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Ongoing climate warming demands a better understanding of whether or how the ectotherms that evolved in response to fluctuating stress regimes may acquire increased heat tolerance. Using blue mussels, Mytilus spp., a globally important and well-studied species, we provide empirical evidence supporting that (i) extremely warm (future) summer conditions may select rare recruits that are more capable of expressing metabolic (feeding and respiration) suppression and recovery in response to daily thermal fluctuations in mild to critical temperature range, (ii) this higher heat tolerance can be mediated by lower baseline metabolic demand, possibly decreasing the risks of heat-induced supply and demand mismatch and its associated stress during thermal fluctuations, and (iii) the capacity to acquire such heat tolerance through acclimation is minor. We discuss our results, methodological limitations and offer a perspective for future research. Further evaluation of mechanistic hypotheses such as the one tested here (based on the role of metabolic demand) is needed to generalize the significance of drivers of fast warm adaptation in ectothermic metazoan populations.
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INTRODUCTION

Marine ectotherms that have evolved in response to fluctuating stress regimes in environments such as shallow habitats can express remarkable suppression and recovery of metabolic performance over successive phases of critical and benign temperatures (Marshall and McQuaid, 1991). Metabolic suppression is expressed as substantial declines in feeding activities followed by partial decreases in aerobic respiration or extensive transition from aerobic to anaerobic respiration (Sokolova and Pörtner, 2001). By suppressing the rate of energy-intensive processes (e.g., feeding and growth), these organisms reduce their demand for metabolic substrates and energy (Schulte et al., 2011). Otherwise, their demands rise sharply with increasing temperature and eventually exceed the capacity to supply the required substrates from internal reserves. The supply capacity is related to the rates of resource uptake, internal reserve formation, and reserve mobilization (Kooijman, 2010) and is generally less temperature-dependent than the metabolic demand (Pörtner, 2012; Rall et al., 2012; Ritchie, 2018). The heat-induced mismatch between metabolic supply and demand can give rise to internal entropy, stress, and damage, exacerbating organismal performance over time (Pörtner, 2012; Ritchie, 2018). Therefore, metabolic suppression may allow organisms to minimize the negative impacts of critical temperatures during short-term (e.g., daily) thermal fluctuations (Vajedsamiei et al., unpublished).

Ongoing ocean warming increases the probability of exposure to high, beyond-optimal temperatures for marine organisms (Brewer et al., 2014). Due to this warming, periods of suppression may become longer while recovery phases may shorten, assuming no change in the temperature fluctuation amplitude and length. Enforcing metabolic suppression in response to more intense or extended periods of high critical temperatures may cause or exacerbate the supply and demand mismatch and its associated stress, limiting an organism’s capacity to resume activity during the shortened recovery phases (Vajedsamiei et al., unpublished). Thus, it is crucial to know whether and how exposure to warming trends is associated with increased heat tolerance in the form of elevated thermal thresholds of metabolic suppression or increased capacity for recovery during thermal fluctuations.

Within- and between-generational acclimation to warmer ambient regimes may increase heat tolerance in ectotherm individuals, leading to warm adaptation in some populations (Davenport and Davenport, 2005; Wittmann et al., 2008). For example, acclimation to a stressful event (e.g., heatwave) may functionally prepare or disturb the organism for successive stress events (Walter et al., 2013; Giomi et al., 2016; Bernhardt et al., 2020). Nonetheless, beneficial acclimation capacity may be limited for species from highly fluctuating environments (Stillman, 2003; Somero, 2010; Seebacher et al., 2014) due to a tradeoff in favor of the capacity for metabolic suppression and recovery (McMahon et al., 1995). Additionally, increases in heat tolerance through beneficial genetic mutation alone might not be fast enough to adapt populations to ocean warming (Somero, 2010) as suggested by the observed warming-induced extinctions and changes of biogeographical distributions of species (Barry et al., 1995; Sagarin et al., 1999; Wethey and Woodin, 2008). Finally, emerging evidence suggests that directional selection in favor of heat-tolerant individuals may enforce a shift in a population’s mean thermal performance (Logan et al., 2014, 2018; Ma et al., 2014; Gilbert and Miles, 2017). Many marine ectothermic species express their lowest heat-tolerance during the spawning, egg, and larval stages (Pörtner and Farrell, 2008; Nasrolahi et al., 2012). Therefore, in theory, directional selection may be imposed by extreme events on these sensitive life-history stages, a critical phenomenon to investigate since such extreme events are being enforced by climate change (Grant et al., 2017; Al-Janabi et al., 2019).

Whether through directional selection or acclimation, ectothermic individuals or populations may need to acquire lowered metabolic demand to decrease the risks of heat-induced supply and demand mismatch and its associated stress during critically warm phases of thermal fluctuations. This hypothesis also corroborates the temperature compensation (Hazel and Prosser, 1974) or metabolic cold adaptation (Clarke, 2003) hypotheses proposing that individuals adapted to warmer environments, compared to cold-adapted ones, usually have lower metabolic demand (represented by the respiration rate of non-stressed individuals) at similar benign temperatures. This allows individuals to optimize their metabolic performances according to their local thermal regimes (Le Lann et al., 2011).

Using blue mussels, Mytilus spp., an economically and ecologically important species, and a model system for studying metabolic suppression capability of ectotherms, this research evaluates (i) whether extremely warm summer conditions would select for individuals with higher heat tolerance in their daily metabolic suppression and recovery responses and (ii) whether such a potentially warm-adaptive shift in the metabolic responses is linked to lower metabolic demand of the individuals. In a quasi-natural flow-through benthocosm system, mussels from the western Baltic Sea (Kiel Fjord) introduced as juveniles (transplanted organisms) or as larvae (recruited organisms) were grown under the current (+0°C) vs. future (+4°C) thermal history levels, imposed onto summer 2018 natural temperature regimes. After incubation for 4 months, the performance traits feeding and aerobic respiration were recorded in response to a mild temperature (20.8°C) for 6 h (baseline performance) followed by two 24 h thermal fluctuation cycles with extreme amplitudes (20.8–30.5°C).

The hypotheses of this study were: (i) The warmer thermal history would result in individuals with higher heat tolerance as evidenced by warmer thresholds of metabolic suppression or higher recovery or both responses to daily thermal fluctuation cycles (Figure 1A), and (ii) such higher heat tolerance would be mediated by a lower baseline metabolic demand (Figure 1B).
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FIGURE 1. Hypotheses sketch. (A) Organisms selected by or acclimated to extreme summer baselines (e.g., prolonged heatwaves) may express higher heat tolerance in the form of (i) higher thermal thresholds of feeding and respiration suppression and recovery (i.e., a broader temperature range for optimal performance; horizontal axis in A) or (ii) a generally higher metabolic performance (recovery) at benign phases of thermal fluctuations (vertical axis in A), or both. (B) Compared to non-selected or non-acclimated individuals, heat-tolerant individuals may have lower metabolic demands (baseline performances) but with a normally high demand/supply ratio (not presented here) under a mild ambient temperature. When an organism’s initial thermal performance (middle plot) is maintained over several daily fluctuation cycles, it means that the heat tolerance has not changed over time (i.e., elastic metabolic suppression and recovery in response to thermal fluctuations). However, the initial thermal performance (middle plot) can change over time due to acclimation or stress (plastic responses to fluctuations), resulting in other forms of responses. Notes: To simplify, we assumed there are no gradual thermal changes in the performance due to thermodynamics (Q10 effects), and the slope of fast changes in the performance is infinity leading to immediate suppression and recovery.




MATERIALS AND METHODS

The study organism is the filter feeder Mytilus edulis trossulus, the species complex that forms extensive mussel beds in the Baltic Sea (Larsson et al., 2017; Stuckas et al., 2017) where the tidal range is minimal (<few cm). However, ambient temperature regimes fluctuate in time due to daily irradiance variation (by 1–6°C at depths ca. 1 m) or days- to weeks-long weather events (up to 8°C at depths ca. 2 m) (Franz et al., 2019; Pansch and Hiebenthal, 2019). By the end of the 21st century, the average sea surface water temperature is projected to increase by 1.5–4°C in the Baltic Sea (Meier et al., 2012; Gräwe et al., 2013).


Long-Term Incubations and Short-Term Assays

The long-term incubation was conducted as a part of a 4 month community-level study on the effects of warming and upwelling on a Baltic Sea benthic community, including Fucus sp., and Agarophyton vermiculophylla and the associated grazer species (Idotea balthica, Gammarus sp., Littorina littorea and Rissoa membranacea), as well as mussel predators Asterias rubens and Carcinus maenas (kept in isolated baskets) during summer 2018 (Wahl et al., unpublished; Pansch et al., unpublished). Natural recruitment of hard- and soft-bottom species was allowed on tank walls, introduced panels, and soft sediment. On May 23, 2018, juvenile mussels (7–13 mm) were collected in 0.5 m water depth from a jetty area (50 m2) in Kiel Fjord, Germany (54.4330891° N, 10.1711679° E). Batches of 40 specimens were transplanted (transplanted mussels) inside two separate baskets (3 mm2 pore size and ca. 500 cm3 volume of each basket) within each 1500 L tank of the Kiel Outdoor Benthocosms (KOBs, located alongside a jetty in the Kiel Fjord; 54.330119° N, 10.149742° E). The KOB system automatically regulated heaters and coolers by commercial aquarium controllers, which allowed accurately simulation of real-time Kiel Fjord (pier) thermal conditions (even daily thermal fluctuations of 1–3°C) as well as warmed (baseline-shifted) regimes within the tanks, as generally described in the protocol by Wahl et al. (2015). Each tank received a flow-through of unfiltered Kiel Fjord seawater (ca. 8,500 L d–1), which allowed near-natural abiotic (salinity, pH, oxygen, and nutrients) and biotic (bacterial load, phytoplankton, and zooplankton) conditions (Wahl et al., 2015).

In two short-term assays, we focused on measuring metabolic performance traits (filtration and respiration) for mussels from the two benthocosm tanks in which we simulated the current fjord temperature and a warmed future-expected thermal regime (hereafter, + 0°C and + 4°C thermal history levels). The thermal history regimes and variations of the dissolved oxygen concentration in these two benthocosm tanks during the long-term incubation are presented in Figure 2A and Supplementary Figure 1, respectively. There was only one benthocosm tank per treatment level (see “Shortcomings and Perspectives” in the section “Results and Discussion”). In the Kiel Fjord, summer 2018 was an extremely warm season, involving two subsequent marine heatwaves (durations of 20 and 26 days) with maximum temperatures reaching 24–25°C for a few days in the whole summer period (Wolf et al., 2020). The 24°C was previously established as the high temperature threshold for initiation of mussels’ metabolic suppression in response to short-term (hours-long) warming (Vajedsamiei et al., 2021a; Vajedsamiei et al., unpublished). The +4°C thermal history level represented a future extreme summer regime, which will probably occur by the end of the 21st century (Meier et al., 2012; Gräwe et al., 2013). In this treatment level, the transplants had been exposed for ca. 1 month to temperatures above 24°C (Figure 2A). Therefore, the two thermal history levels represent current vs. future extreme summer-time thermal regimes.
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FIGURE 2. Temperature regimes of the long-term incubation and short-term assays. (A) Thermal history treatment levels (+0°C and +4°C, above natural Kiel Fjord temperatures) imposed on mussels transplanted or recruited in summer 2018 in the two mesocosm tanks of the Kiel Outdoor Benthocosms (KOBs). (B) The assay treatment included the before-fluctuation phase (when mussels were exposed to constantly 20.8°C) and the fluctuation phase when the maximum temperature reached 30.5°C.


We conducted lab assays for two periods. The first assay was performed in the period from August 29 to September 10, during which filtration and respiration of 18 transplanted mussels (from +0°C and +4°C thermal history levels) were recorded in six temporally replicated (independent) trials. In each trial, filtration and respiration of three different specimens, randomly selected from the samples incubated under +0°C and +4°C levels, were recorded in response to a constant mild temperature condition (20.8°C) followed by two 24 h thermal fluctuation cycles (Figure 2B) using a Fluorometer- and Oximeter-equipped Flow-through Setup (FOFS; Vajedsamiei et al., 2021a). In each trial, mussel-induced changes in the chlorophyll and dissolved oxygen concentrations were recorded as the difference between measurements taken from three flow-through paths containing mussels and the measurements taken from one mussel-free flow-through path. Minimum and maximum temperatures in the cycles were 20.8 and 30.5°C, respectively, the former representing a current high (ca. the 90-percentile limit) daily thermal average in summer and the latter representing a future daily extreme (Gräwe et al., 2013; Pansch et al., 2018; Franz et al., 2019). During the performance trials, mussels were continuously fed with Rhodomonas salina, maintained at the concentration of their surrounding solution (Supplementary Figure 2) within the range (1,000–7,000 cells mL–1) needed for mussel’s optimal filtration activity (Riisgård et al., 2012).

For the second assay, we collected mussels recruited and grown on baskets located in the KOBs (recruited mussels) on September 12, 2018. Four hundred eighty specimens had recruited under the current thermal history level (+0°C), while 17 were found under the +4°C level. The recruited mussels were kept in filtered seawater at 20°C for five days before the assay. In total, we recorded filtration and respiration rates of six batches of 5 or 6 mussels with similar shell lengths (three batches from each thermal history level) in temporally replicated trials of the same treatment, as explained earlier. Batches were randomly assigned to the repeated trials.

The size traits and assignments of replicates (individuals or batches of mussels) to trials are presented in Supplementary Table 1. Mussel dry tissue weights were measured after each assay and later used as proxies for tissue volumes (Hamburger et al., 1983; Riisgård, 2001). The data of the assays are accessible in PANGAEA (Vajedsamiei et al., 2021b).



Initial Data Processing

Data collected in each short-term assay were processed separately. Initial data processing was conducted using Python (Python Software Foundation) based on the scripts and the protocol described in Vajedsamiei et al. (2021a). In short, the initial data processing had two main steps: (i) Trial-by-trial processing denoised the time series of dissolved oxygen and Chlorophyll (or cell) concentrations (measured in each trial) using the robust estimation technique, corrected for the effect of temperature, and converted to units of interest. The cell concentration measurement was time-lagged compared to the oxygen measurement, as the Chl sensor was positioned after the oximeter in each path of FOFS. The time lag was corrected using linear differential modeling. The revised time series of the measured variables were then applied to calculate the response variables (i.e., filtration, feeding, and respiration rates), all saved into the respective trial’s output data frame. The variables’ definitions, as used in the trial-by-trial processing Python script, are provided in Supplementary Script 1. (ii) Integrative processing scaled filtration and respiration rates for each replicate with respect to the average responses over the before-fluctuation phase and combined the revised output data frames of each assay.



Hypothesis Testing

Statistical hypothesis testing was done in R (R Core Team, 2019) using the packages mgcv, visreg, and itsadug (Breheny and Burchett, 2017; Wood, 2017; van Rij et al., 2020). The testing was done for transplanted and recruited mussels separately.

To test the first hypothesis, we used Generalized Additive Mixed-effect Models (GAMMs) to explain sources of variation in the scaled filtration (potential for feeding) and respiration rates observed during the whole assay. We tested for the significance of the fixed (intercept or average) effect of thermal history, the smoothed effect of time, and the interactive effect of thermal history and time. The number of the basis functions (knots) in the GAMMs was chosen to maximize the k-index considering the tradeoff between the models’ non-linearity (degree of freedom) and the goodness of fit (Wood, 2017).

To test the second hypothesis, we used GAMMs to explain the sources of variation observed during the before fluctuation phase (at the constant temperature of 20.8°C). The potential for feeding (J h–1), estimated based on the filtration rate at a constant medium food level (3,000 cell mL–1), and the respiration rates (J h–1) were used as the response variables. The number of knots in the GAMMs was restricted to 3, limiting the smooths’ maximum allowed non-linearity. Considering all possible sources of variation in the potential for feeding, we tested for the fixed effect of thermal history, the smooth effect of dry tissue weight (as a measure of body volume), and the smooth effect of time and its interactions with thermal history. For modeling the respiration rate, besides these factors, we also tested for the smooth effect of real-time feeding rate since the feeding rate could have influenced the respiration rate (due to the cost of feeding activities; Secor, 2009). Therefore, in our hypothesis testing, we assumed that the smoothers explaining the responses as functions of dry tissue weight or real-time feeding rate would be relatively similar for mussels with different thermal histories.

Notably, in all GAMMs, thermal history was defined as an ordered factor to structure the model in the form of an ANOVA contrast, enabling direct comparison of the reference level smooth (+0°C) with the elevated one (+4°C) (van Rij et al., 2020). As measurements were longitudinal (with temporal dependency), replicate was defined as the random intercept factor, and the residual autocorrelation was considered by including a lag-one autoregressive term or AR(1) parameter in the GAMMs (Wood, 2017; van Rij et al., 2020). We also used Restricted Maximum Likelihood (REML) for the unbiased estimation of variance components (Wood et al., 2016). After the tests, we checked residuals’ normality and independence through QQ and ACF plots, respectively. The general version of the R scripts can be found in Supplementary Script 2.



RESULTS AND DISCUSSION


The Future Summer Thermal Extreme Resulted in Rare Recruits of Higher Heat Tolerance

Over the daily cycles of our short-term assays, all transplanted and recruited mussels with different thermal histories (+0°C and +4°C) expressed some levels of metabolic suppression and recovery (Figure 3). Their metabolic performance traits, represented by scaled rates of potential for feeding (filtration) and aerobic respiration, were depressed in response to the temperature exceeding a specific threshold range (24–26°C) during the warming phases. The responses recovered to some extent at subsequent exposures to less extreme temperatures (recovery phases).
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FIGURE 3. Mussel responses in the short-term assays. Generalized Additive Mixed-effect Models (GAMMs) of the scaled potential for feeding and respiration rates of recruited (A,B) and transplanted (C,D) mussels over diurnal thermal fluctuation cycles. The specimens experienced a thermal history of +0°C and +4°C imposed onto summer 2018 ambient conditions. Responses of single transplanted mussels and the recruited mussels, in groups of 5–6 specimens as a replicate, were assessed using the Fluorometer- and Oximeter-equipped Flow-through Setup (FOFS; Vajedsamiei et al., 2021a). Each replicated time series was normalized concerning the average responses over the before-fluctuation phase. Respective post hoc curve comparison plots are presented on the right (E–H) in which the predictions of the treated-level smoother (+4°C) are subtracted from the reference level smoother (+0°C). Red lines denote the intervals of significant differences between smoothers.


For recruited mussels, the variation of both metabolic traits was significantly explained by thermal history, as both the intercept (future–current) and the smooth term [s(time):future] were very significant (p < 0.0001; Supplementary Table 2). Indeed, compared to the recruits from the colder regime (+0°C), recruited mussels from the warmer regime (+4°C) were better able to restore their respiration and feeding rates during recovery phases to before-fluctuation levels (Figures 3A,B,E,F). The thermal thresholds of respiration suppression and recovery were relatively comparable between these two groups of recruited mussels (Figure 3B), and so was the threshold of feeding suppression (Figure 3A). However, the thermal threshold of feeding recoveries was lower for recruited mussels from +4°C compared to the recruits from +0°C (Figure 3A).

Recruitment under the +4°C regime was reduced by ca. 96.5% of what was found in the current regime (+0°C) (see section “Materials and Methods”). Jointly, these findings propose that high selective pressure imposed by the intensified (>24°C) thermal regime on mussels at very early life stages might have resulted in a selection for increased heat tolerance (the capability for metabolic recovery). Most marine ectotherms at the spawning, embryo, and larval stages have the narrowest thermal tolerance window and are most vulnerable to thermal extremes (Pörtner and Farrell, 2008; Nasrolahi et al., 2012).

Instead, for transplanted mussels, thermal history’s effects were not significant, both in terms of the intercept (future–current) and the smooth [s(time):future] (p > 0.26; Supplementary Table 2). Mussels with different thermal histories, on average, showed very similar metabolic depression or recovery patterns (Figures 3C,D,G,H). Additionally, the feeding recovery of these mussels weakened over the short-term assay, probably in response to the critical temperatures. These patterns generally suggest that the studied species have a limited capacity to improve their metabolic performance under critical temperatures through physiological acclimation. Accordingly, at +4°C, growth rates of mussels’ shell length, dry shell weight, and dry tissue weight over the summer were ca. 80, 60, and 40% of that found under +0°C (Supplementary Table 3). All these findings corroborate previous empirical evidence, suggesting that marine organisms from shallow habitats with pronounced thermal fluctuations generally have a limited capacity to acclimate to warm extreme conditions (Stillman, 2003; Somero, 2010; Seebacher et al., 2014).

Metabolic suppression and recovery, mediated by thermal fluctuations, may allow eurytherms such as mussels to improve their fitness, which may be instead detrimental under constant regimes (Vajedsamiei et al., unpublished). Such refuge effects are more relevant to organisms as ongoing ocean climate warming generally increases the probability of beyond-optimal temperature exposures. Our findings are partly in line with emerging evidence, proposing that extreme events may result in a directional selection of heat-tolerant individuals, which can potentially lead to increases in the populations’ mean heat tolerance over generations (Logan et al., 2014, 2018; Ma et al., 2014; Gilbert and Miles, 2017). Yet, selection by one environmental factor may cause cross-tolerance or increased sensitivity to other environmental factors (Al-Janabi et al., 2019). Such selective forces may substantially decrease the recruitment success and population size in time, raising the risks of extinction due to reduced population size and genetic variation (Grant et al., 2017).



Lower Metabolic Demand Might Have Led to Higher Heat Tolerance in Recruited Mussels

In the before-fluctuation phase, recruited mussels from +4°C showed, on average, significantly lower respiration and potential for feeding (Figures 4A,B) as the intercepts (future–current) of the models were very significant (p < 0.0001; Supplementary Table 4). Instead, transplanted mussels from +4°C expressed slightly lower potential for feeding and respiration rates than transplanted mussels from +0°C (Figures 4C,D; p > 0.21; Supplementary Table 4). The ratio of respired energy to energy uptake from feeding (fed energy) can be calculated using the parametric coefficients’ “Estimate” values (intercept or averages) presented in Supplementary Table 4. The ratios were nearly identical, on average 0.17 vs. 0.19 (J h–1), for the recruited mussels from the +0°C vs. +4°C, respectively. This pattern suggests that the lower metabolic demand (represented by the aerobic respiration) in recruits of the +4°C regime was coupled with the lower supply-to-reserve rate. The latter process is mainly represented by the potential for feeding but can include all processes involved in uptake and transport of metabolic substrates and energy into appropriate internal storage reservoirs (Kooijman, 2010). In contrast, the respired energy to fed energy ratios were on average 0.29 vs. 0.36 (J h–1) for transplanted mussels from the +0°C vs. + 4°C, respectively, suggesting that the heat-treated transplants were more at the risk of heat-induced mismatch of metabolic supply and demand.
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FIGURE 4. Mussel baseline performance at constantly 20.8°C in the short-term assay. Potential-for-feeding and respiration rates of recruited (A,B) and transplanted (C,D) mussels at an ambient food concentration ca. Three thousand cells mL–1 during the before-fluctuation phase of the short-term assay. The plots are Generalized Additive Mixed-effect Model (GAMM) outputs after setting the median tissue dry weight (and a median feeding rate for predicting the respiration) and a specific replicate level. The dots represent partial residual for each model. For recruited mussels, the fixed effects of thermal history on both responses were significant (p < 0.001, adjusted-R2 > 0.95), while for transplanted mussels, the effect was only significant for the potential for feeding (p = 0.03 and 0.39, and adjusted-R2 = 0.97 and 0.94, for feeding and respiration, respectively). For tests on the significance of smooth and random effects (Supplementary Table 2).


These findings suggest that recruits of marine ectotherms with lower metabolic demand (but enough supply rate) may have higher heat tolerance regarding their metabolic responses to transient critical exposures during short-term thermal fluctuations. The link between lower metabolic demand and higher heat tolerance can be explained through a heat-induced limitation in marine ectotherms’ capacity to supply their demand for metabolic substrates and energy, as discussed in the following.

For individuals of a marine ectotherm population (at a specific life-stage and the whole organism level), thermal dependency (denoted by Q10) is usually higher for the metabolic demand than for the feeding (Rall et al., 2012). Besides, oxygen supply capacity can also become limited at high temperatures (Pörtner, 2012; Verberk et al., 2016; Giomi et al., 2019). At the cellular level, Q10 may also be higher for metabolic product formation (or demand) as compared to substrate diffusion and transport processes (or supply) (Ritchie, 2018). For a growing juvenile mussel, for example, a temperature-induced rise in feeding rate (Q10 ca. 1.5; Kittner and Riisgård, 2005) may be enough to compensate for a relatively higher increase in energy demand (Q10 2–3; Widdows, 1976; Vajedsamiei et al., unpublished) only if the food resource is sufficiently nutritious. However, after a specific temperature threshold or period of exposure is exceeded, the feeding activities may become too costly, as they usually consume a large portion (ca. 20%) of the whole metabolic expenditure (Widdows and Hawkins, 1989; Secor, 2009). When organisms restrict their supply-to-reserve rate due to the high costs, the supply-from-reserve will become time-limited, meaning that the organisms may become more and more in debt, specifically regarding metabolic substrates and energy. Therefore, in theory, and as our findings suggest, more heat-tolerant ectothermic individuals compared to less tolerant ones would tend to have lower metabolic demand to better control metabolic supply and demand mismatch. The associated debt and stress of such a mismatch would be directly linked to an organism’s basic levels of metabolic demand.



Shortcomings and Perspectives

Our short-term assays were conducted as post-incubations to a community-level 4 month long incubation experiment, the results of which are mainly reported in two associated papers (Pansch et al., unpublished; Wahl et al. unpublished; but see also section “Materials and Methods”). The sample size and the level of between-replicate dependency were not ideal in our short-term assays. The number of recruited mussels in the end-of-century treatment level was only 17; therefore, just three replicated time series could be measured for three batches of 5–6 recruited mussels. Additionally, since replicate mussels shared one benthocosm tank during the summer, we could not exclude (or account for) the confounding effects of between-replicate dependency in the modeling. Nonetheless, some factors could have lowered the dependency of replicate mussels, including the potential difference in their genetics, the large size of the tanks, and the high seawater exchange rate (see section “Materials and Methods”). Notably, the growth and recruitment data collected in the two treatment levels (+0°C and +4°C) fitted well into thermal performance curves which were created using the whole dataset from all six thermal history levels (+0°C to +5°C) of the 4 months long incubation (see Supplementary Figure 3), inferring that the mussels under the +4°C regime were mainly impacted by the temperature and no other confounding factors.

Nevertheless, more investigations are needed to support the two general propositions: (i) Extreme seasons (events) select for ectothermic early-stage individuals with more heat-tolerant metabolic performance and (ii) such heat tolerance is due to the lowered metabolic demand enabling these organisms to more efficiently control the mismatch between metabolic supply and demand at high temperatures. In a second step, we must understand if the directional selection of less metabolically demanding recruits can lead to rapid evolutionary warm adaptation of populations of ectothermic benthic metazoans, as recently shown for a microbial alga (Padfield et al., 2016). Such elevated heat resistance may not result in population persistence in response to future warming when it involves a substantial decrease in new cohorts’ abundance and genetic diversity. Besides, it remains to be tested if community-level processes may provide refuge from stress effects, such as photosynthetically active organisms providing refuge from thermal stress due to oxygen supply (Giomi et al., 2019).
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