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Abstract

Marine heatwaves are increasing globally in intensity and duration. To investigate the potential conse-
quences for coastal ecosystems, the effects of short-term heat stress must be better understood. This study exam-
ined eco-physiological responses in two common intertidal bivalves, Cerastoderma edule and Macoma balthica, to
different heatwave intensities in a mesocosm experiment under near-natural environmental conditions. Single-
species assemblages were exposed to a 15-d heatwave of either +2.8°C (mild heatwave) or +4.4°C (strong
heatwave) above ambient temperatures. Survival and condition were monitored, and filtration rates were mea-
sured before and during heatwave exposure to investigate feeding behavior. Bivalve respiration rates were mea-
sured before, during, and after heatwave exposure as a proxy for metabolic responses. For C. edule, we found
significantly elevated filtration rates during the mild but not the strong heatwave. For M. balthica, survival was
similar across treatments, but marine heatwaves had a significant effect on the condition index (tissue/shell
mass ratio). During heatwave exposure, respiration rates were similar across treatments for both species. How-
ever, following the heatwaves, bivalves previously exposed to a strong heatwave showed lower respiration rates
compared to those exposed to an ambient or a mild heatwave. This study revealed that short-term heatwaves
can have persisting negative effects on bivalve metabolism and that the two species responded differently to the
heatwave intensities. Further research is needed on the potential long-term effects of marine heatwaves on inter-
tidal fauna and their capacity to continue providing crucial ecosystem services.

Marine heatwaves are increasing in frequency, intensity, and
duration globally because of anthropogenic climate change and
the associated increase in sea surface temperature (SST; Frolicher
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advisory and summary papers for policymakers (Heron
et al. 2020; Philippart et al. 2017; Smith et al. 2023). Although
organisms living in intertidal areas are naturally exposed to
highly fluctuating temperature patterns, sudden increases in
temperature, such as during a heatwave, can constitute a severe
additional stressor that decreases organism fitness or even leads
to mass mortalities (Dominguez et al. 2021; Macho et al. 2016).
This is especially true for sessile benthic species with limited
avoidance capacities (Pansch et al. 2018; Zhou et al. 2022), for
species constrained to the surface sediment layer, and for those
living in the upper intertidal zone where the substratum falls
dry for several hours a day and for which temperature fluctua-
tions can generally be more extreme compared to subtidal habi-
tats (Hesketh and Harley 2022; Somero 2002).

In the Wadden Sea, with its extensive intertidal areas, sus-
pension feeders play a major role in energy and nutrient flows
linking pelagic and benthic food webs. The common cockle
(Cerastoderma edule) and the Baltic clam (Macoma balthica) are
infaunal bivalves that are prominent members of intertidal
communities. Cerastoderma edule is a filter feeder that lives just
below the sediment surface and contributes substantially to
bioturbation (Flach 1996), nutrient circulation, and water fil-
tration (Carss et al. 2020). The metabolic activity of C. edule is
assumed to increase with increasing temperatures in the con-
text of seasonal acclimatization (Boyden 1972; Newell and
Bayne 1973; Smaal et al. 1997). Recently, Zhou et al. (2022)
reported increased respiration and mortality for C. edule under
heat stress. However, potential physiological responses to
short-term heat stress, such as during a marine heatwave, are
still not fully understood.

In contrast to C. edule, M. balthica burrows deeper (down to
10 cm) in the sediment and has both a filter-feeding and a
deposit-feeding mode. Among other functions, M. balthica
plays an important role in bioturbation and nutrient cycling
(Michaud et al. 2006). Compared to other bivalve species,
M. balthica is considered to be relatively vulnerable to high
temperatures, with a lower heat tolerance limit than C. edule
(upper boundary of tolerance range at 16.9°C for M. balthica
and 32.9°C for C. edule according to van der Veer et al.
(2006)). Macoma balthica has been observed to reproduce less,
lose weight, and show higher mortality following above-
average seasonal temperatures (Beukema et al. 2009). Further,
Pansch et al. (2018) found that the cumulative heat stress of
consecutive heatwaves causes significant biomass loss and
mortality in M. balthica. While metabolic responses of
M. balthica to different temperatures were previously studied
in the context of seasonality (Jansen et al., 2007a; Kennedy
and Mihursky 1972), much less is known about the potential
responses to short-term thermal stress. However, there are
indications that sudden warming can lead to overly elevated
physiological activity in M. balthica, ultimately leading to star-
vation (Hummel et al. 2000; Jansen et al., 2007a).

In the present study, we conducted a mesocosm
experiment to investigate the potential effects of heatwaves on
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survival, condition, feeding activity (filtration rates) and
metabolic activity (respiration rates) of C. edule and M. balthica.
Using a near-natural mesocosm system (unfiltered flow-through
seawater, tidal simulations, and a natural day-night light cycle)
enabled more accurate predictions of organism and ecosystem
responses to environmental changes than would be possible in
constant, controlled laboratory conditions. Bivalves were
exposed to one of three SST scenarios computed using a local cli-
matological time series: an ambient treatment reflecting natural
seasonal temperature variation without a heatwave and two
heatwave treatments containing a single 15-d heatwave event
each, one reaching +2.8°C above ambient (mild heatwave) and
the other +4.4°C above ambient (strong heatwave). The aims of
this study were threefold: (i) to quantify and implement repre-
sentative heatwave events for the area based on a local tempera-
ture time series, (ii) to monitor the survival and condition
(biomass, size, condition index [CI]) of both bivalve species, and
(iii) to measure filtration rates of single-species assemblages as
well as respiration rates in response to heatwave exposure.

For both species, we hypothesized that eco-physiological
response patterns to heatwave stress would differ from those
documented for seasonal temperature changes or mean (cli-
matological) warming in the scientific literature due to the
sudden temperature onset of heatwaves. Whereas a mild
heatwave was expected to induce elevated filtration and respi-
ration activity, stress in response to the strong heatwave was
anticipated to negatively impact biomass, CI, and even
survival.

Methods

Study area

The experiment was conducted on the island of Sylt, which
stretches along the North Sea shore of Germany and
Denmark. The research site is characterized by a semidiurnal
tide with a range of 1.8-2.0 m (Blossier et al. 2017) and by a
salinity ranging from 24 (winter) to 32 (summer) (van
Beusekom et al. 2008). Seasonal mean SST ranges from
approximately 3°C (winter) to 17.5°C (summer); the annual
mean SST is 10°C (period: 1991-2019) and has increased by
0.31°C per decade since 1962 (de Amorim et al. 2023). In our
experiment, we collected sediment and organisms from the
study area and aimed to mimic its environmental conditions
using the methodologies outlined below.

Climatological mean and historical heatwaves

To design the experimental temperature treatments, a cli-
matological baseline of daily average water temperatures was
calculated based on a 20-yr time series (February 2001-June
2020) of SSTs from around Sylt. The time series is based on
surface water temperatures monitored daily by two buoys off
the island coast (Listl: 55°3/15.6"N, 8°23'25.2"E for the years
2001-2011 and BunkersHill: 54°4’30"N, 8°16’18"E for 2011-
2020) using a 3-d interpolation. Marine heatwave events were
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extracted from the time series using the heatwaveR package
(Schlegel and Albertus 2018) following the definitions of
Hobday et al. (2016) and Hobday et al. (2018). By these defini-
tions, a temperature abnormality is identified as a heatwave
event if water temperatures exceed a high percentile threshold
(here: 90%) of the climatological baseline for a minimum of
five consecutive days. Recorded heatwaves in the study area
are shown in Fig. 1, including their length and intensity for
each year of the time series, as well as the deviation of each
year’s annual mean temperature from the climatological
annual mean (i.e., mean across the 20-yr time series). For a full
list of the recorded historical heatwaves and their individual
characteristics, see Supporting Information Table S1 and
Supporting Information Fig. S1 for annual temperature time
series by individual years.

Experimental heatwave design

Following the time series and historical heatwave analyses,
three experimental temperature treatments considered repre-
sentative of the study area were computed: (i) an ambient
temperature treatment reflecting natural temperature variabil-
ity, (ii) a mild heatwave treatment, and (iii) a strong heatwave
treatment. The three temperature treatments were randomly
assigned to a total of 12 mesocosm tanks (see experimental
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set-up below) in four replicate blocks. The experiment started
on June 1% and was terminated on August 24", 2022.

Water temperatures in the mesocosms were set to reflect
field temperatures (ambient), as measured twice a week in the
Sylt-Reme Bight throughout the experiment (Rick et al. 2023).
However, only field temperatures falling between the climato-
logical baseline and its upper 90" percentile were adopted for
the experiment to avoid unwanted heatwave exposure and
cold conditions (Supporting Information Fig. S2).

Both heatwave treatments followed ambient temperatures
over the course of the experiment and included a deliberately
induced 15-d heatwave event occurring between July 24™ and
August 8™, 2022. This duration corresponds to the upper qua-
ntile of summer heatwave duration recorded for the area (14.8 d
for May-August) with a 9-d peak temperature plateau plus 3 d
onset and offset. On- and offset are defined as the temperature
increase and decrease phases above the upper 90" percentile
threshold (Hobday et al. 2016), which was at approximately
21°C on July 24™ and August 8. In the mild heatwave treat-
ment, peak water temperatures reached 2.8°C above ambient
(22.3°C with on- and offset rate at 0.4°C per day; ambient was
at 19.5°C), resulting in a cumulative heatwave intensity that cor-
responds to the historical median. For the strong heatwave, the
upper quantile of historical cumulative intensity was selected,
resulting in peak water temperatures of 4.4°C above ambient
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Fig. 1. Deviations of annual mean seawater temperature (Seaw. Temp.) from a 20-yr (2001-2020) mean (a), and heatwave durations and intensities in
different months over the 20-yr record (b). The years 2001 and 2020 are excluded from (a) as the data did not cover the entire year. The heatwave
intensities in (b) represent the maximum amplitude above the climatological value. The mild (42.8°C above ambient) and strong (+4.4°C above ambi-
ent) heatwave treatments during the experiment (timing and intensity) are illustrated above the panels.
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(23.9°C, with on- and offset rate at 1°C per day, see also:
Supporting Information Methods S1).

Experimental set-up

The study was conducted using 12 mesocosm tanks located
at the Wadden Sea Station Sylt (Alfred-Wegener-Institut Helm-
holtz-Zentrum  fiir Polar-und Meeresforschung 2023;
Supporting Information Fig. S3a,b). Each tank is an indepen-
dently operating unit connected to a custom software system
for tidal simulation and temperature control. The mesocosms
with a water volume of 1800 L were designed as a flow-
through system sourcing unfiltered local seawater. The water
exchange rate was set to 1250 L d !, implying a residence time
of 1.4 d for this experiment. All tanks feature a moving plat-
form for tidal simulation, translucent top lids, and built-in
Multi-Parameter Measurement Systems that inter alia measure
temperature every 30 min (Hydrolab DS5X Probe, OTT
Messtechnik GmbH, Kempten Germany). Temperature is regu-
lated through the software (Labview based, 4H-Jena engineer-
ing, Jena, Germany) and via external coolers (Titan 2000 or
Titan 4000 Aqua Medic, Bissendorf, Germany) and internal
heaters (Titanium heater 500 W, Aqua Medic, Bissendorf,
Germany, see Pansch et al. 2016, for a full technical descrip-
tion of the mesocosms).

Taking a nested experimental design approach, each of the
12 tanks contained single-species assemblages of C. edule and
M. balthica as well as a bare sediment control. To house
these assemblages, clear plastic containers of 10 L volume
(h =22.5 cm) were modified with garden fleece-covered holes
drilled into the lower half of both short sides to enable water
exchange between sediment and tank water during the tidal
cycle (Supporting Information Fig. S3c). Containers were filled
(11 cm sediment column) with sieved (< 1000 ym), freshwater-
rinsed, and homogenized sediment (fine sand with mud content,
Dso =~ 200 ym) collected from the upper intertidal (55°1'32.8"N,
8°26'6.0"E) in April 2022. For this experiment, all tanks simu-
lated semidiurnal tides (12 h 14 min period) where the sediment
surface of the containers fell dry during low tide. To record tem-
perature exposure of the organisms throughout the experiment,
two HOBO® loggers were installed in each tank: one buried in
the upper sediment (within the top 5 cm, corresponding roughly
to the burrowing depth of the bivalves), and another installed
on top of the sediment. The loggers recorded temperature at
5-min intervals for the full duration of the experiment.

Organisms were collected from the same area as the sedi-
ment in May 2022 and stored in sediment-filled containers
within the mesocosms set to ambient temperature until fur-
ther handling. Organisms were then wet weighed and intro-
duced into their destination containers for the experiment
within 48 h. To that end, initial organism abundances and
total wet weights were kept constant across replicates, with
C. edule assemblages each consisting of eight individuals of
53.5+ 0.7 g (mean &+ SD) wet weight per container, and
M. balthica assemblages consisting of 24 individuals of
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28.8 £ 0.1 g wet weight per container. Wet weights of both
C. edule and M. balthica corresponded to an ash-free dry
weight of 35.7 g m~2, and abundances corresponded to a den-
sity of 119 individuals m2 (C. edule) and 357 m—2
(M. balthica), mimicking natural densities found in the study
area. Additional individuals of C. edule and M. balthica were
stored within subtidal containers in the same mesocosm tanks
for respiration measurements (see respiration methods below).

Response traits

As indicators for potential changes in bivalve eco-
physiology, we recorded various response traits either of the
single-species assemblages or at the individual level over
the course of the experiment. For both species, we monitored
total abundance and total biomass per assemblage at initializa-
tion and termination of the experiment, as well as shell length
(hereafter: size) and CI at termination. Additionally, we mea-
sured assemblage filtration rates and individual respiration
rates at different time points (Fig. 2): (i) “pre-treatment” prior
to any heatwave exposure, functioning as a baseline (sampling
conducted on June 25™ for respiration and July 19™ for filtra-
tion), (ii) “mid-treatment” during heatwave exposure (sampling
conducted between July 31 and August 2™ for respiration and
between August 2°¢ and 3™ for filtration), and (iii) “post-treat-
ment” encompassing the recovery phase and potential
persisting effects of heatwave exposure (sampling conducted on
August 22" and August 23™ for respiration only).

Survival and condition

After the experiment was terminated, sediment was sieved
through a 1000 ym mesh and bivalves were collected to obtain
their post-experiment abundances and wet weights (tissue plus
shell) per container (Supporting Information Table S2). Survival
rates (%) and total biomass changes were calculated for C. edule
and M. balthica assemblages based on differences between abun-
dances and wet weights at initialization and termination.
Bivalves were then frozen (—20°C) for subsequent analyses. Spe-
cifically, size as well as tissue and shell dry weight (after drying
at 60°C for 48 h) were determined for each bivalve (Supporting
Information Table S3). Condition index, a commonly used
indicator of the physiological state of bivalves (e.g., Nilin
et al. 2012; Norkko and Thrush 2006), was calculated using the
formula of Lucas and Beninger (1985):

__ dry tissue weight

cl= dry shell weight %

100 (1)

Filtration rates

In this study, filtration rates are defined as the removal of
chlorophyll a (Chl a) from incubation water per unit time and
presented as ug Chl a L' h™. Filtration rates were measured
in situ per single-species assemblage for both species, using
their host containers as incubation chambers within the
mesocosm tanks to minimize disturbance. To this end, three
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Fig. 2. Seawater temperature profiles monitored by the MPMS during the mesocosm experiment, including measurement times indicated with arrows.
Temperature treatments are visualized by the colored lines, as ambient (blue), a mild (+2.8°C above ambient, orange) and a strong (+4.4°C above ambi-
ent, red) heatwave. “CI” = condition index, “I” = initialization of the experiment, “T” = termination. Note that the time scale for the mid-treatment stage
is visually enlarged (red dotted line). MPMS, Multi-Parameter Measurement Systems.

replicate mesocosms per treatment were randomly selected
for measurements, and tidal platforms were positioned so
that the container walls reached 2-3 cm out of the tank
water, creating incubation water columns of constant vol-
ume (Supporting Information Fig. S3b). Air-stones were
installed on the inner wall of each measured container (sin-
gle-species assemblages and sand controls) to ensure con-
stant mixing and distribution of the algae during
measurements. A spike of lab-cultivated Rhodomonas salina
algae monoculture (Supporting Information Methods S2)
was added by replacing 400 mL of the incubated water,
resulting in an average initial Chl a concentration of
15.2ug L1+ 3.7 (SD), relative to a background Chl
a concentration of 0.95 + 0.37 ug L-1 (mean + SD, measured
mid-treatment). Following the spike addition, two types of
water samples were taken regularly to monitor Chl
a concentration over time: (1) At the beginning, after
20, and after 60 min, 100 mL samples were taken to deter-
mine Chl a concentrations via spectrophotometric analysis
(750, 663, 645, and 630 nm wavelengths, UVIKON© XS
UV/Vis) and following the method of Jeffrey and Humphrey
(1975) (Supporting Information Methods S3). (2) Additional
50 mL samples were taken in 10-min intervals for 1 h to
monitor the relative change in Chl a concentration, analyz-
ing the unprocessed samples immediately using a bbe©
AlgaeLabAnalyser (ALA, 370-610 nm, six discrete wave-
lengths) (Supporting Information Methods S3). As the ALA

is calibrated to freshwater algae fingerprints, only the rela-
tive changes in concentration were used to interpolate Chl
a concentrations for every 10 min from the traditionally
obtained values (sample type 1) (Supporting Information
Methods S3 and Table S4). Next, filtration rates F (ug Chl
a L' h™') were calculated for each 10-min interval, assum-
ing constant water volume during incubation due to the
moderate backflow through the below-sediment pathways
in our container walls. The resulting dilution effect was con-
sidered acceptable as it applied to all incubations equally.

Notice that our filtration rates are based on seston
removal from incubated water and are presented as ug Chl
a L 'h!, and differ from clearance rates (expressed as vol-
ume cleared per unit time) based on a flow-through system
approach with constant seston concentrations (Foster-
Smith 1975; Riisgdrd 2001; Navarro and Widdows 1997).
Results may reflect both individual- and assemblage-level
changes in feeding activity, and abundance changes due to
mortality cannot be excluded. Therefore, the presented fil-
tration rates should not be interpreted as a sum of individ-
ual responses, but rather as the relative change in water
clearance performed by bivalve assemblages in response to
the temperature treatments. It should also be noted that
M. balthica is a facultative suspension/deposit feeder, which
results in the effectiveness of our methodology for measur-
ing feeding in this species being uncertain, and in filtration
rates not being proportional to consumption rates.
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Respiration rates

Respiration rate measurements were conducted in water
baths in the laboratory with a built-in temperature control sys-
tem (+ 0.3°C). Respiration rates were measured at the tempera-
ture of the mesocosm from which the bivalves were extracted.
Pre-treatment respiration rates were measured at 17°C. For mid-
treatment, temperatures were set to 19.5°C (ambient), 22.3°C
(mild heatwave) and 23.9°C (strong heatwave). Finally, the
temperature was set to 19.5°C for all water baths during the
post-treatment measurements. Airtight glass bottles of 100 mL
(pre-treatment), 50 or 500 mL (mid- and post-treatment for
C. edule and M. balthica, respectively) volume were used as res-
piration chambers with glued-on oxygen sensors on the inside.
Chambers were filled with filtered (0.45 ym) and temperature-
adjusted seawater immediately before introducing the organ-
isms. Individuals of C. edule and M. balthica were randomly
sampled from the subtidal communities (one from each tank
and species), transported within tank water, and introduced to
individual chambers within 30 min. Chambers filled with only
filtered seawater were used as controls for each run of measure-
ments and temperature. Oxygen concentration was logged in
real time at 15 s frequency using a PreSens OXY-4SMA meter
(pre-treatment) and a PreSens OXY 4 mini meter (mid- and
post-treatment) connected to the PreSens Measurement Studio
2/0Oxy4v2_30 software and to the chambers via optical fibers
(Supporting Information Fig. S4). Post incubation, bivalves were
frozen at —20°C for later size measurements and tissue dry
weights (Supporting Information Table S5). For each sampling
time (pre-, mid-, post-treatment), respiration measurements
were conducted on a new set of individuals.

Respiration rates R (mg O, g~! dry tissue h™!) were calcu-
lated for each bivalve based on the formula by Ong
et al. (2017):

B V(Ro—R1)
k= 8(t1—to) @

where V is the chamber volume (L), ¢ is the dry tissue weight
(g), and ty and t; (h) are the starting and end time points of
the incubation. Oxygen concentrations at t; and f, are repre-
sented by Ry and R; (mg O, LY in the formula. Measure-
ments were considered initialized once oxygen declined and
bivalves were open (t=t,). The incubation was terminated
(t=1t;) when the oxygen saturation in the chamber had
decreased to 70% (Jansen et al. 2007b; Stumpp et al. 2019)
based on smoothed saturation values using a 5-min centered
moving average, or otherwise after 150 min. Individual respi-
ration rates for both species and all three experimental stages
can be found in Supporting Information Table S5.

Statistical analyses

Differences in bivalve survival between heatwave treat-
ments were tested for each species using generalized linear
models with a binomial error distribution and a logit link
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function (logistic regression), while differences in wet weight
change were tested using general linear models with Gaussian
error distributions.

Differences in bivalve sizes and CI values between
heatwave treatments were analyzed for each bivalve species
using generalized linear mixed models with mesocosm iden-
tity as a random effect to account for multiple bivalves com-
ing from each mesocosm. All models were run using a
Gaussian error distribution. To meet the assumptions of
homoscedasticity and normality of residuals, the models for
CI were performed with a logarithmic link function. To
account for the size dependence of CI (Bonsdorff and
Wenne 1989), size was included as a covariate.

Filtration rates (Ff) were analyzed with generalized linear
mixed models, with mesocosm identity as a random effect to
account for repeated measures along concentration gradients.
Filtration rates were square-root transformed to meet assump-
tions of normality and homoscedasticity of residuals. Differ-
ences between species were analyzed during the pre-treatment
stage, with species assemblage (C. edule, M. balthica, and the
bare sediment control) as a factor and water column Chl
a concentration as a covariate. Differences between heatwave
treatments were analyzed for each bivalve species during the
mid-treatment stage, with heatwave treatment as a factor and
water column Chl a concentration and total biomass as
covariates.

The response of bivalve respiration rates to heatwave expo-
sure was tested at each of the three experimental stages (pre-,
mid-, and post-treatment) using linear models.

Model assumptions for all models were tested via visual
assessment of residual plots (homoscedasticity) and quantile-
quantile plots (normality of residuals). All statistical models
were performed in the R environment version 4.2.1 (R Core
Team 2022). Generalized linear mixed models were performed
with the “Ime4” package (Bates et al. 2015). The significance
of fixed effects was tested using likelihood-ratio tests for gener-
alized linear models (including linear models) and Wald tests
for generalized linear mixed models with the “car” package
(Fox and Weisberg 2019). When a significant treatment effect
was determined, a Tukey Honest Significant Difference post
hoc test was performed for pairwise comparisons among treat-
ments using the “emmeans” package (Lenth et al. 2023).

Results

The established daily mean water temperatures during the
mid-treatment phase were 19.5°C &+ 0°C for the ambient treat-
ment, 22.2°C 4 0.1°C for the +2.8°C treatment (mild heatwave),
and 23.8°C £ 0.1°C for the +4.4°C treatment (strong heatwave;
mean + SD). On average, temperatures were higher at the sedi-
ment surface (by 0.9°C for ambient, 0.8°C for +2.8°C and 0.7°C
for +4.4°C treatments) and within the sediment (by 0.5°C for
ambient and +2.8°C and 0.4°C for +4.4°C treatments) compared
to the water column.
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Diurnal temperature variability (daily maximum minus
minimum) was relatively low in the water column, with
0.4°C £ 0.1°C, 0.8°C £ 0.1°C, and 0.7°C + 0.2°C for ambient,
+2.8°C, and +4.4°C treatments, respectively. However, expo-
sure to air during low tide caused much higher variability at
the sediment surface (15.6°C + 8.6°C, 15.5°C £+ 6.9°C, and
10.3°C + 4.1°C) and to a lesser extent within the sediment
(4.7°C £ 3.1°C, 3.7°C £ 1.4°C, and 4.1°C £ 1.5°C).

Survival and condition

The heatwave treatments did neither affect survival
(C. edule: y* = 1.37, p = 0.51; M. balthica: y* = 1.35, p = 0.51)
nor total biomass (C. edule: ;(2 =1.27, p=0.53; M. balthica:
7> =0.62, p=0.73) of both bivalves over the course of the
experiment (Fig. 3, Supporting Information Table S6a). Sur-
vival of C. edule (87.5% [95% confidence interval: 71.1-
95.2%] in ambient and +2.8°C, 79% [60.7-89.2%] in
+4.4°C; Fig. 3a) was on average lower than that of
M. balthica (96.9% in ambient and +2.8°C [90.7-99.0%],
and 99% [93.0-99.9%] in +4.4°C; Fig. 3b). Total biomass of
C. edule slightly decreased over the course of the experiment
across all treatments (—1.2% [-20.2% to 17.9%] in ambient,
—3.9% [-22.9% to 15.2%] in +2.8°C, and —13.94% [-32.9%
to 5.2%] in +4.4°C; Fig. 3¢). In contrast, M. balthica showed
a slight increase in total biomass (3.0% [-1.9% to 7.9%] in
ambient, 4.8% [0-9.8%] in +2.8°C, and 5.3% [0.4-10.2%)]
in +4.4°C; Fig. 3d).

Bivalve size was not affected by the heatwave treatments,
neither for C. edule (y* =0.32, p = 0.85) nor for M. balthica
(4*=2.5, p=0.29; Fig. 3ef, Supporting Information
Table S6b). The CI of both bivalves was size-dependent and
decreased with increasing size (C. edule: y* = 87.66, p < 0.001;
M. balthica: y*=190.53, p<0.001). There was a significant
heatwave treatment effect on the CI of M. balthica (4> = 6.22,
p = 0.045; Fig. 3h). Overall, the CI of both bivalve species was
lowest after the +4.4°C heatwave (Fig. 3g,h). However, Tukey
Honest Significant Difference revealed no significant pairwise
differences between heatwave treatments (Supporting Infor-
mation Table S6b).

Filtration rates

Pre-treatment measurements revealed that filtration
rates were dependent on the underlying Chl a concentration
in the water column, with higher rates at higher background
concentrations (y*=102.51, p<0.001; Fig. 4a, Supporting
Information Table S7a). Importantly, there was a significant
interaction between species and Chl a concentration
(x* = 16.61, p <0.001). Chlorophyll a profiles for M. balthica
did not differ from those in the bare sediment controls. In
C. edule, however, filtration rates were more than four times
higher compared to bare sediment at the high end of back-
ground Chl a concentration (20 g L), and nearly twice as
high at 10 ug L ™" (Fig. 4a, Supporting Information Table S7a).

Heatwave intensity drives bivalve responses

M. balthica
100- 100+ (b) I
__ 804 I 80
9
g 60— 60—
% 40 40
P 90 20-
0- 0-
20 ©) 20~ (@)
5 1
g 0 0——*—I—ﬁ—
© _ o
£
2 20- -204
a4 1
-40 -40
3.0 (¢ 204
T I 1
%25- l 1.8
N
o _ l
2.0 16 l
6= (9) . (h)
*
y 13
5+ ] I
O 4- l 12 l
, 1
] 11
2

m AMB +2.8°C W +4.4°C

Fig. 3. Survival (a, b), change in total biomass (wet weight) over the
course of the experiment (¢, d), sizes (= shell length as measured at the
widest point) (e, f), and condition index (Cl) (g, h) for Cerastoderma edule
(a, ¢, e, g) and Macoma balthica (b, d, f, h), under ambient conditions
(AMB, blue) and in response to a mild (+2.8°C, orange) and a strong
(+4.4°C, red) heatwave. Error bars reflect 95% confidence intervals. Aster-
isk indicates significant treatment effect by p < 0.05.
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Fig. 4. Filtration rates (in ug Chl a per liter and hour) for Cerastoderma edule and Macoma balthica, as well as bare sediment controls, for (a) pre-
treatment (before heatwave exposure) and (b) mid-treatment (during heatwave exposure) under ambient conditions (AMB, blue) in response to a mild
(+2.8°C, orange) and a strong (+4.4°C, red) heatwave. Lines correspond to coefficients from GLMMs, and shaded areas correspond to 95% confidence

intervals. GLMM:s, generalized linear mixed models.

Mid-treatment filtration measurements revealed no direct
effect of treatment on the filtration rates of both bivalves
(C. edule: y* = 3.11, p = 0.21; M. balthica: y* = 1.45, p = 0.48),
but there was a significant interaction between the treatment
and water column Chl a concentration in C. edule (y* = 6.59,
p = 0.04; Fig. 4b, Supporting Information Table S7b). At high
Chl a concentrations, C. edule filtration rates were up to 40%
higher in the +2.8°C treatment compared to ambient and the
+4.4°C treatment. This difference, however, diminished with
decreasing Chl a concentration in the water column.

Respiration rates
Under ambient conditions, respiration rates were generally
higher at mid- and post-treatment compared to pre-treatment
(Fig. 5). For both bivalves, linear models revealed no signifi-
cant difference in respiration rates between treatments during
the mid-treatment stage (C. edule: y*=0.001, p=0.99;
M. balthica: ;(2 =0.02, p =0.99; Fig. 5b). However, there were
significant treatment effects during the post-treatment stage
for both bivalves (C. edule: 4> = 8.51, p =0.014; M. balthica:
2-12.66, p=0.002; Fig. 5c, Supporting Information
Table S8). For C. edule, Tukey Honest Significant Difference
revealed no significant pairwise differences between treat-
ments, although mean respiration was lowest following the
strong heatwave. It should be noted that due to mortality,
measurements for C. edule were conducted on 8 individuals
instead of 12, with only two replicates for the +4.4°C treat-
ment. For M. balthica, Tukey Honest Significant Difference rev-
ealed significantly lower respiration rates in the +4.4°C
treatment compared to ambient (f-ratio = —3.317, p = 0.022)
and nearly significantly lower rates compared to the +2.8°C
treatment (t-ratio = —2.774, p = 0.051).

Discussion

This mesocosm study investigated the eco-physiological
response of two infaunal bivalve species to summer heatwaves
of different intensities under near-natural conditions (tidal sim-
ulation, unfiltered seawater flow-through and natural light con-
ditions). For M. balthica, we observed a reduction in CI and
respiration rates following exposure to a strong heatwave
(+4.4°C), indicating potential negative long-term effects of
marine heatwaves. Cerastoderma edule exhibited similar trends
in mean CI and mean respiration, though these changes were
not statistically significant. C. edule, however, showed increased
filtration activity under the mild heatwave scenario (+2.8°C)
when food availability was sufficient.

Although survival and total biomass tended to be lowest for
C. edule following the strong heatwave, neither parameter was
significantly affected by the heatwave treatments. The observed
trend in total biomass loss can likely be attributed to mortality,
as neither size nor CI in surviving organisms was negatively
affected by the strong heatwave, although the latter still
appears to have decreased slightly, indicating potential negative
effects on an individual level. The daily mean temperatures in
all treatments were within the thermal tolerance range of
C. edule (5-33°C according to van der Veer et al. 2006), while
hourly maxima occasionally exceeded 30°C even below the sed-
iment surface (Supporting Information Fig. S5), potentially
imposing additional heat stress on these bivalves. Short-term
thermal stress was previously demonstrated to lead to mortality
in C. edule, albeit for slightly higher acclimatization and
exposure temperatures (Dominguez et al. 2021; Verdelhos
et al. 2015). Older individuals are more at risk during heat stress
(Beukema and Dekker 2020), a factor we cannot isolate from
our measurements on differently sized individuals. Despite no
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Fig. 5. Respiration rates (in mg O, per g dry tissue per hour, normalized to incubation volume) of Cerastoderma edule and Macoma balthica, for (a) pre-
treatment (before heatwave exposure), (b) mid-treatment (during heatwave exposure), and (c) post-treatment (after heatwave exposure). Number of
replicates (bivalves) are given for each mean value + SE. An asterisk indicates a significant treatment effect by p < 0.05.

significant differences found among treatments in our experi-
ment, the observed trends suggest that during prolonged or
repeated heatwaves, C. edule could experience heat stress from a
heatwave adding to the strong hourly temperature peaks natu-
rally occurring in an intertidal environment.

In M. balthica, survival was generally higher (97-99%) than
observed for C. edule (79-88%). In contrast to C. edule, total
biomass slightly increased in all treatments over the course of
the experiment (3-5% increase). Neither parameter was
affected by the heatwave treatment. This result was somewhat
unexpected as this species is considered to be especially vul-
nerable to high temperatures compared to other bivalves
(Beukema et al. 2009; Jansen et al., 2007a), including C. edule
(van der Veer et al. 2006). However, these studies either
focused on the effects of seasonal temperature differences or
on climatological warming. Yet, the results are in concordance
with Pansch et al. (2018), who also did not find decreased
abundances or wet weight loss in M. balthica in response to a
single marine heatwave, potentially questioning the notion of
strong heat sensitivity of this species. One potential explana-
tion is that M. balthica has the ability to burrow deeper as an
evasion strategy (Clements and Hunt 2017; McGreer 1979;
Tallqvist 2001), thereby being less affected by hourly peak
temperatures. This is supported by a lower temperature vari-
ance measured within the sediment than above the sediment
in the present experiment (Supporting Information Fig. S5).
Nonetheless, M. balthica mean size appeared lower in either

heatwave than in the ambient treatments, and CI was lowest
following the strong heatwave. This was also observed for the
mean Cl in C. edule. While these observations are not mirrored
in survival and total biomass, they may still indicate potential
lasting negative effects of short-term warming on this species
when observed over a longer time frame, a supposition that is
supported by this species’ respiratory response discussed
below.

Assemblages of C. edule displayed elevated filtration activity
during the mild (+2.8°C) heatwave, while, in contrast, filtra-
tion rates during the strong heatwave (+4.4°C) were nearly
identical to rates measured under ambient temperature condi-
tions. Testing for filtration activity prior to heatwave exposure,
Chl a decline in containers with C. edule significantly differed
from bare sediment, indicating a successful methodology and
actively filtering bivalves at the time of measurement. More-
over, filtration activity in C. edule increased with increasing
Chl a concentrations both before and during heatwave expo-
sure, which aligns with this species’ feeding behavior but indi-
cates that the maximum filtration activity was not reached
(Navarro and Widdows 1997). Our mid-treatment results for
C. edule could be interpreted as a bell-shaped feeding response
to temperature, in line with previous findings for this species
(Brock and Kofoed 1987; Verdelhos et al. 2015) and for Mytilus
edulis (Schulte 1975) under similar acclimatization and experi-
mental temperatures. This pattern, however, contrasts with
studies suggesting that filtration rates increase consistently
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along our tested temperature range (for C. edule:
Javanshir 2001; for M. edulis: Jorgensen et al. 1990). Note that
comparability between these studies and ours could be
impaired by differences in experimental set-ups and tempera-
ture increase rates (more abrupt in the referenced studies). Fol-
lowing the alternative hypothesis of consistently increasing
filtration with rising temperature, our results might just reflect
elevated mortality under the strong heatwave. While the sur-
viving bivalves may have maintained or even increased filtra-
tion rates compared to other treatments, the overall filtration
could be reduced due to the decline in population. Due to the
nature of our mesocosm experiment, potential factors respon-
sible for C. edule assemblage filtration cannot be isolated.
Regardless, our results suggest that heatwave intensity influ-
ences the direction of the heatwave effects on ecosystem ser-
vices (e.g., water clearance) provided by C. edule-dominated
communities in the Wadden Sea, ranging from positive during
a mild to neutral or even negative during a strong heatwave.

Filtration activity in M. balthica assemblages resembled the
Chl a decline observed for the bare sediment controls. Most
likely, the dominant feeding mode for this species was
deposit-feeding at the time of both measurements (before and
during heatwave exposure). There is ongoing debate as to
what drivers cause M. balthica to switch between feeding
modes. Deposit-feeding was demonstrated to occur more often
in small individuals (Rossi et al. 2004) and in the (upper)
intertidal zone (Beukema et al. 2014; Rossi and Middel-
burg 2011), both of which could be relevant for our study as
differently sized adult individuals were kept in intertidal simu-
lation. Additionally, limited food availability in the mesocosm
tanks (<2pug Chl a L™') could have triggered the deposit-
feeding mode (Olafsson 1986; Riisgard and Kamermans 2001;
Tornroos et al. 2015). Notably, filtration measured for
M. balthica still interacted with Chl a concentration. We can-
not entirely exclude a particle settling effect when assessing
the feeding activity in the present study, as we aimed for the
most natural settings for the single-species bivalve assem-
blages. Also, the presence of filter-feeding recruits, other
organisms that settled in the mesocosms during the experi-
ment, could have contributed to some part of the measured
signal. The methodology applied in this experiment to test
potential feeding responses to heatwave exposure may not
have been appropriate in the case of M. balthica. To further
improve our mechanistic understanding of the filter-feeding
mode of this species, we suggest experimentally testing the
feeding responses of M. balthica under the exclusion of sedi-
ment and with a larger span of food concentrations.

While respiration rates were not affected during heatwave
exposure (mid-treatment), we found persisting negative effects
following the strong heatwave for both species (post-treat-
ment). For ectotherms such as the bivalve species tested
herein, the respiration rate is directly linked to metabolic
activity (Haider et al. 2020; Jansen et al. 2007b; Kennedy and
Mihursky 1972). The observed respiration rates concur with
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values reported in the literature for C. edule (Boyden 1972;
Brock and Kofoed 1987; but lower values in Ong et al. 2017;
Zhou et al. 2022) and M. balthica (Hummel et al. 2000; Jansen
et al. 2007b). Nonetheless, some level of error could have been
introduced by the lack of mixing in our respiration measure-
ments in addition to equipment changes mid-experiment,
both of which could impair the comparability of our results to
other studies.

Respiration rates of both C. edule and M. balthica increased
between pre- and mid-treatment measurements (5 weeks
apart), which is to be expected since metabolic activity in
bivalves directly relates to temperature in both C. edule
(Boyden 1972; Wilson 1983; Zhou et al. 2022) and M. balthica
(Jansen et al. 2007b), and ambient temperatures increased by
+2.5°C between measurement dates. However, it is important
to note that the observed increases were not measured within
individuals, but rather, a new set of individuals was used for
each round of measurements (pre-, mid-, and post-treatment),
and respiration rates can differ between individuals of the
same flesh weight, inter alia due to age (Iglesias and
Navarro 1991). Surprisingly, there was no heatwave effect on
respiration in either of the bivalve species during heatwave
exposure itself. For M. balthica, there are indications that met-
abolic response patterns are down-regulated in summer,
which is assumed to occur as a protection mechanism against
peak temperatures (Hummel et al. 2000; Jansen et al., 2007a).
A similar response pattern could have occurred in C. edule in
this experiment, as acclimation temperatures are also
suspected to influence respiratory response patterns to short-
term thermal stress in this species (Brock and Kofoed 1987).
The results of this experiment suggest that for both species,
respiration increases with seasonal warming but not in imme-
diate response to a short-term warming event.

In contrast, respiration was significantly lower in post-
treatment measurements for M. balthica if previously exposed
to the strong +4.4°C heatwave, and indications (although not
significant) were found that C. edule could display a similar
metabolic response. However, post-treatment sample sizes in
our experiment were small for C. edule (n =2 for the strong
heatwave, n = 3 for the other treatments) due to bivalve mor-
tality over time. As a result, the statistical inference is less
robust. One potential explanation for the observed response
patterns could be that both species acclimated to elevated
temperatures after 2 weeks of heatwave exposure and (further)
downregulated their metabolic activity, leading to a “delayed”
signal in respiration. Metabolic down-regulation is known to
occur on a time scale of weeks to seasons for M. balthica
(Hummel et al. 2000; Jansen et al., 2007a), and Ong et al.
(2017) found an initial increase in respiration in C. edule but a
following decrease in response to 3-6 weeks of heat exposure.
Additionally, the lower respiration rates in individuals previ-
ously exposed to the strong heatwave could mirror a decline
in condition, which is supported by the lower CI measured for
respective individuals of M. balthica. However, no indication
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of such a relationship was found in the case of C. edule. Fur-
ther post-stressor response measurements on a larger sample
size and potentially with the investigation of heat-shock pro-
teins (Feder and Hofmann 1999; Pante et al. 2012; Sokotowski
and Brulinska 2018) could give additional insights into the
observations made herein. Nonetheless, our results indicate
potential persisting negative effects of intensified heatwaves
in the Wadden Sea on the metabolic capacity of two key
bivalve species. It should be noted that, due to technical con-
straints (specifically, weight limitations on the tidal plat-
forms), respiration measurements for both bivalve species
were conducted on individuals kept under subtidal conditions
(i.e., in containers not exposed to diurnal tides). As a result,
these findings may not fully represent bivalves from the upper
intertidal zone, where daily temperature fluctuations are more
pronounced. Instead, the results are more reflective of
responses from bivalves acclimatized to deeper areas of the
Wadden Sea.

Our study demonstrated that C. edule and M. balthica dis-
play different eco-physiological responses to varying summer
heatwave intensities. By taking a near-natural experimental
approach, it was possible to investigate response patterns both
on the population and individual levels. While bivalves were
apparently able to withstand a mild heatwave, there
were some indications that a more intense heatwave could
negatively affect bivalve survival, filtration, and metabolic
capacities in C. edule in the short term, and condition as well
as metabolic capacities in M. balthica (and potentially C. edule)
in the long term. Here, this occurred even though daily mean
temperatures (max. 4.4°C above ambient) did not exceed
species-specific heat tolerance limits, indicating that short-
term heatwaves pose considerable thermal stress to bivalves,
adding to the effects of intertidal temperature fluctuations,
seasonal temperature changes, and climatological warming.

With heatwaves increasing in intensity and frequency in the
North Sea area and other coastal habitats worldwide (Frolicher
et al. 2018; Oliver et al. 2021), our findings could have consid-
erable implications for future changes to intertidal communities
and the ecosystem services provided by them. Mortality and
reduced metabolic capacities in bivalve populations could nega-
tively affect water clearance (Beukema and Cadée 1996;
Cranford 2019), nutrient cycling (Carss et al. 2020; Michaud
et al. 2006), and intertidal food web composition and fluxes
(Beukema and Cadée 1996; Christianen et al. 2017). To better
estimate the potential long-term effects of marine heatwaves on
intertidal communities, our results suggest further investiga-
tions of especially post-stress responses in bivalves and other
species. Furthermore, eco-physiological response patterns in
bivalves should be linked to abiotic and biotic parameters
influenced by temperature in their natural habitats. Among
others, hypoxia (Zhou et al. 2022), increased parasite infections
(Larsen and Mouritsen 2014; Thieltges 2006), or hampered algal
growth (Romadn et al. 2020; Schiel et al. 2004) often co-occur
with heatwaves, making research on bivalve responses to
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(short-term) multi-stressor events essential for more precise
future predictions of heatwave impacts on coastal ecosystems
(Burdon et al. 2014; Javanshir 2001; Weijerman et al. 2005).
Importantly, strategies for coastal management should priori-
tize monitoring the impacts of marine heatwaves to preserve
ecosystem services provided by bivalves, such as filtration,
nutrient cycling, and food web stability.
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