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Abstract
Heatwaves affect tidal flat ecosystems by altering the bioturbating behavior of benthic species, with potential

consequences for sediment oxygenation, particle mixing, and erodibility. Although the frequency and duration of
heatwaves are expected to increase under global warming scenarios, we lack insights into how heatwaves’ temporal
dynamics affect bioturbating behaviors. Using the widely distributed bioturbator Cerastoderma edule as model spe-
cies, we quantified how heatwaves with identical heat-sum but different temporal dynamics (i.e., 3- vs. 6-d heating
and normal temperature cycles) affect bioturbating behaviors and the sediment mixing processes in tidal meso-
cosms. Our results show that short but frequent 3-d heatwave cycles increased the magnitude of bioturbating
behaviors, thereby resulting in more bio-mixed sediment than observed under infrequent prolonged 6-d heatwave
cycles. This unexpected result could be ascribed to the weakening health condition indicated by a high death rate
(47.37%) under 6-d heatwave cycles than in 3-d and no-heatwave control cycles. Present findings reveal that the
impact of heatwaves on sediment bioturbation will strongly depend on the temporal dynamics of future heatwaves:
bioturbation will be enhanced unless the heatwave duration exceeds species resistance and increases mortality.

Bioturbation is the process of sediment reworking by living
organisms (Darwin 1881). Bioturbators are classified as ecosys-
tem engineers (Jones et al. 1997; Wright and Jones 2006)
because they can excessively modify the physical properties of
sediments (e.g., compaction, bulk density, and particle distri-
bution) and the diffusion rate of chemical compounds
(Braeckman et al. 2010; Kristensen et al. 2012; Cozzoli
et al. 2021) via foraging (Wrede et al. 2018) and building
behaviors (Borsje et al. 2014). From terrestrial fields to deep-
sea sediments, bioturbation plays a significant role in chang-
ing the surface landscape of our planet (Meysman et al. 2006).
Across the globe, tidal flats are one of the most renowned eco-
systems dominated by a wide range of bioturbating benthic
species (Teal et al. 2008; van der Wal et al. 2017), and hence
the focus of the present study.

The physical conditions for living on tidal flats are typically
harsh in that they constantly change due to tidal cycles of drying
and inundation. By interacting with physical forces from
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currents and waves, some bioturbators actively flush their bur-
rows to refill oxygen and nutrients (Mermillod-Blondin and
Rosenberg 2006; Hedman et al. 2011). These burrows thus
become networks to promote chemical exchange at water-
sediment interfaces (i.e., benthic–pelagic coupling). Moreover,
bioturbators loosen the sediment and increase the surface rough-
ness (Widdows and Brinsley 2002; Li et al. 2017). Hydrodynamic
forces may reshape these biologically induced topographies dur-
ing tidal inundation, resulting in enhanced sediment
resuspension and erosion (Montserrat et al. 2009; Cozzoli
et al. 2019; Dairain et al. 2020). For example, the common cockle
Cerestoderma edule can affect sediment stability through vertical
and horizontal movements such as shell shaking, adductions,
and excreting feces. These bioturbating activities can lead to
more erosion in cohesive sediment (Widdows et al. 2000; Le Hir
et al. 2007; Li et al. 2017). Understanding the effect of benthic
bioturbators on sediment erodibility is essential, as short-term
transitions between erosion and accretion may affect the long-
term stability of tidal flat ecosystems (e.g., see Bouma et al. 2016;
Shi et al. 2021).

Tidal flat ecosystems worldwide are declining and may be
increasingly threatened by global change processes (Murray
et al. 2019). Recent studies show that 50% of the ocean surface
water may suffer from marine heatwaves by the late 21st cen-
tury (Holbrook et al. 2019). Tidal flat ecosystems are expected
to be much more prone to such heatwaves since the surface
sediments can experience a daily temperature difference of
more than 10�C during the low-tide emersion time
(Johnson 1965; Bouchet et al. 2007; Li et al. 2019), despite that
the seasonal variation can be more than 30�C from summer to
winter (Murphy and Reidenbach 2016). Goulletquer et al.
(1998) even measure a daily temperature increment of 23�C in
the oyster reef. Bioturbators living on tidal flats are prone to
extreme temperature fluctuations, particularly those inhabiting
higher intertidal areas (Pansch et al. 2018). Occasional exposure
to heatwaves can decrease the health conditions of the benthic
bioturbators living on tidal flats (Coma et al. 2009; Pairaud
et al. 2014; Rivetti et al. 2014). Thermal stress typically pro-
motes the bioturbators’ metabolic rates (Anestis et al. 2007; Vin-
agre et al. 2016), which positively relates to their moving
behavior (Cozzoli et al. 2019). More movements may increase
sediment bio-mixing and a reduced critical erosion threshold
on the tidal flat scale (Cozzoli et al. 2020). Thus, to predict the
future fate of tidal flat ecosystems, it is necessary to better
understand how future heatwaves affect benthos’ bioturbation
behaviors.

Like most abiotic stresses and disturbances in the natural
environment, the effect of heatwaves may be expected to
depend on their magnitude, duration, and frequency
(Donohue et al. 2016). To date, most heatwave studies only
focus on magnitude (i.e., the effects of the heatwave intensity;
Perkins-Kirkpatrick et al. 2017; Gauzens et al. 2020; Laufkötter
et al. 2020), even though variation in duration and frequency
may impose more complex outcomes. For example, Seuront

et al. (2019) show that 100% mortality for the mussel Mytilus
edulis occurred at lower temperatures with increasing duration
of exposure to heatwaves. Global warming not only leads to a
higher heatwave intensity, but also amplifies the temporal
dynamics of heatwaves. That is, the duration and frequency of
marine heatwaves have increased by 17% and 34%, respec-
tively, in the years 1987–2016 compared to the years 1925–
1954 (Oliver et al. 2018). Thus, in addition to experiments
quantifying the effects of heatwave intensity on bioturbation
behavior and changes in tidal flat sediments, studies are
needed to quantify the impact of temporal dynamics.

To gain insights into the effects of heatwave temporal
dynamics on the bioturbation process, we conducted a meso-
cosm experiment with contrasting “short” and “long”
heatwave cycles. Both cycles consist of 12-d heating and 12-d
recovery phases, while the temporal distribution of heating
and recovery treatments are different: the “short-duration”
heatwaves consist of alternating 3-d heating and normal tem-
perature periods; the “long-duration” heatwaves consist of
alternating 6-d heating and normal temperature periods
(Fig. 1). The control treatment is kept constantly under ambi-
ent temperatures of 20�C. The heatwave temperature was
35�C during daytime low tides. In each mesocosm, a regular
semidiurnal tide was mimicked with a 5-h low tide during the
day and 5 h at night. We used the widely distributed common
cockle C. edule as a model bioturbator species. Cockles’
burrowing depth, sediment mixing, and survival were mea-
sured to study the bioturbation response patterns under differ-
ent heatwave profiles.

Material and methods
Mesocosm setups

A mesocosm experiment was performed in a climate room
to simulate natural heatwaves on tidal flats. One tidal meso-
cosm unit consists of two water tanks stacked together (inner
dimensions: 110 � 95 � 60 cm). The upper tank was filled
with 30-cm-high sand (SD50 = 265.02 μm) as a basement that
contained the experimental treatments; the lower tank was
used as a water reservoir for simulations of tidal cycles (for
details, see Zhou et al. 2022). The experimental treatments cre-
ated a high tide by pumping water from the lower reservoir
tank into the upper tank. The water height was adjusted by a
return-flow pipe (30 cm height), transporting the overflow
water back to the lower tank. Low tide was created by turning
off the pump to drain all water into the lower reservoir tank.
A regular semidiurnal tide was mimicked according to the nat-
ural conditions where cockles were collected (Oesterdam,
51�28001.400N, 4�12049.800E). The low tide period was 5 h occur-
ring twice daily during both day and night, giving a total of
10 h low tide per day (Fig. 1a).

PVC pots (67 mm inner diameter, 3 mm wall thickness,
100 mm height) were filled with sieved sediment (mesh size
Ø = 1000 μm, sediment SD50 = 158 μm) and placed in the
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upper mesocosm tanks for holding the cockles to be used in
the experiment. These pots were made by cutting long
5000 mm PVC pipes into a shorter uniform size, then adding
ventilated bottom covers at one end. There are three types of
experimental pots: (1) “heatwave” pots with cockles inside
that experienced a 3-d cycle or the 6-d cycle heatwaves (FS3
and IL6; details in next section), (2) “control” pots with
cockles inside and were under ambient temperatures, and (3)
“blank” pots that contained no cockles under ambient temper-
ature, to only measure the tidal effects on sediment mixing.
There were 40 “heatwave” pots; 20 replicates for each
heatwave profile. The “control” pots had 20 replicates, and the
“blank” pots had 10 replicates. All pots were evenly distributed
in four mesocosms, two with heaters on top and two without
under ambient temperature.

Imposing heatwaves: Temperature setting and
measurement

Four mesocosms were placed in the same climate room, of
which two were used for simulated heatwave treatments and
the other two as ambient temperature controls. According to
temperature measurements in the field during the 2020 sum-
mertime heatwaves (see Supporting Information Appendix S1,
Fig. SA1a), we set the maximal temperature of the sediment
surface at 35�C and the ambient temperature at a constant
20�C. Terrace heaters (Frico, EZ212) were used to mimic solar
irradiation during low tide. A thermal probe was placed on
top of the sediment to control the heater temperature by real-

time measurements: when the temperature of the sediment
surface reached 35�C, the heater was turned off; when it
dropped below 35�C, it was turned on again.

Due to delays in the control system, the actual mean tem-
perature was 32.23 � 1.61�C (see Supporting Information
Appendix S1, Fig. SA1b, red lines); the actual mean ambient
temperature was 16.42 � 0.35�C (Fig. SA1b, blue lines). The
daily operating time of the heater was controlled by a time
switch to match the daytime low tide period, starting to heat
half an hour before the daytime low tide till half an hour after
the daytime low tide (Fig. 1a). The heaters were turned off dur-
ing the night.

To measure the temperature profiles in each tank, two extra
PVC pots (no cockles inside) were made to hold the tempera-
ture sensors (PT-100 sensors, TC Direct). These sensors were
deployed at fixed depths of 0, 3, and 6 cm to record the per-
minute temperature profiles in the PVC pots, and they were
used to represent the temperature profiles of all pots in the
same tank. All temperature sensors were connected to a
CR10X datalogger (Campbell Scientific Inc.), and the data was
transferred via LoggerNet software (Campbell Scientific Inc.).
During low tides, the temperature sensors measured the tem-
perature of drained sediment in PVC pots; during high tides,
all sensors were submerged and measured water temperature
instead.

To determine a reasonable magnitude and duration for the
artificial heatwaves in our experiment, we obtained 70 yr of
temperature data from the Royal Netherlands Meteorological

Fig. 1. Schematic representation of the daily tidal regime (a) and simulated heatwave treatments (b). In the daily tidal regime (a), daylight time is indi-
cated by a yellow color on the time axis. In contrast, nighttime is marked as black. Semidiurnal tides (42% low tide time) were mimicked (i.e., high tide
marked as blue shades, low tide marked as white rectangles). In panel (a), the times at which burrowing depth measurements were taken are indicated
by black arrows. The ambient air temperature was constant at 20�C (b, indicated by the solid blue line). The heaters were only turned on during the day-
time low-tide period, as indicated by the dashed lines starting half an hour before and ending half an hour after low-tide (a, the red frame). The maximal
temperature of the simulated heatwave was 35�C. Two heatwave temporal profiles were applied, a frequent short-duration heatwave (b, 3-d cycles) and
a less frequent long-duration heatwave (b, 6-d cycles). Both heatwaves followed a 3-d heatwave to measure bioturbation effects using luminophores.
The purple arrows indicate when luminophore tablets are deployed during the low tides.
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Institute (KNMI) at Schiphol (near Amsterdam), Netherlands.
The “high-temperature event” was summarized as when the
daily maximum temperature was above 30�C for more than
2 d. In the past 70 yr, there were 42 high-temperature events
lasting more than 2 d, 35 of which lasted 2–3 d, 5 of which
lasted for 4–5 d, and 2 of which lasted more than 6 d (see
Supporting Information Appendix S2, Table S1). Therefore,
two heating treatments were applied to mimic: (1) frequent
short-duration (i.e., FS3) heatwaves consisting of four repeat-
ing cycles of 3-d heating within between 3-d recovery at nor-
mal temperatures; (2) infrequent long-duration (i.e., IL6)
heatwaves consisting of two repeating cycles of 6-d heating
within between 6-d recovery at normal temperatures (Fig. 1b).
The overall heatwave exposure had an identical duration for
FS3 and IL6 during the day, with 5 h per day for 12 d. The FS3
and IL6 heatwave treatments ended with a 3-d heatwave to
measure bioturbation using luminophores (see Quantifying
the sediment mixing process using luminophores). The ambi-
ent control was maintained at a constant temperature of 20�C
over the whole period.

C. edule as model species to study bioturbation
The common cockle C. edule is widely distributed along the

European Atlantic coastline. The cockles used in this experi-
ment were collected from Oesterdam, the Netherlands, in late
September 2020. They were transported to a temperature-
controlled climate room set at 20�C and left in a tank filled
with aerated seawater for 120 h acclimation. Then, living
cockles were transferred into PVC pots filled with sediment
and placed in the tidal mesocosms, allowing them to accli-
mate to the new environment for another 72 h before starting
the heatwave treatments. Each PVC pot under FS3, IL6, and
the control treatment received one live cockle taken from a
population with a mean shell length of 32.00 � 1.80 mm and
a mean wet tissue weight of 0.91 � 0.21 g (mean � SD;
n = 50). When individuals were inactive or remained on the
sediment surface for 24 h, they were replaced with new indi-
viduals. All cockles were fed twice a week with instant micro-
algae (Shellfish Diet 1800; Reed Mariculture Inc.). The algae
concentrate was prediluted at 10 : 1 with 100 mL seawater,
then fed to each tank homogeneously with a dropper. One-
third of the seawater in the reservoir tanks was replaced every
week to guarantee good water quality throughout the experi-
ment. Dead cockles on the sediment surface were removed
every day. We used a metal tweezer gently moving around
their siphons to check whether cockles had died and burrowed
in the sediment. Cockles that did not respond to these physi-
cal stimuli were recorded as dead.

Burrowing behavior measurements
We use bivalves’ burrowing behavior as an indicator of ver-

tical bioturbation activity. A cotton thread was glued (super-
glue CA10; F.T Products) on the cockle’s shell to measure the
cockle’s burrowing behavior. The other end of the line is tied

with a knot to make different measurements comparable for
the same cockle. The thread was gently pulled straight to mea-
sure the distance between the knot and the sediment surface.
This method was adopted from Auffrey et al. (2004) and has
been tested to have no effects on the burrowing activities of
bivalves. Moreover, we have successfully applied this method
to detect the significant impact of heatwaves on the cockles’
burrowing behavior (Zhou et al. 2022). Five measurements
were performed daily. The first and last measurement occurred
half an hour before and after the 5-h low tide at 09:30 h and
16:30 h. The other three measurements occurred during the
low tide at 10:30 h, 12:30 h, and 14:30 h, during which the
sediment with cockles was directly exposed to solar radiation
in the heating mesocosms (Fig. 1a). The relative depth change
of each measurement point is calculated by subtracting the
first measurement value from the absolute length. Therefore,
the relative depth change of the first measurement was always
0 cm at 09:00 h. The following four measurements used the
first one as a baseline to calculate the burrowing depth
change.

Quantifying the sediment mixing process using
luminophores

We used luminophores (Environmental Tracing Systems Ltd.)
to quantify sediment particle transportation in each PVC pot.
Luminophores are inert natural sediment particles dyed with
luminescent paint and are often used to track bioturbation
effects (Wiesebron et al. 2021). The median grain size (SD50) of
the luminophores was 41 μm. The color of the luminophores
was “magenta red” under normal ambient light, with shining
luminosity in a dark environment under UV light. Sieved
(Ø = 1000 μm) ambient sediment (SD50 = 158 μm) and lumi-
nophores were mixed at a volume ratio of 10 : 1 with water
(i.e., water weight was determined by the bulk density of ambi-
ent sediment). Then, the sediment-luminophore-water mixture
was poured into PVC molds of 70 � 70 � 0.5 mm (i.e., inner
diameter = 67 mm) and froze at �20�C to make luminophore
“tablets”.

Luminophore tablets were placed on top of each PVC pot
during low tide for all treatments, namely, “heatwaves
(i.e., FS3 and IL6),” “control,” and “blank.” After this deploy-
ment, a final 3-d heatwave treatment was applied to both the
FS3 and IL6 “heatwave” pots, but not to the no-heatwave “con-
trol” and “blank” pots (Fig. 1b). When the experiment ended,
the PVC pots with luminophores were horizontally sliced
using a metal spade along depth gradients (i.e., every 0.5 cm
till 3.0 cm, then 1.0 cm per slice till 5.0 cm). The luminophore
area in each slice was used to indicate the horizontal bioturba-
tion activities.

Every slice was photographed under UV light using a digital
single-lens reflex camera (Canon EOS with 18–55 mm EFS
objective). The camera was mounted on a fixed stand to guar-
antee the same shooting distance. The JPEG images were saved
as 2304 � 3456 pixels. These images were processed using a
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custom script of ImageJ2 and R 4.0.0 software. First, the
images were subdivided into RGB stacks, and the brightness
threshold of red 128–255 was used to distinguish the image
pixels in red luminophores and sediment. Then, the total
number of luminophore pixels in each slice was counted
(Sbioturb-depth, cm

2). Only pixels within the circular region in
the center frame of the photo (within the PVC tube) were ana-
lyzed. A buffer margin of 5 mm from the edge within the tube
was also excluded to minimize edge effects due to the cutting
process.

Since luminophores were applied on top of the sediment,
the luminophore counts in photographs taken from the top
view of below-ground sediment slices provide a quantitative
indicator of the bioturbation activity in an individual PVC
core. Due to limitations of the slicing tool, in all cores, the first
two sediment slices taken at a depth of 0.5 cm and 1 cm were
disturbed by edge effects and thus neglected. As < 1%
luminophore pixels were observed in slices taken below 3 cm
(i.e., at 4 and 5 cm depth), these slices were also neglected. As
a result, the luminophore counts in photographs taken from
the top of the sediment slices at 1.0, 1.5, 2.0, 2.5, and 3.0 cm
were used to calculate the average bioturbation areas with the
following equation:

Sbioturb ¼
Xn
i¼1

PixelsLi

PixelsSi
�100%�Spvc

� �
=n, ð1Þ

where Sbioturb is the depth-averaged bioturbated surface area in
each PVC core (cm2); i is the slice number (i.e., five slices in
each core); PixelsLi and PixelsSi refer to the luminophore pixel
amount and the total pixel amounts of sediments in slice i,
respectively; SPVC refers to the cross-sectional area of one PVC
pots (i.e., 35.24 cm2); n is the number of layers averaged
(n = 5 for all cores).

Data analysis
Survival percentage

The number of living cockles during the experimental
period was divided by the total number of replicates (exclud-
ing replicates lost due to the accident, see Supporting Informa-
tion Appendix S3) to calculate the survival percentage for FS3,
IL6, and ambient control treatments.

Burrowing depth
The burrowing depth measurement was an indicator of ver-

tical bioturbation activities. A linear mixed-effect model was
used to test the effects of heatwave treatments on cockles’
burrowing depths: Burrowing depth change � Heatwave
treatment + Day + (1jIndividual number). The heatwave treat-
ments and experimental days are fixed factors, while the indi-
vidual serial number is a random factor nested within the
fixed factors. Finally, a post hoc Tukey HSD analysis was
applied to check the effects of different heatwave cycles on
burrowing depth change.

Luminophore tests
We used luminophore tests to get quantitative proxies for

bioturbation activities. That is, we calculated first the depth-
specific bioturbation area (Sbioturb-depth, cm

2) for each 5-mm slice
along a 1- to 3-cm depth profile and used these data to derive
the depth-averaged bioturbation area (Sbioturb, cm

2) in each PVC
core. Since the luminophore tests were only applied once at the
end of the experiment, we could not do a time-series analysis.

The effects of heatwave treatments on the depth-specific
bioturbation profiles were tested using a two-way analysis of
covariance (ANCOVA): Bioturbation areas � Heatwave treatment +
Depth, followed by a Tukey HSD analysis for post hoc analysis.
The effects of heatwave treatments on the depth-averaged bio-
turbation areas were first checked by the Kruskal–Wallis test,
and then a Wilcoxon rank sum test was used as a post hoc
analysis.

The data points and error bars indicate mean � standard
error in all plots. The data analysis was performed by R 4.0.0
(R Core Team 2021).

Results
Cockles’ response to thermal stress: Mortality and behavior

Repeated exposure to heatwaves (defined as temperatures
≥ 35�C) can lead to the death of cockles. The 3-d cycle
heatwaves (FS3) resulted in a 72.73% survival rate (see
Supporting Information Appendix S3, Fig. SA2). Even though
the total number of heating days was the same, the 6-d cycle
heatwaves (IL6) resulted in a lower survival rate at 47.37%
(Fig. SA2). The same applies when comparing the survival rate
of IL6 to the survival rate in the absence of any thermal stress
(no-heatwave controls, 100% survival). The method of behav-
ioral measurement can detect significant differences in the
burrowing depth under different heatwave settings (signifi-
cance levels are shown in Fig. 2). The burrowing behavior of
cockles was affected by thermal stress (Fig. 2). During low tide,
the cockles burrowed deeper into the sediment when exposed
to heatwave conditions (Fig. 2b). Upon the return of the high
tide, the cockles then moved toward the surface. On ambient
temperature days between heatwaves, the behavior of cockles
that had earlier experienced heatwaves returned to movement
patterns similar to those seen in cockles in the permanently
ambient temperature treatments (Fig. 2a).

Bioturbation effects: The area of disturbed sediments
Cockles’ activities always introduced the surface parti-

cles into up to 3 cm sediment layers, resulting in similar
overarching patterns as shown in Fig. 3. The horizontal
bioturbation areas differed between treatments: the bio-
turbating areas under FS3 were the largest, and those
under IL6 were the smallest. This trend was consistent
from 1.0 to 2.5 cm depth (Fig. 3). The statistical results
for Fig. 3 are shown in Tables S4, S5 in Supporting Infor-
mation Appendix S5.
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The heatwave duration significantly impacted the amount
of biodisturbed sediments (Table 4, ANCOVA, F = 12.01,
dftreatments = 2, p < 0.01). Post hoc analysis showed that the

6-d cycle heatwaves (IL6,) significantly decreased the size of
biodisturbed areas compared with that under 3-d cycle
heatwaves (FS3) (Table 5, Tukey HSD, t = �4.81, dftreatments = 2,
dfdepths = 4, p < 0.01). However, the 3-d cycle heatwaves
imposed similar bioturbation effects with those under control
ambient temperatures (Table 5, Tukey HSD, t = 1.82,
dftreatments = 2, dfdepths = 4, p = 0.17).

Heatwave treatments significantly changed the depth-
averaged bioturbated area (Kruskal–Wallis test, χ2 = 7.2884,
df = 2, p = 0.03). Further post hoc analysis indicated that the
6-d cycle heatwaves significantly decreased the depth-averaged
bioturbated area compared to that under 3-d cycle heatwaves
(see Fig. 4a, Wilcoxon rank sum test, IL6–FS3, effect size
r = 0.63, N = 17, p = 0.02).

In summary, the 6-d cycle heatwaves (IL6,) imposed
higher mortality than the 3-d cycle heatwaves (FS3)
(Fig. SA2) and decreased cockles’ bioturbation ability
(Fig. 3), thus significantly reducing the size of the depth-
averaged bioturbation area (Fig. 4a). FS3 heatwaves boosted

Fig. 3. The depth-specific bioturbated area (Sbioturb-depth, cm
2) for con-

trasting heatwave treatments. The bioturbation areas were calculated
using luminophore pixel counting data. Each point represents 8–10 data
recordings in the plot depending on the number of successfully processed
PVC pots. Only 1.0–3.0 cm profiles were displayed since most of the bio-
turbation process happened within this range. The top 1 cm layer results
were discarded after slicing due to pervasive edge effects. Each data point
represents the mean values of the measured replicates. The error bars rep-
resent the standard errors between replicate PVC pots at each depth. The
significant level of p < 0.01 was indicated by “**” in the figure legend.

Fig. 2. Daily average burrowing position as measured during the non-
heatwave cycles (a) and heatwave cycles (b). Different line colors indicate
temperature settings, as shown in the legends. The red shades represent
the period of the heating treatment. The solid brown lines represent the
beginning time of low tides (start of sediment exposure); the dashed
brown lines represent the beginning time of high tides (start of sediment
submersion). Data from individual measurements were averaged daily by
each heatwave and recovery cycle. In the plot, each point represents the
mean values of the measured alive individuals. The calculation was based
on 72–540 recordings in panel (a), and 95–540 recordings in panel (b),
depending on the survival individuals under the control/heatwave treat-
ments. The ambient control measurements (blue lines) in panels (a) and
(b) are identical based on all daily recordings in each heatwave/cycle set-
ting. Positive depth change values indicate cockles move upwards, while
negative values indicate moving downwards. The error bars represent the
standard errors of individual measurements during all repeated cycles.
The difference in depth changes between control and heatwave treat-
ments were tested using one-way ANOVA. The significant level p < 0.01
was marked by “**” on the right side of the figure legends.
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vertical (Fig. 2b) and horizontal (Fig. 3) bioturbation activ-
ity, yet the total bioturbated areas did not show a signifi-
cant difference with those under ambient temperature after
3 d of sediment reworking (Fig. 4a).

Discussion
Studying bioturbation under heatwaves is essential to

understand the effects of global warming on the tidal flat sedi-
mentary environment, as bioturbation is known to affect both
the sediment mixing and the erodibility of tidal flats. In the
present study, we show for the first time that bioturbation
effects under global warming strongly depend on the fre-
quency and duration of the heatwaves. That is, repeated short
heatwaves can increase bioturbation activity while not causing
much mortality. In contrast, the less frequent long-duration
heatwaves decrease the overall bioturbation activity as it
increases bioturbators’ mortality, thereby causing less sedi-
ment mixing. Predicting climate-change effects on tidal flat
functioning requires insights into the frequency and duration
of future heatwaves and in-depth studies on the behavioral
responses and mortality consequences of key bioturbating spe-
cies, as demonstrated in the current study.

Thermal tolerance of organisms in the face of climate
change

In our experiment, cockles that suffered from 3-d repeti-
tions of heating treatments showed more vertical movement
than those under ambient temperatures. This response can
be seen as a strategy in which bioturbators adjust their burial
depth and use the sediment as a thermal refuge during the
heatwave (Payette and McGaw 2003; Munguia et al. 2017).
Other bivalve species also adapt their burial depth to ele-
vated temperatures. For example, a mesocosm experiment
showed that Ruditapes decussatus burrowed deeper into the
sediment under simulated heat stress of 29�C to 8 cm depth
(Domínguez et al. 2021). Compared with C. edule,
R. decussatus typically buries deeper into the sediment,
potentially down to 20 cm (Macho et al. 2016). Therefore,
we summarize the response strategies by which benthic
organisms cope with extreme temperatures with the follow-
ing two strategies: (1) either employing more horizontal
movements to search for locations with less stressful temper-
ature conditions; or (2) burrowing deeper to use deep layers
of the sediment as a shelter to escape the extreme heat stress.
The trade-offs between these two strategies will likely
depend on a species’ physiological limitations and energy
consumption. For example, the maximal burrowing depth of
bioturbating bivalves is mainly limited by their siphon size
(i.e., physiological limitation) (Zwarts and Wanink 1989).
However, higher filtration costs due to enhanced move-
ments will typically increase the energy consumption of
these bivalves (Sobral and Widdows 2000).

Fig. 4. Diagrams showing how the heatwave duration may determine bio-
turbation effects. (a) Experiment data that summarizes heatwave effects on
the depth-averaged bioturbated area. Each data point represents the mean
values of the measured replicates. The 3-d cycle heatwaves result in more bio-
turbation areas than those under ambient temperatures. The 6-d cycle
heatwaves decrease depth-averaged bioturbated areas compared with ambi-
ent temperatures. Each data point represents the mean values of the mea-
sured replicates. The error bars represent the standard errors between
replicate PVC pots. The significant level of p < 0.05 was indicated by “*” in
the figure. (b) A conceptual figure showing how cockles’ behavioral response
can determine the bioturbation under heatwaves. The x-axis indicates the
duration of heatwaves. The y-axis shows the bioturbation intensity in tidal flat
sediment. When the heatwave duration does not pass the critical point of bio-
turbators’ thermal tolerance thresholds, the bioturbation can be enhanced
due to more movements (status “a” to “b”). After the heatwaves, bio-
turbators’ condition may still recover (as indicated by the blue arrow on “b”).
When the heatwave duration lasts too long, bioturbators’ health conditions
are reduced, leading to reduced bioturbation effects (status “a” to “c”). In the
worst case, the bioturbator may no longer be able to recover (as indicated by
the blue arrow on “c”), resulting in mass mortality (status “d”).
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These strategies can be regarded as regulatory behaviors
that are stimulated by the environmental conditions of micro-
habitats. Microhabitats are usually local habitats with less
harsh environmental conditions than those at larger spatial
scales. Many intertidal ectotherms have developed a range of
behavioral strategies to search for suitable microhabitats and
adapt to temperature variations (Williams 1984; Muñoz
et al. 2005). In cooler environments, most freshwater insect
larvae avoid freezing by actively staying in the water body that
will not freeze; lizards will shuttle between the sun and shade
to maintain their body temperature in an optimal range
(Lencioni 2004; Diaz and Cabezas-Diaz 2004). In a warmer
environment, snails may actively search for sheltered micro-
habitats on rocky shores to escape direct sunlight and stabilize
their body temperatures during daytime emersion; capitellids
may burrow deeper to escape warm temperatures that exist in
natural soft sediments (Tsubokura et al. 1997; Lardies
et al. 2001). The movement behaviors demonstrated by
cockles in our experiments could be considered an example of
the wide range of thermoregulatory movement responses
commonly practiced by ectotherms.

Tidal flat invertebrates may cope temporarily with thermal
stress through thermoregulatory behaviors such as burrowing.
However, when the thermal stress (e.g., magnitude, duration,
etc.) surpasses critical thresholds, these response strategies
may fail and lead to severe physiological stress or even mass
mortality (Fig. 4b). The findings by Deldicq et al. (2021) also
support the conceptual summary shown in Fig. 4b, in that
foraminifera reduced their activity by up to 80% under high-
temperature regimes (i.e., 36�C) and the photosynthetic activ-
ity of their sequestered chloroplasts significantly decreased.
When the heatwave duration is long enough to create mass
mortality (50% death rate in this experiment), organisms can-
not escape from the continuous accumulation of heat stress
via different behavioral strategies. The resulting mass mortal-
ity can potentially cause large-scale species distribution shifts
(Fiori and Cazzaniga 1999; Wernberg et al. 2013; Pairaud
et al. 2014). Due to the mass mortality of adult individuals,
the age structure of native species tends to be younger in the
following year (Magalhães et al. 2016; Beukema and Dek-
ker 2020). This implies that if the duration of heatwaves
strongly increases under climate-change scenarios, there will
not be enough adults to produce larvae. As a result, native spe-
cies with poor temperature tolerance will not persist, thereby
giving up their niche to more heat-tolerant invasive species
(Molnar et al. 2008). Both native species depletion and inva-
sive species replacement can result in functioning shifts of the
whole tidal flat ecosystems.

Implications for bioturbation in tidal flat ecosystems
Our experiment provides novel insights into the effects of

heatwaves on tidal flats by demonstrating that the temporal
scale of heatwaves is a key factor in driving the overall biotur-
bation outcome (Fig. 4b). High temperature promotes

bioturbation rates via increased metabolism (Ouellette
et al. 2004; Pörtner and Farrell 2008; Cozzoli et al. 2019). In
this experiment, repeated short-duration heatwaves increased
cockles’ burrowing activities, as shown in their daily
burrowing depth change. Studies have shown that bioturba-
tion activities result in higher erodibility dependent on sedi-
ment type and suspended particle content (Willows
et al. 1998; Li et al. 2017). Thus, more erosion can be expected
under short-duration heatwaves. Moreover, bioturbating activ-
ities promote sediment mixing and chemical resource
exchange (Mermillod-Blondin and Rosenberg 2006; Sturdivant
and Shimizu 2017). To our surprise, the luminophore tests
yielded a similar bioturbation effect between the control and
FS3 heatwaves. This similarity might be due to the relatively
long 3-d action duration before slicing and the limited volume
of the PVC pots. Cockles living in the small PVC pots thus
had sufficient time to disturb most of the sediments. Never-
theless, previous studies indicated that enhanced burrowing
activities under short-duration heatwaves potentially resulted
in a deeper oxygen penetration (Weissberger et al. 2009;
Sturdivant et al. 2012), which will further change the bottom
chemical conditions for microbial communities and other
organisms (Jørgensen and Des Marais 1990).

However, temperature regimes beyond physiological
thresholds can impede bioturbators’ activities to reduce the
animals’ energy consumption (Pörtner 2001; Wu
et al. 2017; da Silva Vianna et al. 2020). For example, the
mudflat foraminifera Haynesina germanica can contribute
most to sediment reworking under moderate temperatures
between 6�C and 30�C, yet significantly reduce activities by
75% under extremely high temperatures (i.e., 32–36�C,
Deldicq et al. 2021). The opportunistic deposit-feeding
polychaete Capitella sp. burrowed significantly deeper at
21�C than at 15�C; however, they suffer from mortality at
32�C (Przeslawski et al. 2009). Similar responses were
observed in our experiment: the biodisturbed area under
the IL6 heatwave was significantly lower than the ambient
control temperature, though cockles’ burrowing depth var-
ied during the heatwaves.

Heatwaves are usually fragmented by mild temperature
periods, during which the organisms may recover from the
thermal stress (Woodin et al. 2013; Pansch et al. 2018). The
tolerance landscape theory by Rezende et al. (2014) states that
species-specific tolerance thresholds are determined by the
stress event’s intensity and duration. In addition, our study
revealed the importance of the heatwave temporal dynamics
in determining bioturbators’ thermal tolerance thresholds.
Present findings are conceptualized in a generic schematiza-
tion as Fig. 4b. Although our experiment settings indicate sig-
nificant effects of heatwave duration and frequency in soft
sediments, the current conceptualizations can be enlarged to
other species and broader habitats. For example, the study by
Seuront et al. (2019) showed that the mussel M. edulis living
on rocky shores suffered a 100% mortality when exposed only
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once to 41�C for 6 h, while they also suffered a 100% mortal-
ity when exposed five times to 32�C for 6 h. Moreover,
another rocky-shore species Littorina littorea also showed a
similar response pattern to heatwaves that the temperature at
which its heat coma occurred declined significantly with
repeated daily exposures (Clarke et al. 2000). These results
together indicate that the temporal dynamics of the
heatwaves are one of the determining factors for the species
sustainability in tidal flat ecosystems, especially under the cur-
rent global change scenarios featured by increasing frequency
and duration of heatwaves.

The present novel findings show that it is the combination
of heatwave frequency and duration that determines the out-
come of ecosystem functioning like bioturbation. We thus call
for action to gain a broader knowledge based on how key bio-
turbating species respond to the interaction between heatwave
frequency and duration, and its meaning for multiple other
key species inhabiting tidal flats. This is the only way toward
quantifying in detail the conceptualized relationship (Fig. 4b)
at the community level.

Data availability statement
Code and data to replicate analyses are summarized by the

order of figures, and they are available at: https://dataportal.
nioz.nl/doi/10.25850/nioz/7b.b.7d.
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