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Pinpointing thermal tolerance thresholds for commercially important species, such as aquaculture finfish, under acute and chronic thermal stress is becoming increasingly relevant in the context of climate change. While experimental research, traditionally quantified by the determination of the Critical Thermal Maximum ( ), offers valuable insights, it is necessary to further develop appropriate tools to provide predictions and shed light on the underlying mechanisms of thermal tolerance. Bioenergetic models have long been used to study the effects of temperature on fish metabolism under chronic, but rarely under acute, scales. In this study, we present a modelling approach based on the Dynamic Energy Budget (DEB) theory that describes the tolerance limits of fish under acute thermal stress in bioenergetics terms. It adopts the notion of an energy-dependent tolerance to stress and defines acute tolerance limits at the intersection of fundamental energy fluxes, namely those relating to the mobilization of energy and to maintenance costs. To showcase this approach, DEB models for two finfish, the European sea bass (Dicentrarchus labrax) and the meagre (Argyrosomus regius) were used to run acute thermal challenge simulations and study shifts in the critical temperature achieved by the fish. The results suggest that the model can adequately capture the general tolerance patterns observed experimentally for the two species as well as pinpoint the parameters that may influence them. In particular, the simulations showed a positive relation between acclimation temperature and tolerance while the opposite stands for the body size of the fish, with smaller fish achieving higher critical temperatures than their larger counterparts. Also, tolerance limits were affected by the state of internal reserves, with well-fed fish exhibiting higher values. Finally, the potential application of this modelling approach on higher taxonomic scales was evaluated, by running simulations on species belonging to major fish orders. The preliminary results suggest that the method can capture differences among groups that are consistent with literature, suggesting it may be a realistic mechanistic approach for studying thermal tolerance in ectotherms.
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1 Introduction

Climate change is increasingly recognized, under the framework of the United Nations, as one of the most important challenges for humanity in the 21st century, especially in relation to the marine environment. According to the latest carbon emission scenarios (Shared Socioeconomic Pathways, SSPs) adopted by the Intergovernmental Panel on Climate Change (IPCC) in its sixth assessment report (AR6), an increase in mean sea temperature of between 2°C and 3.7°C is projected by 2100 compared to the 1990-2014 reference period (van Vuuren et al., 2011; Stocker et al., 2014; Sarà et al., 2018; Lotze et al., 2019; Tebaldi et al., 2021). In fact, reports indicate that carbon emissions have already exceeded the threshold set for the mildest of those scenarios, making the more pessimistic ones increasingly relevant (Teske, 2019). Additionally, the increase in both the frequency and intensity of heat wave events in the future, may be as important as the increase in average temperature. Although these events have not been extensively studied, they can have dramatic impacts on ecosystems with numerous studies reporting changes in physiology and mass mortality in organisms such as fish, invertebrates, and mammals (Garrabou et al., 2019; Smale et al., 2019; Smith et al., 2021). Admittedly, describing these extremes and defining the temperature thresholds that characterize them is challenging, and although many approaches have been tried (Hobday et al., 2016), predictions about their future evolution under climate change remain an area of scientific uncertainty. However, historical evidence suggests that over the past century, marine heat waves have increased not only in frequency (by 34%) but also in duration (by 17%) (Oliver et al., 2018). This implies an overall increase of 54% in the number of days classified as heatwave days globally and the trend is expected to continue in the future. In particular, it is predicted that by the end of the century, and depending on the climate scenario under consideration, heatwave days at sea will increase by a factor of 16 - 23, causing temperature anomalies exceeding 2.5°C in intensity and lasting over 100 days (Frölicher et al., 2018).

In this context, global warming may have extended ramifications on important sectors of human activity such as aquaculture (Rosa et al., 2012; Reid et al., 2019), which is the fastest growing agricultural sector(Kobayashi et al., 2015). Compared to fisheries, whose production has remained relatively stable over the last 30 years, aquaculture has experienced rapid growth rates, with its contribution to total fish consumption now exceeding 50% (FAO, 2020). It is also noteworthy that of the total global annual aquaculture production of 82 million tonnes, two-thirds involves fish production in either terrestrial or marine facilities, making fish farming the most important aquaculture sector (FAO, 2020). In recent years, the concept of ‘Precision Farming’ has been increasingly adopted, i.e. the use of methods and tools to increase production, improve the accuracy of farming methods, integrate automation and ensure fish welfare (Føre et al., 2017; Antonucci and Costa, 2020; Macaulay et al., 2021). In this context, the development of models that reliably describe fish metabolism is an integral part. Indeed, given the inevitable consequences of climate change, the need to incorporate temperature effects such as exposure to heatwaves on metabolism into these models is becoming increasingly urgent. Moreover, many authors have put forward the notion that fish models studying effects of environmental phenomena such as climate change should be mechanistic and incorporate established physiological mechanisms (Koenigstein et al., 2016; Lefevre et al., 2017; Sarà et al., 2018). However, while a plethora of models simulating growth, food requirements, and nutritional needs under different thermal environments have been used in fish research (Dumas et al., 2010; Brigolin et al., 2014; Zhou et al., 2018; Chahid et al., 2022), models dedicated to addressing thermal tolerance and thresholds are generally missing from literature. While some mechanistical models exist, such those presented in Martin et al. (2017), which introduce biophysical mechanisms to model the oxygen supply and demand on fish eggs, the majority of existing fish models are empirical or semi-empirical models that lack a strong mechanistic background.

The basis for developing realistic and robust such models is understanding the mechanisms that govern the metabolism of fish in relation to temperature. Because fish are ectotherms, temperature plays a crucial role in their cellular processes and therefore, has a significant impact on all levels of biological organization including physiology and their overall performance (Crozier and Hutchings, 2014; Islam et al., 2020). For each species, there are specific temperatures within which it performs optimally. As we move away from this range, performance tends to decrease and eventually diminishes when critical temperature thresholds are exceeded. These critical temperatures define the tolerance range of a species, i.e. the temperature range over which it can survive and perform metabolically (Pörtner et al., 2017). Indeed, thermal thresholds not only differ between species, but also appear to be influenced by factors such as the size and developmental stage of the organism, the presence of stressors, and previous thermal history (Di Santo and Lobel, 2017; Sunday et al., 2019; Zhou et al., 2019). However, regardless of the factors influencing thermal limits, specific behaviours at the extremes of physiological limits, such as the onset of muscle spasms and inability to move, are universal in nature and thus allow them to be defined for different species and under a variety of conditions. Typically, thermal tolerance has been studied dynamically via the determination of the Critical thermal maximum and minimum ( ,  ).   is defined as “the thermal point at which motor activity becomes disorganized and the animal loses its ability to escape from conditions that will rapidly lead to its death” (Cowles et al., 1944). In recent decades, protocols have been developed to standardise the method, particularly with regards to the rate of heating, in order to achieve sufficient equilibration of the water temperature with that of the fish without allowing the fish to acclimatise to the new conditions. Usually this rate ranges between 0.3 - 1.5°C per minute (Di Santo and Lobel, 2017; Kır et al., 2017; Azra et al., 2020). During an acute thermal stress challenge, fish experience a sequence of symptoms including loss of dorso-ventral orientation (Loss of Equilibrium, LoE), sudden onset of muscle spasms, and eventually muscle rigidity, coma and death. Depending on the choice of any of the above symptoms as the endpoint of the test, the determination of   and   shows differences, although the LoE is usually the endpoint chosen. Moreover, the time required to reach the endpoint is known as resistance time. Because this method offers accuracy and repeatability across taxa, it has advantages in terms of welfare and non-killing of experimental animals, and is faster than the other methods, it is the most established and reliable method for determining thermal tolerance thresholds in fish (Lutterschmidt and Hutchison, 1997; Moyano et al., 2017; Yanar et al., 2019).

The Dynamic Energy Budget (DEB) theory constitutes a mechanistic framework that describes the energy balance of an organism under dynamically changing conditions (Kooijman, 2010) and has widespread applications across many taxonomic groups (Lavaud et al., 2020; Gergs and Baden, 2021; Dong et al., 2022). The central idea of DEB theory is the principle of conservation of energy and mass, and its goal is to formulate a coherent background that allows the quantification of the bioenergetic requirements of an organism throughout its life cycle. Based on simple physiological mechanisms describing energy uptake and use, the theory allows the construction of individual models (DEB models) that can quantify important organismal processes such as feeding, energy assimilation, growth, maintenance and reproduction. In fact, the ability of this framework to describe changes in the metabolism of organisms as a function of dynamic changes in their environment, such as temperature and available food, has established the DEB theory as a widely accepted and reliable approach for studying fish metabolism (Pecquerie et al., 2009; Serpa et al., 2013; Føre et al., 2017) as well as for studying climate change impacts (Sarà et al., 2018; Stavrakidis-Zachou et al., 2021a).

Taking the above into account, it is evident that enhancing our understanding on the thermal tolerance of key commercial species as well as developing tools such as mechanistic models with predictive power is crucial for adapting to climate change. While experimental work studying the thermal tolerance of various fish species has been instrumental in defining critical temperature thresholds such as the  , modelling approaches to quantify those limits are generally lacking or are missing a strong mechanistic background. The aim of the present work is to offer a mechanistic approach of quantifying tolerance thresholds during acute warming by using the modelling framework of the DEB theory. As will be described in the following sections, the approach adopts the notion of an energy-dependent tolerance to stress in order to define critical thermal tolerance thresholds, akin to those traditionally determined in experimental research. For the purposes of demonstrating this approach, we will use the specific examples of DEB models developed for two key aquaculture finfish, the European sea bass (Dicentrarchus labrax) and the meagre (Argyrosomus regius). Investigations will also be performed at higher taxonomic levels aiming to contribute towards a mechanistic understanding of thermal tolerance using strictly bioenergetic terms with wider application.




2 Methods



2.1 Model development



2.1.1 The dynamic Energy Budget model

A fundamental concept of DEB theory is that the biomass of an organism consists of structure, expressed either as structural volume (the volume occupied by the structural mass, structural body volume,  ) or as structural length (L=V1/3) and reserves (E). In addition, in the case of adult individuals, it also receives contributions from a reproductive reserve ( ) associated with gamete production and the reproductive process. Each of these biomass components consists of a mixture of organic compounds that form generalised compounds of stable composition. Structure ( ), reserves (E), reproductive reserve ( ) and maturity ( ), which is defined as the cumulative energy invested in the development of the organism, are the state variables defined by DEB theory. Based on a set of physiological rules for the uptake of food by organisms and its use for functions that ensure their survival, the theory allows the processes of feeding, digestion, maintenance, growth, and reproduction to be modelled through fluxes of energy (denoted by ‘  ‘) or mass with which the various substrates are used by the organism. Feeding relates to the size of the organism and the availability of food in the environment. In the DEB framework, a functional response relationship is assumed to exist between food intake and food availability. In particular, the functional response  , represents a measure of food intake of an individual as a fraction of the maximum food intake for its size and therefore takes values between 0 and 1. The food consumed is then digested and its energy becomes available to the organism which stores it in its reserves through the process of assimilation ( ). The subsequent mobilization of this energy (mobilization,  ) allows for (a) growth ( ) which is the increase in structural mass, (b) somatic maintenance ( ) and maturity maintenance ( ), that is, the collection of energy demanding processes required to sustain life excluding all production processes, and (c) maturation or reproduction ( ), which corresponds to further energy investment for genetic maturation and gamete production. In addition, a fraction of this energy is dissipated into the environment in the form of heat ( ). A fixed fraction  of the mobilised reserve is allocated to somatic functions, which include somatic maintenance and growth, with maintenance having priority, while the remaining   is used for maturation or reproduction, after subtracting the energy costs associated with maturation maintenance. The variables of the DEB model and the relationships between them are summarised in Table 1 while a list and a description of the parameters are given in the Supplementary Material. For further details on DEB theory we refer to Kooijman (2010).


Table 1 | The state variables, fluxes and dynamics of the DEB model.






2.1.2 Quantifying temperature effects

Biological reactions are catalysed by enzymes and are therefore temperature dependent. In DEB theory the effect of temperature is quantified by the Arrhenius equation which uses the species-specific parameter   (Arrhenius temperature). According to this, and for a species-specific temperature range, the rate of a physiological process   at temperature   is given as:  , where   is the rate at a chosen reference temperature (here  = 293Κ). Based on this, a temperature correction factor  (Equation 1) can be defined which expresses the change of a biological rate at temperature   compared to that on a reference temperature  .



As the temperature approaches the tolerance limits, biological rates progressively decrease and eventually reach zero with the death of the organism. Based on the assumption that the quaternary structure of enzymes that catalyze cellular reactions can switch to an inactive form under very high or low temperatures, Sharpe and DeMichele (1977), formulated an extended form of the Arrhenius equation to describe the decrease in metabolic rates at the extremes of the tolerance range. According to this, the various physiological rates decrease on either side of the thermal tolerance range because these enzymes are gradually deactivated under extreme temperature conditions in a process that is reversible once the organism is removed from these temperatures. The temperatures beyond which this occurs are denoted by   and   for the lower and upper limits of the thermal tolerance range, respectively. Thus, the decrease in rates at low and high temperatures is quantified by multiplying the biological rate by the fraction of the enzyme that remains in the active state at   temperature.

Specifically, for temperature correction at low temperatures the fraction with which the correction factor   is multiplied is  with



while at high temperatures it is  with



where   and   are the species-specific Arrhenius temperatures for the rate of decrease in   and  , respectively (Sharpe and DeMichele, 1977). Consequently, for correction over the entire thermal tolerance range, the fraction becomes  with  given by Equation 4, with the terms   and   applying for   and   respectively.






2.1.3 Modeling acute thermal stress

This section presents an approach of describing the maximum thermal limits of fish in bioenergetic terms. Central to this approach is the concept of energy-limiting stress tolerance. This is an established bioenergetic concept regarding chronic stress and the effects of energy balance on the fitness of organisms, which in turn reflects the suitability of the adaptations they have evolved for the particular environment in which they live (Sokolova et al., 2012; McCue et al., 2017; Haider et al., 2020). Here, this reasoning is extended to acute stress conditions to describe upper limits of thermal tolerance. Specifically, the argument put forward and justified extensively below in light of relevant literature is that the upper temperature tolerance during acute thermal stress is located at the intersection of the energy requirements for maintenance and the energy supply capacity of the organism (available energy).

With respect to the energy supply, it is critical to review the cellular changes that occur during acclimation. The ability of enzymes to catalyse metabolic reactions depends on their geometry and in particular on the structure of the enzyme active site where they come into contact with the substrates of the reaction. Oftentimes, organisms carry several versions of an enzyme (isoenzymes) that catalyse the same reaction, but differ in their three-dimensional configuration (tertiary structure) and exhibit different thermosensitivity (Alster et al., 2016). During thermal acclimation, organisms can adapt their enzyme capacity by changing the geometry of their enzymes, i.e. by upregulating those isoenzymes that have better thermal sensitivity to the acclimation temperature (Somero, 2004; Jones et al., 2020; Maffucci et al., 2020). However, this process requires a significant amount of time ranging from days to weeks. In the case of a thermal stress of short duration, in the order of minutes, the organism does not have time to adapt its enzymatic mechanisms, and therefore its ability to perform metabolic work is limited by the state it was in at the onset of the thermal challenge. Taking this into account, it is assumed here that during the short duration of the acute thermal stress challenge, the ability to mobilise energy from reserves remains constant and depends entirely on the acclimation temperature. In other words, the energy reserve mobilization flux during this challenge amounts to (Equation 5):



where   is the reserve mobilization flux at the reference temperature   and   is the constant temperature correction factor at the acclimation temperature  . It is important to note that   is defined for the interval   since acclimation can occur only for temperatures that sustain life long-term; a condition constrained by the lower an upper thermal tolerance limits.

On the other hand, energy requirements during acute thermal stress rely largely on the cellular damage caused by heat and the cost of the respective protective and repair mechanisms. Under stressful conditions, such as those of a rapid temperature increase, organisms employ a variety of behavioural, cellular, and physiological mechanisms to cope with the negative effects of stress and maintain their homeostasis. At the cellular level, this induces a set of responses that include DNA damage repair, protein repair, cell cycle arrest or even cell apoptosis, removal of stress-damaged cellular and molecular components, and generally an overall transition from a state of cellular growth to cellular repair (Kültz, 2005; Kassahn et al., 2009; Sokolova et al., 2012). At the whole organism level, compensatory mechanisms may also include escape behaviour and acceleration of gill movement, heart rate and oxygen uptake. However, while these compensatory processes of cells and the whole organism are essential for survival, they are energetically costly and tend to divert energy flow from functions related to growth and reproduction to processes such as maintenance and repair, which is highly relevant for the argument presented here. Thus, an organism’s response and its tolerance limits to chronic stress depend on available energy reserves as has been shown for many groups of organisms such as polychaetes (Madeira et al., 2021), insects (Klepsatel et al., 2016) and fish (Eldridge et al., 2015). A subset of this framework is the OCLTT (Oxygen and Capacity Limited Thermal Tolerance) hypothesis (Pörtner et al., 2017; Javal et al., 2019), as it identifies the available energy as the determinant of thermal tolerance in ectotherms. The main difference is that energy requirements are expressed through the oxidative capacity of organisms and therefore, aerobic potential (oxygen availability) is used as a measure of energy supply. Indeed, modelling work on Chinook salmon has shown that applying an oxygen supply-demand biophysical framework can provide testable predictions (Martin et al., 2017). Here, we use the mobilization flux,  , as such a measure of energy supply, assuming that for short time scales it is more representative than the total reserve energy, which is not readily available.

During acute thermal stress, the energy requirements for basal metabolism increase exponentially with temperature. As indicated by numerous studies, the standard metabolic rate (SMR), which reflects these requirements, increases exponentially with temperature up to the upper thermal limits of organisms, where their physiology collapses (Claireaux et al., 2006; Tirsgaard et al., 2015; Christensen et al., 2020; Beuvard et al., 2022; Leonard and Skov, 2022). In contrast, as these thresholds are approached, the Maximum Metabolic Rate reaches a plateau or may even decline (Pörtner et al., 2017; Leonard and Skov, 2022), which is due to a temporary cessation of energy-consuming processes such as growth and reproduction in an attempt by organisms to divert energy to conservation and self-maintenance processes. The observation that the standard metabolic rate continues to increase with temperature in a fashion resembling Equation 1 rather than Equation 4, is central to the approach presented here and is related to the energy needs SMR represents. That is, regardless of the organism’s ability to repair temperature-induced damage (such as DNA damage, protein denaturation, free radical formation), the induction of such damage increases exponentially with temperature and the energy required to repair it increases accordingly. Based on the above, and in parallel with the observed trends in SMR, for simulating acute thermal stress we will assume that the effect of temperature on the maintenance costs is described by the standard form of the Arrhenius equation (Equation 1). Thus, the maintenance cost during such a thermal challenge will be





where   and  are the somatic and maturation maintenance fluxes at the reference temperature   while   is the temperature correction factor, which will increase as the simulation progresses with increasing temperature.

During simulated thermal stress, the continuous increase in temperature causes an increase in the cost of maintenance and inevitably leads to zero available energy (Equation 5) when the sum of all maintenance costs equals the mobilized energy (Equation 8).



This signals the inability of the individual to power any more of its essential metabolic functions. The temperature at which that happens is therefore a threshold value of interest, which we define here as the critical temperature  . The relation of   with common measures of thermal tolerance such as the   will be explored later on.





2.2 Simulations



2.2.1 The E. sea bass and meagre case

For testing this approach, we performed acute thermal stress simulations using the DEB models for two aquaculture finfish, the E. sea bass (Dicentrarchus labrax) and meagre (Argyrosomus regius), as an example. The work is based on the DEB models that have been presented in Stavrakidis-Zachou et al. (2019; Stavrakidis-Zachou et al. 2021a) whose parametrization has been updated here including experimental data on the higher end of the thermal tolerance range. In brief, the procedure for estimating the parameters entails the simultaneous estimation of all parameters, including core DEB parameters as well as auxiliary parameters such as the five Arrhenius parameters, from point data (Tables S1-S2) and complete (Figures S1-S4) data sets on the basis of minimizing a symmetric bounded loss function. The procedure is detailed in Marques et al. (2018); Stavrakidis-Zachou et al. (2019) and the AmP manual (http://www.debtheory.org/wiki) while all the data used for the current model parametrization as well information on the resulting goodness of fit are provided in the Supplementary Material. Apart from their importance for fish farming, the reason for using them to showcase this approach was the availability of data on acute thermal stress from previous trials (Stavrakidis-Zachou et al., 2021b; Stavrakidis-Zachou et al., 2022), which can provide means of evaluating its performance. Specifically, in those trials the   was determined at different acclimation temperatures within the 24 - 33°C range. Here, the protocol details of those experiments (acclimation temperature, weight of the fish, heating rate) were used as model input to simulate the challenge and evaluate whether, and to what extent the critical temperatures defined here bares resemblance to traditional measures such as the  . While for the details of the above   trials we refer to the original papers (Stavrakidis-Zachou et al., 2021b; Stavrakidis-Zachou et al., 2022), in brief, they were performed after a three month acclimation time at different temperatures for each species, during which period the fish were fed daily to satiation and allowed to grow. Specifically, at the time of   determination, E. seabass weight was 208, 217, and 128g for acclimation temperatures 24, 28, and 32°C while for meagre the respective values were 379 and 318g at 24 and 29°C. These values of weight and acclimation temperature, along with a heating rate of 0.5°C per minute, were used as input for the simulations performed here. For initialization, the individuals were assumed to be well fed ( while during the simulation of the acute thermal challenge, the functional response was set to zero to indicate that the fish were not feeding or assimilating energy. This was also applied in all subsequent simulations. It should be highlighted at this point, that   data were not used for model parameterization (as seen from the complete list of datasets provided in the Supplementary Material), but were rather used as independent datasets for evaluating and validating the approach.

Additionally, an investigation of the factors affecting the ability of fish to cope with acute heat stress was carried out. Specifically, we run simulations to detect the influence of the simulation inputs on the critical temperature reached by the fish during the induction of acute thermal stress. The inputs that were tested where namely the acclimation temperature, the size of the fish, the feeding state (via the functional response  ), and finally, the rate of temperature increase during the challenge. The procedure followed for the simulations included the following steps. First, a reference scenario was selected, with initial parameter values within the range that is common practice in the experimental determination of the maximum critical temperature in fish. In particular, the reference scenario concerns fish of 100g weight acclimated to the reference temperature ( = 293K) under optimal feeding conditions ( ) and subjected to acute thermal stress at a rate of temperature increase of 0.5°C per minute. Then, for the four input effects that were tested, simulations were performed and the critical temperature was calculated. The values of the reference scenario were kept constant and only the values of the parameter under study allowed to vary each time. The example in Figure 1 shows schematically the point at which critical temperature is reached for different values of one of these parameters (here, the fish size).




Figure 1 | Example of a schematic representation of DEB fluxes as a function of time during an acute thermal stress challenge. The intersection of the mobilization and maintenance fluxes (circles) represents the resistance time (the time point at which the critical temperature is reached) in each simulation (N = 6), for different values of an input parameter (here, the fish size).






2.2.2 Sensitivity analysis

The effect of key DEB parameters on the critical temperature was investigated through model sensitivity analysis performed on the reference scenario. Specifically, we evaluated how changes in the DEB parameters affect the value of the critical temperature based on the OAT (One-at-a-Time) methodology (Douglas-Smith et al., 2020). For each and every one of the model parameters (as described in Table S1), values representing ± 10% of the original (Razavi and Gupta, 2015) were given, while the rest of the parameters were held constant, and the critical temperature   was determined. The relative difference (RD) of the critical temperature with respect to the reference value   was then calculated as  .




2.2.3 Multi-species comparison

The Add-My-Pet database is an online, open access platform that hosts the DEB parameters for thousands of species (AmP collection, 2023), and as such, is a useful resource for comparing the bioenergetics for different species or exploring patterns across the parameters and properties of the various models. In the present study, we evaluated our approach on thermal tolerance by downloading from the AmP database the DEB parameters of many farmed finfish to perform a multi-species comparison. Specifically, the analysis considered all the species for which DEB parameters were available that belonged to taxonomic groups of importance for fish farming. In total, the analysis included 89 species belonging to the orders Salmoniformes, Spariformers, Moroniformes, Sciaeniformes, Cypriniformes, and Siluriformes, thus, representing most major aquaculture fish groups from salmonids, breams and basses to carps and catfish. For each species, an acute thermal stress challenge was simulated at the typical temperature for the species and the critical temperature was calculated following the procedure, parameters, and equations of sections 2.1.2 and 2.1.3. It should be noted, however, that the extended five parameter temperature correction (Equation 4) was available for only some of the species; an issue that will be further addressed in the discussion. Like in the previous section, the simulations were performed for optimally fed fish ( ) while the rate of heating was 0.5°C per minute.






3 Results



3.1 Patterns in critical temperature: the E. sea bass and meagre case

Overall, the acute thermal stress simulations performed here showed that the model can not only capture the pattern of thermal tolerance that is typically reported for fish but can also detect inter-specific differences that are in agreement with experimental data. Specifically, it was shown that the critical temperatures predicted by the model for different acclimation temperatures closely match experimental observations of the   for E. sea bass and meagre (Figure 2A). In fact, in most instances the predictions fell within the uncertainty (error bars) of the observations while the differences between predictions and real data did not exceed 1.3 οC in all cases. Considering that   was not explicitly modelled here but rather a bioenergetic approach was applied to describe thermal thresholds, this is an observation of importance for the validity of the method which will be discussed later on. In addition, as seen from the   observations, the thermal history of a fish plays a significant role in its thermal tolerance which tends to positively correlate with the acclimation temperature. Indeed, the model was able to capture this trend and   was positively correlated with the acclimation temperature for temperatures up to the upper limit of the tolerance range ( ) beyond which it decreased as dictated by the bell-shaped curve of the Arrhenius function (Figure 2B). Finally, as shown by the experimental data of Figure 2B, the model could capture well the quantitative differences in thermal tolerance among the two studied species, with the E. sea bass generally exhibiting higher values.




Figure 2 | Simulations of critical temperature on E sea bass and meagre: (A) comparison of model simulated critical temperature with experimental data on   from Stavrakidis-Zachou et al., 2021b; Stavrakidis-Zachou et al., 2022 at different acclimation temperatures, (B) simulated critical temperature as a function of acclimation temperature for the reference scenario.



Apart from the thermal history, simulations with different initial weights showed that animal size also affects the ability of the animal to cope with acute thermal stress (Figure 3A). In particular, for both species, the critical temperature was negatively correlated with weight, with higher critical temperatures being achieved for small fish, while a progressive decrease was observed for larger fish. This trend stems from the increase in maintenance costs associated with size, which consequently decreases the time at which the available energy reaches zero ( ) for larger fish. In addition, the functional response, which is a measure of feeding and therefore the state of an animal’s energy reserves, was positively correlated with the critical temperature (Figure 3B). Considering that the energy mobilization flux is proportional to the amount of energy reserves, the above pattern is explained by the larger amounts of energy available to the fish with higher values of functional response. It is important to note, that the trends in critical temperature observed for the above parameters are the same for both species. However, the curves for meagre are shifted downwards, suggesting that the species generally has a lower capacity to respond to acute thermal stress compared to E. sea bass.




Figure 3 | Simulated critical temperature as a function of weight (A) and functional response (B) for E sea bass and meagre.



Finally, the intensity of thermal stress, expressed here through the rate of temperature increase during the acute thermal challenge, also affects the response of fish. Although the critical temperature per se is not affected (Figure 4A), the time in which it is reached (resistance time) is determined by the heating rate. Specifically, there is an exponential decrease in resistance time with increasing temperature (Figure 4B), which in essence means a rapid decrease in survival time under conditions of high thermal stress.




Figure 4 | Effects of the heating rate on the (A) critical temperature (B) and resistance time for E sea bass and meagre during simulation of an acute thermal stress challenge.






3.2 Sensitivity analysis

Regarding the sensitivity analysis of the DEB model parameters to the critical temperature predictions, nine parameters were found to have a notable effect on the critical temperature and are shown hierarchically in Figure 5, excluding those that had a negligible effect. Of these,  ,  , and   had the smallest effect in determining the critical temperature,  ,  , and   had intermediate effects, and  ,  , and   had the largest. The fact that the model has the highest sensitivity to changes in Arrhenius temperature   is not surprising, given that the temperature correction factor affects the flows of both mobilized reserves and maintenance costs. It appears that an increase in   implies a decrease in critical temperature, which is consistent with the parameters of the two species, since meagre, which generally showed lower tolerance to acute thermal stress compared to sea bass, also has the highest   value.




Figure 5 | Model sensitivity analysis on DEB parameters for E sea bass (A) and meagre (B). The bars depict the Relative Difference (%) in critical temperature for a ± 10% change in DEB parameter values.






3.3 Multi-species comparison

Acute thermal challenge simulations were performed for 89 finfish belonging to the major fish orders used in aquaculture. The method yielded predictions for the critical temperature that ranged between 7.1 - 35.4°C (Figure 6B), thus providing estimates of thermal tolerance within a sensical temperature window for fish. Moreover, the method detected differences between the fish groups as is seen in conjunction with Figure 6A. Specifically, the Salmoniformes exhibited the lowest values of   while the Siluriformes the highest. The rest of the groups showed intermediate values while the Cypriniformes exhibited the highest variability among its species. Finally, the   shown in Figure 5B is sorted according to the weight at ultimate size for the species. While an overall pattern is difficult to discern, it appears that there is mild trend for fish of smaller ultimate size to exhibit higher values of   and this is mostly evident along the groups of the Spariformes and Cypriniformes. This is consistent with the bioenergetic relation between size and thermal tolerance outlined previously (3.1).




Figure 6 | Simulated critical temperatures for 89 fish species from six major fish orders: (A) boxplots representing the   across each group with the horizontal line denoting the median and the whiskers the minimum and maximum values, (B)   as a function of the weight (kg) at the ultimate size for each species.







4 Discussion

In this study, we presented a modelling approach based on the Dynamic Energy Budget (DEB) theory that describes the tolerance limits of fish under acute thermal stress in bioenergetics terms. The method was demonstrated predominantly using the E. sea bass and meagre as examples but results at multi-species level were also presented.

An interesting observation about the tolerance limits modelled here is that their mathematical description did not require the introduction of additional parameters or modules to the existing fish models, thus underlining the generality of the DEB framework. Instead, the thermal limits were derived by adopting assumptions on physiological observations and thermodynamic principles and then performing simulations. In fact, it should be clarified that apart from the assumptions justified in detail in 2.1.3 and the delineation of the parameter critical temperature ( ) and its derivation, all other parameters and equations presented here are part of the established DEB modelling framework (Kooijman, 2010). The result of the method was to define and estimate temperature thresholds ( ) at the intersection of energy mobilization and maintenance fluxes, thus allowing the description of thermal boundaries in strictly bioenergetic terms. It is emphasized, however, that in developing this approach we did not assume a complete identification of   with  , which stems from the uncertainty surrounding the mechanisms describing  . In particular, although correlations have been made between   and the effects of thermal stress on membrane function in neurons (Andreassen et al., 2020), the mechanisms describing the collapse of physiology at   remain generally unknown (Jutfelt et al., 2019; Claunch et al., 2021). In addition, the point at which   is defined can vary between studies (loss of equillibrium, muscle spasms, coma, death) (Beitinger and Lutterschmidt, 2011), and methodological elements such as the rate of heating appear to influence the results, further complicating the identification of underlying mechanisms (Brauner and Richards, 2020). In the present study, it was hypothesized that regardless of what the actual physiological mechanism describing   is, the loss of homeostasis is due to the inability to mobilize sufficient energy to meet increasing maintenance needs (such as removal of damaged molecules and free radicals, repair of cellular structures, etc.). The fact that with this assumption it was possible to simulate thermal thresholds akin to   in both absolute values and trends in the two species considered here, is a remarkable finding of this approach and possibly constitutes a realistic bioenergetic interpretation of the mechanism governing  .

Regarding the factors affecting tolerance thresholds of fish under acute thermal stress, it appears that their temperature history plays a crucial role. This has been experimentally documented by the shift in   at different acclimation temperatures, as reported in numerous fish studies (Zhou et al., 2019; Yilmaz et al., 2020; Penny and Pavey, 2021; Sakurai et al., 2021; Stavrakidis-Zachou et al., 2021b; Stavrakidis-Zachou et al., 2022). It is, however, important to critically interpret such results. The use of indices such as   is an established practice in the study of thermal tolerance (Moyano et al., 2017; Yanar et al., 2019; Azra et al., 2020) because it is characterized by high repeatability and thus allows for intra- and inter-species comparisons. However, upon exposure to acute thermal stress, the survival of an organism is time-dependent, i.e. determined by the intensity of the stress (the temperature value), and by the time exposure to it (Kingsolver and Umbanhowar, 2018). For this reason, considering such indices as absolute limits of thermal tolerance is a misconception that unfortunately has wide appeal in thermal biology studies (Santos et al., 2011; Rezende et al., 2014; Pörtner et al., 2017). An alternative perspective is to consider these boundaries as potential points of the ‘thermal landscape’ (Nowakowski et al., 2018; Garcia and Clusella-Trullas, 2019); a multidimensional space in which thermal boundaries depend on many factors, including the intensity of thermal stress, exposure time, the thermal history of the organisms (acclimation temperature), the size of the animals, and their health status (Rezende et al., 2014). Indeed, Turko et al. (2020) studied the parameters affecting   in red mullet (Clinostomue elongates) and observed that thermal tolerance is influenced by the season (acclimation temperature), the size and the body condition of the fish. Specifically, in their experiments,   was positively correlated with acclimation temperature and negatively correlated with fish size. Also, fish fed a reduced ration were characterised by a low robustness and consequently depleted energy reserves. These fish also scored significantly lower   values compared to the control group. The same size-tolerance relation has been reported for several salmonid species (Recsetar et al., 2012; Hines et al., 2019) although it is important to note that non-significant results have been presented for some of them (Recsetar et al., 2012).

These trends were also reflected in the simulations performed here. Specifically, critical temperature was negatively correlated with fish weight, while the functional response, which is a measure of trophic conditions and thus the status of an animal’s energy reserves, was positively correlated. The bioenergetic reason why this is the case is that the flux of mobilised reserve is directly proportional to the density of reserves and therefore fish living in poor trophic conditions will not only have fewer reserves but also a reduced ability to mobilise them. Indeed, it is worth noting that reduced thermal capacity under low trophic conditions has also been observed in other ectotherms such as beetles (Chidawanyika et al., 2017) and ants (Bujan and Kaspari, 2017). The interpretations given from the above authors mainly focus on the combination of scarce food and high energy requirements. That is, they hypothesize that their combination leads to a rapid depletion of energy reserves, which then renders the organisms unable to regulate their protective mechanisms. The above observations on the correlations of thermal thresholds, size, and food are consistent with the simulations performed here, showing not only that the model captures the basic trends recorded experimentally, but also that its mechanism can be interpreted by bioenergetics. Indeed, the model suggests that the reduction in thermal tolerance under low trophic conditions does not depend on the reduction of these energy reserves per se, but on their mobilization capacity, which depends secondarily on their density. This in turn is a suggestion that needs experimental investigation and is an example of how theory can induce experimental research (Kooijman, 2017).

Another interesting finding of the present study is that the method was able to depict patterns in thermal tolerance among wider taxonomic groups of fish that align with our general understanding of the differences among the groups. Admittedly, this first attempt to discern tolerance patterns across species requires further investigation and validation, and therefore the results should be critically interpreted. For instance, model predictions have not been compared against experimental observations and it is thus, unknown to what extent they deviate from reality. Moreover, the models of the 89 species used here bare various levels of completion and robustness which decreases confidence in predictions while they also incorporate different versions of the Arrhenius function. However, as shown in the sensitivity analysis, the determination of the critical temperature is greatly affected by the parameter  , but it is insensitive to changes in the other four temperature parameters. While it may be unintuitive that parameters such as   and   affect   minimally, the interpretation lies in that all simulations were run for acclimation temperatures typical for the species. For such temperatures, the extended correction factor stemming from Equation 4 practically reduces to Equation 1, thus also resolving potential issues of comparing species that may use different versions of the Arrhenius function. That being said, some general patterns could be drawn from the analysis. For instance, salmonids (Salmoniformes) which are cold water species were found to have lower thermal tolerance than other fish groups and this is consistently reported in literature (Anttila et al., 2013; Chen et al., 2015; Hines et al., 2019). On the other hand, the catfish (Siluriformes) which are known to have high thermal tolerance with typically reported   values in the range of 30 – 45 οC (Vasal and Sundararaj, 1978; Debnath et al., 2006; Dalvi et al., 2009; Stewart and Allen, 2014) scored the highest in our analysis. In addition, our simulations suggest a negative correlation of thermal tolerance with the species ultimate size, which has also been reported for different species of salmonids (Hines et al., 2019). The agreement of experimental observations with the model simulations regarding these general trends is contributing to the validity of the method and constitutes an encouraging finding for further exploring patterns across taxa.

Given the close relation between temperature and fish metabolism, the pressures resulting from global warming are expected to have enormous impacts on fish with particular emphasis on farmed species since they are spatially restricted by their rearing environment and therefore cannot escape the adverse environmental conditions stemming from climate change (Marbà et al., 2015; Barange et al., 2018; Smale et al., 2019). In that regard, developing tools such as models to study and predict the tolerance limits and responses of farmed species is crucial for the aquaculture industry, as it allows predicting future impacts and making informed strategic decisions for climate change adaptation (Pham et al., 2021). In turn, this may lead to suggestions on management practices that may be favoured in the future, such as changing the timing of production initiation, selecting different commercial sizes or even changing the rearing area, thus highlighting the power of these models as both study and management tools (Varga et al., 2020; Stavrakidis-Zachou et al., 2021c). For instance, as indicated by experimental data and the simulations performed here, tolerance limits are generally negatively correlated with fish size. From this observation, among other things, management recommendations could be derived that minimize the impact of heatwave episodes by synchronizing the summer rearing months with fish of smaller sizes. Similar recommendations could be derived for adjusting feeding regimes based on the simulation outputs that suggest increased thermal tolerance for optimally fed individuals. Finally, as shown by the multi-species comparison performed here, tentative conclusions on thermal tolerance can be drawn for a large number of species found in the AmP collection (AmP collection, 2023), irrespective of the completeness level of the respective models. Therefore, another potential application of this method could be the preliminary assessment of candidate species with respect to their suitability in farming or the theoretical exploration of tolerance patterns across taxonomic groups.




5 Conclusions

Overall, our simulations showed that the modelling approach presented in this study can adequately capture the general tolerance patterns of the species that were considered as well as pinpoint factors that may influence them. Although further investigation and validation is required to increase the robustness of the method, the framework described here offers promising results towards a mechanistic interpretation of thermal tolerance in bioenergetic terms during acute thermal stress which is missing from the literature. In addition, as outlined previously, it may have practical applications in fish farming since it provides predictive power to simulating and quantifying thermal tolerance. This is increasingly relevant in expectation of higher heatwave intensity and frequency in the future, and therefore it has potential to contribute to the development of tools and recommendations towards climate change adaptation.
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