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Alf Norkko1,2†, Alicia Romero-Ramirez3 and Guillaume Bernard3,4

1Tvärminne Zoological Station, University of Helsinki, Hanko, Finland, 2Faculty of Biological and
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5805 EPOC—OASU Université de Bordeaux, Arcachon, France, 4IFREMER, Department of
Oceanography and Ecosystem Dynamics (ODE), Littoral unit, LERAR, Littoral, Arcachon, France
The increasing frequency and intensity of marine heatwaves (MHWs) observed

worldwide entails changes in the structure and functioning of ecological

communities. While severe and extreme heatwaves often have more destructive

effects, the more subtle effects of moderate and strong heatwaves may

nevertheless affect ecosystem functioning through complex, context-dependent

linkages between different processes. Here we conducted a laboratory experiment

to study the effects of repeated short-term, strong MHWs on macrofauna

bioturbation and associated solute fluxes as a measure of ecosystem functioning

using natural soft-sediment communities from the Baltic Sea. Our results showed

changes in both bioturbation and biogeochemical cycling of nutrients following

short-term, strong heatwaves, which seemed to contribute to an enhanced

degradation of organic matter in the seafloor and an enhanced exchange of

solutes across the sediment-water interface as well as increased sediment

oxygen consumption. Following changes in these processes, the relative

contribution of macrofauna and the environmental context to ecosystem

functioning was altered. Our results highlight the potential of even shorter-term,

strong MHWs of having system-wide impacts due to changes in the mechanistic

process of bioturbation underpinning the biogeochemical cycling of nutrients. This

study also highlights the need to measure a wide range of variables for a

comprehensive understanding of the changes in functioning under disturbances,

such as MHWs.

KEYWORDS

benthic macrofauna, bioturbation, ecosystem functioning, soft sediment, Baltic Sea,
climate change
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1 Introduction

Soft sediments cover more surface area than any other ecosystem

in the world (Snelgrove, 1999). Macrofauna in these soft sediments

contribute to the functioning of the whole aquatic ecosystem through

their role in benthic-pelagic coupling (Lohrer et al., 2004; Griffiths

et al., 2017). Bioturbation by macrofauna links benthic animals to

biogeochemical cycling of nutrients through direct consumption of

organic matter (Kristensen et al., 1992) and modification of the

sediment matrix affecting the redox conditions and activating the

microbial degradation processes (Yazdani Foshtomi et al., 2015). The

ongoing anthropogenic climate change has caused an increase not

only in average temperatures in both aquatic and terrestrial

ecosystems (IPCC, 2021), but also in the frequency of periods of

abnormally high temperatures, called heatwaves (sensu Hobday et al.,

2016). The influence of benthic animals on biogeochemical cycling of

nutrients at the seafloor is context-dependent, and is therefore likely

to be affected by changes in environmental conditions following

climate change (Solan et al., 2004). Only a few studies have looked

at the effects of heatwaves on the bioturbation of macrofauna and

tried to link that to ecosystem functioning (see Crespo et al., 2017;

Dolbeth et al., 2021; Kauppi & Villnäs, 2022) despite the pivotal role

this plays in the functioning of marine ecosystems. However, the

results of these studies have been somewhat inconclusive with no

clear effect on bioturbation due to context-dependent responses and/

or the methodology used. Variation in the response could also arise

from the duration of the heatwave. There are also interspecific

differences in species’ response to warming (Harvey et al., 2013;

Verdelhos et al., 2015) which could contribute to increasing variation

in the observed response and obscure the results. Organisms could

also adapt to the increase in any stressor. For example, Fox et al.

(2021) observed increases in thermal tolerance in corals following

recurrent El Niño heatwaves.

Temperature affects all processes on Earth and thereby also

determines ecological patterns and limits the distribution of species

(Verdelhos et al., 2015). The frequency and intensity of marine

heatwaves (MHW) has already increased following anthropogenic

climate change (Hobday et al., 2016; Frölicher et al., 2018; Göbeler

et al., 2022). MHWs have the potential to profoundly change the

structure of biological communities (e.g. Wernberg et al., 2013;

Pansch et al., 2018; Smale et al., 2019), and thereby impair their

functioning and provision of goods and services (Smale et al., 2019).

Changes in the abundance and/or performance of key species are

likely to cause the largest ecological responses to climate change (Reed

et al., 2022). Although the effects of heatwaves on the recipient

ecosystem are context-dependent (Frölicher & Laufkötter, 2018),

severe and extreme heatwaves usually lead to more drastic changes

often characterized by mass mortalities of habitat forming species

such as corals, kelps or seagrasses (Hobday et al., 2018).

Consequences of severe or extreme events might therefore be easier

to detect and predict. Even moderate heatwaves, however, may induce

changes in species behavior or feeding due to physiological changes

following environmental stress associated with increasing

temperature (Gillooly et al., 2001; Verdelhos et al., 2015; Amorim

et al., 2020; Horwitz et al., 2020; Redfern et al., 2021). While these

changes are not lethal, they may still indirectly affect ecosystem

processes associated with macrofauna feeding and locomotion
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activities (Maire et al., 2007; Bernard et al., 2016; Woodin et al.,

2016; Pascal et al., 2019). These activities include sediment particle

mixing and burrow ventilation (bioirrigation) activities, jointly called

bioturbation, which alter the redox conditions of the sediment

(Kristensen et al., 2012) and thereby oxygen and nutrient fluxes

across the sediment-water interface (Braeckman et al., 2010; Pascal

et al., 2019). Any changes in the behavior of macrofauna inducing

changes in their bioturbation following changes in temperature could

therefore lead to changes in oxygenation of the sediment and cycling

of organic matter (Solan et al., 2020).

The Baltic Sea has a long history of eutrophication and coastal areas

are suffering from multiple stressors such as hypoxia and pollution. On

top of that, mean annual temperature in our study area, an aphotic

coastal site at the entrance to the Gulf of Finland, has increased by

approximately 2°C since the 1920’s and since the late 1980’s the

increase has been nearly linear (Göbeler et al., 2022). Due to the

brackish water and the geologically young age of the Baltic Sea,

taxonomic diversity is low, but functional diversity is relatively high

(Elmgren & Hill, 1997). Benthic macrofauna communities are

dominated by the bivalve Macoma balthica, the amphipod

Monoporeia affinis and the invasive polychaete Marenzelleria spp.

(e.g. Kauppi et al., 2015). One of the Marenzelleria species,

Marenzelleria arctia, can alone contribute up to 52% of the variation

in ammonium fluxes at the sediment-water interface on muddy sites

(Kauppi et al., 2018). In shallow coastal sites in the northern Baltic,

macrofauna accounted for 25% of the variation in solute fluxes with

only a few species having a significant contribution (Gammal et al.,

2019) and the same species being responsible for most of the variation

in bioturbation rates at these same sites (Bernard et al., 2019a).

Bioturbation intensity of the species was defined by the

environmental context, with animals having a larger contribution in

cohesive than non-cohesive sediments, whereas environmental

conditions were more important in non-cohesive sediments (Bernard

et al., 2019a). The contribution of macrofauna to variation in solute

fluxes can be both direct or indirect through their bioturbation and is

also solute-dependent (Kauppi et al., 2018). Given the importance of

the macrofauna for the nutrient cycling processes and the relative

vulnerability of a system, where the functional contribution is shared by

only a few species, any changes in bioturbation following a marine

heatwave could have a major effect on ecosystem functioning.

The context-dependent nature of the links between macrofauna,

bioturbation and nutrient cycling demonstrated in several earlier

studies makes is critical to observe all of these variables together in

order to establish a comprehensive understanding of the functioning

of the system and how it may change under environmental forcing.

To fill in the knowledge gaps regarding the effects of MHWs on

benthic macrofauna bioturbation and associated ecosystem

functioning in the form of nutrient cycling, we conducted a

laboratory experiment using natural sediment communities. More

specifically we investigated the effects of repeated, strong MHWs on

1) sediment mixing and bioirrigation processes performed by benthic

macrofauna 2) the effects of repeated MHWs on sediment oxygen

consumption as a proxy of macrofaunal and microbial activities and

3) changes in solute fluxes as an outcome of remineralisation of

organic matter. The results of this study adds to our understanding of

the sublethal effects of MHWs that nevertheless might profoundly

affect ecosystem processes.
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2 Material and methods

2.1 Experiment setup

In total 12 experimental boxes used as experimental units (surface

area 34.5 x 29 cm) were retrieved with a box corer onboard “R/V

Augusta” on 6th and 7th October, 2020 from a 30 m deep site at

Byxholmen (59° 51.734’ N, 23° 21.095’ E), SW Finland, northern

Baltic Sea. The sediment is characterized as clayey mud with elements

of sand and gravel. The temperatures chosen for control (CONTROL)

and heated (HEAT1/HEAT2) treatments followed climatological

temperatures for the reference period 1931-2020 calculated for a

monitoring site in close vicinity to the sediment collection site

(Göbeler et al., 2022). Of the 12 boxes (a) four boxes functioned as

controls and were kept at the climatological mean temperature (about

8.7°C), (b) four boxes received one short-term, strong heatwave and a

recovery until the end of the experiment (HEAT1), and (c) the four

remaining boxes received two short-term, strong heatwaves with a 7-

day recovery period in between (HEAT2; see schematic Figure 1). The

first strong MHW had an intensity (relative to the climatological

mean) of about 6°C above the climatological mean. As the

temperatures naturally decline this time of the year, the 2nd MHW

was less intense (about 3.8°C above to the climatological mean) but

still of strong category. On 9th October we obtained additional cores

with a GEMAX twin corer (diameter of one core 9 cm), that were used

to measure porewater and sediment organic content throughout

the experiment.

After retrieval, the boxes were carefully transferred to 600 L

plastic containers (120 x 80 cm x 80 cm, one box per container)

that functioned as water baths. The containers were transferred into

two temperature-controlled aquaria rooms (at Tvärminne Zoological

Station) set to the climatological mean temperature during the

reference period (1931-2020; 8.7°C) and kept in darkness

throughout the experiment. Each box received a flow-through of

either heated or cooled (down to the control temperature 8.7°C),

unfiltered seawater throughout the experiment, except during flux

and bromide incubations, but no additional food was given to the

macrofauna community. The chl a values in the incoming water,

however, corresponded to values in the sea at the time of the

experiment (1.49 to 1.94 ug/l at 30 m depth; Tvärminne Zoological

Station, unpublished data from hydrographic monitoring). Each box
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was equipped with a circulatory pump to ensure proper mixing of the

overlying water. The unfiltered seawater was heated or cooled in

header tanks and directed to the experimental units gravitationally.

The whole water mass of each box was exchanged ca. 12 times per

day. Bottom water temperature in the boxes was followed with an

Onset HOBO UA-002-64 Pendant (one pendant in each box logging

every 10 minutes). The boxes were left to settle 7 to 8 days prior to

experiment start, depending on the retrieval date.

The heatwaves were induced by switching the flow-through from

the cooled seawater to the heated seawater. The targeted daily average

temperature was reached within twelve hours. Once the heatwave was

over, the inflow of heated water was switched back to cooled water to

start the recovery period. The first heatwave started 14.10 and ended

21.10, the second heatwave started 28.10 and ended 3.11, first

recovery started accordingly on 21.10 and ended 28.10, and second

recovery started 3.11 and ended 9.11.
2.2 Luminophore incubations

Sediment mixing was quantified using luminophores as sediment

particle tracers incubated during the course of the experiment. In total

36 g DW of pink luminophores (eco-trace®, environmental tracing

systems, density = 2.5 g cm−3) were gently spread using a Pasteur

pipette on the sediment surface of each box at the beginning of the

first heatwave and flow-through was stopped during one hour to

allow them to settle. At the start of the second heatwave, a second

similar spread of yellow luminophores was performed to study

differences in sediment mixing rates under a repeated heatwave

(Supplementary Figure 1). The boxes were photographed on each

side under UV light (VILBER VL.215.L, wavelength=365nm) using a

NIKON D850 digital camera (5408x3600 pixels definition, image

resolution of 6 pixels.mm-1) at 12 occasions during the course of the

experiment allowing for the assessment of temporal changes in tracer

redistribution during each induced phase (Figure 1). Obtained images

(JPEG, RGB) were then analyzed using a custom analysis software

(Bernard et al., 2016; Bernard et al., 2019b). The sediment-water

interface was first manually drawn and then flattened so the vertical

location of a given pixel below the interface corresponds to its depth

in the sediment. The vertical distribution of tracers in the sediment

column (at mm scale) was obtained after a binarization step (based on
FIGURE 1

Schematic figure representing the experimental design and approximate timepoints when incubations were done and pictures taken. Blue color refers to
the control temperature corresponding to the climatological mean and orange color refers to the experimentally induced heatwave, that is CONTROL
was kept at control temperature throughout the experiment, HEAT1 received one heatwave and HEAT2 received two heatwaves with a recovery period
in between.
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the RGB levels). Three metrics were then calculated, characterizing

the intensity of the particle mixing performed by the whole

community, namely the mean (meanPD), the median (medPD) and

the maximum (maxPD) penetration depth of luminophores in the

sediment column (Crespo et al., 2017; Dolbeth et al., 2021). For each

box, meanPD and medPD measured in the four sides of each box

were averaged and the maximum maxPD measured in the four sides

was kept. During each of the four tested phases (first MHW, short

recovery, second MHW, long recovery from first MHW), increasing

rates in the depth of these three variables were assessed using simple

linear regressions. The rates were then given in mm day-1.
2.3 Dark incubations of solute fluxes

Dark incubations of solute fluxes were conducted at day 1 and day

5 of each heatwave or recovery period (see Figure 1).The magnitude

and direction of solute fluxes at the sediment-water interface link to

both macrofauna and the environmental context, such as temperature

and organic matter availability (Kauppi et al., 2017; Gammal et al.,

2019). Combined they can be used as a measure of nutrient cycling. At

the start of the incubations, the inflow of water into the box was

stopped and start samples for oxygen (O2) and nutrients (NH+
4 -N,

NO2-+NO
�
3 (hereafter NOX-N), PO3–

4 –P, Si4+) were taken from the

overlying water column with a syringe. The box was then closed with

a lid. The circulatory pump kept the water circulating and prevented

the formation of gradients interfering with the diffusion of solutes

throughout the incubation. The incubations lasted for 24 hours,

thereafter the pump was switched off and the end samples were

drawn with a syringe through an opening in the lid. The lid was then

removed and the flow-through was started for approximately 30 min-

1 hour to exchange the water in the box before starting the bromide

incubations. Nutrient samples were filtered through a GF/F filter and

stored in the freezer (-20°C) for later analysis in the laboratory at

Tvärminne Zoological Station. Oxygen samples were analyzed with

Winkler titration either straight after the incubations, or the following

day after being stored in the fridge overnight. From the start and end

sample, a flux of solutes per square meter per day was calculated

considering the volume of water in the box, the incubation time and

the area of the box.
2.4 Bioirrigation

Bioirrigation was quantified in each box while assessing the

decrease of an inert bromide (Br-) solute tracer spread in the

overlying water. A known volume of stock sodium bromide

solution (NaBr, 1 M) was to an initial Br- concentration of ca. 1

mM in the overlying water after flow-through was stopped.

Incubation then lasted 24 h during which overlying water was

stirred using gentle air bubbling. After the addition of NaBr

solution 5 ml of overlying water samples were taken at 0 (15 min),

6, 12 and 24 hours. Flow-through was restarted after 24 hours.

Samples were kept at 4°C until analysis. Concentration of Br- ions

in the water samples was analyzed spectrophotometrically (Presley &

Claypool, 1971) at Tvärminne Zoological Station (Shimadzu UV-

2501 PC) and the relation between bromide concentration in the
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overlying water and incubation time assessed using simple linear

regression (Kauppi et al., 2018). Bioirrigation rates were then given as

a pore water exchange rate Q (in ml d−1) calculated after Kauppi

et al., 2018.
2.5 Macrofauna community

Box-wise quantification of macrofauna enables the establishment

of links between macrofauna, bioturbation and solute fluxes. At the

end of the experiment, the sediment was sieved through a 0.5 mm

sieve to obtain all macrofauna in the boxes. Macrofauna were stored

in 70% ethanol and later identified, measured, counted and weighed.
2.6 Sediment characteristics and
porewater nutrients

Vertical profiles of sediment organic content were analyzed at the

time of box retrieval (initial values from the field) and for each

treatment from GEMAX cores (diameter 9.0 cm) kept in same

conditions as the boxes at the end of each experimental phase. The

cores were sliced at 0-1, 1-2, 3-4 and 8-9 cm intervals. The slices were

transferred to 50 ml Falcon tubes and centrifuged at 2000 rpm for

20 min. The supernatant was then filtered through a GF/F filter and

frozen for later analysis of porewater nutrients NH+
4 -N, NOX-N, PO

3–
4

P and Si4+. At the end of the experiment, three replicate samples of

surface sediment (0-2 cm) were taken from each box. One replicate

was used for grain size analysis after treatment with 6% H2O2 (l) to

remove organic material, and two replicates were freeze-dried and

pulverized and analyzed for particulate organic nitrogen (PON) and

particulate organic carbon (POC) in the laboratory at Tvärminne

Zoological Station.
2.7 Statistical analyses

Differences in macrofaunal community structure between the

experimental boxes were assessed using non-metric multidimensional

scaling (nMDS) based on a Bray-Curtis dissimilary matrix of

abundances and biomasses of the taxa. Biomasses (wet weight) were

fourth-root transformed to reduce the dominant effect of the clam

Macoma balthica.

For bioturbation, the increase in mean, median and maximum

penetration depth (meanPD, medianPD, maxPD, respectively) of

luminophores in the sediment (in mm d-1) and the porewater

exchange rate Q (in ml d-1) were calculated for each experimental

phase and combined after normalization of the variables into one

multivariate distance matrix based on Euclidean distances between

the samples. A Principal Coordinated Analysis (PCO) was run to

illustrate the patterns in bioturbation throughout the experiment. We

used the PERMANOVA –procedure in PRIMER 7 PERMANOVA

add-on (Anderson et al., 2008) 1) for differences between treatments

during each phase (treatment as a fixed factor) and 2) between phases

within each treatment (phase as fixed and box as random factor to

account for repeated measures design). If the main test testing for

overall differences was significant at the P < 0.05 –level, a pairwise test
frontiersin.org
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was run to test for between-treatment or phase differences. The

PERMDISP procedure accompanied the PERMANOVAS to test for

differences in multivariate dispersions that could affect the

PERMANOVA result. To illustrate the changes in the overall

bioturbation processes we used PCO. For the second, long recovery

period, only differences between CONTROL and HEAT1 were tested.

The variables meanPD and medPD showing clearest responses to the

induced heatwaves were also studied separately and illustrated with

box plots.

Sediment oxygen consumption was studied separately from the

other fluxes, since it is so closely related to many of the solutes, such as

NOX-N and Si4+, and thus tends to drive the multivariate patterns.

Differences in oxygen consumption throughout the experiment were

studied using the PERMANOVA procedure between treatments

within each experimental phase and between experimental phases

within each treatment.

To study differences in the biogeochemical processes between

treatments and between different phases of the experiment (heatwave

vs. recovery, see Figure 1), we combined the normalized nutrient fluxes

(excluding oxygen) into one multivariate distance matrix based on

Euclidean distances between the samples. We used the PERMANOVA

–procedure in PRIMER 7 PERMANOVA add-on (Anderson et al.,

2008) 1) for differences between treatments during each phase

(treatment as fixed factor) and 2) between phases within each

treatment (phase as fixed and box as random factor to account for

repeated measures design). If the main test testing for overall differences

was significant at the P < 0.05 –level, a pairwise test was run to test for

between-treatment or phase differences. The PERMDISP procedure

accompanied the PERMANOVAS to test for differences in multivariate

dispersions that could affect the PERMANOVA result. To illustrate the

changes in the overall biogeochemical processes we used PCO.

Draftsman plots with correlations were inspected prior to analysis to

inspect the variables for any need of transformations. At the end of the

second recovery phase we had lost three boxes from the heated
Frontiers in Marine Science 05
treatments to leakage issues, thus results from the last flux

measurements were omitted from the analyses.
3 Results

3.1 Temperature during the experiment

The temperatures aimed for in this experimental setting followed

the climatological values of the reference period 1931-2020. The

temperature in the controls remained close to the climatological

mean at about 8.8°C ± 0.6°C (mean ± SD throughout) over the

course of the experiment. Treatment HEAT1 experienced a strong

MHW at about 14.9°C ± 0.5 followed by a recovery period at 8.8°C ±

0.8 SD). The HEAT2 treatment experienced the same strong MHW as

HEAT1, but followed by a recovery at 8.8°C for 6 days, a repeated

strong MHW at 12.0°C ± 0.4 for 5 days and a final recovery at about

8.6°C ± 0.77 SD (Figure 2). Both experimentally induced heatwaves

peaked as strong heatwaves but due to the natural cooling this time of

the year, the second MHW required less intense temperatures to be

categorized as strong MHW.
3.2 Macrofauna

In total 15 different taxa were observed in the boxes of which the

clam Macoma balthica, the polychaete genus Marenzelleria spp. and

the amphipod Monoporeia affinis were the three most common

species in terms of abundance. In terms of biomass, M. balthica,

Marenzelleria spp. and the priapulid worm Halicryptus spinulosus

were the three dominant species. Based on visual inspection of the

nMDS graphs there were no significant differences in the macrofauna

structural composition based either on abundances or on wet weight

of identified taxa (Figure 3).
FIGURE 2

Measured temperature (solid line) in the three different treatments during the experiment; CONTROL (first panel), HEAT1 (second panel) and HEAT2 (third
panel). Following climatological values (based on reference period 1931-2020) as linetypes (in order from bottom to top for each panel): dashed –

climatological baseline; dotted – threshold for moderate MHW; dotdash – 2 x threshold for strong MHW. The HOBO pendant in HEAT2, replicate 4 had
stopped working 1st November, which is why no data is presented for this box after that.
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3.3 Changes in macrofauna bioturbation

There were no significant changes in the multivariate

bioturbation between treatments during the first heatwave and the

first and second recovery period (Figure 4A). There was, however, an

increasing trend in both the magnitude and the variation of meanPD

and medianPD from the CONTROL towards the heated treatments.

During the second heatwave, there was a significant difference in

multivariate bioturbation between the treatments including the

luminophores spread at the beginning of the experiment (Pseudo-F

7.78, P 0.004) but not when including those spread at the beginning of

the second heatwave (Figure 4B). This could be due to the significant

PERMDISP test for the second layer of luminophores, indicating that

the multivariate dispersion was too high to detect a significant

difference. Pairwise comparisons showed that HEAT2 differed

significantly from both the CONTROL (t 2.46, P 0.02) and HEAT1

(t 4.02, P 0.005) treatments. For meanPD, the CONTROL and

HEAT1 differed significantly from HEAT2 (t 10.12, P 0.0002 for C

and t 12.96, P 0.0002 for HEAT1). For medianPD, the CONTROL

differed significantly from HEAT1 (t 2.62, P 0.05) and from HEAT2 (t

7.79, P 0.0002) and HEAT1 differed significantly from HEAT2 (t 8.64,

P 0.0005). The increase in meanPD differed significantly between
Frontiers in Marine Science 06
treatments also for the luminophores spread at the beginning of the

second heatwave (Pseudo-F 5.72, P 0.03) with CONTROL differing

significantly from HEAT2 (t 2.60, P 0.04) and HEAT1 showing an

almost significant difference from HEAT2 (t 2.37, P 0.07).
3.4 Changes in sediment oxygen
consumption

There were no significant changes in sediment oxygen

consumption between the different experimental phases in any of

the treatments (C, HEAT1, HEAT2; Figure 5). However, the oxygen

consumption rates are higher during the heatwaves in the heated

treatments, and there is a slight decrease in oxygen consumption

overall through time in C and HEAT1 after the first heatwave.
3.5 Changes in sediment
biogeochemical processes

The clearest changes in sediment biogeochemical processes

(multivariate fluxes) happened at the end of the first heatwave in
FIGURE 3

Community composition in the experimental boxes illustrated by nMDS plots based on densities (upper panel)) and fourth root transformed wet weights
(lower panel) of the different taxa identified from the boxes at the end of the experiment.
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HEAT1 and HEAT2 (Figure 6; PERMANOVA main test: Pseudo-F

8.54, P 0.002), where the CONTROL differed significantly from

HEAT1 (t 4.19, P 0.002) and from HEAT2 (t 3.52, P 0.005). Also at

the end of the second heatwave, HEAT2 differed significantly from

CONTROL (PERMANOVA main test: Pseudo-F 4.3011, P 0.05;

pairwise comparison between CONTROL and HEAT2: t 3.10, P

0.03). Between the MHWs the recovery of the multivariate fluxes is

visible as the disappearance of the separation between the treatments.

There were significant within-treatment differences between the

different experimental phases in the biogeochemical processes in

HEAT1 and HEAT2 and an almost significant difference in the

control (CONTROL: Pseudo-F 1.93, P 0.06; HEAT1: Pseudo-F 4.98,

P 0.0001; HEAT2: Pseudo-F 2.53, P 0.01). For the CONTROL

treatment, the pair-wise comparisons were not significant at the

P=0.05 level. There was a decrease in all the fluxes, except silicate,

in the CONTROL treatment throughout the experiment

(Supplementary Figure 2). Pairwise comparisons within HEAT1

(Table 1) revealed significant differences between H1_start and

H1_end (t 3.04, P 0.003) and H2_start (t 3.78, P 0.002), H1_end

and R1_start (t 2.98, P 0.005) and H2_start (t 5.06, P 0.001). In

HEAT1, there was also a decrease in all solute fluxes excluding

phosphate throughout the course of the experiment (Supplementary

Figure 2). Pairwise comparisons in HEAT2 (Table 1) revealed

significant differences between H1_end and R1_start (t 3.20 P 0.01),

H1_end and R1_end (t3.04, P 0.01), H1_end and H2_start (t 3.95, P

0.004), H1_end and H2_end (t 2.20, P 0.05) and H1_end and R2_start
A

B

FIGURE 4

A PCO graph on the multivariate distance matrix on bioturbation including the increase in mean penetration depth (meanPD), median penetration depth
(medPD) and maximum penetration depth (maxPD) of luminophores and the porewater exchange rate (Q) (A). The vectors overlain on the graph show
the correlation of the base variables with the two PCO axes. The labels refer to the different experimental phases: H1= first heatwave, R1= first recovery,
H2= second heatwave, R2= second recovery. Vectors show the direction and magnitude of correlation of the variables in the multivariate bioturbation
with the PCO axes. In (B) the significant differences in meanPD and medPD during the second heatwave are illustrated by box plot graphs with the
whiskers representing min and max, the box representing first and third quartiles and the line representing median. CONTROL/C=light grey, HEAT1=dark
grey, HEAT2=black. Layer 1 refers to the first set of luminophores spread at the beginning of the first heatwave and layer 2 to the second set of
luminophores spread at the beginning of the second heatwave.
FIGURE 5

Oxygen consumption in mmol/m2/d in the different treatments
throughout the course of the experiment. Each bar represents a single
flux measurement starting from the start of the first heatwave and
ending at the start of the second recovery. Fluxes were measured at
the start and end of each experimental phase according to Figure 1.
Blue color represents oxygen consumption at control temperature
maintained throughout the experiment (8.9°C) and orange color
represents oxygen consumption during the experimentally induced
heatwaves (at about 14.9°C and 12°C). Bars represent mean
consumption and error bars standard deviation.H1s=start of first MHW,
H1e=end of first MHW, R1s=start of first recovery, R1e=end of first
recovery, H2s=start of second heatwave, H2e=end of second
heatwave, R2s=start of second recovery.
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(t 2.76, P 0.03). In HEAT2, no clear overall increase or decrease in the

fluxes were observed, rather the heatwaves could be separated from

the recovery phases with higher effluxes at the end of the

heatwaves (Figure 6).
3.6 Sediment characteristics and porewater

The two replicate surface sediment samples taken at the end of the

experiment were averaged per treatment (n=8 per treatment). The

amount of organic carbon was highest in CONTROL (422.1 ± 112.0

mg) and lowest in HEAT2 (390.6 ± 85.6 mg), whereas in HEAT1, the

amount of organic carbon was slightly lower than in CONTROL

(416.9 ± 96.3 mg). The C/N ratio was highest in HEAT2 (9.4 ± 0.8)

and lowest in CONTROL (9.0 ± 0.9), whereas the C/N ratio in

HEAT1 was again slightly higher than in CONTROL (9.1 ± 0.8).

In the porewater in CONTROL and HEAT1 treatments, there was

a build-up of NH4-N, PO4-P and Si in the porewater below 4 cm

depth towards the end of the experiment (Figure 7). NOx-N profiles

did not show any difference through time in CONTROL but had a

surface peak in HEAT1 at the end of the first and second recovery

phases. In HEAT2, on the other hand, the amount of NH4-N, PO4-P

and Si in the porewater after 5 cm depth was highest at the end of the

second heatwave and lowest at the end of the second recovery period.
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Similarly to HEAT1, there was a surface peak in NOX-N at the end of

the first and second heatwaves, and at the end of the second recovery.
4 Discussion

Given the context-dependent interactions between macrofauna

community composition, bioturbation and nutrient cycling, it is

essential to measure a wide range of variables together for a more

comprehensive understanding of ecosystem functioning when the

context (environment) and/or the macrofauna community or

bioturbation changes. Since the mean temperature of the oceans

and the frequency of heatwaves is increasing, it is imperative to

explore the effects of MHWs on the mechanistic effect of macrofauna

bioturbation and the associated biogeochemical processes (nutrient

cycling). The results of this study indicate an increase in bioturbation

activities of macrofauna during short-term, strong heatwaves

compared to control temperatures. This increase matches an

increase in the biogeochemical cycling of nutrients measured as

fluxes of solutes across the sediment-water interface. The increase

in sediment oxygen consumption during the heatwaves is likely a

consequence of both increased macro- and meiofaunal (bioturbation)

as well as microbial (decomposition) activities (Glud, 2008). Oxygen

consumption as well as the bioturbation activities and fluxes seem to
FIGURE 6

PCO graphs showing the multivariate dispersion of fluxes in the different experimental phases. The vectors represent the direction and magnitude of
correlation of the different fluxes with the PCO axes.
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return to the same level with the control during the recovery phase

following the heatwave. A repeated, strong heatwave induced a

similar response. During the repeated heatwave, we also observed a

difference between treatments in the increase of the penetration depth

of tracers that was clearly more marked when considering the first

layer of tracers spread in the beginning of the experiment than the

second one (spread in the beginning of the second heatwave). This

indicates that subsurface sediment is more affected than the surface

layer by the enhanced bioturbation activities induced by the heatwave.

This corresponds to a known effect of increased temperature on

subsurface activity (corresponding to increased foraging for food and

burrow maintenance activities) and subsequent bioturbation rates
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observed in the tellinid bivalves of the genus Abra (Maire et al., 2007;

Bernard et al., 2016) or burrowing polychaetes (Ouellette et al., 2004;

Braeckman et al., 2010). The species mostly responsible for subsurface

bioturbation in the soft sediments of the study area are the bivalve

Macoma balthica and polychaete Marenzelleria spp. (Kauppi et al.,

2018; Bernard et al., 2019a).

To be considered a heatwave, the period of abnormally high

temperature must be at least of 5 days in duration (Hobday et al.,

2016; Hobday et al., 2018; Oliver et al., 2021) but is a short-term

MHW enough to induce a change? According to the results of this

study the answer is yes, a short-term, repeated MHW was enough to

generate a significant response in both the bioturbation of the animals
TABLE 1 Pair-wise comparisons of the multivariate biogeochemical flux within treatments HEAT1 and HEAT2 (PERMANOVA).

HEAT1 HEAT2

Groups t P(perm) Groups t P(perm)

H1_S, H1_E 3.148 0.001 H1_S, H1_E 3.148 0.000

H1_S, R1_S 1.116 0.292 H1_S, R1_S 1.116 0.290

H1_S, R1_E 1.416 0.160 H1_S, R1_E 1.416 0.161

H1_S, H2_S 1.941 0.089 H1_S, H2_S 1.789 0.111

H1_S, H2_E 1.218 0.311 H1_S, H2_E 0.702 0.695

H1_S, R2_S 1.491 0.219 H1_S, R2_S 1.327 0.254

H1_S, R2_E 1.189 0.302 H1_S, R2_E 0.702 0.621

H1_E, R1_S 3.899 0.001 H1_E, R1_S 3.899 0.001

H1_E, R1_E 4.029 0.001 H1_E, R1_E 4.029 0.001

H1_E, H2_S 5.065 0.008 H1_E, H2_S 4.822 0.008

H1_E, H2_E 3.674 0.026 H1_E, H2_E 2.886 0.028

H1_E, R2_S 3.661 0.029 H1_E, R2_S 3.653 0.028

H1_E, R2_E 3.841 0.026 H1_E, R2_E 2.611 0.124

R1_S, R1_E 0.762 0.613 R1_S, R1_E 0.762 0.611

R1_S, H2_S 1.552 0.109 R1_S, H2_S 1.116 0.279

R1_S, H2_E 0.692 0.604 R1_S, H2_E 1.059 0.323

R1_S, R2_S 1.082 0.363 R1_S, R2_S 0.860 0.574

R1_S, R2_E 0.774 0.567 R1_S, R2_E 0.336 0.860

R1_E, H2_S 0.755 0.516 R1_E, H2_S 0.939 0.515

R1_E, H2_E 0.432 0.786 R1_E, H2_E 1.383 0.254

R1_E, R2_S 0.641 0.641 R1_E, R2_S 0.460 0.785

R1_E, R2_E 0.357 0.853 R1_E, R2_E 0.303 1.000

H2_S, H2_E 1.084 0.508 H2_S, H2_E 2.150 0.099

H2_S, R2_S 0.530 0.802 H2_S, R2_S 0.571 0.905

H2_S, R2_E 1.762 0.197 H2_S, R2_E 0.821 0.752

H2_E, R2_S 0.410 0.677 H2_E, R2_S 1.458 0.335

H2_E, R2_E 0.418 1.000 H2_E, R2_E 0.876 0.674

R2_S, R2_E 0.444 1.000 R2_S, R2_E 0.330 1.000

H1_S, start of first heatwave; H1_E, end of first heatwave; R1_S, start of first recovery; R1_E, end of first recovery; H2_S, start of second heatwave; H2_E, end of second heatwave; R2_S, start of
second recovery; R2_E, end of second recovery. Significant results in bold.
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and the biogeochemical processes. Kauppi and Villnäs (2022)

detected a similar change in solute fluxes in their short-term

moderate heatwave treatment but the effect on bioturbation was

less clear. Their strong heatwave treatment peaking at

approximately 17°C, however, showed significantly decreased

activity based on oxygen consumption, which they considered

mostly being due to a shutdown of microbial degradation processes

under the strong heatwave conditions since macrofauna still seemed

to remain active. In this experiment, the highest amount of organic

carbon was lost in the repeated heatwaves treatment. This treatment

also had the highest C/N ratio indicating most degraded material.

Additionally, the increase in sediment mixing depth was most notable

and the porewater profiles indicated lowest concentrations of

dissolved solutes in the deeper layers after repeated heatwaves. This

implies that the higher activity of macrofauna enhanced the diffusion

of solutes from the sediment to the water column and contributed to

an increase in the organic matter degradation processes. This

contribution was probably both direct through consumption

(Kristensen et al., 1992) to meet the higher energetic demand

induced by increased activity, and indirect through enhancing

microbial activity (Yazdani Foshtomi et al., 2015). Meiofauna,
Frontiers in Marine Science 10
which was not analyzed in this experiment, also has the potential to

greatly enhance microbial communities as well as oxygen

consumption of the sediment (Bonaglia et al., 2020) and

undoubtedly contributed to the increased sediment oxygen

consumption observed during the heatwaves.

Microbial processes are central to carbon cycling and their

response to warming in marine environments should be included in

experiments combining mechanistic effects and bioturbation of

macrofauna to biogeochemical processes given the tight links

existing between these compartments. Tamelander et al. (2017)

suggested that heterotrophic processes in the pelagic compartment

would become more important with warmer climate leading to a

decrease in organic matter input to the seafloor, resulting in less

biomass production (Ehrnsten et al., 2020). Based on the decrease in

organic carbon content and increase in C/N ratio in this experiment

following repeated, strong heatwaves, organic matter consumption

and degradation in the seafloor could also become more efficient with

warming thus, at some point, substrate depletion could decrease

microbial activity. The low sediment mixing activities of

macrofauna in the CONTROL treatment and during the long

recovery period of the HEAT1 treatment contributed to a build-up

of dissolved nutrients in the sediment as observed from the porewater

profiles. This seems to also be the reason for the change in the

direction of the solute fluxes from effluxes to influxes towards the end

of the experiment in these treatments. Although the differences in

carbon and nitrogen content between the treatments are not massive

and the porewater profiles are not replicated, the results support each

other, highlighting again the importance of studying a range of

variables to discern the respective contributions of biological and

environmental variables to ecosystem functioning in a

changing environment.

Many ecosystems especially along the heavily populated

coastlines are already under multiple anthropogenic pressures such

as eutrophication, habitat destruction and overfishing (Cloern et al.,

2016) on top of which the global climate change further affects

ecosystems and their functioning worldwide (Smale et al., 2019).

The potential for recovery of an ecosystem after disturbance, such as

MHWs, varies depending on the duration and spatial extent of the

disturbance event (Thrush and Dayton, 2002). Both the

biogeochemical processes as well as the macrofauna activities in this

experiment seemed to recover to the control level after the first

experimentally induced, strong short-term heatwave. Unfortunately,

we could not follow the recovery after the repeated short-term event

due to loss of experimental units to leakage, but the immediate

response after the repeated heatwave at the start of the (second)

recovery period suggested no differences between the treatments.

Nevertheless, resources (organic carbon) after the repeated event were

more depleted, suggesting that the reason for a decrease in solute

fluxes after the repeated heatwaves to a level comparable to the

control, could be a combination of lack of material for degradation

processes and decreased activity of macrofauna. In the control and

after one short-term heatwave, on the other hand, material was still

(readily) available. Thus, the system seems to have recovered but

despite the similar outcome in terms of ecosystem functioning, the

effect of the disturbance on the quantity and quality of resources in

the seafloor could in fact have changed the respective contributions of

macrofauna and microbial activity and purely diffusional processes to
FIGURE 7

Porewater profiles for NH4-N (first row), NOx-N (second row), PO4-P
(third row) and Si (last row) from GEMAX cores kept at the same
temperature conditions with the experimental units and analyzed at
the end of each experimental phase. On the y-axis is the depth of the
sediment and on the x-axis the concentration of the solute in mmol/l.
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biogeochemical processes. Studies with longer-term heatwaves of

different categories are needed to assess the resilience of the

ecosystem to MHWs more thoroughly.

Given the multiple stressors affecting marine ecosystems,

heatwaves can and probably will co-occur with other stressors, such

as hypoxia (Vaquer-Sunyer & Duarte, 2011; Gruber et al., 2021). Field

observations from the Baltic Sea (Tvärminne Zoological Station

benthic monitoring program, unpublished data) also indicate

increased mortality of Macoma balthica following first a prolonged

MHW and then the occurrence of a hypoxic event. This highlights the

need to include multiple stressors in future studies. Species-specific

differences in their response to disturbances, such as MHWs, should

also be considered in more detail. Differences in adaptive strategies

have been observed for example in fiddler crabs (da Silva Vianna

et al., 2020) and limpets (Redfern et al., 2021). Given the low species

diversity in the Baltic Sea, changes in the bioturbation, as observed in

our experiment, or survival of even one species following an MHW

can have substantial effects on the functioning of the system.

In contrast to our results, results from earlier studies indicate a

lack of effects of short-term, moderate MHWs (e.g. Crespo et al., 2017;

Dolbeth et al., 2021). These studies were, however, conducted on

intertidal estuarine populations, naturally subject and adapted to

higher and more frequent daily variations of temperature and could

therefore tolerate the changes induced by the simulated heatwave

(Dolbeth et al., 2021). Nevertheless, our ability to detect significant

differences in sediment mixing metrics in response to heatwave also

results from the methodological choice of monitoring the distribution

of particle tracers through time. Although sensitive to functional trait

composition of the animal community and habitat structure (Hale

et al., 2014; Crespo et al., 2017), the comparison of the same, but non-

time integrated metrics did not end in the detection of significant

heatwave effects (Crespo et al., 2017). Following a similar approach to

this study, Dolbeth et al. (2021) noted that, although non-significant,

“more evident” trends were detected when using time-

integrated metrics.

The results of this study clearly demonstrate the potential of even

short-term MHWs to alter species burrowing and burrow ventilation

activities linked to ecosystem functioning. Significant changes in

nutrient cycling in this study were observed earlier than changes in

the underlying mechanistic effect of bioturbation. The environmental

context (chemical composition of sediment and porewater, organic

matter content) also changed following the MHWs, and while the

results demonstrate a quick recovery in terms of both bioturbation

and the associated solute fluxes even from repeated short-term events,

the relative contribution of different factors remains altered after

disturbance. The indications of stress responses in this study across a

range of variables from environmental and biological to

biogeochemical highlights the need to include different types of

evidence for a comprehensive understanding of the changes

happening in the system as both the environment and the

functioning of the organisms are altered. It also implies the

concerning fact that already the realised increase in the frequency

and intensity of MHWs currently observed (Göbeler et al., 2022) may

induce system-wide impacts. There are still important gaps in our

knowledge that warrant future studies with regards to for example

microbial processes, duration of the heatwaves and multiple stressor

effects not only in the Baltic Sea but in marine environments globally.
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