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As heatwaves are expected to increase in frequency and intensity in the Mediterranean
Sea due to global warming, we conducted an in situ mesocosm experiment for
20 days during the late spring and early summer of 2019 in a coastal Mediterranean
lagoon to investigate the effects of heatwaves on the composition and function of
coastal plankton communities. A heatwave was simulated by elevating the water
temperature of three mesocosms to +3◦C while three control mesocosms had natural
lagoon water temperature, for 10 days. Further, the heating procedure was halted
for 10 days to study the resilience and recovery of the system. Automated high
frequency monitoring of dissolved oxygen concentration and saturation, chlorophyll-
a fluorescence, photosynthetic active radiation, salinity, and water temperature was
completed with manual sampling for nutrient and phytoplankton pigment analyses.
High-frequency data were used to estimate different functional processes: gross primary
production (GPP), community respiration (R), and phytoplankton growth (µ), and
loss (l) rates. Ecosystem stability was assessed by calculating resistance, resilience,
recovery, and temporal stability in terms of the key functions (GPP, R, µ, and l).
Meanwhile, the composition of phytoplankton functional types (PFT) was assessed
through chemotaxonomic pigment composition. During the heatwave, GPP, R, µ, and
l increased by 31, 49, 16, and 21%, respectively, compared to the control treatment.
These positive effects persisted several days after the offset of the heatwave, resulting
in low resilience in these key functions. However, GPP and R recovered almost
completely at the end of the experiment, suggesting that the effect of the heatwave
on these two rates was reversible. The heatwave also affected the PFT composition, as
diatoms, prymnesiophytes, and cyanobacteria were favored, whereas dinoflagellates
were negatively affected. By highlighting important effects of a simulated marine
heatwave on the metabolism and functioning of a coastal Mediterranean plankton
community, this study points out the importance to extend this type of experiments
to different sites and conditions to improve our understanding of the impacts of this
climate-change related stressor that will grow in frequency and intensity in the future.

Keywords: marine heatwave, plankton metabolism, resistance, resilience, recovery, in situ mesocosms, high-
frequency measurements
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INTRODUCTION

The frequency and intensity of marine heatwaves are expected to
increase during this century in most parts of the world because
of global climate change and plausible scenarios of greenhouse
gas emissions (Oliver et al., 2018; IPCC, 2019; Benthuysen
et al., 2020). These marine heatwaves are defined as extreme
warming events in the ocean lasting anywhere from several days
to multiple months (Hobday et al., 2018). The Mediterranean
Sea is projected to become one of the regions that will be most
sensitive to such events (Diffenbaugh et al., 2007; Darmaraki
et al., 2019). In addition, coastal waters are naturally more
sensitive to temperature variations than open water because of
their shallowness and low thermal inertia (Nixon et al., 2004;
Trombetta et al., 2019). Hence, this rise in marine heatwaves
is expected to have critical consequences for Mediterranean
coastal planktonic communities, both in terms of function and
composition (Stefanidou et al., 2018; Xoplaki et al., 2021).

Planktonic communities play a major role in marine
ecosystems as they are major components of the food web and
play an important role in several biogeochemical cycles, most
notably those of oxygen and carbon (Behrenfeld, 2011; Falkowski,
2012; Brierley, 2017). Indeed, autotrophic plankton produces
dissolved oxygen (DO) through photosynthesis (Gross Primary
Production, GPP), and both heterotrophic and autotrophic
plankton consumes it through aerobic respiration (R). Hence,
plankton plays a crucial role in the Net Community Production
(NCP), which is the balance between GPP and R. Consequently,
they play an important part in the capacity of marine ecosystems
to be net producers or sinks of oxygen (Odum, 1956; Duarte
and Regaudie-de-Gioux, 2009). Phytoplankton growth (µ) and
loss (l) rates drive primary production dynamics, making these
two parameters necessary to understand and predict the fate of
marine ecosystem functioning in the context of global change
(Calbet and Landry, 2004; Sherman et al., 2016). Finally, even
if all phytoplankton groups contribute to primary production,
they differ according to their biogeochemical roles and within
the food web. These functional differences can be assessed
by pigment biomarkers representing specific phytoplankton
functional types (PFTs), which are critical to understand the
effects of climate change on plankton community structure and
function (Hirata et al., 2011).

The effects of warming on marine planktonic communities
and ecosystem functioning have been investigated in multiple
systems and areas (Vidussi et al., 2011; Sommer et al., 2012;
Moreau et al., 2014; Gao et al., 2017). However, little is known
about the effects of heatwaves on coastal ecosystems. In Western
Australia and the Tasman Sea, marine heatwaves induced
significant changes in both phytoplankton and zooplankton
community compositions (Berry et al., 2019; Evans et al., 2020).
In the Gulf of Alaska, a 2-year marine heatwave seemed to
negatively affect the phytoplankton community, with neutral
to positive effects on the zooplankton community (Batten
et al., 2018; Suryan et al., 2021). In addition, global models
predict a positive effect of marine heatwaves on phytoplankton
biomass in nutrient-replete conditions and the opposite in
nutrient-poor conditions, with drastic phytoplankton biomass

reductions in tropical areas (Hayashida et al., 2020; Sen
Gupta et al., 2020). Marine heatwaves could also induce a
shift in the phytoplankton community toward smaller cells,
with consequences for the ecosystem functioning and carbon
sequestration (Gao et al., 2021).

While most studies have monitored the effects of one
or multiple natural heatwaves on plankton communities,
experimental studies, especially mesocosm experiments, could
be useful in elucidating the effects of heatwaves on marine
plankton assemblages and in refining model predictions. Indeed,
mesocosm experiments allow the simulation of perturbation and
to follow its effects on a natural community under controlled
conditions in a reproducible manner (Stewart et al., 2013;
Dzialowski et al., 2014). Nonetheless, only a few mesocosm
experiments have been used to simulate a heatwave and most of
them were performed in freshwater ecosystems (Rasconi et al.,
2017; Filiz et al., 2020; Iskin et al., 2020); hence, the effects of
heatwaves on coastal planktonic assemblages are still unclear.

In this study, we performed an in situ mesocosm experiment in
the Thau Lagoon, a productive shallow coastal lagoon located on
the French coast of the northwestern Mediterranean Sea. During
the first 10 days of the experiment, we simulated a moderate
heatwave in late spring by increasing the water temperature of
triplicate mesocosms by +3◦C while three control mesocosms
had natural lagoon water temperature. In the following 10 days,
heating was stopped. High-frequency sensors immersed in
each mesocosm were used to monitor DO concentration
and saturation, chlorophyll-a (chl-a) fluorescence, water
temperature, salinity, and photosynthetically active radiation
to estimate plankton oxygen metabolism (GPP, R, NCP), and
phytoplankton’s µ and l. Coupled with this high frequency
monitoring, the mesocosms were sampled daily for nutrient
concentrations and phytoplankton pigment composition.
Moreover, ecosystem stability parameters (i.e., resistance,
resilience, recovery, and temporal stability) were assessed in
terms of plankton community function and composition.

MATERIALS AND METHODS

In situ Mesocosm Experiment Setup
An in situ mesocosm experiment was performed in the Thau
Lagoon, a shallow coastal lagoon located in the northwestern
Mediterranean on the coast of southern France. The lagoon has
a mean depth of approximately 4 m (Derolez et al., 2020), and
the mesocosms were installed directly in the lagoon using the
facilities of the Mediterranean Platform for Marine Ecosystems
Experimental Research (MEDIMEER, 43◦24′53′′ N 3◦41′16′′
E). The experiment was performed for 20 days, from May
24 to June 12, 2019. Each mesocosm consisted of a 280 cm
high and 120 cm wide transparent bag, made of a 200 µm-
thick vinyl acetate polyethylene film reinforced with nylon
(Insinööritoimisto Haikonen Ky, Sipoo, Finland), equipped with
a 50 cm long sediment trap. Mesocosms were covered with a
polyvinyl-chloride dome, which transmitted 73% of the received
photosynthetically active radiation (PAR) to avoid external inputs
and precipitation. Each mesocosm was filled simultaneously with
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2200 L of lagoon subsurface water that was gently pumped, then
screened through a 1000 µm mesh to remove larger material and
organisms (e.g., fishes) before being pooled in a large container
and distributed simultaneously to all mesocosms by 6 parallel
pipes. In order to homogenize the water column, a pump (Rule,
Model 360) was immersed at a depth of 1 m to continuously and
gently mix the water column in the mesocosms, resulting in a
turn-over rate of approximately 3.5 d−1.

Two treatments, each in triplicate, were applied to the six
mesocosms. During the first 10 days of the experiment (d1–
d10), the water temperature was raised to +3◦C in three
mesocosms (hereafter called the “HW treatment”) while three
other mesocosms had natural lagoon temperature, which was
referred to as the “control treatment.” This 10 days period
during which the water temperature was elevated 3◦C above
that of the control mesocosms is hereafter referred to as the
“HW period.” Subsequently, the water temperature of the HW
mesocosms returned to that of the control mesocosms for the
next 10 days of the experiment (d11–d20), and the corresponding
period is called the “Post-HW period.” Meanwhile, the “control
mesocosms” experienced the in situ lagoon temperature during
the full 20 days of the experiment. The heating of the mesocosms
was performed by immersing a submersible heating element
(Galvatec) at a depth of 1 m in the mesocosms which was
automatically controlled to constantly adjust the heating at +3◦C
compared to the control mesocosms. This procedure, detailed
in Nouguier et al. (2007) and Vidussi et al. (2011), enabled an
increase in the water temperature by +3◦C in the HW mesocosms
during the HW period, while still following natural temperature
fluctuations of the lagoon.

In each mesocosm, a set of automated high-frequency sensors
was immersed at a depth of 1 m. Each set consisted of an oxygen
optode (Aanderaa 3835) for measuring DO concentration and
saturation, a chlorophyll fluorometer (WetLabs ECO-FLNTU)
for chl-a fluorescence, an electromagnetic induction conductivity
sensor (Aanderaa 4319) for salinity, and a spherical underwater
quantum sensor (Li-Cor Li-193) for incident PAR. Moreover,
three water temperature probes (Campbell Scientific Thermistore
Probe 107) were installed at three different depths (0.5, 1, and
1.5 m) to measure the water temperature. Measurements were
taken at every minute during the entire experiment.

Acquisition, Calibration, and Correction
of High-Frequency Sensor Data
The oxygen optodes, chlorophyll fluorometers, conductivity
sensors, and water temperature probes were calibrated before
and after the experiment. The oxygen optodes were calibrated
using three saturation points (0, 50, and 100%) and at three
different temperatures (17, 20, and 22◦C). The calibrated DO
data were then corrected using temperature and salinity data
obtained from the water temperature probes and the conductivity
sensor, respectively, following the procedure of Bittig et al. (2018).
To ensure high-quality oxygen data, daily oxygen concentrations
were also measured using the Winkler method to correct
the sensor data (Soulié et al., 2021). The entire calibration
and correction procedures are detailed in Soulié et al. (2021).

The chlorophyll fluorometers were calibrated using four algal
monocultures during the exponential growth phase (Tetraselmis
chui, Isochrysis galbana, Nannochloropsis occulata, Dunaliella
salina), a mix of these four cultures, and five chl-a concentration
points; the chl-a concentrations were measured using high
performance liquid chromatography (HPLC, Waters) and ranged
from 0 to 18.64 µg L−1. In addition, the chl-a fluorescence sensor
data were corrected with daily measured chl-a concentrations
analyzed using HPLC and for non-photochemical quenching by
linearly interpolating the data from sunrise to sunset (Li et al.,
2008). Moreover, the conductivity sensors were calibrated at three
salinity points (0, 20, and 35), using sodium chloride in distilled
water, and at two temperatures (18 and 22◦C). Finally, the water
temperature probes were calibrated in a distilled water bath at five
temperature levels ranging from 10 to 30◦C. Thus, all data were
corrected according to the calibration coefficients.

Nutrient and Pigment Analyses From
Daily Manual Mesocosm Sampling
For dissolved nutrients and phytoplankton pigment
concentrations, all the mesocosms were sampled daily using
a 5 L Niskin water sampler at a 1 m depth, between 09:00
and 10:00. For dissolved nutrient analyses (nitrate [NO3

−],
nitrite [NO2

−], ammonium [NH4
+], orthophosphate [PO4

3−],
and silicate [SiO2]), 50 mL of the samples were placed in an
acid-washed polycarbonate bottle, filtered through 0.45 µm
filters (Gelman), and stored in a polyethylene tube at −20◦C
until analyses that were performed using an automated
colorimeter (Skalar Analytical, Breda, The Netherlands). For
phytoplankton pigment analyses, between 800 and 1200 mL
of the samples were placed in covered 2 L bottles before being
directly filtered under low light on a glass-fiber filter (Whatman
GF/F 0.7 µm pore size) at a low vacuum setting. Filters were
frozen in liquid nitrogen before being stored at −80◦C until
analyses. Pigment concentrations were analyzed using HPLC
(Waters), following the method of Zapata et al. (2000) and
the protocol described by Vidussi et al. (2011). Phytoplankton
pigments were attributed to different PFTs, following Vidussi
et al. (2000), Hirata et al. (2011), and Roy et al. (2011). More
precisely, fucoxanthin was attributed to diatoms, peridinin
to dinoflagellates, 19′-hexanoyloxyfucoxanthin (19′-HF) to
prymnesiophytes, chlorophyll-b (chl-b) to green algae, and
zeaxanthin to cyanobacteria.

Daily Light Integral Using the
High-Frequency Photosynthetically
Active Radiation Sensor Data
Measurements of high-frequency photosynthetically active
radiation (PAR) were used to calculate the daily light integral
(DLI), which corresponds to the daily average amount of light
received by a 1 square meter surface over a 24-h period (Faust
and Logan, 2018). The DLI was calculated using Eq. 1:

DLI =
mean PAR × day length × 3600

1 × 106 , (1)
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TABLE 1 | Equations used to calculate daily GPP, R, and NCP.

Parameter Equation Eq.

Governing equation
(Odum and Odum, 1955)

1O2
4t = GPP− R− F − A 5

Oxygen physical exchange term F = (k × (O2 −O2sat))/Zmix 6

Schmidt number (Sc) for O2 in freshwater and as a function
of temperature (Wanninkhof, 1992)

ScO2FW (T) = − 120.1 × T + 3.7818 × T2
− 0.047608 × T3

+ 1800.6 7

Schmidt number adjusted for salinity
(Holtgrieve et al., 2010)

m = 3.286 × 10−5 T + 2.474 × 10−3

ScO2 (T, S) = ScO2FW × (1+ S m)

8
9

Piston velocity coefficient accounting for temperature and
salinity

k (T, S) = kref × (
ScO2 (T,S)

ScO2 (ref) )−0.5 10

Instantaneous NCP NCP (t) = O2 (t)− O2 (t− 1)− F(t) 11

Daytime R Rdaytime = (mean of NCP during a 1 h period centered around the max. NCP of
the Negative NCP period) × duration of Positive NCP period × 60

12

Nightime R Rnight = (mean of NCP during the Negative NCP period) × duration of Negative
NCP period × 60

13

R R = Rdaytime + Rnight 14

GPP GPP = Rdaytime+(mean of NCP during the Positive NCP period) × duration of
Positive NCP period × 60

15

NCP NCP = GPP− R 16

where DLI is expressed in mol m−2 d−1, the mean PAR between
sunrise and sunset in µmol m−2 s−1, and the day length in h.

Estimation of Phytoplankton µ and l
Using the High-Frequency Chlorophyll-a
Fluorescence Sensor Data
To estimate phytoplankton µ and l rates in each mesocosm, each
high-frequency chl-a fluorescence cycle was separated into two
periods. The “increasing period” is when the chl-a fluorescence
increases, from sunrise to when its maximum value is attained,
which is usually a few minutes to a few hours after sunset. The
“decreasing period” is when chl-a fluorescence decreases, from
when the maximum value attained to the next sunrise. For each
increasing and decreasing period, an exponential fit was applied
to the chl-a fluorescence data using Eq. 2:

Fchla = a × ebt, (2)

where Fchla is the chl-a fluorescence in µg L−1, a is a constant
in µg L−1, b is a constant in min−1, and t is the time (min).
Considering the assumptions that Fchla changes during the night
are only due to phytoplankton losses and that Fchla changes
during the day are due to both losses and growth (Neveux et al.,
2003), l and µ were estimated using Eqs 3, 4:

l = bdec, (3)

µ = binc + l, (4)

where l and µ are the phytoplankton loss and growth rates
(min−1), and bdec and binc are the exponential fit coefficients
obtained for the decreasing and increasing periods, respectively.
The value l was converted to d−1 by multiplying the rates in
min−1 by 60 and then by 24 as it is considered constant over
a 24-h period (Neveux et al., 2003). For µ, it was converted

by multiplying the rates in min−1 by 60 and by the duration
of the increasing period (in h) (as it only occurs during the
increasing period).

Because of the lack of a complete chl-a fluorescence cycle
on the last day of the experiment (d20), µ and l were only
estimated from d1 to d19.

Estimation of Gross Primary Production,
Respiration, and Net Community
Production Using the High-Frequency
Dissolved Oxygen Sensor Data
Gross primary production, respiration, and net community
production were estimated using the high-frequency DO sensor
data with a method based on the classical free-water diel
oxygen technique (Odum and Odum, 1955). This technique was
specially developed for mesocosm experiments and considered
variability in daytime and nighttime respiration, and in the
coupling between day-night and DO cycles (Soulié et al.,
2021). Table 1 lists the equations used in the study. Each DO
cycle was separated as “Positive NCP periods” and “Negative
NCP periods,” during which DO concentration increased and
decreased, respectively. For each positive and negative NCP
period, the DO concentrations were smoothed using a 5-point
sigmoidal model. The DO data and these periods were then
used to estimate the oxygen metabolic parameters, which were
calculated using the fundamental equation of Odum and Odum
(1955) presented in Eq. 5. In this equation, 1O2

4t represents the
instantaneous change in DO concentration, F is the physical
oxygen exchange between the water and the atmosphere, and
A encompasses all other physical and chemical phenomena that
could affect the DO concentration in the considered system;
the parameter A was considered null in the present study as
well as in most other investigations (Staehr et al., 2010; Soulié
et al., 2021). Then, the calculation needs to be performed in two
important steps.
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TABLE 2 | Stability parameters estimated in the present study and the experimental period that they are calculated for, as well as their mathematical definition and
interpretation.

Parameter Period Estimation Interpretation

Resistance (a) d1–d10 a = ln
(

XHW
XC

)1
a = 0→maximum resistance
a > 0→ over-performance
a < 0→underperformance

Resilience (b) d11–d20 ln
(

XHW
XC

)
= b ∗ t+ i b = 0→no recovery

b > 0→faster recovery (if i < 0)
b < 0→further deviation from the control (if i < 0)

Recovery (c) d20 c = ln
(

XHW
XC

)
c = 0→maximum recovery
c > 0→overcompensation
c < 0→incomplete recovery

Temporal stability (d) d11–d20 d = 1
(sd(resb)) The larger the d value the lower fluctuations

The definition and interpretation of stability parameters is according to Hillebrand et al. (2018).
1XHW and XC represent the investigated function (GPP, R, µ, l) or the investigated phytoplankton functional type in the HW and control treatments, respectively. The
intercept i indicates the direction of the response to the HW (i > 0, the parameter was higher in the HW treatment than in the control; i < 0, the parameter was lower).

The first step is to calculate the oxygen exchange term F,
which is computed as expressed in Eq. 6: where k is the air-water
constant, which is also known as the piston velocity coefficient;
O2 and O2sat are DO concentration and saturation, respectively;
and Zmix is the water column mixing depth. In the case of gently
mixed mesocosms, as in the present study, Zmix can be considered
equal to the water column length of the mesocosms. The piston
velocity k was adopted from the literature values provided in the
study by Soulié et al. (2021). This parameter is determined using
water viscosity and O2 solubility, which are affected by the water
temperature and salinity. Therefore, we modeled k every minute
as a function of the reference k (kref = 0.000156 m min−1, Alcaraz
et al., 2001; Soulié et al., 2021) and of water temperature and
salinity, using the following steps. First, the Schmidt number (Sc)
for O2 in freshwater, and as a function of temperature, is given by
Eq. 7 (Wanninkhof, 1992), where T is the water temperature. To
account for salinity, the coefficient m had be calculated based on
the Eq. 8 (Holtgrieve et al., 2010). Finally, the Schmidt number
was adjusted for salinity, according to Eq. 9 (Holtgrieve et al.,
2010), where S is the salinity and m is the coefficient previously
calculated. The piston velocity k was calculated for every 1 min
time step using Eq. 10, with ScO2(ref ) referring to the Schmidt
number for the conditions in which kref was experimentally
measured (16◦C, 37.5), which was equal to 675.58.

Second, the instantaneous and the daily metabolic parameters
had to be estimated. For each 1 min time step, the instantaneous
NCP was calculated according to Eq. 11, in which O2 (t)
and O2 (t − 1) are the DO concentrations at time t and t-1,
respectively; and F(t) is the oxygen exchange term at time t. Daily
metabolic parameters could be estimated using the instantaneous
NCP for each couple of positive and negative NCP periods.
Initially, the respiration during the day, Rdaytime, was calculated
according to Eq. 12. In this equation, Rdaytime was expressed in
gO2 m−3 d−1; the mean instantaneous NCP during a 1-h period
(centered on the maximum instantaneous NCP attained during
the negative NCP period) was expressed in gO2 m−3 min−1;
and the duration of the positive NCP period was expressed in
h. Similarly, the respiration during the night, Rnight, could be
estimated using Eq. 13.

Rnight was expressed in gO2 m−3 d−1, the mean
instantaneous NCP during the negative NCP period was

expressed in gO2 m−3 min−1 and the duration of the negative
NCP period was expressed in h. Thereafter, the daily R (gO2
m−3 d−1) was calculated according to Eq. 14 and the daily GPP
was estimated using Eq. 15. GPP and Rdaytime were expressed
in gO2 m−3 d−1, the mean instantaneous NCP during the
positive NCP period was in gO2 m−3 min−1, and the duration
of the positive NCP period was in h. Finally, daily NCP was
calculated as the difference between the daily GPP and daily
R (Eq. 16). Due to the lack of a complete DO cycle on the
last day of the experiment (d20), NCP, GPP, and R were only
estimated from d1 to d19.

Resistance, Resilience, Recovery, and
Temporal Stability Estimates
Resistance, resilience, recovery, and temporal stability were
calculated for key functions (µ, l, GPP, and R) and for
PFTs following the method of Hillebrand et al. (2018)
(Table 2). For each day of the HW period, resistance
was calculated using the logarithm response ratio (LRR). In
addition, the change in resistance during the HW period was
calculated as the regression slope of the resistance over time
(resistance = slope × time + intercept), following the method of
Filiz et al. (2020). A positive change means that the resistance
decreases over time for parameters with an average positive
resistance, whereas resistance increases over time for parameters
with an average negative resistance. Resilience was calculated as
the regression slope of the relative LRR function over time during
the 10 days of the post-HW period. Recovery was estimated as the
LRR on the last day of the experiment. Finally, temporal stability
was calculated as the inverse standard deviation of the residuals
around resilience. An unpaired t-test was performed to determine
if there was a significant difference between resistance over time
and benchmark resistance (0) using the R software (version 4.0.1).

Statistical Analyses
The difference between treatments was assessed during the
10 days of the HW period (d1–d10), the 10 days of the post-
HW period (d11–d19), and during the entire experiment (d1–
d19) using repeated-measures analysis of variance, considering
treatment assigned as a fixed factor and time as a random
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FIGURE 1 | Daily means of water temperature (A), daily light integral (DLI, B),
and salinity (C); and daily concentrations of ammonium (NH4

+, D),
nitrate + nitrite (NO3

−+NO2
−, E), orthophosphate (PO4

3−, F), and silicate
(SiO2, G) in the control (black) and HW (gold) treatments. The gold shaded
area represents the HW period during which the +3◦C was applied in the HW
mesocosms. Error bars represent the standard deviation. Note that the scales
of the y-axes are different. Nutrient data were lost on d1 due to a technical
problem.

factor. Statistical significance was set at p ≤ 0.05. When the
assumptions for a parametric test were not met, even if the
data were transformed (logarithmic, square root, or exponential
transformations), a non-parametric Kruskal–Wallis rank sum
test was performed. Principal component analyses (PCA) and

ordinary least-square linear relationships were assessed between
the LRR of GPP, R, µ, l, PFTs, DLI, temperature, and salinity
to assess potential drivers of the system responses (expressed as
LRR) to the treatment. Data management and statistical analyses
were performed using the R software (version 4.0.1).

RESULTS

Physical and Chemical Conditions
In the control treatment, the water temperature ranged from
17.85 ± 0.02◦C (d7) to 20.29 ± 0.01◦C (d18). It generally
decreased until d7, before increasing and peaking on d13 and
d18. In the HW treatment, the water temperature increased by
an average of 2.75 ± 0.23◦C during the HW period (d1–d10),
before returning to the control level during the post-HW period
(d11–d19) (Figure 1A). The DLI in the control treatment varied
from 7.33± 0.85 mol m−2 d−1 (d1) to 26.32± 2.54 mol m−2 d−1

(d6). It increased from d1 to d4 before being relatively stable and
at high values from d6 to d14. The DLI values then decreased
until the end of the experiment, with peaks on d14 and d16
(Figure 1B). They were significantly lower in the HW treatment
than in the control during both the HW and post-HW periods,
by an average of 12 and 11%, respectively (Table 3). The salinity
increased during the HW period and remained relatively constant
during the post-HW period. In the control, salinity ranged from
38.27 ± 0.17 to 38.73 ± 0.18 (Figure 1C) and was significantly
lower in the HW treatment during the HW period by an average
of 0.07%, but was significantly higher during the post-HW period
by an average of 0.05% (Table 3), compared to the control.

The dissolved nutrient concentrations showed varying
trends. In the control, the NH4

+ concentration ranged from
0.09 ± 0.04 µM (d9) to 0.37 ± 0.04 µM (d1). It generally
decreased during the HW period, before remaining relatively
constant during the post-HW period (Figure 1D). There was no
significant difference between the control and HW treatments
in both periods (Table 3). The NO3

− + NO2
− concentrations

varied from 0.20 ± 0.04 µM (d5) to 0.54 ± 0.03 µM (d15)
in the control. It decreased from d2 to d5, but increased until
d14 or d15 depending on the treatment, and then decreased
again until the end of the experiment (Figure 1E). Similar to
the NH4

+ concentrations, there was no significant difference
in NO3

− and NO2
− concentrations between the control

and HW treatments during both periods (Table 3). In the
control, the PO4

3− concentration ranged from 0.04 ± 0.01 µM
to 0.44 ± 0.02 µM, which peaked three times during the
experiment (d7, d11, d17) (Figure 1F). As for N-nutrients, there
was no significant difference between treatments in the HW and
post-HW periods (Table 3). Finally, in the control treatment,
the SiO2 concentration ranged from 0.98 ± 0.27 µM (d1) to
8.84 ± 1.22 µM (d11), and it increased from d4 to d11, and
later it decreased until the end of the experiment, except for
a peak on d17 (Figure 1G). In contrast to the other nutrient
concentrations, SiO2 concentrations were significantly higher
during the HW period by an average of 42%, but no significant
differences between treatments were found in the post-HW
period (Table 3).
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TABLE 3 | Summary table of statistical test results and relative changes between the HW and control treatments in physical, chemical, and biological parameters during
the HW period, post-HW period, and during the entire experiment.

Parameter Period p-value Relative change (%)

Temperature 1–10 (HW) 4.2 × 10−11 (KW) 15

11–19 (Post-HW) 0.91 (KW) 0*

1–19 (All) 1.9 × 10−12 (KW) 8

Daily Light Integral (DLI) 1–10 0.02 (KW) −12

11–19 1.0 × 10−4 [F(1,44) = 17.89] −11

1–19 0.01 (KW) −12

Salinity 1–10 2.4 × 10−3 [F(1,44) = 17.5] 0*

11–19 0.01 (F1,41 = 9.01) 0*

1–19 7.9 × 10−3 (KW) 0*

NH4
+ 1–10 0.57 [F(1,44) = 0.31] 13

11–19 0.77 [F(1,44) = 0.08] 2

1–19 0.55 [F(1,89) = 0.36] 8

NO3
−+NO2

− 1–10 0.16 [F(1,44) = 2.05] 5

11–19 0.45 (KW) 7

1–19 0.43 (KW) 6

PO4
3− 1–10 0.67 (KW) −3

11–19 0.17 [F(1,44) = 1.96] −17

1–19 0.59 (KW) 10

SiO2 concentration 1–10 6.0 × 10−4 [F(1,44) = 13.57] 42

11–19 0.63 [F(1,44) = 0.23] −10

1–19 0.05 [F(1,89) = 3.86] 16

Chl-a fluorescence 1–10 (HW) 6.4 × 10−4 [F(1,48) = 26.57] 13

11–19 (Post-HW) 0.02 [F(1,44) = 9.12] 20

1–19 (All) 1.0 × 10−4 [F(1,93) = 24.14] 16

µ 1–10 <1.0 × 10−4 [F(1,48) = 25.79] 16

11–19 0.67 [F(1,44) = 0.19] −1

1–19 2.7 × 10−3 [F(1,93) = 9.52] 6

l 1–10 <1.0 × 10−4 [F(1,48) = 44.40] 21

11–19 0.04 [F(1,44) = 3.91] 6

1–19 <1.0 × 10−4 [F(1,93) = 28.76] 13

µ : l 1–10 0.04 (KW) −45

11–19 0.23 (KW) 18

1–19 0.02 (KW) −32

Fucoxanthin (Diatoms) 1–10 3.2 × 10−3 [F(1,49) = 9.59] 12

11–19 0.60 [F(1,49) = 0.28] −4

1–19 0.09 [F(1,99) = 2.97] 6

19′-HF (Prymnesiophytes) 1–10 0.03 [F(1,49) = 4.73] 12

11–19 0.73 [F(1,49) = 0.12] 7

1–19 0.66 (KW) 10

Chl-b (Green algae) 1–10 0.73 [F(1,49) = 0.12] −2

11–19 0.34 (KW) 12

1–19 0.82 (KW) 1

Zeaxanthin (Cyanobacteria) 1–10 0.87 [F(1,49) = 0.03] −1

11–19 <1.0 × 10−4 [F(1,49) = 34.49] 47

1–19 2.0 × 10−4 [F(1,99) = 15.06] 25

Peridinin (Dinoflagellates) 1–10 0.43 (KW) -12

11–19 3.6 × 10−4 (KW) −48

1–19 4.7 × 10−3 (KW) −35

GPP 1–10 (HW) 1.7 × 10−3 (KW) 32

11–19 (Post-HW) 4.0 × 10−4 [F(1,44) = 14.92] 31

1–19 (All) <1.0 × 10−4 [F(1,94) = 52] 31

(Continued)
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TABLE 3 | (Continued)

Parameter Period p-value Relative change (%)

R 1–10 1.8 × 10−5 (KW) 49

11–19 1.4 × 10−3 [F(1,44) = 11.64] 20

1–19 4.5 × 10−5 (KW) 33

NCP 1–10 0.02 (KW) −34

11–19 0.37 (KW) 10

1–19 0.37 (KW) −11

GPP : Chl-a 1–10 0.08 [F(1,44) = 3.76] 17

11–19 0.02 [F(1,44) = 8.83] 12

1–19 2.6 × 10−3 [F(1,94) = 12.16] 14

R : Chl-a 1–10 1.2 × 10−3 [F(1,44) = 21.82] 32

11–19 0.71 [F(1,44) = 0.14] 3

1–19 4 × 10−3 [F(1,94) = 10.85] 11

The significance level of the statistical test was set as 0.05 and significant p-values were highlighted in bold in the table.
When a RM-ANOVA was performed, the F value is given in brackets and when a Kruskal–Wallis test is used, it is indicated with “KW.”
The * symbol means that relative changes lower than or equal to 0.5% were approximated as 0.

Phytoplankton Community:
Chlorophyll-a Fluorescence, µ, l, and
Phytoplankton Functional Types
The chl-a fluorescence dynamics indicated that the experiment
started during a phytoplankton bloom. This was evidenced by
the concentrations, which increased from d1 to d2 reaching
4.04 ± 0.51 µg L−1 in the control treatment, decreased until
d13 with the lowest value being 1.21 ± 0.13 µg L−1, and
then slightly increased again until the end of the experiment
(Figure 2A). The HW treatment had similar dynamics, peaking
on d2 before decreasing in both the HW and post-HW periods.
Concentrations were significantly higher in the HW treatment
than in the control, by an average of 13 and 20%, respectively
(Table 3). In the control, µ varied from 0.26 ± 0.03 d−1

(d5) to 0.97 ± 0.04 d−1 (d19). During the HW period, it was
relatively constant and generally higher than 0.3 d−1, except
on d5 (0.26 ± 0.03 d−1). During the post-HW period, there
were more fluctuations, with peaks on d13, d15, d17, and d19
(Figure 2B). In the HW treatment, µ was significantly higher
than in the control treatment by an average of 16% during the
HW period, but no significant effect was found in the post-HW
period (Table 3). In the control, l ranged from 0.28 ± 0.03 d−1

(d5) to 1.27± 0.04 d−1 (d19); it increased from d5 to d9 and from
d12 to d19 (Figure 2C). Similar to µ, l was significantly higher in
the HW treatment than in the control during the HW period,
by an average of 21%; however, different from µ, l remained
significantly higher in the HW treatment than in the control
during the post-HW period, by an average of 6% (Table 3). In
the control treatment, as µ was generally lower than l, the µ:l
ratio was negative 16 days out of the 19 (Figure 2D). The ratio
was significantly lower in the HW treatment than in the control
during the HW period, by an average of 45%, but it was not
significantly changed during the post-HW period (Table 3).

In the control treatment, the main phytoplankton taxonomic
pigments were the fucoxanthin (associated with diatoms) and
the 19′-HF (associated with prymnesiophytes), with average
concentrations of 1.17 ± 0.17 and 1.27 ± 0.21 µg L−1,

FIGURE 2 | Daily means of phytoplankton chlorophyll-a fluorescence
(corrected for NPQ, A), µ (B), l (C), and µ:l (D) in the control (black) and HW
(gold) treatments. The gold shaded area represents the HW period during
which the +3◦C was applied in the HW mesocosms. Error bars represent the
standard deviation.

respectively. Peridinin (associated with dinoflagellates), chl-
b (associated with green algae), and zeaxanthin (associated
with cyanobacteria) were present at lower concentrations.
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FIGURE 3 | Phytoplankton functional types (PFTs) assessed as daily mean concentrations of fucoxanthin (A), peridinin (B), 19′-hexanoyloxyfucoxanthin (19′-HF, C),
chlorophyll-b (Chl-b, D), and zeaxanthin (E) in the control (black) and HW (gold) treatments. The gold shaded area represents the HW period during which the +3◦C
was applied in the HW mesocosms. Error bars represent the standard deviation. Note that the scales of the y-axes are different.

The fucoxanthin, 19′-HF, and chl-b concentrations followed a
similar temporal trend (Figures 3A,C,D). They increased at
the beginning of the experiment, decreased until d12 or d13
depending on the pigment, and then increased again at the
end of the experiment. However, while fucoxanthin and chl-
b concentrations decreased rapidly after attaining a peak on
d3, and 19′-HF concentration remained high until d10. At the
beginning of the experiment, the peridinin concentration was
extremely low (below the detection limit), then it generally
increased until d14 with peaks on d9, d11, and d14. The peridinin
concentration then decreased on d15 and remained relatively
constant until the end of the experiment (Figure 3B). The
zeaxanthin concentration remained relatively constant during
the entire experiment, peaking on d4, d7, and d15 and reached its
minimum on d9 (Figure 3E). During the HW period, a significant
increase was found in the HW treatment for fucoxanthin and
19′-HF concentrations, both by an average of 12% (Table 3).
During the post-HW period, the zeaxanthin concentrations were
significantly higher in the HW treatment by an average of 47%,

whereas the peridinin concentrations were significantly lower by
an average of 48% (Table 3). No other significant differences
between the two treatments were observed.

Plankton Community Metabolism: Gross
Primary Production, Respiration, and Net
Community Production
In the control treatment, the GPP ranged from 0.27 ± 0.01
(d3) to 0.95 ± 0.08 gO2 m−3 d−1 (d16). It peaked on d8 and
d16 (Figure 4A). During both the HW and post-HW periods,
it was significantly greater in the HW treatment compared
to the control, by an average of 32 and 31%, respectively
(Table 3). The highest difference was observed on d15, with
the GPP being 94% higher in the HW treatment. On the
last 2 days of the post-HW period (d18 and d19), GPP
values decreased and were similar to those of the control
treatment. R varied from 0.29 ± 0.01 gO2 m−3 d−1 (d3) to
0.81 ± 0.09 gO2 m−3 d−1 (d18). It remained relatively constant
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FIGURE 4 | Daily means of gross primary production (GPP, A), respiration (R,
B), net community production (NCP, C), GPP normalized by chlorophyll-a
fluorescence (D), and R normalized by chlorophyll-a fluorescence (E) in the
control (black) and HW (gold) treatments. The gold shaded area represents
the HW period during which the +3◦C was applied in the HW mesocosms.
Error bars represent the standard deviation.

during the entire experiment, except between d11 and d13 and
between d15 and d18 when it increased (Figure 4B). Similar
to the GPP, R increased significantly in the HW treatment
during the HW period by an average of 49%, compared to
the control (Table 3). In addition, R was significantly higher
in the HW treatment during the post-HW period, by an
average of 20%, but returned to the control level on d19.
The largest difference between treatments was found on d15
(95%). As a consequence, in the control treatment, the NCP
was positive on 10 days out of 19 days; it ranged from
−0.19 ± 0.06 (d18) to 0.20 ± 0.03 gO2 m−3 d−1 (d8). The
mean NCP (3.2 × 10−3

± 0.03 gO2 m−3 d−1) indicated a
globally autotrophic system (Figure 4C). In the HW treatment,
the NCP was positive on 7 days out of 19 days, with a mean
value of 6.1 × 10−3

± 0.10 gO2 m−3 d−1. During the HW

FIGURE 5 | Principal component analyses (PCA) of the log response ratio
(LRR) of metabolic and environmental variables during the HW period (A) and
the post-HW period (B), as well as PCA of the LRR of metabolic variables and
PFTs during the HW period (C) and the post-HW period (D). When variables
are close to each other, they are positively correlated. When they are
opposed, they are negatively correlated. When they are orthogonally located,
they are not correlated. When variables are close to the center, they are not
well represented by the analysis.

period, the NCP was significantly reduced in the HW treatment,
compared to the control, by an average of 157% (Table 3). In the
post-HW period, however, no statistically significant differences
were found between the two treatments. GPP and R were also
normalized by chl-a fluorescence (Figures 4D,E). During the
HW period, the GPP:chl-a ratio was not significantly different
between treatments, whereas R:chl-a was significantly higher in
the HW treatment by an average of 32% (Table 3). Conversely,
during the post-HW period, GPP:chl-a was significantly higher
in the HW treatment by an average of 12%, whereas no significant
differences were found between treatments for R:chl-a.

Relationships Between Plankton
Metabolism, Pigment, and Environmental
Variables
Principal component analyses were performed to highlight
the potential correlations between plankton metabolic rates,
PFTs, and the LRR of the environmental variables during
the HW and post-HW periods (Figure 5). PCA enabled
the projection of variables in a multidimensional space and
showed the relationships between the LRR of metabolic and
environmental variables (Figures 5A,B) and between the LRR
of metabolic variables and PFTs (Figures 5C,D). Moreover,
ordinary least squares linear relationships between the LRR of
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TABLE 4 | Ordinary least squares linear relationships between plankton community metabolism, PFTs, and environmental variables.

HW (d1–d10) Post-HW (d11–d19) All (d1–d19)

µ ∼ l y = 0.47x + 0.02 y = 0.80x - 0.02* y = 0.68x - 0.01**

µ ∼ GPP y = -0.20x + 0.08 y = 0.46x - 0.04* y = 0.22x + 0.01

µ ∼ Chl-a y = 0.08x + 0.06 y = 0.69x - 0.05* y = 0.39x + 0.01

GPP ∼ R y = 0.65x + 0.01* y = 0.80x + 0.04** y = 0.65x + 0.03***

GPP ∼ Chl-a y = -0.01x + 0.13 y = 1.31x - 0.00*** y = 0.75x + 0.07*

R ∼ Chl-a y = 0.67x + 0.14 y = 1.04x - 0.01* y = 0.78x + 0.08*

l ∼ Temperature y = 7.87x + 0.39* y = 8.10x + 0.03 y = 0.93x + 0.03

µ ∼ PO4
3− y = -0.17x + 0.05 y = 0.26x + 0.03* y = 0.20x + 0.04

GPP ∼ PO4
3− y = 0.47x + 0.14 y = 0.44x + 0.13** y = 0.45x + 0.14**

µ ∼ Diatoms y = 0.71x + 0.01* y = 0.42x - 0.01** y = 0. 50x + 0.01**

µ ∼ Dinoflagellates y = 0.52x + 0.11* y = -0.09x - 0.04 y = 0.01x + 0.04

l ∼ Diatoms y = 0.72x + 0.04* y = 0.18x + 0.03 y = 0.30x + 0.05*

GPP ∼ Diatoms y = 0.23x + 0.10 y = 0.47x + 0.09 y = 0.44x + 0.09*

GPP ∼ Prymnesiophytes y = 0.27x + 0.11 y = 0.67x + 0.04* y = 0.40x + 0.09

R ∼ Prymnesiophytes y = 0.67x + 0.14* y = 0.48x + 0.05 y = 0.51x + 0.10

The significance level is indicated with “*” (*p < 0.01, **p < 0.001, ***p < 0.0001).
Significant relationships were highlighted in bold in the table.
Only significant relationships in at least one tested period are mentioned in the table.

metabolic variables, PFTs, and environmental variables were
assessed to refine the relationship between specific variables. Only
relationships that were found to be significant (p < 0.05) during
at least one of the tested periods are shown in Table 4.

For both periods, GPP, R, and chl-a fluorescence were
clustered near the first PCA axis (Figures 5A,B). Salinity was
part of this group during the HW period while µ, l, and
PO4

3− concentrations were part of it during the post-HW
period (Figure 5B). During the HW period, this group was
opposed to DLI and concentrations of NO3

−, NO2
−, and NH4

+,
suggesting a negative relationship between them. In line with
these results, a significantly positive linear relationship was found
between GPP and R, and between l and temperature during the
HW period (Table 4). During the post-HW period, significant
relationships were found between µ and l, chl-a fluorescence
and PO4

3− concentration, GPP and R, chl-a fluorescence and
PO4

3− concentration, and between R and chl-a fluorescence.
During the HW period, µ appeared to be close to dinoflagellates
while l was close to both dinoflagellates and diatoms (Figure 5C).
Meanwhile, R was close to the prymnesiophytes and green algae.
During the post-HW period, GPP, R, and l were part of a
group alongside prymnesiophytes and opposed to dinoflagellates
(Figure 5D). A significant linear relationship was found between
µ and diatoms in both periods and between µ and dinoflagellates
during the HW period (Table 4). Diatoms were also positively
correlated with l during the HW period. In addition, GPP,
diatoms, and prymnesiophytes were found to be positively related
while considering the entire experiment and the post-HW period,
respectively. Finally, R and prymnesiophytes were also linearly
related, but only during the HW period (Table 4).

Stability Parameters
The resistance over the 10-days HW period was significantly
different from the benchmark resistance for all studied functions

FIGURE 6 | Boxplot of resistance over time and change in resistance over
time (red dots) for planktonic processes (µ, l, GPP, R) and phytoplankton
functional types (Dino: dinoflagellates, Prymnesio: prymnesiophytes, Cyano:
cyanobacteria). The results of an unpaired t-test testing the difference
between resistance and benchmark value (0) for each parameter are
presented over the boxplots when a significant p-value was found (∗∗,
p < 0.01; ∗∗∗, p < 0.001).

(µ, l, GPP, and R) and for diatoms, but not for all the other
PFTs (Figure 6). The change in resistance during the HW
period was negative for all investigated parameters, except for
prymnesiophytes, indicating that their resistance increased over
time for parameters with a positive average resistance (µ, l,
GPP, R, diatoms, cyanobacteria), but decreased over time for
parameters with a negative average resistance (green algae,
dinoflagellates) (Figure 6).

The average resistance over the HW period was closer
to the benchmark resistance for µ and l compared to GPP
and R (Table 5), which indicates a better resistance for µ

and l than for GPP and R. Among all the tested functions,
the system was shown to be the most resistant in terms
of µ and least resistant in terms of R. In addition, all
resilience values were close to 0 (the benchmark resilience)
and negative, indicating that all functions continued to deviate
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TABLE 5 | Average resistance, resilience, recovery, and temporal stability in terms of µ, l, GPP, R, and PFTs.

Average resistance Resilience Recovery Temporal stability

Functions

µ 0.06 −0.01 −0.13 14.96

l 0.08 −9.4 × 10−4
−0.09 14.96

GPP 0.12 −0.01 −0.04 10.45

R 0.16 −0.0045 0.05 9.92

PFTs

Diatoms 0.06 −0.04 −0.26 11.74

Prymnesiophytes 0.03 4.8 × 10−3 0.02 12.05

Green algae −0.03 −0.06 −0.05 5.92

Cyanobacteria 2.1 × 10−3 -9 × 10−3 0.15 6.49

Dinoflagellates −0.04 −0.06 −0.27 2.96

from the control during the post-HW period. The functions
that had the worst and best recoveries were µ and GPP,
respectively. Finally, the largest temporal stability was found
for µ and l, whereas GPP and R exhibited lower temporal
stability levels (Table 5). Among PFTs, the highest resistance
was found for cyanobacteria, followed by prymnesiophytes and
green algae, whereas diatoms displayed the lowest resistance
(Table 5). As for the functions, all resilience values, except
for those of prymnesiophytes, were negative and close to the
benchmark, indicating a low resilience and a further deviation
from the control after the heatwave. Furthermore, green algae
and prymnesiophytes displayed the worst and best recoveries,
respectively, and diatoms and prymnesiophytes had the highest
levels of temporal stability, whereas dinoflagellates had the
lowest (Table 5).

DISCUSSION

The Heatwave Enhanced Functional
Processes and Changed Phytoplankton
Community Structure
The aim of the present study was to assess the effects of a
simulated heatwave on the plankton community in a coastal
Mediterranean lagoon during the late spring/early summer; the
primary focus was on phytoplankton growth and loss rates,
functional types, and plankton community metabolism. During
the HW period, phytoplankton µ, l, GPP, and R increased by an
average of 16, 21, 32, and 49%, respectively, in the HW treatment
compared to the control.

These positive effects of the heatwave on µ and GPP are
congruent with the theoretical predictions of the metabolic
theory of ecology (MTE, Brown et al., 2004), with in situ
observations (López-Urrutia et al., 2006; Regaudie-de-Gioux and
Duarte, 2012), and with results from experiments (Eppley, 1972;
Vázquez-Domínguez et al., 2007; Panigrahi et al., 2013). In
the present study, µ and diatom responses to the treatment
were significantly related, meaning that the observed rise in µ

was certainly due to a positive effect on diatoms. This positive
effect on diatoms was consistent with studies reporting higher

diatom abundances under warmer conditions (Zhu et al., 2017;
Sett et al., 2018; Hyun et al., 2020); this may be due to the
high SiO2 concentrations found in both treatments at the
beginning of the experiment. Moreover, the Si:N and Si:P ratios
appeared to be unusually high for the system at this time of
the year (Liess et al., 2015; Trombetta et al., 2019), which
probably favored diatoms over other phytoplankton groups.
Thus, the higher SiO2 concentrations found in the HW treatment
might have resulted in the higher diatom-associated pigment
concentration in the HW treatment. This is consistent with
the fact that nutrient availability often overrides temperature in
phytoplankton responses to heatwaves (Marañón et al., 2014;
Hayashida et al., 2020; Sen Gupta et al., 2020; Domingues et al.,
2021). Finally, in the present study, when normalized by the chl-
a fluorescence, the GPP was not significantly different between
treatments, indicating that the positive effect of the heatwave on
GPP was primarily due to the increase in phytoplankton biomass.
This suggests that it is phytoplankton biomass dynamics, and
therefore µ and l, that drive the GPP response to heatwaves.

Heating increased l during the HW period, suggesting a
boost in grazing and viral lysis. These two processes have been
reported to be enhanced by warming (Rose and Caron, 2007;
Rose et al., 2009; Aberle et al., 2012; Lara et al., 2013). Consistent
with this observation, the positive effect of the treatment on
l was positively related to the temperature difference between
treatments. Notably, l increased only several days after the start
of the heatwave, whereas µ increased at the beginning of the
heatwave. This mismatch in the timing of the responses of µ

and l indicates why the phytoplankton biomass was higher in
the HW treatment than in the control. However, during the
second part of the heatwave, l increased more than µ, and the
µ:l ratio was negatively affected by the heatwave. This is in line
with a meta-analysis of the µ to grazing ratio dataset estimated
in temperate coastal areas that reported a negative effect of
temperature on this ratio (Cabrerizo and Marañón, 2021). The
µ:l ratio is a major factor controlling the fate of newly produced
organic matter in the ocean and has important implications for
element cycling. Our study implies that future heatwaves could
alter the coupling between phytoplankton and their grazers,
with major impacts on the structure of the microbial food web
(Calbet and Landry, 2004).
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Similarly, community R increased more than GPP during the
HW period, supporting general observations that are in line with
theoretical predictions from the MTE, which reported a greater
positive effect of warmer conditions on R than on GPP because
of the higher activation energy for R (López-Urrutia et al., 2006;
Yvon-Durocher et al., 2010; Regaudie-de-Gioux and Duarte,
2012; Vaquer-Sunyer and Duarte, 2013). In contrast to GPP,
when normalized by chl-a fluorescence, R remained significantly
higher in the HW treatment than the control, indicating that the
positive effect of the heatwave on R was because of processes
other than just the increase in phytoplankton biomass. This
positive effect on R:chl-a probably depicts a positive response of
bacterial respiration, which is normally the major contributor to
community R in coastal waters (Robinson, 2008). Nevertheless,
the strong positive relationship found between the heatwave
effects on GPP and R suggests that bacterial R is partly dependent
on autotrophic production as a carbon source, as suggested by
studies demonstrating the importance of phytoplankton exudates
for bacterial metabolism (del Giorgio and Cole, 1998). As a
consequence of the greater increase in R than in GPP during the
HW period, the NCP was reduced toward global heterotrophy.
Thus, the present study indicates that moderate heatwaves could
shift coastal Mediterranean lagoons from oxygen producers to
oxygen sinks. Combined with the physical deoxygenation due
to global warming and higher water temperatures, heatwaves
could lead to hypoxia or anoxia events, which are known to
have dramatic consequences for coastal Mediterranean lagoon
ecosystems (Viaroli et al., 2010).

All the investigated processes showed low resistance during
the HW period as evidenced by their higher values in the
HW treatment than in the control. However, their resistance
increased as the heatwave progressed. This suggests that the
plankton community became acclimated to the disturbance. As
the duration of heatwaves have increased during the past decade
in the Mediterranean area (Kuglitsch et al., 2010), the effect of
heatwaves on planktonic processes might be mitigated by this
acclimation process. All PFTs, except diatoms, were found to be
resistant to heatwaves, suggesting that heatwave-induced changes
in phytoplankton community composition take more time to
occur than changes in planktonic processes.

Most Plankton Processes Showed a Low
Resilience That Was Associated With
Important Changes in the Phytoplankton
Community Structure
The recovery trend of the plankton community processes,
assessed during the post-HW period, revealed the low resilience
of GPP, R, and l, as they were significantly higher in the HW
treatment than in the control, by 6, 31, and 20%, respectively.
However, µ recovered rapidly from the heatwave, as it was not
significantly higher in the HW treatment than in the control, in
contrast to what was observed during the HW period.

Phytoplankton l was still higher in the HF treatment
than in the control during the post-HW period, but to a
lesser extent than that during the HW period. This suggests
that l partly underwent a recovery process. However, as the

difference persisted, it indicated that the heatwave probably
accelerated zooplankton development and metabolism during
the HW period (Hart and McLaren, 1978; Vidussi et al.,
2011; Weydmann et al., 2017), which resulted in greater
zooplankton grazing pressure that persisted during the post-HW
period. This explains the higher l found in the HF treatment
during the post-HW period. Nonetheless, the µ:l ratio was
not significantly different between treatments during the post-
HW period, indicating that the imbalance toward l found
during the HW period did not persist during the post-HW
period. This suggests that the heatwave-induced decoupling
between phytoplankton and their predators does not persist
in the long term.

In contrast to l, GPP, and R further deviated from the control
during the post-HW period, as they were higher in the HW
treatment than in the control. This phenomenon is indicated
by their poor resilience values. This result is congruent with
what is typically observed for shallow lake plankton communities,
as the positive effect of a simulated heatwave on GPP and R
persisted several days after the end of the heatwave, regardless
of the nutrient status or initial temperature (Jeppesen et al.,
2021). Notably, when normalized by chl-a fluorescence, R was
not significantly different between treatments, whereas GPP
remained significantly higher in the HW treatment. This means
that the higher R is most probably due to higher phytoplankton
biomass while the higher GPP could also depict a physiological
response of the phytoplankton. This result is further supported
by the fact that R was positively related to chl-a fluorescence
and µ during the post-HW period, which is in contrast to
that reported during the HW period. This could indicate that
bacterial R relied mainly on phytoplankton production and
that phytoplanktonic R might have accounted for a significant
part of the total community R during the post-HW period, as
expected during late spring and summer (Regaudie-de-Gioux
and Duarte, 2012). Nonetheless, both the responses of GPP
and µ to the treatment were related to PO4

3− concentrations
during the post-HW period, indicating that PO4

3− availability
might have regulated phytoplankton processes. This was not
surprising, as it is known that Thau Lagoon phytoplankton can
be controlled by phosphorus (Gowen et al., 2015; Derolez et al.,
2020).

During the post-HW period, NCP shifted toward autotrophy
in the HW treatment, as GPP had increased more than R, in
contrast to what was observed during the HW period. This
contradicts the theoretical predictions of the MTE, but might
be explained by indirect effects that reduce the magnitude of R.
Indeed, this could be explained by a trophic cascade through
a positive effect of warming on the predators of bacteria (e.g.,
heterotrophic flagellates) during the HW period, resulting in
increased grazing on bacteria that persisted throughout the
post-HW period. In this way, bacteria and R were reduced
as shown in a previous study in the same lagoon during the
same season (Vidussi et al., 2011). The GPP and R recovered
well at the end of the post-HW period, as they returned
to the control treatment level. This recovery is certainly due
to the fact that the phytoplankton biomass returned to the
control level possibly owing to nutrient limitation, as nutrient
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concentrations tended to decrease in both treatments at the end
of the experiment. Nevertheless, this indicates that HW could
induce significant but reversible changes in plankton metabolism
in Mediterranean coastal waters.

In addition to the remarkable changes reported on planktonic
processes, the phytoplankton community structure was also
significantly affected during the post-HW period as cyanobacteria
seemed to have been favored in the HW treatment at the
expense of dinoflagellates. Hence, cyanobacteria might have
been the major contributor to the increase in phytoplankton
biomass during the post-HW period. This is in contrast
to what was observed during the HW period when it
was certainly diatoms and prymnesiophytes that contributed
to the increase in phytoplankton biomass. Studies have
reported that cyanobacteria are often favored under high-
temperature conditions in the Mediterranean (Agawin et al.,
1998; Maugendre et al., 2015; Courboulès et al., 2021). However,
in the present study, they increased only during the post-
HW period, suggesting a potential competition with other
phytoplankton groups for nutrients, which caused this delay.
As explained earlier, diatoms might have been favored by
the unusually high Si:N and Si:P ratios, which could have
resulted because of the intense competitive pressure between
cyanobacteria and diatoms. Moreover, SiO2 concentration is
known to be a key regulator of competition between the
two groups (Horn and Uhlmann, 1995). Consequently, when
the competitive pressure of diatoms decreased during the
post-HW period, cyanobacteria were potentially released from
intense competition for nutrients and began to grow in
numbers. This increase was also concomitant with a strong
decrease in dinoflagellates, suggesting that dinoflagellates were
outcompeted by cyanobacteria during the post-HW period
in the HW treatment, possibly due to a cyanobacterial
allelopathic mechanism inhibiting dinoflagellate photosynthetic
activity, as observed in cyanobacterial blooms (Sukenik et al.,
2002). As dinoflagellates and cyanobacteria have different
chemical requirements for their specific processes and play
different roles within the food web, this change suggests
that heatwaves could deeply alter both biogeochemical cycles
and interactions among organisms. Finally, this might also
explain the poor stability of planktonic processes during
the post-HW period as the lack of compositional recovery
often results in low functional resilience and recovery levels
(Hillebrand and Kunze, 2020).

CONCLUSION AND OUTLOOKS

The novel design of the present study allowed us to highlight
significant changes in the metabolism of a Mediterranean coastal
lagoon plankton community in response to a simulated moderate
heatwave during the late spring/early summer. We were also able
to assess the resistance and recovery trajectory of the community.
During the heatwave, phytoplankton biomass, growth, losses,
and oxygen metabolic parameters were all amplified by the
simulated heatwave. This positive effect persisted several days
after the offset of the heatwave, indicating poor resilience of all

the tested functions. Nevertheless, GPP and R recovered well at
the end of the experiment, indicating that the effects of heatwaves
on plankton metabolism could be reversible. In addition, the
simulated heatwave induced notable changes in the structure
of the phytoplankton functional types, suggesting that diatoms,
prymnesiophytes, and cyanobacteria could be potential winners
under more frequent heatwaves occurring in the late spring/early
summer period in the lagoon, while dinoflagellates could be
the main losers.

The use of in situ mesocosm experiments and high-frequency
sensors enabled us to elucidate the effects of heatwaves on
coastal plankton community function, which is necessary to
refine model predictions for the future of aquatic ecosystems. The
results reported in the present study were obtained during one
mesocosm experiment at one location during one season; thus,
their generalization to other areas or seasons must be done with
this awareness. Nevertheless, the present work contributes to a
broader understanding of marine heatwaves and their potential
impacts on coastal Mediterranean plankton assemblages.
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