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During recent years, experimental ecology started to focus on regional to local environmental fluctuations in the context of global climate change. Among these, marine heatwaves can pose significant threats to marine organisms. Yet, experimental studies that include fluctuating thermal stress are rare, and if available often fail to base experimental treatments on available long-term environmental data. We evaluated 22-year high-resolution sea surface temperature data on the occurrence of heatwaves and cold-spells in a temperate coastal marine environment. The absence of a general warming trend in the data may in parts be responsible for a lack of changes in heatwave occurrences (frequency) and their traits (intensity, duration, and rate of change) over time. Yet, the retrieved traits for present-day heatwaves ensured most-natural treatment scenarios, enabling an experimental examination of the impacts of marine heatwaves and phases of recovery on an important temperate predator, the common sea star Asterias rubens. In a 68-days long experiment, we compared a 37- and a 28-days long heatwave with a treatment that consisted of three consecutive 12-days long heatwaves with 4 days of recovery in between. The heatwaves had an intensity of 4.6°C above climatological records, resulting in a maximum temperature of 23.25°C. We demonstrate that heatwaves decrease feeding and activity of A. rubens, with longer heatwaves having a more severe and lasting impact on overall feeding pressure (up to 99.7% decrease in feeding rate) and growth (up to 87% reduction in growth rate). Furthermore, heatwaves of similar overall mean temperature, but interrupted, had a minor impact compared to continuous heatwaves, and the impact diminished with repeated heatwave events. We experimentally demonstrated that mild heatwaves of today’s strength decrease the performance of A. rubens. However, this echinoderm may use naturally occurring short interruptions of thermal stress as recovery to persist in a changing and variable ocean. Thus, our results emphasize the significance of thermal fluctuations and especially, the succession and timing of heat-stress events.
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INTRODUCTION

Anthropogenically induced climate change alters the abiotic conditions for all marine organisms and ecosystems (IPCC, 2021). Thereby, sea surface temperatures (SSTs) are projected to increase by 3°C until the end of this century (IPCC, 2021), which has been shown to negatively impact ecosystems worldwide (Walther et al., 2002; Doney et al., 2012; IPCC, 2021).

Thermal fluctuations are superimposed on this gradual change in temperature, reaching from yearly (seasonal) to daily (day-night) or tidal fluctuations. While colder periods may serve as refuge from heat stress in a fluctuating world, peak temperatures cause high thermal stress temporally (Wahl et al., 2015). Therefore, the examination of natural fluctuations and their extremes is key to understand a system’s response to a warming ocean. Among the most important thermal fluctuations, heatwave events are projected to increase in frequency, duration, and intensity worldwide (Oliver et al., 2018), with particular intensification in marginal shallow seas, like the Baltic Sea (Gräwe et al., 2013).

Heatwaves have a high potential of impacting marine ecosystems, by exceeding the thermal limits of species (Oliver et al., 2019; Smale et al., 2019). Much research has been done in tropical systems such as coral reefs, as slight temperature deviations can have massive impacts leading to, e.g., coral bleaching (Le Nohaïc et al., 2017). In coral reef ecosystems, the accumulation of thermal anomalies is used to assess the bleaching potential (degree heating weeks; e.g., Kayanne, 2017). The impact of temperature events on marine ecosystems therefore depends on a heatwave’s intensity, but also on traits such as duration (e.g., Oliver et al., 2019) and onset rates (e.g., Genin et al., 2020). Thus, even in temperate regions, with generally higher thermal variability, heatwaves can have strong impacts on marine ecosystems (Pansch et al., 2018; Smale et al., 2019), yet the overall effect strength and direction may strongly depend on the timing of the heatwave event and on the environmental history of the community (Pansch et al., 2018).

Generally, acclimation to environmental change may occur across species, challenging reliable predictions of future ecosystem changes. As shown for multiple simultaneous drivers (Boyd et al., 2018), consecutive stress events (e.g., recurring marine heatwaves) can either have additive, antagonistic or synergistic impacts on species (Gunderson et al., 2016). Antagonistic impacts can mean that a first stressor prepares the organism to respond more adequately when the same stressor recurs, a concept referred to as “stress memory” or “ecological memory” (e.g., Walter et al., 2013; Jackson et al., 2021). At the species level, such processes are triggered by, for example, the expression of heat shock proteins (HSPs, e.g., Todgham et al., 2005; Banti et al., 2008; McBryan et al., 2016), while at the population and the community level, genotype, and species sorting as well as changes in dispersal capacities or species interactions can trigger such “lagged” effects, long after a stress event occurred [as discussed by Jackson et al. (2021)].

Environmental climate change has the potential to drive ecosystem responses if keystone species are impacted (Sanford, 1999). The common sea star (Asterias rubens) is such a keystone species in the temperate benthic communities of the Atlantic Ocean, North Sea and Baltic Sea (Vevers, 1949; Budd, 2008). This species is an important part of the ecosystem as it controls the abundance of mussels and thus, the distribution of mussel beds (Gaymer et al., 2001). Mussels, e.g., blue mussels, (Mytilus spp.) play an important role as ecosystem engineers by providing habitat for many other species (Norling and Kautsky, 2007; Sadchatheeswaran et al., 2015). Yet, when released from one of their main predators, mussels might outcompete other important structure-forming species like seagrasses and macroalgae by forming large monocultures and thus decreasing overall diversity (Reusch and Chapman, 1997; Dürr and Wahl, 2004).

Even though the importance of environmental variability, including marine heatwaves, is widely acknowledged in the scientific community (Pincebourde et al., 2012; Gunderson et al., 2016; Smale et al., 2019), this aspect is often neglected in experimental ecology. One major problem may be the lack of a universal characterization of variability such as marine heatwave events. In this study, we used a physical (oceanographic) approach suggested by Hobday et al. (2016), which is now widely used in characterizing marine heatwave events globally (Oliver et al., 2019; Smale et al., 2019; Thomsen et al., 2019), thus allowing for a worldwide comparison of events and their impacts. Hobday et al. (2016) defined a heatwave as temperatures that exceed the 90th percentile of a long-term temperature dataset for at least five consecutive days. Our experimental treatments were designed using a 22-years high-resolution (8 mins intervals) SST dataset available for the Kiel Fjord (Wolf et al., 2020). We tested the impact of heatwave events of different duration and frequency on the keystone predator A. rubens. We expected a decreased performance of A. rubens with increasing duration of the heatwave and a mitigation of heatwave impacts in a scenario that applied successive heatwave events and therefore periods for recovery. In contrast to many existing studies, we measured sea star traits, feeding in particular, at high temporal resolution, allowing for a better approximation of the instant responses of this species to the short-term stress events, explaining long-term consequences.



MATERIALS AND METHODS


The Study System

The Baltic Sea as a semi-enclosed marginal shelf sea, is characterized by its shallow waters with an average depth of 54 m (Leppäranta and Myrberg, 2009). Here, unlike most of the world’s oceans, SST is projected to increase by up to 4°C by the end of the century (HELCOM, 2013; 3°C worldwide: IPCC, 2021). Therefore, the Baltic Sea provides an ideal study area as it already shows conditions today that are projected for 2100 in other regions and may thus be considered as “Time Machine” for climate change research (Reusch et al., 2018).



Modeling Heatwave Traits

Extreme event identification and calculation of their traits in different seasons (i.e., frequency, duration, maximum intensity, cumulative intensity, onset rate, and decline rate), was performed using the “heatwaveR” package (Schlegel and Smit, 2018) in R (R Core Team, 2021), which is based on the heatwave definition by Hobday et al. (2016). The script uses a moving window of 11 days to provide a climatology as well as 90th and 10th percentile thresholds from which heatwave and cold-spell traits are determined, respectively. We used a 22-years high-resolution (8 mins intervals) sea surface (1.8 m depth) temperature dataset from the Kiel Fjord provided by GEOMAR weather station (Wolf et al., 2020). We extracted daily means, which were then implemented into R. The longest period with missing data was between May 25th, 1999 and June 16th, 1999. Therefore, the maximum gap length was set to 23 days into the “heatwaveR” package, in which the temperature was linearly extrapolated.



Using Heatwave Traits for Defining the Experimental Treatments

We applied treatments with summer heatwaves differing in their duration and sequence. The underlying seasonal summer temperature is based on the temperature modeling as described above (i.e., the extracted climatological values) and provided the baseline (No heatwave treatment; Figure 1A). The No heatwave treatment experiences temperatures starting with 16.57°C, maximizing to 18.64°C and ending with 16.69°C. A mean summer heatwave intensity of 4.6°C above seasonality and a maximum onset rate of 0.7°C and decline rate of 1.4°C per day (see bold values in Supplementary Table 1) were used as baseline for the applied heatwave treatments. The Interrupted heatwave consisted of three single heatwave events of 12 days each above seasonality (Figure 1B; 5 or 7 days above the 90th percentile threshold for the first two or the last heatwave, respectively), representing minimum duration as found from the 22-year dataset (see bold values in Supplementary Table 1). The heatwaves were separated by four relaxation days in between (Figure 1B). Maximum temperatures for each of these three short heatwave events were 22.84, 23.25, and 22.63°C, respectively (Figure 1B). To achieve the same overall average temperature of 19.2°C of the Interrupted heatwave treatment, the Present-day heatwave (Figure 1C) had a duration of 28 days above the seasonality (20 days above the 90th percentile threshold) reaching a maximum temperature of 23.25°C. This duration lies within the maximum identified summer heatwave duration of 39 days (Supplementary Table 1). The Extended heatwave had a duration of 37 days above the seasonality (31 days above the 90th percentile threshold) and is simulating a scenario in which the Present-day heatwave is not interrupted by a typical cold-spell (Figure 1D). A typical cold-spell in summer has a duration of at least 6 days below the 10th percentile (Supplementary Table 2). Such a cold-spell would last for a total of 9 days, when starting and ending at the temperature of the seasonal baseline. This represents the difference in duration between the Present-day and Extended heatwave treatment, if starting and closing from the seasonal temperature baseline.


[image: image]

FIGURE 1. Experimental treatments based on the heatwave definition by Hobday et al. (2016). The treatments followed a smoothed natural summer seasonal temperature profile [No heatwave, gray line in panel (A); “climatological values” in Hobday et al. (2016)] or experienced three short heatwaves of 12 days each [Interrupted, yellow-green filling in panel (B)], a heatwave of 28 days [Present-day, orange filling in panel (C)] or a heatwave of an extended duration of 37 days [Extended, red filling in panel (D)]. Durations refer to the period with temperatures above the climatological values. Temperatures above the 90th percentile are shown in a darker shade. All heatwaves had a maximum peak of +4.6°C above the climatological values. Mean temperatures of the Interrupted and Present-day heatwave treatments were equal. Black triangles represent measuring points for wet weight of A. rubens, and black dots indicate additional assessments of righting responses.




Experimental Set-Up

The treatments were applied in the Kiel Indoor Benthocosms (Pansch and Hiebenthal, 2019) from July 5th to September 10th, 2019. The KIBs are a state-of-the-art mesocosm system comprised of twelve 600 L tanks, which served as water baths for each six replicated experimental units (2 L Kautex bottles). Every treatment was applied in two separate and randomly chosen tanks leading to a replication of n = 12. Temperature was logged hourly in all ten tanks (EnvLogger, ElectricBlue, Vairão, Portugal; see Supplementary Figure 1 for attained temperatures). Additionally, temperature was monitored by measuring with a handheld thermometer at least every 3 days (TTX 110 type T, Ebro, Ingolstadt, Germany). Salinity, pH and oxygen concentration were also monitored over the experimental period (Multi 3630 IDS, WTW, Kaiserslautern, Germany; see Supplementary Figure 2). Each of the 72 experimental units contained one separate sea star individual. Though six of the experimental units were placed in the same tank, all of them had a separate water inflow and aeration and were thus considered as independent replicates, yet, potential tank effects were accounted for in the model by including the individual sea star as random factor (see “Data Analysis” below). The temperature in each of the tanks is automatically controlled via chillers and heating elements (Pansch and Hiebenthal, 2019). Due to a short malfunctioning of the system, oxygen levels in the experimental units dropped to circa 2 mg L–1 (pH down to 7.1) for one out of 68 days in all treatments (Supplementary Figure 2). As this stress was only experienced for a short time, presumably all starfish were impacted equally, and we did not observe any impacts on the sea stars (such short-term hypoxic events are relatively common in the area with 18 days of upwelling favorable winds per summer; Karstensen et al., 2014), we continued with the experiment.



The Study Organism

We collected A. rubens individuals in Möltenort, Kiel, Germany (N54°22′57.5″, E010°12′8.8″) on July 1st, 2019. Directly after collection, all sea stars were brought to a climate room and placed inside a 600 L tank with a temperature of 18°C as was measured at the collection site while sampling. The sea stars were fed ad libitum with blue mussels. When starting the experiment only sea stars of similar weight (11.3 ± 1.4 g SD) were used.



Response Variables

We measured feeding rate (mg mussel dry weight per day), wet weight change (g) and righting time as a measure for the activity of A. rubens (min). For feeding rate, blue mussels (Mytilus spp.) between 1.5 and 2 cm shell length were collected the day prior to the feeding at piers next to GEOMAR, Kiel, Germany (N54°19′45.8″, E010°08′56.4″). At each feeding event, mussels inside each experimental unit were replaced with the freshly collected mussels. At the same time, we measured the shell length of consumed mussels (Dial Caliper DialMax Metric, Wiha Division KWB Switzerland). As previously described, the mussel’s shell length and tissue dry weight correlate strongly [Supplementary Material in Morón Lugo et al. (2020)]. Therefore, we used this correlation to estimate the dry weight of mussels consumed by the sea stars. Wet weight of the sea stars was measured at the start of the experiment, right before the heatwaves started, before the Present-day heatwave started to decline, before the Extended heatwave started to decline and at the end of the experiment (Figure 1). The righting time was measured by turning the sea star on its aboral side and stopping the time it needed to fully turn back on its oral side (Lawrence and Cowell, 1996). These measurements were taken at the same days as weighing (Figure 1) to reduce unnecessary handling stress for the sea stars.



Data Analysis

All data were analyzed using R (R Core Team, 2021).

The trends of extreme event properties were analyzed using Generalized Additive Models (GAMs), applying the function bam from the package “mgcv” (Wood, 2017). The models were fitted assuming Gaussian distribution of errors for all parameters, but for frequency of events. As the frequency represents count data, a Poisson distribution of errors was assumed. The smooth terms for all peak dates and months were adjusted using thin plate regression splines, while the smoothing parameters were estimated via Restricted Maximum Likelihood (Wood, 2017). For duration and cumulative intensity an additional autocorrelation factor rho was included in the model.

We analyzed the impact of our treatments over time on the performance (feeding rate, wet weight and righting time) of A. rubens using sophisticated regression approaches. We used Generalized Additive Mixed-effects Models (GAMMs) for identifying trends in feeding rate and righting time over the course of the experiment. Therefore, the function bam from the package “mgcv” (Wood, 2017) was used. We chose GAMMs for feeding rate and righting time as the observed pattern was complex and not linear. The models were fitted assuming Gaussian distribution of errors. The smooth terms for all applied treatments over the experimental period were adjusted using thin plate regression splines, while the smoothing parameters were estimated via REML (Wood, 2017). As all measurements were repeated through time on the same individuals, identity of the respective individual (i.e., replicate) was included as random effect. The temporal trends of the GAMMs in the different treatments were compared using the function plot_diff found in the package “itsadug” (van Rij et al., 2020).


TABLE 1. Generalized Additive Mixed-effect Model (GAMM) and Linear Mixed-effect Model (LMM) results for feeding rate (mg mussel dry weight per day) over 68 days of incubation.
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In contrast to feeding rate and righting time, the pattern for wet weight was linear, so we applied a Linear Mixed-effect Model (LMM) showing the growth trends over time. Therefore, the function lmer from the package “lme4” (Bates et al., 2015) was used, in which the interaction between time and treatment was included, to elucidate the changes over the experimental period subjected to our applied treatments. To account for the repeated measurements of the same individual, we included individual identity as random effect. Identically as for the GAMMs, REML was used to estimate smoothing parameters.

An LMM using REML was applied to identify the impact of the three consecutive heatwaves in the Interrupted heatwave treatment on the average feeding rate during each heatwave event. This was compared to the feeding rate in the No heatwave treatment during the same periods. Therefore, we included the interaction between treatment and the heatwave event as fixed effects, as well as identity of individuals as random effect.

For all response variables an additional LMM was applied using REML to identify the treatment’s overall impact at the end of the experiment. In these models, only the treatment as fixed effect and the identity of individuals as random effect were included. The output for all LMMs were generated via the function emmeans of the equally named package, in which the contrast analysis is based on a Tukey-test (Lenth, 2020).

The assumptions for all models were thoroughly checked via visual inspection of residual plots.


TABLE 2. Linear Mixed-effect Model results for the wet weight (g) over 68 days of incubation.
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TABLE 3. Generalized Additive Mixed-effect Model and LMM results for righting time (min) over 68 days of incubation.
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RESULTS


Heatwave Characteristics and Trends

Between 1997 and 2018, only the onset rate of cold-spells decreased significantly (Supplementary Figure 3E). All other parameter of cold-spells as well as heatwaves did not change significantly during this time (Supplementary Figures 3, 4). Though, cold-spells tended to increase in duration and cumulative intensity (Supplementary Figures 3B,D), while maximum intensity and decline rate tended to decrease (Supplementary Figures 3C,F). Cold-spell frequency and all heatwave characteristics on the other hand, did not show any trend (Supplementary Figures 3A, 4A–F). Although, date of occurrence of the extreme events did mostly not significantly explain the given trend, the maximum intensity, onset and decline rate for heatwaves as well as cold-spells differed significantly between months (Supplementary Figures 3C,E,F, 4C,E,F). Generally, cold years favored cold-spells, whereas warm years favored heatwaves (Supplementary Figure 5 and Figure 2).
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FIGURE 2. Deviations from annual mean seawater temperature from a 22-year mean (A; Wolf et al., 2020) and heatwave durations in different months over the 22-year record (B). Colors in panel (A) represent cold (light gray) or warm (dark gray) years, and in panel (B) the intensity of the heatwave (i.e., maximum amplitude above the climatological value).


Heatwaves usually occur 1.8 times per year with a mean duration of 14.9 days and an intensity of 3.6°C (Supplementary Table 1). At the same time, cold-spells occur twice per year on average with a mean duration and intensity of 12.7 days and 3.7°C, respectively (Supplementary Table 2). These parameters differ throughout the seasons (Supplementary Tables 1, 2).



Feeding Rates Over Time

Sea stars (A. rubens) increased their feeding rate over the 68-days experiment but stopped feeding immediately as soon as the heatwave started in both, the Present-day and Extended heatwave treatments (Figure 3A). Yet, sea stars in the Present-day heatwave treatment fed on as many mussels as in the No heatwave treatment by the end of the experiment (Figure 3A). Feeding rates were also reduced in the Interrupted heatwave treatment, but less than in the two continuous heatwave treatments (Figure 3A). This is also indicated by the non-significant reduction of feeding rates during the first heatwave of the Interrupted heatwave treatment (Figure 4A). However, the second and third heatwave reduced the feeding rate significantly by 72 and 45%, respectively (Figures 4B,C). The reduced performance during heatwaves is further indicated by an overall diminished feeding rate in heatwave treatments, with a more severe impact the longer the event lasted (up to 99.7% decrease in the Extended compared to the No heatwave treatment; Figures 3A,B).


[image: image]

FIGURE 3. Feeding rate (mg mussel dry weight per day, A,B), wet weight (g, C,D) and righting time (minutes, E,F) of Asterias rubens during 68 days of incubation, under No (gray), Interrupted (yellow-green), Present-day (orange), and Extended (red) heatwave treatments (see Figure 1 for treatment descriptions). Measured data are represented as means for every measurement point [dots in panels (A,C,E)] and as overall means with 95% confidence intervals [bars and whiskers in panels (B,D,F)]. Temporal trends are modeled using Generalized Additive Mixed-effects Models [GAMM; solid lines in panels (A,E)] or Linear Mixed-effects Models [LMM; solid lines in panel (B)] and 95% confidence intervals [shaded areas in panels (A,C,E)]. The horizontal lines (A,C,E) represent the periods of heatwaves (Interrupted, Present-day, and Extended). Significant differences between treatments for feeding rate and righting time (A,E) are shown in Supplementary Figures 6, 7). Lower case letters in panels (B,D,F) represent significant differences between treatments based on Tukey post hoc comparisons of LMM. Results shown are based on n = 12 (Present-day and Extended) or n = 11 (No and Interrupted) replicates. Detailed statistical outcomes are given in Tables 1–3. See also Supplementary Figures 8–10 for representation of bar plots and 95% confidence intervals over time.
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FIGURE 4. Feeding rate (mg mussel dry weight per day) during each of the three heatwaves of the Interrupted heatwave treatment and the respective period in the No heatwave treatment (A: 1st, B: 2nd and C: 3rd heatwave period). Data are presented as means (bars) and 95% confidence intervals (whiskers). Lower case letters represent significant differences between treatments based on Tukey post hoc comparisons. Percental differences between means are given in red. Detailed statistical outcomes are given in Table 4.




Wet Weights

Growth rates, as indicated by changes in weight, decreased by 39, 70, and 87% in the Interrupted, Present-day and Extended heatwave treatments when compared to the reference treatment (i.e., the No heatwave treatment), respectively (slopes of GAMMs in Figure 3C). Overall, wet weight only decreased significantly in the Present-day and Extended heatwave treatments (Figure 3D). Similarly to the feeding rates, the effect was more severe in the Extended heatwave treatment (Figures 3C,D).



Reduced Righting Time During Continuous Heatwaves

Only during the Present-day and Extended heatwave event the righting time of sea stars (a measure of activity) was significantly increased (i.e., low activity), whereas specimens in the Interrupted heatwave treatment did not show a lower activity (Figure 3E). Although sea stars were as active after the Extended heatwave had ended as before the heatwave had started, there was an overall negative impact of the Extended heatwave on the activity of the sea stars (Figure 3F).




DISCUSSION


Heatwave Traits and Trends

Marine species are differently impacted by heat stress (e.g., Pansch et al., 2018; Gómez-Gras et al., 2019; Saha et al., 2020; Wahl et al., 2020). Therefore, defining particular temperature thresholds for marine ecosystems at the local scale and globally remains challenging. Corals have been a major research subject for global warming since the 1990s, so that much information is available to project the impact of heating events on corals (i.e., bleaching) using the concept of degree heating weeks (Liu et al., 2006). However, in order to define species-specific thresholds in diverse communities, one would need thermal performance curves for all species in the system (Schulte et al., 2011). But even if these performance curves were to exist, different traits may have different optima (Wahl et al., 2020). Thus, the whole organism response of the respective species would be a combination from all relevant traits with their potentially different optima resulting in the overall fitness. Therefore, a biology-based methodology for the characterization of heatwaves may not necessarily be the ideal approach. A physical (oceanographic) approach as applied in our study can circumvent the problem by merely focusing on time-series of temperature data and thus, modeling typical vs. extreme conditions in an environment.

Baltic Sea models project an increase in e.g., heatwave duration (Gräwe et al., 2013). Therefore, it is unlikely that the absence of trends in heatwave characteristic in the Kiel Fjord is an actual absence of a trend but rather suggests that our dataset of 22-years may not be sufficient to capture long-term trends in this naturally variable system (Reusch et al., 2018). Fluctuations in the Baltic Sea are not only apparent as extreme events or short-term temperature changes (Pansch and Hiebenthal, 2019), but even as fluctuations on an inter-annual scale as our data highlight. The years 2010–2013 were particularly cold years, which compares well to the extremely low North Atlantic Oscillation index around 2010 (Hurell and National Center for Atmospheric Research Staff, 2020). This anomalous low index (Osborn, 2011) may partly be the reason we did not detect a general warming trend in the time span tested. Yet, warming is the main driver of heatwave trends (Oliver, 2019). Therefore, longer (Hobday et al., 2016) datasets may be required in highly fluctuating systems like the Baltic Sea. This does not only mean that we might have missed existing trends, but also that we may have over- or underestimated some of the heatwave properties. A recent publication by Schlegel et al. (2019) investigated how shorter timeseries impact the differently modeled heatwave parameters. Following their findings of the median heatwave properties, our 22-year dataset should likely have 7% more heatwaves, while the duration and maximum intensity should be decreased by 6.4 and 7.3%, respectively. As we chose the heatwave properties for our experiment conservatively, the natural relevance of the study persists, especially as natural heatwaves similar to our Present-day and Extended heatwave treatment occurred in August 2003 and August 2002, respectively (Supplementary Figure 11). Therefore, our experiment provides unique insights into the performance of a keystone predator in times of extreme (and recurring) events.



Heatwaves Reduce the Performance of Asterias rubens

Daily temperatures of at least 23.25°C (maximum temperature reached in our experiment) were already measured 89 times in the Kiel Fjord over the past two decades (Wolf et al., 2020). Though not lethal, continuous heatwaves (i.e., Present-day and Extended heatwave treatments) reduced the performance of the sea star A. rubens in feeding, growth, and activity, which confirms previous findings (Rühmkorff et al., unpublished data). Similar impacts and temperature thresholds were also identified for other sea stars (Pisaster ochraceus, Pincebourde et al., 2008) and sea urchins (Heliocidaris erythrogramma, Minuti et al., 2021). Melzner et al. (personal communication) showed for echinoderms, that thermal stress causes low coelomic oxygen concentrations. Likely, the heatwaves in our experiment led to such a decreased coelomic oxygen concentration in A. rubens, so that activity and feeding rate decreased. Consequently, this reduced the growth rate of individuals. Especially, when the heatwaves were extended by 9 days, the impact on sea stars was drastic.

Sea stars in all, but the Extended heatwave treatment, fed more at the end compared to the start of the experiment (Figure 3A). On the one hand, this indicates the high recovery potential of A. rubens, but is likely also driven by the higher energy need of larger sea stars toward the end of the experiment. This elongation is similar to future extrapolation trends of heatwave duration with an increase of 10.3 days by 2100 (Oliver et al., 2018). Pincebourde et al. (2008) likewise demonstrated that longer exposure to heat stress provokes a lasting effect on sea stars. Even when the stress event may be over, echinoderms still suffer from the experienced heat stress by carry over effects (Minuti et al., 2021).

While the more robust prey of sea stars, blue mussels, were shown to survive weeks of exposure to temperatures up to 26°C in the Baltic Sea (Vajedsamiei et al., 2021) or even temperatures up to 41°C for 3 h air exposure in the eastern English Channel (Seuront et al., 2019), temperatures of already 26°C were shown to be 100% lethal for A. rubens (Rühmkorff et al., unpublished data). Similarly, Petes et al. (2008) could show that sea stars’ mortality is more pronounced in mussel beds that lay closer to the warmer water surface at an intertidal rocky shore, whereas their mussel prey proved to be more resistant to that same heat stress.

Bonaviri et al. (2017) showed that the sea star Pycnopodia helianthoides can only control its main prey, the sea urchin Strongylocentrotus purpuratus, in a non-warming scenario. Considering the fact that blue mussels are thermally more robust (Vajedsamiei et al., 2021) than sea stars and assuming that sea stars cannot adapt or temporarily migrate to deeper and colder waters, A. rubens will hardly be able to control blue mussel abundances (Reusch and Chapman, 1997) in the future Baltic Sea. Thus, a mussel dominated ecosystem might be formed (Reusch and Chapman, 1997), resulting in a restructured benthic community with overall lower diversity. At the same time, we demonstrated that summer heatwaves reduce the weight and thus the size of sea stars. As body size and prey size are strongly correlated in sea stars (Sommer et al., 1999), a heatwave summer would consequently lead to an increased predation on smaller mussels after the heatwaves have ended. This ecosystem-wide impact might be particularly strong for species-poor ecosystems such as the Baltic Sea, unless newcomers add to ecosystem diversity. In this particular case, feeding pressure on similar prey and prey size, as provoked by the recent invader Hemigrapsus takanoi (Nour et al., 2020), may add to ecosystem complexity, with yet unknown consequences. Yet, we conclude that heatwaves affect the keystone predator A. rubens with likely ecosystem-wide consequences, especially on the distribution and extent of mussel beds.


TABLE 4. Linear Mixed-effect Model results for feeding rate (mg mussel dry weight per day) over the three heatwave events in the Interrupted heatwave treatment.
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Mitigated Impacts by Interrupted Heatwaves

Naturally, an interruption of a heatwave is most likely caused by a cold-spell during an upwelling event at which deeper and colder waters are shoaled to the surface (Lehmann and Myrberg, 2008; Wahl et al., 2021). Though, upwelling events in late summer are often hypoxic (Karstensen et al., 2014) and were shown to negatively impact A. rubens (Rühmkorff et al., unpublished data), they can still be beneficial when they interrupt lethal temperature extremes during heatwave events. The importance of cooling events, e.g., large-amplitude internal waves, during heat stress was already demonstrated for tropical systems (Schmidt et al., 2016). In our experiment, sea star individuals subjected to the Interrupted heatwaves fed more, were more active, and therefore grew faster than individuals exposed to continuous heatwave treatments. Yet, other fitness consequences such as reproductive success were not measured but could have long-term impacts (Melzner et al., 2020). Overall, this demonstrates that sea stars in temperate regions may quickly recover from thermal stress by using the colder periods in between heatwave events. Or in simpler words, sea stars stop feeding during the heat stress events itself, with a more pronounced impact by longer heatwaves, while resuming to feed normally after the event had ended. In contrast, findings by Morón Lugo et al. (2020), show that repeated short-term excursion into stressful conditions can be detrimental for A. rubens. Thus, mean stress levels, but also duration and amplitude of stress events and periods of recovery, will act collectively and determine the overall impact of heat stress in in a future ocean. Additionally, we provide strong evidence that environmental variability such as frequent times of stress recovery may provide a short-term refuge for sea stars from heatwave conditions projected for the future.

We show that the interruption of heatwaves did not only increase the overall performance of the temperate predator A. rubens compared to more continuous heat events, but also that the interruption has led to a significantly smaller impact of the third heatwave than the previous event, indicating some potential for acclimation. Other studies already showed that recovery time is very important for a species’ and community’s stress response (e.g., DeCarlo et al., 2019; Hughes et al., 2019; Nguyen et al., 2020) and this seems to play a crucial role also for the response of A. rubens to heatwaves. Our results might thus indicate the potential of A. rubens to gain benefits through an ecological stress memory (sensu Jackson et al., 2021). Yet, this needs further investigation, especially on the physiological mechanisms that are involved.




CONCLUSION

An appropriate heatwave characterization can be an extremely important tool for the design of close-to-nature experiments and can therefore help our understanding of the impact of extreme events on single species up to communities and ecosystems. The decreased performance of a temperate keystone predator in response to such simulated heatwaves has likely effects on the whole benthic ecosystem, as their main prey is an ecosystem engineer that may be released from its main predation pressure. At the same time, distinct recovery phases can play an essential role in the heatwave response of the investigated sea star A. rubens. The underlying mechanisms that trigger such acclimation and hardening processes still need to be investigated, as well as the question if long-term acclimation to continuous stressors is possible.
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s (Day of experiment): 3.776 3.958 9.894 <0..001
Extended
s (Individual) 0.000 1.000 0.000 0.943

LMM righting time

Contrast Estimate  Std. error d.f. t-Value p-Value
No:Interrupted 0.365 0.473 41.700 0.771 0.867
No:Present-day —0.283 0.464 42.000 -0.611 0.928
No:Extended —1.400 0.464 42.000 -3.018 0.022
Interrupted:Present- —0.648 0.464 42.000 —1.398 0.508
day
Interrupted:Extended —1.765 0.464 42.000 -3.805 0.003
Present- —-1.116 0.454 42200 -2.457 0.082

day:Extended

The GAMM for feeding rate had an explained deviance of 24.9%. Significant effects

are shown in bold.
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