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The challenge of securing future food production for aquaculture species 

under environmental change: enhancing physiological performance under 

environmental stress 

 

Ahmed Salama Ali Abbas 

 

Abstract 

 

Rising sea surface temperatures and ocean acidification present profound challenges for 

many marine species, leading to cascading effects on ecosystem functionality and food 

security. Phenotypic plasticity is anticipated to play a key role in helping marine ectotherms 

maintain performance and acclimate to changes in these global environmental drivers. 

However, our understanding of phenotypic plasticity in the context of climate change is 

largely based on short-term studies, with limited ecological relevance, which often 

overlook some important response modifiers such as environmental context, exposure 

nature, reproductive modes, and potential trade-offs between fitness components. As a 

result, the full potential for marine ectotherms to exhibit physiological acclimation within 

and across generations remains not well understood. This thesis addresses this knowledge 

gap by investigating the extent of physiological plasticity in key intertidal species, which 

are crucial for both ecological and commercial purposes, considering such response 

modifiers. Different species are exposed to ocean warming (OW) and/or ocean 

acidification (OA) across various life-cycle stages. I first characterize metabolic plasticity in 

adult intertidal gastropods after exposure to OW and OA, exploring the effects of exposure 

length (over 12 months) and seasonal dynamics on metabolic responses (Chapter 2). I then 

assess the cost of thermal acclimation in adults of two gastropods with different 

reproductive modes, examining the potential trade-off between scope for growth (SfG), 

reproduction, and survival in relation to reproductive mode and the magnitude of 

temperature change (Chapter 3). I also compare the effects of two thermal regimes 

different in their nature (repeated heat shocks vs chronic warming) on thermal tolerance 

and performance in adults of a commercial gastropod, characterizing differences in 

condition index and thermal performance and tolerance traits (Chapter 4). Lastly, I 

evaluate the effects of exposing parents of a commercially important gastropod to these 
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thermal regimes (applied in Chapter 4) on offspring thermal performance developed under 

two temperatures (15 °C or 20 °C), exploring the potential for parental effects and/or 

developmental plasticity (Chapter 5). My findings reveal several important insights. Firstly, 

the interactive effects of OW and OA on metabolism of gastropods were observed only 

after 6 months of exposure under summer conditions, with species-specific responses. 

Metabolic changes were intricately linked to how species respond to seasonal 

environmental fluctuations, either exacerbating or mitigating the consequences of 

stressors. Secondly, a trade-off between SfG, reproduction, and survival during thermal 

acclimation was observed, where the pattern was dependent on temperature change 

magnitude and reproductive mode. Thirdly, the nature of the thermal regime influenced 

adult responses as, while both thermal regimes (repeated heat shocks or chronic warming) 

resulted in higher thermal tolerance compared with control, differences in the measured 

traits indicated different mechanisms were at play, and differences in the overall cost of 

exposure. Finally, chronically warmed parents showed an increase in maternal 

provisioning, however reduced hatching success, larval development, and overall 

performance regardless of developmental conditions. Conversely, heat-hardened parents 

produced eggs of a smaller average size, yet they exhibited comparable hatching success 

to control parents. When compared to offspring from control parents, those from heat-

hardened parents demonstrated heightened overall physiological performance under 

warm developmental conditions across stages. Overall, my results provide valuable insights 

for understanding the capacity for physiological acclimation within and across generations 

of important mollusc species, with promising effects of heat hardening on thermal 

performance in both parents and their offspring. This knowledge is paramount for better 

conservation and commercial sustainability management of our marine resources under 

predicted climate change scenarios. 
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parents and their offspring in influencing the parental effects responses in the context of 

climate change. I end up with thesis aim, objectives, and model species. 

 

1.2 Reversible plasticity under climate change 

 

The impacts of environmental change on organisms ultimately hinge on their ability to 

adjust key physiological traits, thereby facilitating performance and long-term persistence. 

Phenotypic plasticity can lead to adaptive changes in physiological traits of marine animals 

within a generation, enhancing their resilience to environmental stressors (Dong et al., 

2021; Collins et al., 2023). This physiological plasticity in response to environmental 

changes has been documented to result in short-lived positive effects on performance 

traits, such as metabolism (Seebacher et al., 2015). However, the long-term fitness changes 

associated with this plasticity are often inferred rather than directly measured (Huey and 

Berrigan 1996; Einum, 2019). Physiological plasticity demands an expenditure of energy to 

activate adjustment mechanisms under stress (Kühnhold et al., 2017, 2019). These 

adjustments result in energy reallocation (Sokolova et al., 2012), leading to potential trade-

offs among various fitness components (Mardones et al., 2021). While physiological 

plasticity is crucial for short-term survival, understanding the associated fitness changes 

(benefits/costs) of an observed trait plasticity becomes pivotal for a more comprehensive 

estimation of an animal's capacity for acclimation in the long-term in response to different 

environmental stressors.  

 

1.2.1 Responses to elevated temperatures  

 

The thermal tolerance window of marine animals, defined as a performance range 

encompassing optimal and suboptimal zones, is commonly expressed as a performance 

breadth (Fry, 1971). Outside an optimal zone, physiological performance is negatively 

affected, with animals entering tolerance ranges, where stress resistance mechanisms are 

activated (Sokolova et al., 2012; Sokolova, 2021). Consequently, marine species under OW 

are prone to experiencing negative physiological consequences, exhibiting greater 

vulnerability compared to terrestrial species (Pinsky et al., 2019). A recent review, 

encompassing 421 studies conducted over three decades investigating the impact of OW 



18 
 

on marine organisms, revealed that 78.8 % of studies reported negative effects on 

physiology, life cycle, dispersal, reproduction, and/or survival, with invertebrates exhibiting 

the highest frequency of negative effects (Venegas et al., 2023). 

 

The upper thermal tolerance limits of marine ectotherms exhibit a strong correlation with 

their habitat temperature. Populations in warmer environments generally possess greater 

thermal tolerance than those in colder regions (Sorte et al., 2011; Linares et al., 2013; Reed 

& Thatje, 2015). For example, tropical species, tend to be more heat-tolerant than 

temperate species (Somero, 2010; Gleason & Burton, 2013), suggesting thermal 

adaptation to habitat conditions among marine species. In the tropics, adaptation to stable 

thermal environments often leads to narrow thermal windows, along with limited capacity 

for thermal acclimation (Morley et al., 2017; Madeira et al., 2018 b; Armstrong et al., 2019). 

Consequently, many tropical marine species already live near their upper thermal limits 

(e.g., Mortensen & Dunphy, 2016) and may therefore be vulnerable to ocean warming 

(OW). This is also the case for some species inhabiting the upper shore in the high intertidal, 

where ectotherms regularly experience thermal extremes, and have narrow thermal safety 

margins (Stillman, 2003; Somero, 2010).  

 

Marine animals with wide thermal windows, can also adjust their physiology in response 

to climate change stressors, demonstrating buffering plastic responses that enhance their 

resilience and survival (Pörtner and Farrell, 2008). This physiological plasticity enables 

them to acclimate to new thermal environments. Indeed, many marine ectotherms have 

demonstrated significant potential for thermal acclimation, leading to increased thermal 

tolerance and performance limits. These organisms can adjust their physiological 

responses, reducing sensitivity to thermal stress and increasing their critical thermal 

maximum (Dong et al., 2021; Leeuwis & Gamperl, 2022; Collins et al., 2023). This plasticity 

is reversible, aiding animals in quickly restoring performance at a certain temperature 

(Seebacher et al., 2015; Brahim et al., 2019). Additionally, acclimation to different 

temperatures has been shown to induce differential shifts in thermal performance curves, 

enhancing various thermal physiological traits (Seebacher & Little, 2021; Dwane et al., 

2023). Nevertheless, the capacity for acclimation varies significantly among species and is 

contingent upon their unique physiological limits, ecological traits, and habitat conditions 
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temperature rarely operates in isolation. Indeed, marine animals inhabit environments 

characterized by multiple stressors, where they face challenges that extend beyond 

elevated temperatures. Recognizing this complexity, studies on multiple stressors 

endeavour to capture the intricate interplay, striving for heightened ecological realism. 

This approach proves essential as the repercussions of a single stressor can trigger 

physiological adaptations that shape the organism's response to additional stressors 

(Todgham and Stillman, 2013; Gunderson et al., 2016). The effects of combinations of 

stressors have been widely studied under laboratory conditions, with less studies available 

in the field (Collins et al, 2023). In the marine environment, elevations in sea water 

temperatures are often associated with concomitant decreases in pH (OA) and oxygen, so 

that OW, hypoxia and OA have been referred to as the deadly trio (Sampaio & Rosa, 2020). 

Here, I focus on the combination of OA and OW. The physiological responses of marine 

ectotherms exhibit high variability to OW (Venegas et al., 2023) and OA (Figuerola et al., 

2021) when studied in isolation. These stressors produce additive, antagonistic, or 

synergistic interactions across various taxa when co-occurring (Schalkhausser et al., 2014; 

Trnovsky et al., 2016; Ong et al., 2017), with a previous meta-analysis identifying synergistic 

interactions as the most common type (Harvey et al., 2013. The combined effects result in 

heightened negative consequences, including a significant reduction in condition index, 

increased oxidative stress, impacted metabolism, and lower survival rates (Matoo et al., 

2013; Ong et al., 2017). Furthermore, there is a decrease in shell density and 

biomineralization reported in some studies (Ivanina et al., 2013; Chatzinikolaou et al., 

2017). Contrastingly, other studies highlight an antagonistic effect of combined OW and 

OA. For instance, in the case of the flat oyster Ostrea angasi, the co-occurrence of OA 

alleviated the negative effects of OW on survival rates, and OW, in turn, decreased 

metabolic demands under OA alone (Pereira et al., 2019). Such effect of warming buffering 

metabolic demands of OA was also reported in other marine ectotherms, including 

molluscs (Melatunan et al., 2011; Quieros et al., 2015). This diversity in responses 

demonstrates the complexity of the interactions between OW and OA and emphasizes the 

need for experimental designs to properly unravel their combined impact on marine 

ecosystems.  
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1.2.2.2 Length of exposure and environmental context 

 

Factors such as the length of exposure or the variations in environmental context, can also 

play critical roles as response modifiers, yet have often been overlooked in studies of the 

physiological effects of climatic stressors (Gunderson et al., 2016). Indeed, discrepancies in 

published literature findings arise from inconsistencies in methodological designs. Many 

studies on the physiological effects of OW and OA predominantly focus on short-term 

responses, with exposure times ranging from days to a few weeks (Melatunan et al., 2011; 

Cardoso et al., 2017; Harvey & Moore, 2017; Calosi et al., 2017; Madeira et al., 2018 a). 

These short-term experiments do not necessarily provide a comprehensive understanding 

of long-term physiological responses (Dupont et al., 2012; Form & Riebesell, 2012; Paganini 

et al., 2014; Suckling et al., 2015). Moreover, longer exposure durations have been 

demonstrated to trigger physiological compensatory mechanisms, potentially leading to 

physiological acclimation, compared to short-term exposures (Suckling et al., 2015; Sundin 

et al., 2019), emphasizing the need for adequate time for such adjustments to occur. 

Extending the duration of exposure is thus essential for a comprehensive assessment of 

the fitness benefits or costs associated with these physiological adjustments. For instance, 

Mardones et al. (2021) found that the short-term exposure (50 days) of the gastropod 

Ocenebra erinaceus to OW and OA led to decreased growth and metabolic rates, whereas 

a more extended exposure period (95 days) resulted in full compensation of metabolic 

rates. However, when the exposure was prolonged up to 10 months, it caused a complete 

cessation of reproduction. Conversely, extended exposure to OW and OA proved beneficial 

for the sea urchin Sterechinus neumayeri, allowing the retention of reproductive success 

after 17 months but not after 6 months (Suckling et al., 2015). This highlights the 

importance of considering the length of exposure in understanding the adaptive responses 

of marine organisms to single or multiple environmental stressors.  

 

Seasonality in responses and context variability in exposure conditions can also influence 

marine animal responses (Christensen et al., 2011; Nardi et al., 2017, 2018; Suárez et al., 

2020). Given the variation in environmental conditions and seasons, stressors may occur 

in or out of phase, contributing to further environmental complexity. Indeed, seasonal 

changes in exposure conditions influenced responses of the Pomacentrid coral reef fish 
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Abudefduf vaigiensis to OW and OA (Mitchell et al., 2023). Here future winters conditions 

reduced physiological performance compared with present-day summer and future 

summer conditions, despite a compensatory effect, via increased long-term energy 

storage. Furthermore, seasonal context variability in exposure conditions has been 

demonstrated to modify ecological interactive responses to OW and OA, with such 

interactions becoming evident only under long-term exposure (Godbold & Solan, 2013). 

The physiological responses to long-term exposure to OW, OA, and their combined effects 

under seasonally changing conditions remain largely undocumented, yet these responses 

are crucial determinants of how organisms might respond to environmental change. 

Hence, it is imperative to consider longer durations of ecologically relevant exposures 

when investigating acclimatory capacity to OW and/or OA. 

 

1.2.2.3 Nature of exposure  

 

The nature of the thermal regime also plays an important role in determining thermal 

acclimation potential. In recent years, there has been growing recognition that careful 

consideration of the thermal conditions experienced by an organism in its natural 

environment is essential for accurately predicting its ability to acclimate to environmental 

changes and anticipate future performance (Morash et al., 2018). Notably, many intertidal 

ectotherms do not encounter static temperatures naturally; instead, they face dynamic 

and fluctuating environmental conditions that may have diverse effects on thermal 

tolerance and performance (Dong et al., 2021; Leeuwis & Gamperl, 2022; Collins et al., 

2023). Plastic responses under fluctuating and unpredicted conditions have been observed 

to potentially result in greater thermal performance or tolerance compared to static 

exposure conditions (Dong et al., 2006; Kern et al., 2015; Kang et al., 2019; Nancollas & 

Todgham, 2022). Therefore, a fluctuating thermal environment, characterized by intervals 

of elevated temperatures followed by periods of lower temperatures, may serve as a 

refuge, allowing time for recovery and reducing the costs associated with chronic warming, 

thereby promoting acclimation (Auld et al., 2010; Chevin & Hoffmann, 2017). Moreover, 

there is the potential for heat hardening to occur, a phenomenon where organisms 

experience a short-term increase in heat tolerance following sub-lethal extreme heat 

exposure (Bilyk et al., 2012). Heat hardening has been reported across various taxa (Hilker 
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susceptibility or resilience to OW and to determine the potential long-term ecological 

success associated with different acclimation strategies. To comprehend the fitness 

changes associated with acclimation, it is essential to consider the complex life cycles and 

diverse reproductive modes characteristic of marine invertebrates, particularly marine 

molluscs (Reid, 1996). For marine ecosystems to remain healthy and diverse in the 

changing conditions, it will be key for organisms with diverse modes of reproduction to 

persist. The reproductive and developmental modes exhibited by marine molluscs 

significantly impact their distribution and abundance, showcasing a spectrum of 

complexity (Fortunato, 2004; Foggo et al., 2007; Lee & Boulding, 2009; Hoffman et al., 

2011). Notably, direct developers have the capacity to generate phenotypic variation 

through local adaptation, while planktonic dispersers demonstrate greater physiological 

flexibility (Yamada, 1987; Hollander, 2008; Sotka, 2012). Moreover, marine gastropods 

with distinct reproductive modes exhibit differential energy allocation to reproduction 

(Hughes & Roberts, 1980; Gibson & Chia, 1991; Perron, 1986; Chaparro et al., 2012). It is 

plausible to hypothesize that the phylogenetic divergence in reproductive strategies may 

lead to varied energy allocations for physiological adjustments during thermal acclimation, 

subsequently influencing the types of trade-offs that may occur in fitness components. 

However, this hypothesis remains largely unexplored. Delving into the interplay between 

reproductive modes and fitness costs of thermal acclimation in marine molluscs will 

contribute significantly to unravelling the complex interplay between physiological 

plasticity and fitness, providing a more comprehensive understanding of the adaptive 

strategies employed by these organisms and assessing the broader ecological implications 

of such plasticity.  

 

Increasing complexity of experimental designs, considering such aforementioned response 

modifiers, is needed to enhance our predictive abilities and deepen our understanding of 

species-specific responses to environmental stressors and to provide better insights into 

the capacity of marine species for acclimation under OW and/or OA. 
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1.3 Developmental plasticity  

 

While a substantial body of literature exists on within generation plasticity, with a primary 

focus on adult responses, it is imperative to broaden our considerations to encompass 

responses of other life stages and subsequent generations, which are less well 

documented. The phenotypic plasticity in response to OW is anticipated to vary among the 

life stages of marine animals due to differences in their sensitivity to thermal stress 

(Truebano et al., 2018; Gleason et al., 2018). Specifically, larvae of marine ectotherms are 

predicted to exhibit higher susceptibility to climatic stressors compared to adults (Byrne 

and Przeslawski, 2013; Przeslawski et al., 2015), resulting in impacted survival, growth, and 

an increased incidence of developmental abnormalities. In this context, relying solely on 

adult responses may fall short in predicting the responses of marine ectotherms to climatic 

stressors on the long-term. Therefore, studies that incorporate stress exposures across 

different life stages will offer more accurate predictions of their future performance, 

considering the varying sensitivities and responses at different life history stages. While 

adult thermal acclimation is reversible, developmental plasticity can lead to more 

permanent responses, especially when established during a critical window of 

development (Burggren, 2020). For example, a correlation was observed between exposing 

larvae of the quagga mussel Dreissena bugensis, to varying temperature conditions and the 

subsequent development of diverse shell morphotypes in adults (Peyer et al., 2010). In 

marine ectotherms under thermal stress, developmental plasticity can play a pivotal role 

in shaping thermal performance (Pottier et al., 2022; Shi et al., 2020). For example, in the 

copepod, Tigriopus californicus, developmental exposure to 25 °C resulted in higher 

plasticity in critical thermal maxima in adults compared with when they developed under 

20 °C (Healy et al., 2019). However, a meta-analysis encompassing 150 studies and 

involving 138 ectothermic species indicated that significant heterogeneity in 

developmental plasticity and its carry over effects is present across taxa (Pottier et al., 

2022). Phenotypic plasticity is influenced not only by the environmental conditions an 

organism may encounter during its own lifetime but also extends to the conditions 

experienced by preceding generations (Burgess & Marshall, 2014). A growing consensus 

suggests that parental environments can significantly impact the performance of their 

offspring, with emerging evidence supporting transgenerational effects (Byrne et al., 
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al., 2020). For example, juvenile damselfish demonstrated the ability to fully compensate 

for the adverse impacts of elevated water temperature on metabolic rate and aerobic 

scope, when their parents were also raised under elevated temperatures (Donelson et al., 

2012). Similarly, in the context of OA, a study on Mytilus edulis demonstrated that 

subjecting parents to a pCO2 level of 1,000 µatm over a period of six months had a notable 

impact. The offspring produced by these conditioned parents developed calcitic shells, 

which are the less soluble form of calcium carbonate under OA, in contrast to the more 

soluble aragonitic shells typically formed during metamorphosis into juveniles under 

normal conditions (Fitzer et al., 2014). This is an intriguing calcification plasticity for those 

mussels to cope with OA. Lack of, or even negative parental effects have also been reported 

across taxa and stressors. For instance, in the case of the scallop Argopecten irradians and 

the clam Mercenaria mercenaria, conditioning parents under OA did not confer benefits to 

the offspring. In both species, the larvae produced by parents exposed to OA conditions 

were either equally or more sensitive to OA compared to larvae from adults exposed to 

control conditions (Griffith & Gobler, 2017). Therefore, these heterogenous responses 

indicate that marine animals use a range of strategies that influence their offspring 

performance, posing challenges in comprehending the optimal conditions for triggering 

adaptive parental effects and understanding its potential in mitigating the impacts of 

future climatic stressors. 

 

One potential cause for the variability in parental effect responses could be associated with 

trade-offs between parental and offspring fitness in different environments (Burgess & 

Marshall, 2014; Waite & Sorte, 2022). Modifications in gamete phenotypes and 

physiological mechanisms associated with parental effects can be energetically expensive 

for parents (Uller, 2008). Therefore, parents may prioritize investing in their own survival, 

even if it comes at the cost of the fitness of their offspring (Burgess & Marshall, 2014; 

Jensen et al., 2014; Marshall & Uller, 2007). Consequently, not all parental exposure 

conditions can promote the investment in such energetically exhausting offspring fitness. 

To overcome this challenge, we should consider exposure conditions that may reduce or 

prevent such trade-off between parents and offspring. 
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2- To characterise the cost of physiological plasticity and any potential trade-offs 

between fitness components. This was done by characterizing the cost of thermal 

acclimation in terms of fitness components (scope for growth, survival, and 

reproduction) in two congeneric intertidal gastropods with different reproductive 

modes (Chapter 3).  

 

3- To compare the effects of different thermal regimes on adult performance, 

evaluating the differences between acclimation to chronic (6 month) elevated 

temperatures, and exposure to repeated heat shocks (heat hardening) in a 

commercially important intertidal gastropod (Chapter 4).  

 

4- To compare the effects of different parental thermal regimes (i.e. those applied in 

chapter 4) on offspring performance during development under different 

temperatures. Here, I investigated the potential for positive parental effects and/or 

developmental plasticity (Chapter 5).  

The intertidal zone, characterized by a steep gradient in biotic and abiotic stressors, 

provides an ideal environment to study physiological adaptation across populations and 

species (Bartholomew, 1987; Somero 2002; Stenseng et al., 2005; Dong et al., 2006). 

Intertidal organisms are valuable models in ecophysiology due to their unique 

morphological, biological, and life history traits (Rolán-Alvarez et al., 2015). Their 

distribution is largely dependent on their ability to cope with daily fluctuations in their 

thermal environment (Stillman and Somero 1996).  Consequently, this thesis focuses on a 

range of intertidal models to address the objectives outlined above. As I have used 

different model organisms to address each of the objectives, a justification of the suitability 

of each model to address the question is given in each chapter. 
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Chapter 2 

Seasonal and species-specific physiological responses to Long-term warming and ocean 

acidification in marine gastropods 

 

2.1 Abstract 

 

The serious effects of rising sea surface temperatures (OW) and ocean acidification (OA), 

on many marine species is clear. Yet, the potential for seasonal dynamics to ameliorate or 

intensify species' physiological responses to these stressors has not received the same 

attention. In this 12-month long study, I investigated the impact of OW and OA on three 

ecologically important intertidal gastropods (Nucella lapillus, Osilinus lineatus, and 

Littorina littorea). Snails were exposed to two temperature regimes: historical averages 

(ambient) or a warming scenario (ambient + 4 °C), three atmospheric CO2 levels in the 

ambient (380, 750, 1000 ppm) and two CO2 levels in the warming regime (380, 750 ppm) 

under the influence of changing environmental conditions. Rates of oxygen consumption, 

as a proxy for metabolism, were measured at 3, 6, and 12 months intervals. I found that 

the interactive effects of OW and OA become significantly evident under simulated 

summer conditions after 6 months exposure. Moreover, metabolic changes are intricately 

entwined with how species respond to the fluctuations in environmental conditions 

associated with the changing seasonal conditions, in some cases exacerbating, and in other 

mitigating the consequences of these stressors. In N. lapillus, oxygen consumption 

increased in summer conditions irrespective of temperature regime. Elevated OA resulted 

in a reduction in metabolism under ambient temperature in winter conditions initially, but 

this was not sustained over a more protracted time, with no main effect or interaction 

effect under OW. In O. lineatus, OA had no effect under ambient temperature, but oxygen 

consumption increased in summer conditions for both ambient and warming regimes, OW 

increased oxygen consumption in winter conditions, while synergistic interaction was 

observed in summer conditions. In L. littorea, under ambient temperature, OA had no 

significant effect in summer, but reduced its oxygen consumption during the   winter, while 

under warming, oxygen consumption decreased in winter but not summer conditions. OW 

alone increased metabolism in summer, with antagonistic interaction with OA. This 
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et al., 2011; Pereira et al., 2019; Quieros et al., 2015). However, a major limitation is that 

most investigations of OW and OA focus on short-term physiological responses, with 

exposure ranging from days to a few weeks (Melatunan et al., 2011; Cardoso et al., 2017; 

Harvey & Moore, 2017; Ong et al., 2017; Wang et al., 2018; Johnson & Hofmann, 2020). 

This is a limitation as short-term exposures are not always predictive of long-term 

physiological responses (Dupont et al., 2012; Form & Riebesell, 2012; Suckling et al., 2015). 

Moreover, longer exposure times have been shown to elicit physiological compensatory 

mechanisms that may lead to acclimation (Suckling et al., 2015; Sundin et al., 2019; 

Maboloc & Chan, 2021), as time is required for physiological adjustments to take place. In 

addition, studies accounting for other response modifiers, such as the seasonality and the 

natural variability of habitat conditions (e.g. temperature, photoperiod, and tidal cycles) 

are needed in order to increase our predictive power, enabling extrapolation of individual 

to ecosystem level responses (Gunderson et al., 2016; Pörtner et al., 2017;  Wahl et al., 

2015). Indeed, seasonal status of blue mussels, Mytilus galloprovincialis, have been shown 

to modify its physiological responses to OW and OA (Nardi et al., 2017, 2018). Moreover, 

seasonal changes in exposure conditions influenced responses of the Pomacentrid coral 

reef fish Abudefduf vaigiensis to OW and OA (Mitchell et al., 2023). Here future winters 

conditions reduced physiological performance compared with present-day summer and 

future summer conditions, despite a compensatory effect, via increased long-term energy 

storage. Tidal fluctuations were also found to influence the stress intensity of  OA and OW 

(Christensen et al., 2011). Therefore, predicting the ecological impacts of OA and OW 

requires long-term, ecologically realistic studies that allow us to characterise the 

susceptibility of individuals and populations.  

 

In their long-term (542 days) experiment, Godbold and Solan (2013) investigated the effect 

of OW and OA on growth, bioturbation/ bioirrigation behaviour and associated levels of 

ecosystem functioning (nutrient generation) on a functionally important intertidal 

polychaete, Alitta virens. They found that effects of OW and OA and their interaction were 

not detectable over the short term (7 days), but appeared only after several months. 

Moreover, the responses observed were greatly impacted by seasonal changes, e.g. under 

ambient temperature regime, the bioturbation depth under elevated pCO2 conditions was 

greater in warmer months (6 and 18) compared to colder months (3 and 12). However, this 


















































































































































































































































