature (°C) 27.48 ± 0.06 27.23 ± 0.04 27.34 ± 0.03 32.03 ± 0.05 32.10 ± 0.04 32.20 ± 0.08 

pHNBS scale 8.13 ± 0.00 7.87 ± 0.01 7.60 ± 0.01 8.13 ± 0.00 7.87 ± 0.00 7.60 ± 0.01 

pHT (total scale) 8.00 ± 0.00 7.74 ± 0.01 7.47 ± 0.01 8.00 ± 0.00 7.74 ± 0.00 7.47 ± 0.01 

AT (µmol/kg-SW) 2504.42 ± 15.33 2514.45 ± 16.78 2539.83 ± 38.86 2510.27 ± 47.18 2532.19 ± 40.05 2584.38 ± 41.93 

CT (µmol/kg-SW) 2168.86 ± 15.23 2340.99 ± 11.62 2479.40 ± 36.58 2134.38 ± 38.40 2325.20 ± 40.02 2493.30 ± 37.87 

pCO2 (µatm) 456.13 ± 8.24 1059.58 ± 32.04 2075.40 ± 30.99 453.78 ± 6.51 1045.15 ± 44.00 2057.31 ± 74.42 

[CO3
-2] (µmol/kg-SW) 245.64 ± 2.52 138.12 ± 4.64 81.18 ± 2.35 273.82 ± 8.23 162.68 ± 4.67 99.46 ± 4.64 

[HCO3
-] (µmol/kg-SW) 1911.05 ± 14.94 2178.74 ± 9.58 2342.71 ± 34.29 1849.66 ± 30.77 2147.47 ± 38.59 2344.63 ± 34.94 

[CO2] (µmol/kg-SW) 12.17 ± 0.22 28.42 ± 0.86 55.51 ± 0.82 10.90 ± 0.16 25.05 ± 1.06 49.20 ± 1.78 

Ωca 5.96 ± 0.06 3.35 ± 0.11 1.97 ± 0.06 6.71 ± 0.20 3.98 ± 0.11 2.44 ± 0.11 

ΩAr 3.96 ± 0.04 2.22 ± 0.07 1.31 ± 0.04 4.52 ± 0.14 2.69 ± 0.08 1.64 ± 0.08 
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Table S4.2.   Summary of 2-way ANCOVA multifactorial analysis examining the effect of elevated temperature (27 °C, 32 °C) and pCO2 (455 µatm, 1052 

µatm, and 2066 µatm) on the total lipid, fatty acids composition, and enzyme (Ca-ATPase and Mg-ATPase) activities of the asterinid starfish 

A. yairi for 90 days of incubation time. Significant effects (p < 0.05) are in bold. 

 

Trait Trait component 
Statistical model: 

2-way ANCOVA 
df Sum sq. 

Mean 

sq. 
F Pr (>F) ηp2 Post hoc summary (Tukey HSD) 

Lipid content 

Total lipid (ΣLC) 

Incubation time 2 0.42 0.21 4.85 0.02 0.18 day 90 > day 30 (Suppl. Table S4.4) 

Temperature 1 0.00 0.00 0.10 0.76 0.00  

pCO2 2 0.04 0.05 1.16 0.32 0.05  

Temperature:pCO2 2 0.04 0.04 1.01 0.34 0.05  

Residuals 43 0.65 0.05         

Fatty acids 

SFA-C14:0 (myristic 

acid) 

Incubation time 2 8.96 4.48 2.62 0.08 0.24  

Temperature 1 0.13 0.13 0.07 0.79 0.02  

pCO2 2 0.67 0.34 0.20 0.82 0.02  

Temperature:pCO2 2 6.70 3.35 1.96 0.15 0.13  

Residuals 42 71.74 1.71     

SFA-C16:0 (palmitic 

acid) 

Incubation time 2 158.20 79.10 6.06 0.01 0.24 day 90 < day 60 (Suppl. Table S4.4) 

Temperature 1 12.30 12.31 0.94 0.34 0.02  

pCO2 2 9.60 4.82 0.37 0.69 0.02  

Temperature:pCO2 2 79.10 39.56 3.03 0.06 0.13  

Residuals 39 509.30 13.06     

Incubation time 2 44.95 22.47 3.15 0.06 0.18  
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SFA-C18:0 (stearic 

acid) 

Temperature 1 36.96 36.96 5.19 0.03 0.15 27 °C < 32°C 

pCO2 2 11.55 5.77 0.81 0.45 0.05  

Temperature:pCO2 2 1.73 0.87 0.12 0.89 0.01  

Residuals 29 206.62 7.12     

SFA-C20:0 (arachidic 

acid) 

Incubation time 2 2.85 1.42 2.97 0.06 0.13  

Temperature 1 0.28 0.28 0.58 0.45 0.01  

pCO2  2 0.87 0.43 0.90 0.41 0.04  

Temperature:pCO2 2 1.64 0.82 1.71 0.19 0.08  

Residuals 41 19.68 0.48     

SFA-C22:0 (behenic 

acid) 

Incubation time 2 4.40 2.20 1.08 0.35 0.06  

Temperature 1 0.10 0.10 0.05 0.83 0.00  

pCO2 2 0.18 0.09 0.04 0.96 0.00  

Temperature:pCO2 2 1.49 0.75 0.37 0.70 0.02  

Residuals 36 73.49 2.04     

SFA-C24:0 (lignoceric 

acid) 

Incubation time 2 0.98 0.49 2.17 0.15 0.20  

Temperature 1 0.10 0.09 0.42 0.53 0.02  

pCO2 2 0.07 0.03 0.14 0.87 0.02  

Temperature:pCO2 2 0.12 0.06 0.27 0.77 0.03  

Residuals 17 3.86 0.23     

MUFA-C14:1ω5 

(myristoleic acid) 

Incubation time 2 2.76 1.38 2.48 0.10 0.11  

Temperature 1 0.01 0.01 0.02 0.88 0.00  

pCO2 2 0.24 0.12 0.22 0.81 0.01  
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Temperature:pCO2 2 2.22 1.11 1.99 0.15 0.09  

Residuals 42 23.41 0.56     

MUFA-C16:1ω9 

(palmitoleic acid) 

Incubation time 2 45.37 22.68 2.08 0.14 0.13  

Temperature 1 10.07 10.07 0.92 0.34 0.03  

pCO2 2 8.72 4.36 0.40 0.67 0.03  

Temperature:pCO2 2 50.79 25.39 2.33 0.12 0.14  

Residuals 29 316.00 10.90     

MUFA-C18:1ω9 (oleic 

acid) 

Incubation time 2 21.21 10.61 2.08 0.14 0.13  

Temperature 1 5.02 5.02 0.98 0.33 0.03  

pCO2 2 2.77 1.39 0.27 0.76 0.02  

Temperature:pCO2 2 23.24 11.62 2.27 0.12 0.14  

Residuals 29 148.27 5.11     

MUFA-C18:1ω7 

(vaccenic acid) 

Incubation time 2 6.50 3.24 0.37 0.69 0.02  

Temperature 1 13.20 13.20 1.51 0.23 0.04  

pCO2  2 1.00 0.52 0.06 0.94 0.00  

Temperature:pCO2 2 32.90 16.44 1.88 0.17 0.09  

Residuals 39 340.70 8.74     

MUFA-C20:1ω9 

(gondoic acid) 

Incubation time 2 3.61 1.80 0.54 0.59 0.03  

Temperature 1 1.74 1.74 0.52 0.48 0.02  

pCO2 2 4.54 2.27 0.68 0.51 0.04  

Temperature:pCO2 2 2.81 1.40 0.42 0.66 0.03  

Residuals 32 106.86 3.34     
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MUFA-C22:1ω9 

(erucic acid) 

Incubation time 2 0.76 0.38 0.96 0.39 0.04  

Temperature 1 0.24 0.24 0.59 0.45 0.01  

pCO2 2 0.46 0.23 0.58 0.56 0.03  

Temperature:pCO2 2 0.12 0.06 0.15 0.86 0.01  

Residuals 42 16.68 0.40     

PUFA-C18:2ω6 

(linoleic acid, LA) 

Incubation time 2 1.92 0.96 0.66 0.52 0.03  

Temperature 1 5.12 5.12 3.53 0.07 0.08  

pCO2 2 4.15 2.07 1.43 0.25 0.06  

Temperature:pCO2 2 5.27 2.64 1.82 0.17 0.08  

Residuals 42 60.88 1.45     

PUFA-C18:3ω3 (α-

linolenic acid, ALA) 

Incubation time 2 1.06 0.53 1.45 0.25 0.06  

Temperature 1 0.01 0.00 0.01 0.91 0.00  

pCO2 2 1.90 0.95 2.61 0.08 0.10  

Temperature:pCO2 2 1.78 0.89 2.45 0.10 0.10  

Residuals 45 16.42 0.36     

PUFA-C20:2ω6 

(eicosadienoic acid) 

Incubation time 2 1.36 0.68 1.17 0.32 0.05  

Temperature 1 0.63 0.63 1.08 0.31 0.03  

pCO2 2 0.75 0.37 0.64 0.53 0.03  

Temperature:pCO2 2 0.11 0.05 0.09 0.91 0.00  

Residuals 42 24.44 0.58     

PUFA-C20:4ω6 

(arachidonic acid, AA) 

Incubation time 2 0.04 0.02 0.01 0.99 0.00  

Temperature 1 1.01 1.01 0.47 0.50 0.01  
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pCO2 2 0.61 0.30 0.14 0.87 0.01  

Temperature:pCO2 2 0.39 0.19 0.09 0.91 0.00  

Residuals 43 91.50 2.13     

PUFA-C20:5ω3 

(eicosapentaenoic 

acid, EPA) 

Incubation time 2 90.70 45.35 3.45 0.05 0.19 day 90 < day 60 (Suppl. Table S4.4) 

Temperature 1 28.80 28.78 2.19 0.15 0.07  

pCO2 2 49.40 24.72 1.88 0.17 0.11  

Temperature:pCO2 2 83.10 41.53 3.16 0.06 0.18  

Residuals 29 380.70 13.13     

PUFA-C22:6ω3 

(docosahexaenoic 

acid, DHA) 

Incubation time 2 0.58 0.29 0.22 0.81 0.01  

Temperature 1 0.37 0.37 0.28 0.60 0.01  

pCO2 2 5.36 2.68 2.01 0.15 0.09  

Temperature:pCO2 2 1.03 0.51 0.39 0.68 0.02  

Residuals 40 53.42 1.34         

 Σω3:Σω6 

Incubation time 2 7.43 3.72 1.48 0.24 0.07  

Temperature 1 7.78 7.78 3.10 0.09 0.07  

pCO2 2 5.50 2.75 1.10 0.34 0.05  

Temperature:pCO2 2 1.21 0.61 0.24 0.78 0.01  

Residuals 41 102.85 2.51     

Enzyme 

activity 

 

 

 

Incubation time 2 0.01 0.01 27.96 0.00 0.27 day 30 > day 60, day 90 (Suppl. Table 

S4.4)  

Temperature 1 0.00 0.00 0.40 0.53 0.00 
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Ca-ATPase 

 

 
 

pCO2  2 0.00 0.00 4.02 0.02 0.05 1052 µatm < 455 µatm (Suppl. Table 

S4.4)  

Temperature:pCO2 2 0.00 0.00 6.01 0.00 0.07 27 °C : 455 µatm > 27 °C : 1052 µatm, 32 

°C : 1052 µatm (Suppl. Table S4.4)  

Residuals 151 0.03 0.00 
    

Mg-ATPase 

Incubation time 2 0.02 0.01 25.62 0.00 0.25 day 30 > day 60, day 90 (Suppl. Table 

S4.4) 

Temperature 1 0.00 0.00 1.68 0.20 0.01 
 

pCO2  2 0.00 0.00 3.92 0.02 0.05 1052 µatm < 455 µatm (Suppl. Table S4.4) 

Temperature:pCO2 2 0.00 0.00 7.75 0.00 0.09 27 °C : 455 µatm > 32 °C : 455 µatm, 27 °C 

: 1052 µatm, 32 °C : 1052; 27 °C : 2066 

µatm > 27 °C : 1052 µatm (Suppl. Table 

S4.4) 

Residuals 151 0.05 0.00      
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Table S4.3.  Summary of 2-way MANCOVA multifactorial analysis examining the effect of 

elevated temperature (27 °C, 32 °C) and pCO2 (455 µatm, 1052 µatm, 2066 µatm) 

on SFAs, MUFAs, and PUFAs of asterinid starfish A. yairi for 90 days of incubation 

time. Significant effects (p < 0.05) are in bold. 

Statistical Model: 2-way 

MANCOVA 
df Wilks Lambda approx. F num. df den df Pr (>F) 

SFAs 

Incubation time 2 0.00 14.98 12 2 0.06 

Temperature 1 0.00 365.87 6 1 0.04 

pCO2 2 0.00 15.74 12 2 0.06 

Temperature:pCO2 1 0.01 22.71 6 1 0.16 

Residuals 6 
     

MUFAs 

Incubation time 2 0.22 1.45 12 16 0.23 

Temperature 1 0.29 3.25 6 8 0.06 

pCO2 2 0.52 0.51 12 16 0.88 

Temperature:pCO2 2 0.54 0.47 12 16 0.91 

Residuals 13 
     

PUFAs 

Incubation time 2 0.51 1.35 12 40 0.23 

Temperature 1 0.66 1.71 6 20 0.17 

pCO2 2 0.41 1.85 12 40 0.07 

Temperature:pCO2 2 0.49 1.45 12 40 0.18 

Residuals 25           
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Table S4.4. Tukey HSD post hoc test results for the sole and interactive effects of temperature 

(27 °C and 32 °C) and pCO2 (455 µatm, 1052 µatm, and 2066 µatm) on the asterinid 

starfish A. yairi total lipid content (Table S4.1) for 90 days of incubation time. 

Significant effects (p ≤ 0.05) are in bold. 

 
Trait Trait component Condition diff. lwr. upr. padj 

Lipid 

content 
Total lipid 

Incubation time     

day 60 vs day 30 0.056 -0.047 0.159 0.390 

day 90 vs day 30 0.133 0.029 0.237 0.010 

day 90 vs day 60 0.077 -0.024 0.178 0.168 

Fatty 

acids 

SFA-C16:0 

(Palmitic acid) 

Incubation time     

day 60 vs day 30 1.946 -1.120 5.013 0.281 

day 90 vs day 30 -2.592 -5.814 0.630 0.136 

day 90 vs day 60 -4.538 -7.715 -1.361 0.004 

PUFA-C20:5ω3 

(Eicosapentaenoic 

acid, EPA) 

Incubation time     

day 60 vs day 30 -1.216 -4.599 2.166 0.652 

day 90 vs day 30 -4.043 -7.866 -0.220 0.037 

day 90 vs day 60 -2.826 -6.650 0.997 0.179 

Enzyme 

activity 
Ca-ATPase 

Incubation time     

day 60 vs day 30 -0.017 -0.023 -0.010 0.000 

day 90 vs day 30 -0.020 -0.027 -0.013 0.000 

day 90 vs day 60 -0.003 -0.010 0.003 0.471 

pCO2     

1052 µatm vs 455 µatm -0.008 -0.015 -0.001 0.020 

2066 µatm vs 455 µatm -0.002 -0.009 0.005 0.740 

2066 µatm vs 1052 µatm 0.006 -0.001 0.012 0.112 

Temperature*pCO2     

32 °C : 455 µatm vs 27 °C : 455 µatm -0.012 -0.024 0.001 0.081 

27 °C : 1052 µatm vs 27 °C : 455 µatm -0.022 -0.036 -0.007 0.000 

32 °C : 1052 µatm vs 27 °C : 455 µatm -0.012 -0.025 0.000 0.050 

27 °C : 2066 µatm vs 27 °C : 455 µatm -0.008 -0.023 0.006 0.519 

32 °C : 2066 µatm vs 27 °C : 455 µatm -0.010 -0.023 0.002 0.157 

27 °C : 1052 µatm vs 32 °C : 455 µatm -0.010 -0.023 0.002 0.196 

32 °C : 1052 µatm vs 32 °C : 455 µatm -0.001 -0.011 0.010 1.000 

27 °C : 2066 µatm vs 32 °C : 455 µatm 0.003 -0.009 0.016 0.976 

32 °C : 2066 µatm vs 32 °C : 455 µatm 0.001 -0.009 0.012 0.999 

32 °C : 1052 µatm vs 27 °C : 1052 µatm 0.009 -0.003 0.022 0.242 
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27 °C : 2066 µatm vs 27 °C : 1052 µatm 0.013 -0.001 0.027 0.085 

32 °C : 2066 µatm vs 27 °C : 1052 µatm 0.011 -0.001 0.024 0.087 

27 °C : 2066 µatm vs 32 °C : 1052 µatm 0.004 -0.008 0.016 0.947 

32 °C : 2066 µatm vs 32 °C : 1052 µatm 0.002 -0.008 0.012 0.993 

32 °C : 2066 µatm vs 27 °C : 2066 µatm -0.002 -0.014 0.010 0.998 

Mg-ATPase 

Incubation time     

day 60 vs day 30 -0.018 -0.026 -0.010 0.000 

day 90 vs day 30 -0.023 -0.031 -0.015 0.000 

day 90 vs day 60 -0.005 -0.013 0.003 0.296 

pCO2     

1052 µatm vs 455 µatm -0.009 -0.017 -0.001 0.026 

2066 µatm vs 455 µatm -0.002 -0.010 0.006 0.876 

2066 µatm vs 1052 µatm 0.007 -0.001 0.015 0.082 

Temperature*pCO2     

32 °C : 455 µatm vs 27 °C : 455 µatm -0.017 -0.032 -0.002 0.012 

27 °C : 1052 µatm vs 27 °C : 455 µatm -0.028 -0.044 -0.011 0.000 

32 °C : 1052 µatm vs 27 °C : 455 µatm -0.016 -0.031 -0.002 0.018 

27 °C : 2066 µatm vs 27 °C : 455 µatm -0.010 -0.027 0.007 0.497 

32 °C : 2066 µatm vs 27 °C : 455 µatm -0.014 -0.029 0.000 0.063 

27 °C : 1052 µatm vs 32 °C : 455 µatm -0.010 -0.025 0.005 0.345 

32 °C : 1052 µatm vs 32 °C : 455 µatm 0.001 -0.011 0.013 1.000 

27 °C : 2066 µatm vs 32 °C : 455 µatm 0.007 -0.008 0.022 0.745 

32 °C : 2066 µatm vs 32 °C : 455 µatm 0.003 -0.009 0.015 0.977 

32 °C : 1052 µatm vs 27 °C : 1052 µatm 0.011 -0.003 0.026 0.241 

27 °C : 2066 µatm vs 27 °C : 1052 µatm 0.017 0.000 0.034 0.040 

32 °C : 2066 µatm vs 27 °C : 1052 µatm 0.013 -0.001 0.028 0.092 

27 °C : 2066 µatm vs 32 °C : 1052 µatm 0.006 -0.008 0.021 0.828 

32 °C : 2066 µatm vs 32 °C : 1052 µatm 0.002 -0.010 0.014 0.994 

32 °C : 2066 µatm vs 27 °C : 2066 µatm -0.004 -0.018 0.011 0.972 
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Supplementary figure 

 

 

 
Figure S4.1.  Linear polynomial interpolation model for the total lipid content (mg g-1 DW) of 

A. yairi reared under different temperature levels (27 °C, 32 °C) and pCO2 

concentrations (455 µatm, 1052 µatm, and 2066 µatm) for up to 90 days of 

incubation time. Colored dots indicate the mean total lipid content in each 

treatment; n = 54. 
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Figure S4.2. Cont. 
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Figure S4.2. Cont. 
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Figure S4.2.  Fatty acids (FAs) composition of asteroid A. yairi exposed at different 

temperature levels (27 °C, 32 °C) and pCO2 concentrations (455 µatm, 1052 µatm, 

and 2066 µatm) for 90 days. (a) Saturated fatty acids (SFAs) composition of A. 

yairi, (b) Monounsaturated fatty acids (MUFAs) composition of A. yairi, (c) 

Polyunsaturated fatty acids (PUFAs) composition of A. yairi. Plots display group 

mean (black dots). Vertical dark-green bars denote 95% confidence intervals of 

FAs type values. The letters designate significant differences between 

treatments; n = 54. 
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Figure S4.3.  Linear polynomial interpolation model for the enzyme activity of starfish A. yairi 

reared under different temperature levels (27 °C, 32 °C) and pCO2 concentrations 

(455 µatm, 1052 µatm, and 2066 µatm) for 90 days of incubation time. (a) Ca-

ATPase (μmoles Pi mg protein–1 min–1), and (b) Ca-ATPase (μmoles Pi mg protein–

1 min–1). Colored dots indicate the mean effect on enzyme activity in each 

treatment; n = 54. 
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Chapter 5. General discussion 

 

 

Anthropogenic activities have exacerbated global ocean change, triggering the occurrence and 

intensification of multiple environmental stressors that pose significant challenges to marine 

organisms and ecosystems (Gissi et al., 2021; IPCC, 2022). These stressors, e.g., elevated 

temperatures, ocean acidification, ocean deoxygenation, salinity changes, plastic pollution, and 

coastal hypoxia (Dermawan et al., 2022; Stock et al., 2019); frequently coincide temporally, 

spatially, and ubiquitous (Halpern et al., 2015; Halpern et al., 2008). Consequently, there is a 

potential for shifts in species distributions, modified community structures, altered food web 

dynamics, and diminished ocean productivity (Doney et al., 2012; Hoegh-Guldberg & Bruno, 

2010; Pinsky et al., 2020). Therefore, to mitigate the deleterious effects of climate change, it is 

important to identify stressors that can impair ecosystem resilience. 

 

While the physiological responses of marine species to individual stressors are extensively 

studied (Leung et al., 2022; Venegas et al., 2023), the cumulative effects of multiple stressors 

are being continuously investigated (Gunderson et al., 2016; Simeoni et al., 2023). Despite 

organisms demonstrating relative resilience to individual stressors (Leung et al., 2019; Leung 

et al., 2022), the introduction of additional stressors can substantially complicate their 

responses due to potential interactions between stressors or their effects (Carrier-Belleau et 

al., 2021; Piggott et al., 2015; Ross et al., 2023). Consequently, experiments focusing on a single 

stressor may not adequately evaluate the sensitivity of organisms to complex environmental 

changes. Thus, comprehensive investigations involving multiple stressors are necessary for 

accurately measuring organism responses and predicting ecosystem dynamics in the face of 

climate change. The primary objective of this thesis was to enhance our comprehension of the 

collective effects exerted by multiple anthropogenic-caused stressors as sole or combined 

drivers on the physiochemical characteristics of small-size calcifying marine invertebrates, 

specifically, the asterinid starfish Aquilonastra yairi. Moreover, this thesis also aimed to acquire 

better insight into the future resilience probability of the species under intensification of OW 

and OA, their adaptive mechanisms, and potential ecological implications. These species were 

selected due to their important ecological contributions within ecosystems. Marine organisms 

living in neritic-intertidal zones are highly susceptible to rapid environmental fluctuations, 

which can induce physiological stress and alter physiochemical structure when intensity 
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thresholds are exceeded. It is hypothesized that neritic-intertidal-adapted animals exhibit a 

wider thermal window than oceanic-adapted animals. These physiological conditions allow 

them to tolerate short exposures to high temperatures, permitting intertidal organisms to 

conduct adaptive mechanisms to prevent a reduction of their biological performance (Somero, 

2002); however, they might undergo an energy dissipation linked to suboptimal metabolic 

functions (Ratcliffe et al., 1981). 

 

5.1. Temperature is a key driver affecting physiochemical functions of starfish 

Temperature has been recognized as a major physical environmental factor that stimulates 

various physiological and chemical modifications in marine animals related to organism-level 

biological performance, e.g., acclimatization and adaptation, fitness, survivability, and 

development (Kazmi et al., 2022; Nguyen et al., 2011) and is foremost a primary abiotic 

environmental factor limiting the spatial distribution of marine organisms in thermal-variable 

habitats (Root et al., 2003; Stuart-Smith et al., 2017). The mechanisms by which temperature 

alters physiochemical aspects of ectothermic organisms are complex and dependent on taxa, 

associated with phylogenies, ontogenies, thermal experiences, and geographical-ecology 

patterns (Bennett et al., 2021; Dahlke et al., 2020; Poloczanska et al., 2016). This present work 

showed that a temperature shift affects all physiochemical traits evaluated (Chapters 2, 3, and 

4); it was found to be the primary driver of alteration in the biomineralization, righting 

behavior, metabolic rate, FA-SFAs (as a sole factor), and enzyme activity (as a combined factor) 

of the starfish A. yairi. With increased temperature, the higher kinetic energy of biochemical 

reactions accelerates the rate of the metabolic process and also affects the structural and 

functional properties of biological macromolecules (i.e., lipid-FAs, protein, and carbohydrate) 

and enzymatic reaction, which subsequently alters the physiology and behavior (Angilletta Jr., 

2009; Hochachka & Somero, 2002). This robust temperature-specific control on physiological 

traits is also observed in other starfish species, e.g., Acanthaster cf. solaris (Lang et al., 2022), 

Parvulastra exigua  (Balogh & Byrne, 2020; McElroy et al., 2012), Echinaster (Othilia) 

graminicola (Ardor Bellucci & Smith, 2019), and Odontaster validus (Kidawa et al., 2010). 

 

Within the thermal tolerance range, the physiological response of starfish to elevated 

temperature appears as a causality and cascaded process. As temperature increases, A. yairi 

shows enhanced metabolic activity marked by increased O2 uptake. This metabolic 

upregulation may subsequently facilitate the acceleration of macromolecular breakdown (e.g., 
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lipid-FAs) through a series of oxidation-reduction reactions (aerobic metabolism pathway). This 

leads to ATP-synthetizing to sustain energetic supplies and is further distributed into internal 

physiochemical processes that demand higher amounts of energy. These processes act as 

thermoregulation mechanisms to maintain internal homeostasis (Hochachka & Somero, 2002) 

and are essential for sustaining starfish fitness and survivability. Besides, an energetic trade-off 

is also performed to keep the most crucial physiological processes retained properly (Chapter 

3), allowing the starfish to adapt to chronic conditions. Although the energetic trade-off is 

identifiable, the energetic basis of the trade-off is difficult to quantify (Applebaum et al., 2014). 

However, when the limit of the thermal tolerance range, i.e., the pejus temperature, is reached, 

the onset of reduction in O2 supplies to cells and tissues, indicates the initial threshold for 

thermal tolerance (Frederich & Portner, 2000). Under this condition, O2 saturation levels in the 

cellular fluids and tissue begin to decline, triggering a state of progressive hypoxia (Pörtner, 

2002). Subsequently, the capacity of ectothermic organisms for aerobic metabolism starts to 

decrease due to the failure in the ventilatory and circulatory systems as they have reached the 

capacity limits and, therefore, are unable to obtain adequate O2 (Dong et al., 2011; Frederich 

& Portner, 2000). As a result, the organism transitions into anaerobic metabolism despite 

sufficient O2 being available in the environment. The thermal tolerance also becomes more 

limited over time when animals switch to less efficient anaerobic metabolic pathways, which 

have a much lower ATP yield relative to aerobic scope, so that eventually, the physiological 

processes of the organism decline rapidly over time (Schulte, 2015; Schulte et al., 2011), 

resulting in organ malfunction and subsequent mortality. Nevertheless, the lowest mortality 

rate recorded in the present study (Chapter 3) suggests that the upper-temperature threshold 

of 32 °C applied in the present study is still within the thermal tolerance range for starfish A. 

yairi populations. 

 

The experimental results conducted within the framework of this thesis have also 

demonstrated that temperature as a sole stressor did not significantly affect some other 

physiochemical traits of the starfish, such as lipid, FA-MUFAs, FA-PUFAs, as well as Ca-ATPase 

and Mg-ATPase enzyme activities (Chapter 4). Hence, we hypothesize that the optimum 

temperature varies between each physiochemical trait; it may be related to the multiple 

performances – multiple optima (MPMO) theory posits that ectotherms have multiple and 

function-specific physiological thermal optima that contribute to an organism's fitness (Clark 

et al., 2013). Therefore, although an increase of +5 °C from ambient temperature significantly 
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affects behavior (e.g., righting behavior), it probably does not constitute the thermal optimum 

for other performances, such as enzyme activity. However, distinct results apply when a 

temperature stressor works as a joint stressor (i.e., OA), as explained in the following 

subchapters. 

 

5.2. Effect of ocean warming and acidification on physiology-related functions of the 

starfish and their ecological implication 

OA and OW as sole or combined factors produced varying impacts on the observed 

physiochemical traits in asterinid starfish. As a single factor, OW appears to have affected most 

aspects related to the physiology of the starfish (see Subchapter 5.1), while OA, as a single 

factor, had significant effects on its metabolic rate, calcification rate, and enzyme activities 

related to calcification. However, combined stressors were found to alter metabolic rate, 

calcification rate, and enzyme activities of the starfish. The present study demonstrated that 

the effects of OA act in an interactive manner with those of OW to modify the physiological 

traits of starfish. OA and OW effects worked in an additive fashion to elevate the metabolic 

rate (Chapter 3) and acted antagonistically on the calcification rate (Chapter 3) and enzyme 

activities (Chapter 4). Therefore, it is evident that the combined stressors have produced 

variability within the various physiochemical traits of the starfish. 

 

Simultaneous OA and OW exert concurrent stresses on marine animals, amplifying energy 

requirements to maintain basal physiological processes and acid-base homeostasis (Hu et al., 

2024; Kelley & Lunden, 2017; Lang et al., 2023). In response, asterinid starfish exhibit increased 

oxygen consumption rates (respiration rate, MO2), a proxy for organismal metabolism (Seibel & 

Drazen, 2007), suggested as an acclimatization mechanism to mitigate the adverse effects of 

these combined stressors on their physiochemical traits through increased energy provision; 

facilitating metabolism adjustments and shifts in energy pathways or energy trade-offs. 

Achieving this adaptive strategy via altered MO2 results in positive consequences for the 

biological performance of starfish. In particular, it contributes to very low mortality rates, a 

maintainable righting capability (behavioral response), and the preservation of calcification 

processes, although to a lesser extent relative to ambient settings (Chapter 3). Furthermore, 

increased MO2 combined with the ability of starfish to preserve their lipid-associated FAs 

content as energy sources are also instrumental in counteracting the effects of OA and OW, 

either as sole or interplay stressors. However, prolonged high-energy demands to maintain 
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biological performance under OA and OW stress, respectively, could result in deleterious 

outcomes, i.e., a reduction in energy availability for reproduction, growth, preservation of 

calcium carbonate skeletons, and a decrease in foraging ability (Appelhans et al., 2014; Hue et 

al., 2022; Kamya et al., 2014). Therefore, under OA and OW stressors, starfish prioritize 

energetic provision to regulate physiological processes associated with basal survivability 

instead of other physiological-related processes. Chapter 2 captures the following conditions: 

increased energy supplies do not indicate a favorable implication for starfish's skeletal 

structure, where skeletal degradation was observed in starfish exposed to elevated 

temperatures and pCO2. Weakened skeletal structures have severe consequences for growth, 

locomotion, and predator-prey interactions; thereby potentially altering population dynamics 

and community structure in the future (Byrne & Fitzer, 2019; Kroeker et al., 2014). Hence, 

energy surplus seems to become crucial for the fitness of marine animals in the near future 

oceans.  

 

The present work also highlights the importance of the preservation of lipid-FAs in coping with 

OA and OW stressors (Chapter 4); therefore, the availability of food sources in the environment 

that might bioconvert into lipid-FAs, which could subsequently synthesize to maintain an 

energy budget (i.e., the balance between energy income and energy expenditure, see (Davies 

& Hatcher, 1998), is crucial to sustain biological performance and becomes an essential variable 

to promote the adaptive capacity of starfish under chronic conditions (Mos et al., 2023; 

Pörtner, 2012). During treatment in the present study, the starfish population likely had 

adequate dietary supplies and was further utilized (in the form of energy) to maintain their 

basal biological performance. However, it is probable that over the longer run, where food 

availability in the surrounding environment becomes more limited, intra- and interspecies 

competition for foraging-feeding may yield modifications in the abundance, distribution, and 

community structure of starfish (Stuckless et al., 2023), potentially leading to cascading impacts 

on the food web dynamics. 

 

Linear-negative calcification rates were observed in starfish exposed to elevated pCO2 (Chapter 

3); consequently, the calcareous structure of the starfish became more fragile (Chapter 2). 

However, antagonistic interactive effects were recorded when starfish were exposed to high 

temperatures, allowing calcification to proceed, although at modest rates (Chapter 3). This 

suggests that starfish benefited from high temperatures to mitigate the negative effect of 
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decreasing pH on CaCO3 incorporation. It should be noted that the calcification process in 

marine animals is not driven exclusively by seawater carbonate chemistry (Roleda et al., 2012; 

Toyofuku et al., 2017), but it is also a product of physiological processes that involve energy 

assimilation-distribution and enzymatic activities (de Goeyse et al., 2021; Findlay et al., 2009; 

Killian & Wilt, 2008). This explains why, although pH and seawater saturation states (i.e., ΩAr 

and ΩCal) decrease under OA conditions, elevated temperatures accelerate the metabolic 

activities that may create the optimal alkaline state needed to precipitate CaCO3 minerals onto 

the calcification sites. However, increasing temperature leads to an increased Mg:Ca ratio 

(Chapter 2; Hermans et al. (2010); Morse et al. (1997). Consequently, increased Mg contents in 

starfish skeletons could potentially increase their susceptibility to dissolution under OA 

conditions due to high-MgCO3 being more soluble than calcite and aragonite (Dubois, 2014), 

hence high energetic expenditure is required to maintain calcified skeletons, which in turn 

compels energetic trade-offs with other physiological processes. Furthermore, Increased 

dissolution of the skeleton could impair the starfish's ability to preserve skeletal structure, 

which could further affect their locomotion function. Locomotion performance is regarded as 

an important feature for survival in the majority of starfish species since it determines 

individuals' capacity to forage, escape predators, disperse, and migrate (Meretta & Ventura, 

2021; Montgomery, 2014; Mueller et al., 2011). Thus, this trait can be used as an indicator of 

the functional integrity and fitness of the species.  

 

Studies assessing the effects of OA concurrent with OW on starfish species, in particular, are 

still sparse, hence making it challenging to draw comprehensive conclusions on starfish 

conditions under future ocean scenarios. Despite a number of studies reporting relatively 

similar results, a range of responses were found among species with different traits. These 

variations in response are probably due to the bioecological characteristics of the species and 

subsequent adaptive plasticity, as well as the magnitude and duration of stressor exposure. 

  



 

 
 

151 

Chapter 6. Conclusion and future research 

 

 

6.1. Conclusion 

Increases in GHG-CO2 since global industrialization have resulted in changes to the 

physicochemical structure of seawater, notably elevated sea surface temperatures (OW) and 

OA, with implications on micro-macroscale from altering marine organism's life performances 

and fitness to broad ecosystem functions and services. The physiochemical effects of OA and 

OW may be associated with the complex reorganization of cellular functions and molecular 

processes. Available evidence (see Subchapter 1.2) suggests that the concurrent effects of OA 

and OW may be more deleterious than the effects of individual stressors. However, organismal 

responses to abiotic stressors (i.e., OA and OW) are complex and variable, highly dependent on 

multiple factors, i.e., intensity and combination of stressors, taxa, individual compensatory 

regulation, organism life history, and biological complexity level; making it difficult to predict 

the stressor effects on a particular species. Therefore, using various bioindicators to evaluate 

the effects of stressors provides a comprehensive framework to quantify and predict the 

magnitude, direction, or manner in which stressors affect the organism's functional and 

ecosystem function. Furthermore, the effects of elevated ocean temperatures and CO2 on 

keystone species and ecosystem engineers (e.g., starfish; see Subchapter 1.4) are of particular 

concern due to the possibility of disrupting and compromising entire communities. This study 

contributes to the ongoing discussion over the potential role of physiochemistry on marine 

ectotherms, especially echinoderm starfish, as coping mechanisms in response to rapid 

environmental stress. The studies reported in this thesis represent the first research 

investigating the effects of global ocean change on biomineralization and physiological traits 

through long-term experiments using small and cryptic asternid starfish species found in 

tropical to subtropical regions (Chapter 1).  

 

This thesis revealed that the response of asterinid starfish A. yairi to increased temperature 

and pCO2 largely relies on their capacity to perform adaptive adjustments, in terms of 

physiological-related functions or behavioral activities, to these chronic environments (Table 

6.1). The key findings of the effects of global ocean change (OA and OW, sole or combined 

stressors) on asterinid starfish in the present study ranged from population to cellular scales 

(Figure 6.1), with potential interactive results in several observational variables. This study 
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found that temperature is the main factor regulating starfish physiological activity, relative to 

OA, where increased pCO2 concentration in conjunction with elevated temperature interacts 

synergistically or antagonistically, depending on the physiologically-related traits of the starfish 

(Chapter 5). However, starfish seem to harbor adaptive mechanisms that allow them to cope 

with environmental stress; in the manner of energetic trade-offs and homeostatic pathways, 

thus allowing them to endure chronic environmental conditions (Chapter 5). 

 

Organismal mortality is a downstream aspect of health that might precede bio-physiological 

deterioration and dysregulation. The asterinid starfish population studied displayed high 

resilience to increased intensity of OA and OW (sole or combined stressors) in the scope of 

survivability (Chapter 3); indicated by low mortality rates (even null at 27 °C temperature 

treatment groups) throughout 90 days of experimental period and therefore, suggesting high 

homeostatic capacities. The asterinids were capable of regulating physiological function and 

utilizing energetic trade-off mechanisms to maintain their fitness (Chapter 3) and routine 

metabolic biosynthesis (Chapter 4) under sustained elevated temperature and hypercapnic 

conditions. Moreover, increased metabolic rate in the starfish was interpreted as a strategy for 

sustaining energy supplies to control starfish homeostatic mechanisms, including regulation of 

cellular acid-base to prevent acidosis and maintain neuromuscular functions involved in 

behavioral activities (e.g., righting response) under chronic events. 

 

This thesis provides the first study to measure the calcification rate in starfish species, either at 

ambient condition or under elevated temperature and hypercapnia regimes (Chapter 3). At 

ambient temperature (27 °C), the net calcification rate of starfish under reduced pH level 

(increased pCO2 concentration) exhibited a negative-threshold curve (Chapter 3; Figure 3.3). 

However, our findings suggest that increased temperature mitigates the negative effects of OA 

on calcification performance of the starfish. Antagonistic interactive responses to decreased 

pH and increased temperature result in a stable-low net calcification rate trend (Chapter 3; 

Figure 3.3); starfish may continue to sustain a minimum net calcification under chronic 

conditions. Nevertheless, increasing temperature, on the other side, promotes more Mg2+ to 

incorporate into the calcite lattice, which then transforms into high magnesium calcite (HMC; 

>4 mol% MgCO3). HMC is recognized to be more soluble and thermodynamically metastable 

than low magnesium calcite (LMC) and aragonite; hence, it might make the skeleton more 

susceptible to dissolution with potential implications on skeletal robustness, rigidity, and 
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function (Chapter 2). Subsequently, weakened starfish skeleton due to OA and OW could hold 

detrimental consequences for starfish locomotion, predator defense, and overall fitness, which 

has potentially broad implications on benthic community structure. 

 

Table 6.1. Overview of the effect of pCO2, temperature, and combined stressors on the 

physiochemical traits of asterinid starfish A. yairi. Arrows (↑↓) indicate the 

significance and direction of response to elevated stressor levels; (↔) denotes 

combined stressors acting in a significant and interactive fashion to affect the 

traits; (‒) implies no significant effect was measured, and (‡) indicates an effect of 

stressor was observed.  

 

Scale Physiochemical trait 

Environmental stressor effect 

pCO2 Temperature 
pCO2 * 

Temperature 

Population-level Survivability (mortality rate) ‒ ‒ ‒ 

Cellular-level 

Biomineralization 

Mg/Ca ratio ‒ ↑ ‒ 

Sr/Ca ratio ‒ ‒ ‒ 

Mgnorm ‒ ↑ ‒ 

Srnorm ‒ ‒ ‒ 

Canorm ‒ ‒ ‒ 

Skeleton 

structure 
‡ ‡ ‡ 

Calcification 

rate 
↓ ‒ ↔ 

Metabolic rate  ↑ ↑ ↔ 

Righting behavior  ‒ ↑ ‒ 

Lipid Total lipid ‒ ‒ ‒ 

Fatty acid 

SFAs ‒ ↑ ‒ 

MUFAs ‒ ‒ ‒ 

PUFAs ‒ ‒ ‒ 

Enzyme activities 
Mg-ATPase  ↓ ‒ ↔ 

Ca-ATPase ↓ ‒ ↔ 
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In the present study, intracellular effects of OA and OW were examined at multiple levels of 

biological micro-components (e.g., lipid and enzyme) to determine molecular mechanisms 

potentially involved in the acclimatization process to chronic conditions. The present studies 

revealed that combined effects of increased temperature and pCO2 have not significantly 

modified lipid-associated biochemistry (e.g., total lipid content and FAs profile) of starfish, 

potentially enabling them to cope with near-future ocean acidification and warming scenarios. 

Starfish can maintain the amounts and states of lipid-FAs; thus, their functions as energy 

storage, providing cell insulation (i.e., thermal and electrical insulation for proper cell function), 

and contributing to membrane structure can be sustained under chronic conditions (Chapter 

4). However, temperature as a sole factor was found to alter the amount of SFAs, which then 

translated as a homeoviscous adaptive mechanism to maintain membrane stability and 

viscosity; serves to mitigate the impact of decreased internal cell pH resulting from OA. 

Interestingly, in contrast to lipid-biochemistry, Ca-ATPase and Mg-ATPase enzyme activities 

were significantly affected by combined temperature and pCO2. Both Ca-ATPase and Mg-

ATPase enzyme activities showed a positive parabolic response at 27 °C with increasing pCO2, 

but enzyme activities remained stable at 32 °C with increasing pCO2 concentration. These 

enzyme activity characteristics are identical to the calcification patterns of starfish (Chapter 3), 

indicating a robust correlation between Ca-ATPase and Mg-ATPase enzyme activities and the 

calcification process on asteroids under OA and OW environments. Therefore, the apparent 

sensitivity of Ca-ATPase and Mg-ATPase activities to pCO2/pH changes raises concerns about 

potential vulnerabilities in skeletal development and preservation. These enzymes play an 

important role in Ca2+ and Mg2+ transport, which are essential for biomineralization. Changes 

in their activities under combined stressors indicate potential compromises in skeletal integrity, 

which is consistent with observations reported in Chapter 2 (e.g., skeletal degradation). 

 

Investigating the multifaceted impacts of global ocean change on marine organisms requires a 

comprehensive research approach. By encompassing diverse biological, chemical, and physical 

parameters; such investigations may provide a more detailed understanding of organismal 

responses at different levels of organization. Elucidating the physiological and chemical 

responses of bioindicator species, such as the asterinid starfish, to combined stressors OA and 

OW is crucial. This knowledge can inform predictions of their resilience, potential ecological 

impact within their predominant intertidal habitat, and broader ecosystem implications. 

Understanding the mechanisms underlying their response to elevated pCO2 concentrations 
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(hypercapnia) and rising temperatures will not only explain the starfish's adaptation potential 

but also elucidate cascading effects on broader ecosystem dynamics. 

 

6.2. Potential further research 

This section outlines and explores potential future studies in order to address the research gaps 

identified in the present study. The present research has highlighted that the upcoming global 

ocean change has various consequences on the physiological and mineralogical traits of 

asterinid starfish, from altered skeletal mineralogy and reduced enzyme activity to no 

significant effect on survivability and lipid biosynthesis of starfish A. yairi. It is important to note 

that the effects of OA and OW (as sole or combined stressors) on the tested traits appear 

complex and variable, subject to the specific traits and stress response mechanisms regulated 

by the starfish. The organism's stress response involves a range of physiological, biochemical, 

and molecular processes that aim to maintain internal homeostasis and mitigate the adverse 

effects of environmental challenges. This adaptive mechanism often includes the activation of 

specific genes, stress protein synthesis, immune function, antioxidant responses, and 

alterations in metabolic pathways to ensure the organism's survival and functionality under 

adverse conditions (Chevin & Hoffmann, 2017; Migliaccio et al., 2019; Simonetti et al., 2022; 

Wilson & Matschinsky, 2021). Therefore, a further integrated investigation into the 

physiochemical instruments of starfish to cope with environmental threats in a broader scope, 

ranging from genetic expression to cellular defense mechanisms, is needed to develop a 

comprehensive understanding of specific or combination mechanisms that might be applied in 

response to multiple and complex environmental stressors.  

 

While this study is concerned with the effect of two major ocean changes in the future, i.e., OA 

and OW, it is important to highlight that several abiotic factors are projected to contribute to 

deteriorating future marine ecosystems and biodiversity, including oxygen depletion 

(deoxygenation) (Deutsch et al., 2023), salinity changes (Rothig et al., 2023), increasing nutrient 

loading (related to eutrophication) (Wåhlström et al., 2020), and ocean debris and pollution 

(e.g., plastic debris, chemicals) (Cabral et al., 2019; Thushari & Senevirathna, 2020) may interact 

synergistically with OA and OW to have negative effects on the life performances of marine 

organisms (O’Brien et al., 2023; Przeslawski et al., 2015). It is therefore important to examine 

the potential interactive effect of OW and OA, with other environmental change metrics, on 

biophysiochemical critical threshold points. This might be particularly important in the context 
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of resilience to thermal and hypercapnia stresses compromised by additional exposure to 

hypoxia, salinity changes, or the pollutant load. Furthermore, previous research has indicated 

that the adverse effect of combined OA and OW on physiochemical aspects of marine animals 

becomes more pronounced in the presence of additional environmental stressors, e.g., hypoxia 

(Bernhard et al., 2021; Khan et al., 2021; Khan et al., 2020), salinity shifts (Cole et al., 2016; Ko 

et al., 2014), and pollutant (Baag & Mandal, 2023), which emphasizes the importance of 

incorporating multifactorial stressor methods in ecophysiology studies.  

 

Early life stages (i.e., embryo, larvae, juveniles, and asexual fissiparous new individuals) are the 

most critical phase in the development and survival of echinoderm; therefore, the toxicity 

assay and abiotic stressor effects assessment are mainly focused on echinoderm 

gametogenesis and larval development (Bay et al., 1993; Przeslawski et al., 2015). Previous 

studies suggested that OA and OW are known to exert more significant detrimental effects on 

early life versus adult stages in echinoderm species (Bednaršek et al., 2021; Byrne & Hernández, 

2020; Byrne & Przeslawski, 2013; Leung et al., 2022). As an implication, adaptive potential 

capacity in early life stages may determine organisms' sustainability and ecological function 

within an ecosystem. These crucial characteristics suggest the importance of examining the 

effects of multi-stressors on earlier life stages of starfish, which this present study did not 

address. Moreover, the effects of environmental stressors during early development may 

influence the life performances of mature species through potential carryover. Carryover 

effects (or latent effects) arise when the performance or experience of one life history phase 

exerts a positive or negative influence on subsequent life history stage performance (Pechenik, 

2006), typically carried from larval to juvenile stages and/or from juvenile to adult stages; thus, 

has potential to confer and enhance resilience under stressed environmental conditions to 

subsequent lifespans (Parker et al., 2015). 

 

Furthermore, future investigations might focus on exploring the potential of transgenerational 

effects, examining the capacity and pace of starfish to perform adaptive plasticity (acclimate 

and adapt) under environmental perturbations across generations. The transgenerational 

response emerges via nongenetic or epigenetic processes in the parental lifespan, whereby 

environmental conditions experienced by the parental generation will influence the phenotypic 

traits of the offspring generation (Mousseau & Fox, 1998). This mechanism, therefore, becomes 

critical in providing stressor tolerance in the context of global ocean change (Donelson et al., 
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2018). Subsequently, in future research, omics-based approaches (e.g., proteomics, 

transcriptomics, metabolomics, and epigenomics) linked to transgenerational exposure are key 

to understanding the potential impacts of rapid climate change, including OA and other abiotic 

environmental stressors on starfish. 

 

Comprehending how ocean climate change affects the physiochemistry of marine organisms 

provides insights into predictions and mitigations of the impacts of this anthropogenic-induced 

stressor on ecosystem functions and services. Using multiple taxa and bioindicator/biomarker 

species, paired with varied analytical approaches, is crucial for evaluating the effects. 

Therefore, studies on starfish hold significant implications for understanding complex and 

interconnected threats posed by climate change in the marine environment. Furthermore, 

investigating the physiochemical responses of starfish to OA and OW has significant 

implications beyond studying this specific taxon. As an important ecological component of 

coastal-coral reef ecosystems, understanding the mechanisms by which starfish respond to 

environmental stressors reflects potential implications for entire ecological communities. 

Physiochemical adjustments starfish use to mitigate the impacts of OA and OW offers insights 

into the potential vulnerabilities and resilience of other marine invertebrates, particularly 

ectothermic species that share similar physiologic pathways in maintaining homeostasis and 

responding to environmental stresses. Although the effects of OA and OW are species-specific, 

however, starfish robustness to the OA and OW in some physiochemical traits might mirror the 

resilience of intertidal animals in other taxa to climate change. Comparative approaches 

provide insight into mechanisms underlying responses of organisms across different taxonomic 

groups, which is essential for predicting broader implications on marine biodiversity and 

ecosystems. 
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Munawar Khalil has also authored and co-authored journal articles which are not related to 

this doctoral study (2020-2024): 

1.  Dayrat, B., Goulding, T. C., Apte, D., Aslam, S., Bourke, A., Comendador, J., Khalil, M., Ngo, 

X. Q., Tan, S. K., & Tan, S. H. (2020). Systematic revision of the genus Peronia Fleming, 1822 

(Gastropoda, Euthyneura, Pulmonata, Onchidiidae). Zookeys, 972, 1-224. 

https://doi.org/10.3897/zookeys.972.52853. 

     Abstract.  The genus Peronia Fleming, 1822 includes all the onchidiid slugs with dorsal 

gills. Its taxonomy is revised for the first time based on a large collection of fresh 

material from the entire Indo-West Pacific, from South Africa to Hawaii. Nine species 

are supported by mitochondrial (COI and 16S) and nuclear (ITS2 and 28S) sequences as 

well as comparative anatomy. All types available were examined and the nomenclatural 

status of each existing name in the genus is addressed. Of 31 Peronia species-group 

names available, 27 are regarded as invalid (twenty-one synonyms, sixteen of which are 

new, five nomina dubia, and one homonym), and four as valid: Peronia peronii (Cuvier, 

1804), Peronia verruculata (Cuvier, 1830), Peronia platei (Hoffmann, 1928), and Peronia 

madagascariensis (Labbé, 1934a). Five new species names are created: P. griffithsi 

Dayrat & Goulding, sp. nov., P. okinawensis Dayrat & Goulding, sp. nov., P. setoensis 

Dayrat & Goulding, sp. nov., P. sydneyensis Dayrat & Goulding, sp. nov., and P. willani 

Dayrat & Goulding, sp. nov. Peronia species are cryptic externally but can be 

distinguished using internal characters, with the exception of P. platei and P. setoensis. 

The anatomy of most species is described in detail here for the first time. All the 

secondary literature is commented on and historical specimens from museum 

collections were also examined to better establish species distributions. The genus 

Peronia includes two species that are widespread across the Indo-West Pacific (P. 

verruculata and P. peronii) as well as endemic species: P. okinawensis and P. setoensis 

are endemic to Japan, and P. willani is endemic to Northern Territory, Australia. Many 

new geographical records are provided, as well as a key to the species using 

morphological traits. 

Keywords: Biodiversity, Coral Triangle, Indo-West Pacific, integrative taxonomy, 

mangrove, South-East Asia  
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2. Goulding, T. C., Bourke, A. J., Comendador, J., Khalil, M., Quang, N. X., Tan, S. H., Tan, S. K., 

& Dayrat, B. (2021). Systematic revision of Platevindex Baker, 1938 (Gastropoda: 

Euthyneura: Onchidiidae). European Journal of Taxonomy, 737, 1-133. 

https://doi.org/10.5852/ejt.2021.737.1259. 

  Abstract. In the Indo-West Pacific, intertidal slugs of the genus Platevindex Baker, 1938 

are common in mangrove forests, where they typically live on the roots and trunks of 

mangrove trees. These slugs are easily distinguished from most onchidiids by their hard 

notum and narrow foot, but despite their large size and abundance, species diversity 

and geographic distributions have remained a mystery. With the aid of new collections 

from across the entire Indo-West Pacific, the taxonomy of Platevindex is revised using 

an integrative approach (natural history field observations, re-examination of type 

specimens, mitochondrial and nuclear DNA sequences, and comparative anatomy). In 

this monograph, nine species of Platevindex are recognized, including one new to 

science: P. amboinae (Plate, 1893), P. applanatus (Simroth, 1920) comb. nov., P. aptei 

Goulding & Dayrat sp. nov., P. burnupi (Collinge, 1902) comb. nov., P. coriaceus 

(Semper, 1880), P. latus (Plate, 1893), P. luteus (Semper, 1880), P. martensi (Plate, 

1893) and P. tigrinus (Stoliczka, 1869) comb. nov. Five species names are recognized as 

junior synonyms, four of which are new, and two Platevindex names are regarded as 

nomina dubia. One new subspecies is also recognized: P. coriaceus darwinensis 

Goulding & Dayrat subsp. nov. Most species were previously known only from the type 

material and many new geographic records are provided across the Indo-West Pacific, 

from South Africa to the West Pacific (Japan, New Ireland and New Caledonia). 

Keywords: Biodiversity, Indo-West Pacific, integrative taxonomy, revisionary 

systematics, South-East Asia 
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3. Khalil, M., Ezraneti, R., Rusydi, R., Yasin, Z., and Tan, S. H. (2021). Biometric relationship 

of Tegillarca granosa (Bivalvia: Arcidae) from the Northern Region of the Strait of 

Malacca. Ocean Science Journal, 56(2), 156-166. https://doi.org/10.1007/s12601-021-

00019-x. 

  Abstract. This study on the growth pattern of the blood cockle Tegillarca granosa focused 

on the aspects of biometric prints on the shell, which aimed to predict the growth of the 

T. granosa population in the northern region of Malacca Strait. The local sample 

populations of the cockle were collected in three different intertidal areas called 

Lhokseumawe and Banda Aceh in Indonesia and Pulau Pinang in Malaysia. The biometric 

analysis showed that the length–weight relationship model of T. granosa populations in 

this region indicated that the cockle population generally had a negative allometric 

growth pattern (b < 3) or that shell length is more dominant compared to shell weight. 

Therefore, the result showed that the growth performance of T. granosa was not ideal, 

and the highest b value (the coefficient of biometric relationship) was recorded in 

Lhokseumawe, followed by Banda Aceh and Pulau Pinang. The value of the coefficient b 

could be affected by various factors such as environmental conditions, adaptation, and 

dietary patterns. Cluster analysis revealed that the population of T. granosa from the 

northern region of the Strait of Malacca was divided into two clusters, which were T. 

granosa from the northern Strait of Malacca (Banda Aceh and Lhokseumawe in 

Indonesia) and T. granosa from the Western Strait of Malacca (Pulau Pinang in Malaysia). 

The factors that might cause the differences in the biometric component of both clusters 

were at the geographical level on the source of population and local environmental 

parameters. 

Keywords: Blood cockle, Bivalvia, Morphometric, Growth model, Malacca Strait 
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4. Goulding, T. C., Khalil, M., Tan, S. H., Cumming, R. A., & Dayrat, B. (2022). Global 

diversification and evolutionary history of onchidiid slugs (Gastropoda, Pulmonata). 

Molecular Phylogenetics and Evolution, 168, 107360. 

https://doi.org/10.1016/j.ympev.2021.107360. 

Abstract. Many marine species are specialized to specific parts of a habitat. In a 

mangrove forest, for instance, species may be restricted to the mud surface, the roots 

and trunks of mangrove trees, or rotting logs, which can be regarded as distinct 

microhabitats. Shifts to new microhabitats may be an important driver of sympatric 

speciation. However, the evolutionary history of these shifts is still poorly understood 

in most groups of marine organisms, because it requires a well-supported phylogeny 

with relatively complete taxon sampling. Onchidiid slugs are an ideal case study for the 

evolutionary history of habitat and microhabitat shifts because onchidiid species are 

specialized to different tidal zones and microhabitats in mangrove forests and rocky 

shores, and the taxonomy of the family in the Indo-West Pacific has been recently 

revised in a series of monographs. Here, DNA sequences for onchidiid species from the 

North and East Pacific, the Caribbean, and the Atlantic are used to reconstruct 

phylogenetic relationships among Onchidella species, and are combined with new data 

for Indo-West Pacific species to reconstruct a global phylogeny of the family. The 

phylogenetic relationships of onchidiid slugs are reconstructed based on three 

mitochondrial markers (COI, 12S, 16S) and three nuclear markers (28S, ITS2, H3) and 

nearly complete taxon sampling (all 13 genera and 62 of the 67 species). The highly-

supported phylogeny presented here suggests that ancestral onchidiids most likely 

lived in the rocky intertidal, and that a lineage restricted to the tropical Indo-West 

Pacific colonized new habitats, including mudflats, mangrove forests, and high-

elevation rainforests. Many onchidiid species in the Indo-West Pacific diverged during 

the Miocene, around the same time that a high diversity of mangrove plants appears in 

the fossil record, while divergence among Onchidella species occurred earlier, likely 

beginning in the Eocene. It is demonstrated that ecological specialization to 

microhabitats underlies the divergence between onchidiid genera, as well as the 

diversification through sympatric speciation in the genera Wallaconchis and 

Platevindex. The geographic distributions of onchidiid species also indicate that 

allopatric speciation played a key role in the diversification of several genera, especially 

Onchidella and Peronia. The evolutionary history of several morphological traits (penial 
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gland, rectal gland, dorsal eyes, intestinal loops) is examined in relation to habitat and 

microhabitat evolutionary transitions and that the rectal gland of onchidiids is an 

adaptation to high intertidal and terrestrial habitats. 

Keywords: Biogeography, Divergence time, Ecological speciation, Habitat transition, 

Mangroves, Rocky intertidal 
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