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Increasing frequency, intensity and duration of marine heatwaves (MHWs) are supposed to affect coastal bio-
logical production in different regions to different extents. To understand how MHWs impact coastal primary
productivity and community succession of phytoplankton and assess the changes in resilience of phytoplankton
communities, we conducted a mesoscale enclosure experiment simulating a MHW in the coastal water of
southern China. After 8 days of the MHW (+3 °C) treatment, community biomass was significantly lower than
the control’s, and primary productivity per volume of water was reduced by about 56%. Nevertheless, the
phytoplankton community retrieved its biomass and primary productivity after the temperature was subse-
quently reset to that of the control. Although the MHW treatment decreased the abundance of diatom and
increased the percentages of Synechococcus and Prasinophytes, the main phytoplankton functional types showed
positive resilience that allowed the recovery of the phytoplankton community after the MHW. Our results
indicate that key phytoplankton functional types in the southern coastal waters of China exhibited significant
resilience, recovery, and temporal stability under the influence of the marine MHW by 3 °C rise. However,
reduced primary productivity during the MHW period, along with decreased biomass density, might significantly
influence secondary producers. In addition, the altered phytoplankton community structure may affect coastal
food web processes at least during the MHW period.

1. Introduction (Carvalho et al., 2021), Australian waters (Perkins-Kirkpatrick et al.,

2016), Arctic Ocean (Hu et al., 2020), even in the Chinese waters (Wu

Progressive ocean warming is concurrent with global warming due to
anthropogenic emissions of greenhouse gases (Kweku et al., 2018). One
of the notable consequences of global and ocean warming is an increased
frequency of Marine Heat waves (MHWs), which have garnered
increasing attention due to their impacts on marine ecosystems and
sea-farming industries (Frolicher et al., 2018; Laufkotter et al., 2020;
Monteiro et al., 2023). MHWSs have been defined as periods when daily
sea surface temperature (SST) exceeds the 90 % threshold of a 30-year
historical baseline for over five days (Hobday et al., 2016). The MHWSs
can cover areas spanning regions up to thousands of square kilometers
(Masson-Delmotte et al., 2021), with increased frequency, duration,
extent and intensity along with exasperating global warming (Oliver
et al., 2018, 2021). In recent decades, MHWSs have been documented in
the North Atlantic and North Pacific (Scannell et al., 2016), Northeast
Pacific (Cheung and Frolicher, 2020), the Mediterranean Sea (Garrabou
et al., 2022), the Arabian Sea (Chatterjee et al., 2022), Bering Sea

et al., 2012), including the South China Sea (Yao and Wang, 2021), the
East China Sea (Tan et al., 2023), the Yellow Sea (Li et al., 2022) and the
Bohai Sea (Yao et al., 2020).

Phytoplankton, the main primary producer, supply energy via
photosynthesis to marine ecosystems, supporting diverse marine lives
and contributing to nearly half of the global primary productivity
(Sakshaug et al., 2009; Vallina et al., 2014). However, many phyto-
plankton species are supposed to be vulnerable to MHWSs, which impact
their physiology and community stability (Gao et al., 2021; Smale et al.,
2019; Smith et al., 2023), and have been considered accountable for the
morbidity and mortality of shellfish and outbreaks of harmful algal
blooms (Roberts et al., 2019). Anomalous warming of water tempera-
tures along the west coast of North America in the spring of 2015 led to
an outbreak of the toxic diatom Pseudo-nitzschia, which secretes the
neurotoxin chondrocyanobacterial acid that was detected in many
stranded mammals and affected the coastal razor clam, rock crab, and
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Dungeness crab fisheries (McCabe et al., 2016). The MHWs that
occurred in Australia in 2015-2016 disrupted the symbiotic relationship
between corals and the microalgal symbiodinium, leading to coral
bleaching (Hughes et al., 2017). From July to August 2022, stony coral
communities in the China Grand Bay area in the northern part of the
South China Sea experienced an unprecedented bleaching event due to
an encroaching MHW (Mo et al., 2022).

The China Sea, located at the intersection of the East Asian conti-
nental shelf and the Western Pacific continental shelf, is one of the
largest shelf seas in the world, providing ecological services and useful
biological resources (Li, 1984). Because of its proximity to land and the
fact that most of the sea is less than 200 m deep, it is highly vulnerable to
human activities and climate change (Li, 1984; Wong et al., 2015). In the
East China Sea, the rate of ocean warming is significantly faster than the
global average, therefore, it is suggested that the Chinese marine eco-
systems would be more susceptible to MHWSs (Wu et al., 2012). In the
Chinese coastal waters, an extensive fishery industry relies on the sus-
tainability of primary production. Therefore, understanding how MHWSs
affect the physiology and primary production of the phytoplankton
community in these waters is of general interest. Although there have
been literatures documenting MHWs and exploring their causes
(Holbrook et al., 2019; Laufkotter et al., 2020; Sen Gupta et al., 2020),
little has been documented on their impacts on phytoplankton physi-
ology and ecology, especially in the Chinese waters. In the Mediterra-
nean Sea, MHWs significantly promoted gross primary production,
community respiration, and phytoplankton growth and altered the
phytoplankton community (Soulie et al., 2023; Soulié et al., 2022).

Since different regions have distinct traits of chemical and physical
environments with specific conditions that govern the biogeochemical
and ecological processes, MHWs in different waters may give rise to
impacts of different extents or directions in different waters. This study
conducted a land-based mesoscale enclosure experiment off the coast of
southern China. The objective of this work was to investigate how the
MHW affects the primary productivity, community composition, and
physiological changes of phytoplankton assemblages in this region and
to provide a regional examination of primary production in the context
of global ocean climate changes. The data obtained from the experi-
ments were used to quantify the resistance, recovery, resilience and
temporal stability of the phytoplankton functional types. We found that
MHW up to +3 °C for 8 days reduced the primary productivity, but the
phytoplankton assemblages exhibited a notable resilience in terms of
their physiological performance and community stability.

2. Materials and methods
2.1. Mesocosm Setup

In order to investigate the impact of marine heatwaves (MHWSs) on
coastal phytoplankton communities, mesoscale enclosure experiments
were conducted from March 3 to 20, 2023, at the Dongshan Swire Ma-
rine Station (D-SMART) of Xiamen University. The culture systems were
water-jacketed cylinders made of polymethyl methacrylate with an
inner barrel capacity of approximately 30 L (Supplementary Fig. 1). The
culture temperature of the inner part is controlled by circulated water
through the jacketed surrounding layer. Before the experiment, the
water collection equipment and the inner barrel of the cylinders were
soaked with 0.1N hydrochloric acid for more than 12 h and then washed
with tap water and ultra-pure water.

The experiment was carried out with two groups, namely the control
and the MHW group, and each group had three repetitive culture sys-
tems (Supplementary Fig. 1). At the beginning of the experiment, nat-
ural seawater collected from the D-SMART nearshore was filtered
through a 200 pm sieve silk (removing large zooplankton) into a 100 L
white bucket, from which the seawater was simultaneously run into the
six culture systems. Ambient air was bubbled into the culture system at a
flow rate of 500 ml min~!. From days 1-9 of the experiment, the
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temperature of the control group was maintained at about 20 °C (similar
to that in situ), while the temperature of the MHW group was controlled
at about 23 °C. From days 9-17, the temperature of the MHW group was
reduced and remained consistent with that of the control group.

2.2. Determination of environmental parameters

The solar radiation data was obtained with real-time monitoring
equipment (EKO, Japan) installed on the D-SMART roof, which instantly
monitors and records averages per minute of the intensity of solar ra-
diation. The temperature was measured manually with a digital ther-
mometer (PAMPAS, China) at 12:30 daily, repeated three times for each
culture system, and averaged. The pH values of the culture systems were
measured in the afternoon by a pH meter (Orion Star A211, Thermo
Scientific), which was calibrated with a NIST-traceable pH buffer. The
total alkalinity (TA) was determined by acid-base titration (Lewis and
Wallace, 1998), and calculated according to the equations in the sup-
plementary information.

2.3. Determination of macronutrients

The seawater samples for nutrient determination were filtered
through a cellulose acetate filter membrane with a pore size of 0.45 pm.
Subsequently, 15 ml of the filtrate was aliquoted into a 50 ml high-
density polyethylene bottle and promptly frozen at —20 °C for later
determination of NO5, NO3, and PO3 . An additional 15 ml and 25 ml of
the filtrate were collected, and chloroform was introduced to achieve a
final concentration of 1%, then stored at 4 °C and —20 °C, respectively,
for subsequent measurements of the Si03~ and NHJ concentrations. The
concentrations of NOz, NO3, PO3™ and Si0%~ were measured using an
auto-analyzer (AA3, Seal, Germany) at room temperature. The concen-
tration of NH4 was detected spectrophotometrically using indophenol
blue at 25 °C.

2.4. Chlorophyll a and carotenoid measurement

The collected culture seawater of 200 ml was filtered onto the 25-
mm-diameter Whatman GF/F filters by a low-pressure vacuum pump
(<0.02 Mpa). Then, the filters were placed into a 15 ml centrifuge tube
in darkness at 4 °C for 12 h after 5 ml of pure methanol was added. The
extract was centrifuged at 8000 rpm at 4 °C for 15 min. Finally, a UV
spectrophotometer (UV-1800, Japan) was used to measure the absor-
bance values of the supernatant at wavelengths of 750, 665, 652, 510,
and 480, and the concentrations of chlorophyll a (Chl a) and carotenoid
were calculated. (Ritchie, 2006).

2.5. Phytoplankton community structure

High-performance liquid chromatography is used to analyze changes
in phytoplankton community structure by determining the concentra-
tions of representative pigments (Wang et al., 2015). In brief, 200 ml
culture seawater was filtered onto the filter membrane (25 mm, What-
man GF/F, USA), then immediately frozen in liquid nitrogen and
transferred to a —80 °C ultra-low temperature refrigerator. Before the
determination, the filter was placed in a 2 ml brown centrifuge tube, 1
ml of N, N-dimethylformamide was added and was placed under —20 °C
for 1 h to extract the pigments, during which the mixture was shaken
every 20 min. It was then filtered through a 0.22 pm syringe filter to
remove debris from the extract solution and mixed with ammonium
acetate in a ratio of 1:1 by volume. The mixed solution of 400 pl was
injected into high-performance liquid chromatography (Shimadzu,
Japan) equipped with a 3.5 pm Eclipse XDB C8 column (4.6 x 100 mm,
Agilent Technologies), and a binary gradient solvent system was used.
Pigments were discerned through chromatography employing genuine
standards from DHI, Denmark, and diode-array spectroscopy covering a
wavelength range of 300-800 nm. The relative contributions of nine
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phytoplankton groups to the total Chl a were assessed by employing the
CHEMTAX program, which utilized 13 selected abbreviated pigments
for calculation (Xiao et al., 2018).

2.6. Measurements of primary productivity

NaH'*CO; was spiked in the sampled water to estimate the primary
productivity of the phytoplankton assemblages in the cultures. Before
sunrise, about 50 ml of seawater from each culture system was sampled
into a 50 ml quartz tube, and then 5 pCi NaH'*CO3 was added before
tightening the tube cap to block gas exchange. The quartz tubes were
fixed in a constant temperature water tank at 20 °C or 23 °C and exposed
to the full spectrum of solar radiation (in the presence of UV irradiances
as in the surface seawater). After sunset, the water sample was filtered
with a glass cellulose membrane (25 mm, Whatman GF/F, USA) in a
low-light environment to collect the '*C-labeled photosynthetic cells
and then immediately stored at —20 °C until measurement. Prior to the
measurements, the GF/F membranes were unfolded and placed at the
bottom of liquid scintillation vials (20 ml), then fumigated with the
concentration of 12 N hydrochloric acid for 12 h and were subsequently
dried at 60 °C to remove unfixed inorganic '*C. Subsequently, 5 ml of
scintillation solution (Hisafe 3, PerkinElmer, USA) was added to the
liquid scintillation vials to react for 2 h and then measured. Sample
counts per minute (CPM) were determined using a Liquid Scintillation
Counter (LS 6500, Beckman Coulter, USA). The rates of photosynthetic
carbon fixation were calculated as previously described (Gao et al.,
2007).

2.7. Determination of chlorophyll fluorescence parameters

In this experiment, chlorophyll fluorescence parameters of the
phytoplankton community in the mesocosms were determined on days 9
(end of the MHW treatment) and 17. Photosystem II (PSII) effective
photochemical efficiency (Yield) and non-photochemical quenching
(NPQ) were measured by the In-Situ FIRe (In-Situ Fluorescence Induc-
tion and Relaxation system, Satlantic, NS Canada). The saturation pulse
was set to 5 x 10% pmol photons m~2 s~ (80 pis). NPQ was calculated as
NPQ = Fm/Fm’ —1 (Genty et al., 1989), where Fm is the maximum
fluorescence measured before sunrise (6:00), and the apparent maximal
fluorescence, Fm’, was measured at 10:30, 12:30, 15:00, and 18:30.

2.8. Resistance, resilience, recovery, and temporal stability estimates

The data obtained from the experiments were used to quantify

Table 1

| Stability parameters estimated and the experimental periods that they are
calculated for, as well as their interpretation. The definition of stability pa-
rameters was referred to (Hillebrand et al., 2018; Soulié et al., 2022).

Period Estimation

a - In (XMW
Xc

Resilience (b) D9-17 Xmuw "
In = b*

Parameter Interpretation

Resistance (a) D9 a = 0, maximum resistance

a >0, over-performance

a <0, underperformance

b = 0, no recovery

b > 0, faster recovery (if i < 0)
t+1i b < 0, further deviation from

control (if i < 0)

Recovery (c) D17 c 1 (XMHW) ¢ = 0, maximum recovery
Xc ¢ > 0, overcompensation
¢ < 0, incomplete recovery
Temporal D9-17 1 The larger the d value the lower

d=

stability (d) (sd(resp)) fluctuation

Xc and Xuw represent the investigated data for quantifying the functional sta-
bility and compositional stability in the control and heatwave groups, respec-
tively. The intercept i indicates the direction of the response to the heatwaves (i
> 0, the parameter was higher in the HW treatment than in the control; i < 0, the
parameter was lower).
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resistance, resilience, recovery and temporal stability of the phyto-
plankton community (Table 1 and Supplementary Table 1) based on
function stability (biomass production and daytime primary productiv-
ity) and compositional stability (key phytoplankton functional groups).
These parameters were estimated according to the definitions by
(Hillebrand et al., 2018). In brief, the log response ratios (LRR) of the
MHW group relative to that of the control group were assessed for each
day. Resistance (a) was expressed as the ability to withstand the
disturbance based on the changes of LRR. Resilience (b) was the slope of
the linear function fitted to the LRR values from D9 to D17 (the period
after MHW), reflecting the tempo of recovery following the MHW
treatment. Recovery (c) was estimated as the LRR on the experiment’s
last day (D17) to assess the degree of function or compositional resto-
ration at the end of the experiment. The temporal stability (d) was
determined by taking the inverse of the standard deviation of the re-
siduals around resilience (Hillebrand et al., 2018). All data for the same
variable (e.g., Chl a, carotenoid, etc.), as well as three single sets of data,
were fitted to a composite linear relationship and three independent
linear relationships, respectively, resulting in one composite slop (b)
value and three independent slop values, and then the residuals of these
three independent estimates and the corresponding composite value
were computed separately. The estimation formulae using the relevant
data from D9-D17 and the corresponding interpretations are given in
Table 1, and the linear fitting of the LRR for D9-D17 was achieved by
using Origin 2021 software.

3. Data analysis

Each group in the experiment had three independent biological
replicates, so all data were presented as mean + standard deviation (n =
3). For each day’s data on pigment and chlorophyll fluorescence pa-
rameters, a one-way analysis of variance was used to test whether there
was a significant difference between the two groups (Control and MHW)
on that day (p < 0.05). For photosynthetic carbon fixation data, after
testing for significant differences between treatments, the least squared
difference (LSD) was used to compare differences between the groups (p
< 0.05).

4. Results
4.1. Changes in physical and chemical parameters

The weather was clear and sunny on most days during the experi-
mental period (March 3 to 20, 2023). The solar photosynthetically active
radiation (PAR) fluctuated, with daytime averages ranged 674-980
pmol photons m~2 s~! from day 1 to day 14. On the 15th day, it was
rainy, and the average PAR dropped to the lowest value of 251 pmol
photons m~2 s~!. Over the final three days, commencing from the 15th
day of the experiment, the average PAR demonstrated a consistent up-
ward trajectory and reached 573 pmol photons m 2 s~! on the last day
(Fig. 1A). The temperature within the culture system was relatively
stable throughout the experimental period. In the control group, it
fluctuated between 18.8 and 21.2 °C during the first 9 days, while in the
MHW group, it varied within the range of 22.1 — 23.7 °C. Since day 9, the
temperature for both groups fluctuated between 19.8 and 21.4 °C
(Fig. 1B).

Throughout the experiment, pH and DIC changed dramatically in
both the control and MHW groups, but with similar trends between the
two groups (Fig. 1C and D). The pH on day 5 was significantly different
between the two groups (7.99 + 0.01 in the control group and 8.35 +
0.01 in the MHW group) due to the blooming of phytoplankton. The
levels of pH and DIC at all other times did not differ significantly. The pH
values of the control and MHW groups increased from 8.06 + 0.01 and
8.03 £ 0.01 to a maximum of 8.43 £+ 0.01 and 8.49 + 0.02 till day 7,
respectively. It gradually decreased from day 7 to day 17 to about 8.12
in both groups (Fig. 1C). The DIC concentration showed the opposite
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Fig. 1. | Changes of (A) solar photosynthetically active radiation (PAR), (B)
water temperature, (C) pHrotal and (D) DIC during the mesocosm experiment.
The shaded parts indicate the duration of the heatwave treatment. Data are
means + SD of three replicates for the control (open square) and heatwave
groups (solid circle).

changes to that of pH, decreasing and then increasing. The concentration
of DIC in control and MHW groups changed from the initial value of
2063.83 + 16.03 pmol kg ™! to 2089.71 + 2.10 pmol kg ! and 1924.48
+ 8.14 pmol kg ! on day 5, and then to the lowest levels of 1182.92
11.91 pmol kg ! and 1160.44 + 23.36 pmol kg ! on day 7, respectively.
It increased from day 7 to day 17 to 1448.25 + 22.22 pmol kg~! and
1417.26 + 13.16 pmol kg™!, respectively, for the control and MHW
groups (Fig. 1D).

The initial concentrations of NO3, PO3~, Si(OH)4, and NHi were
16.56 + 2.07 pmol L%, 0.94 + 0.12 pmol L™}, 28.63 + 0.10 pmol L7},
and 0.64 + 0.14 pmol L™}, respectively. The concentrations of NO3,
PO3", and Si(OH)4 in the control group remained relatively stable for
the first 3 days, followed by a steep decline to a depleted state from day 3
to day 9 until the end of the experiment. In the MHW group, these
concentrations mirrored that of the control group during the first 9 days,
with levels being lower than that of the control group (Fig. 2). The
concentration of PO3~ became depleted since day 5 and day 9 in MHW
and control group respectively (Fig. 2B). However, the concentration of
NOj3 in the MHW group (9.431 + 1.54 pmol L™1) increased by about 11-
fold compared to the control (0.84 + 0.90 ymol L™!) on the 11th day,
then slowly decreased to a state of depletion at the end of the experiment
(Fig. 2A). The Si(OH)4 also increased on the 11th day and maintained a
concentration between 27.42 + 3.58 pmol L ™! to 32.57 + 3.77 pmol L™}
during the 11th to 17th day (Fig. 2C). The concentration of NHJ in the
two groups showed a fluctuating trend with no obvious changes, with
that of the MHW group higher than that of the control group (Fig. 2D).

4.2. Changes in chlorophyll a and carotenoid concentrations

The concentrations of chlorophyll a (Chl a) and carotenoid (Fig. 3)
increased rapidly and then declined, with the peaks being higher and
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Fig. 2. | Temporal changes of the nutrient concentrations in the control (open
square) and heatwave groups (solid circle) during the mesocosm experiment.
(A) NO3, (B) PO3 ", (C) Si(OH), and (D) NH. The shaded part is the duration of
the heatwave treatment. Data are means + SD of three replicates.
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Fig. 3. | Temporal changes of chlorophyll a and carotenoids in control (open
square) and heatwave groups (solid circle) during the mesocosm experiment.
(A) Chlorophyll a, (B) carotenoids. The shaded part is the duration of the
heatwave treatment. Data are means + SD of three replicates. The symbols *
and ** denote significant differences at the same time point between the control
and HW groups at p < 0.05 and p < 0.01, respectively (one-way ANOVA).

appearing earlier by 2 days in the MHW treatments. In the control group,
the Chl a concentration rapidly increased from 0.71 + 0.10 pg L™ on
day 1 to 10.52 + 0.79 ug L™! on day 7 at the apex, then dropped to 3.79
4+ 0.27 pg L1 on day 9 and stabilized between 2.98 + 0.92 pg L™} to
3.61 + 1.21 pg L' on days 11-17 (Fig. 3A). The concentration of
carotenoid exhibited a rapid surge from 0.84 + 0.03 pg L' on day 1 to
8.81 + 0.68 g L ! on day 7, reaching its peak. Subsequently, it declined
to 4.88 + 0.36 ug L ! on day 9 and remained relatively stable to day 17
(Fig. 3B). In the MHW group, the Chl a concentration was 0.56 + 0.07 pg
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L~! at the beginning, increased by about 24.5 fold (13.73 + 0.31 pgL™})
to reach its peak on day 5, then rapidly decreased t02.39 + 0.29 pg L™}
on day 9. From day 9 to day 13, it gradually increased to 4.51 + 0.23 pg
L~! and remained within the range of 4.29 + 0.36 pg L™ to 4.62 + 0.26
pg L1 until the end of the experiment and were 1.25-1.51 fold of that of
the control group on day13 - day17 (Fig. 3A). Carotenoid concentration
in the MHW groups showed a similar pattern but increased by 1.4-1.5
fold at day 13-17 after the temperature was reset to the control level
(Fig. 3B).

4.3. Primary productivity

The initial day-time primary productivity of the phytoplankton as-
semblages was 12.04 + 3.50 pg C L. During the meso-incubations, it
increased with time to 142.69 + 18.77 pg C L™! at day 9 and then
declined to 129.75 + 11.59 pg C L ™! at day 17 in the control. The MHW
treatment led to decreased primary productivity by about 56% at day 9
(end of the MHW treatment) and increased by about 40% at day 17 after
the temperature had been reset to that of the control for a week,
compared to that of the control (Fig. 4A). The chlorophyll a-based
photosynthetic C fixation also increased from the initial 18.15 + 3.33 pg
C (pg Chl @)~ ! to 37.72 + 5.05 pg C (pg Chl o) ! at day 9, and then
increased to 38.97 + 10.13 pg C (pg Chl a) ™! at day 17. The MHW
treatment also first reduced and then increased the rate but then led to
insignificant changes compared to that of the control (Fig. 4B).
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Fig. 4. | Changes in day-time primary productivity in the control and heatwave
groups on days 1, day 9 (end of HW treatment) and day 17 (end of the
experiment). (A) Day-time primary productivity per volume of water, (B) day-
time photosynthetic carbon fixation per chlorophyll a. The white columns
indicate the control group, the gray columns indicate the heatwave treatment
periods (D1 and D9, without slashes) and the post-MHW (D17, with slashes).
Having different letters above the columns indicates significant differences, and
having the same letters indicates no significant difference. (p < 0.05, one-way
ANOVA). Data are means + SD of three replicates.
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4.4. Chlorophyll fluorescence parameters

The photochemical parameter, the effective quantum yield, showed
a typical diurnal pattern opposite to that of solar radiation, showing the
minimum at midday and the maximal values during twilight periods
(Fig. 5A and B). The yield values of day 9 were similar in the control and
MHW groups (Fig. 5A). However, the yield of the MHW groups at day 17
was 1.60, 1.29 and 1.28 times that of the control group at 10:30, 12:30
and 15:30, respectively (Fig. 5B, p < 0.05). The non-photochemical
quenching (NPQ, an indicator for high light stress) was higher in the
control group than in the MHW group throughout the day at day 9. In
contrast, at day 17 (Fig. 5C and D), the MHW treatment decreased NPQ
by 20%, but the post-MHW effect gave rise to an increase of NPQ by
21%, compared to that of the control at 12:30 (Fig. 5D, p < 0.05).

4.5. Phytoplankton community composition and succession

The phytoplankton in the coastal waters consisted of five principal
groups, with diatoms accounting for about 50% of the total, crypto-
phytes for about 20%, prasinophytes for about 14%, and chlorophytes
and Synechococcus for about 8% each (Fig. 6A). The phytoplankton
composition changed drastically after 9 days of incubation, with 80%,
6%, 5%, 4%, and 6% of the above five phytoplankton taxa in the control
group. In the MHW group, however, the proportions were correspond-
ingly 70%, 4%, 7%, 6% and 12% (Fig. 6B). At the end of the experiment
(day 17), the percentages of the five phytoplankton taxa were 78%, 3%,
5%, 4%, and 9% in the control, and 70%, 3%, 10%, 5%, and 11% in the
MHW group (Fig. 6C). While the diatom percentage increased either in
the control or the MHW treatment during the incubations, the prior
MHW treatment appeared to have reduced its abundance after the
temperature had been reset to that of the control for a week.

Graphing the changes in total chlorophyll a (TChl a) and the five
main phytoplankton groups over incubation time allows for more visual
analysis of changes in the composition of the phytoplankton community
(Supplementary Fig. 2). The total Chl a concentration trend in the cul-
ture system determined and analyzed by HPLC with incubation time was
the same as that analyzed by Chl a determination by UV spectropho-
tometry using pure methanol extraction (Fig. 3a and Supplementary
Fig. 2A). The abundance of the above five phytoplankton groups
increased and then decreased with time. In the MHW group, the biomass
of all five phytoplankton groups reached the highest value at day 5 and
was higher than that of the control group. In the control group, Cryp-
tophytes, Prasinophytes, and Chlorophytes also reached the highest
value at day 5, while diatom and Synechococcus reached the highest
value at day 7. Overall, there was an inflection point from day 5 to day 7,
with the biomass in the MHW groups being higher than that of the
control. At the end of the incubation at day 17, diatom biomass was
slightly higher in the control than in the MHW group, while that of
Synechococcus, Chlorophytes, and Prasinophytes biomass in the MHW
group exceeded that of the control, and the percentage of Cryptophytes
was more or less equal between the two groups.

4.6. Functional stability

The functional stability parameters evaluated (Table 1, Supplemen-
tary Table 1) indicate that primary productivity and the main phyto-
plankton functional types were significantly resilient to the impact of the
MHW treatment. The estimated resistance value of Chl a was —0.46
(<0), indicating that initial heatwave disturbance negatively affects the
biomass in the mesocosms. The resilience and recovery of DPP (day-time
primary productivity) and Chl a were 0.06 and 0.09, 0.09 and 0.23,
respectively, indicating relatively rapid and positive recovery after the
heatwave treatment. During the recovery phase (post-MHW), the
changes in DPP and Chl a fluctuated less, and the overall trend was
stable (Temporal stability values are 95.25 and 95.27). For composi-
tional stability, all five phytoplankton functional types (PFTs) showed
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Fig. 5. | Diurnal changes in PSII quantum yield (Yield) and the non-photochemical quenching (NPQ) of phytoplankton assemblages grown under control (open
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point (one-way ANOVA).

notable resistance (Resistance <0), with Cryptophytes being the
maximum deviation from baseline (—1.40) and relatively least resis-
tance and Synechococcus being the closest to baseline (—0.26) and
relatively more resistant. During the recovery period (days 9-17), all
five PFTs recovered faster (>0), with Cryptophyta having the fastest
recovery with the largest recovery value (0.21) and Synechococcus
having the slowest recovery value (0.07). While the diatoms had a
negative value (—0.10), the recovery of the other four PFTs was all
greater than 0. The largest value was found for Prasinophytes (0.68),
and the estimated values for Chlorophytes, Cryptophytes and Synecho-
coccus were 0.22, 0.20 and 0.26, respectively. Based on the in-
terpretations (Table 1), the five PFTs were ranked in the following order
in terms of stability during the recovery: Synechococcus (97.59) > Di-
atoms (89.03) > Chlorophytes (85.81) > Prasinophytes (24.85) >
Cryptophytes(16.38).

5. Discussion

The thermal stress associated with the marine heatwave, as shown in
the present study, reduced the primary productivity in the coastal water
of the southern China. However, the main functional phytoplankton
types showed resilience during the post-MHW recovery. This finding
contrasted with the reported enhancement of primary productivity by
MHW in the Mediterranean Sea (Soulie et al., 2023; Soulié et al., 2022).
Such difference between the two regions might be due to different
availability of nutrients and phytoplankton community structure
(Huertas et al.,, 2011). It appears that MHW had positive under
nutrient-rich but negative effects under nutrient-depleted conditions on
phytoplankton (Hayashida et al., 2020; Sen Gupta et al., 2020).

The effects of MHWSs can be assessed in two phases: thermal stress
during the MHW and recovery following the thermal restoration to
ambient temperature. The results of the warming phase with reduced
primary productivity in this work were consistent with that of a land-
based mesocosm experiment conducted at the Esplanad field station in
Norway for about 3 weeks (Lassen et al., 2010). Another study showed

that increasing temperature and light intensity both advanced the
timing of bloom, but temperature had a greater effect on the phyto-
plankton community than light (Lewandowska and Sommer, 2010). In
the present work, the MHW advanced the phytoplankton blooming by 2
days (Fig. 3). This is reasonable since subtropical marine photosynthesis
increases with temperature rise from 15 to 24 °C (Gao et al., 2012;
Mackey et al., 2013; Thomas et al., 2012). Nevertheless, extreme MHW
can lead to species extinction and ecosystem collapse that may be
difficult to recover (Garrabou et al., 2022; Suryan et al., 2021). The
results that the mild MHW reduced primary productivity in the present
study could be attributed to the initial blooming of the phytoplankton
community triggered by the warming in April, which was also observed
in other regions (Cahill et al., 2024).

Following the phytoplankton blooming, nutrient depletion and heat
stress from day 5-9 (Figs. 1A and 2) led to a reduction in photosynthetic
activity (Fig. 5), which was accompanied by decreased levels of carot-
enoids (Fig. 3B), indicating a diminished capacity for photoprotection
under high solar radiation (Hayashida et al., 2020; Takaichi, 2011).
Increased phytoplankton biomass led to the depletion of nutrients,
which is responsible for the significant decrease in phytoplankton
biomass and primary productivity in the later stages of the MHW (Figs. 3
and 4), which was also reported in other studies (Lewis et al., 2019;
Malone et al., 1996). The assimilation number (C fixed per Chl a per
time) appeared to remain unaffected by the MHW, even during the re-
covery phase (Fig. 4B). Therefore, the reduction in primary productivity
(per volume of water) caused by the MHW should be attributed to
decreased photosynthetic performance, specifically in terms of light use
efficiency and high light tolerance. The increased NPQ during the
post-MHW recovery period (Fig. 5D) indicates that the phytoplankton
functional groups had gained the capacity to cope with high light stress
(Lewis et al., 2019; Li et al., 2021; Qiao et al., 2021), which is positively
correlated with the recovered primary productivity (Fig. 4B)(Lavaud
et al., 2004).

In situ observations have shown that marine heatwaves alter the
composition of phytoplankton communities (Arteaga and Rousseaux,
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Fig. 6. | Taxonomic composition of phytoplankton assemblages of the coastal
water (DO) and the waters in the control and heatwave groups at day 9 (end of
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Day 9, and (C) Day 17. Data are means + SD of three replicates.

2023; Lewandowska and Sommer, 2010; Zhan et al., 2023). In this
study, the MHW treatment inhibited the shift of the phytoplankton
community to diatoms and slightly increased the percentage of Prasin-
phytes and Synechococcus (Fig. 6). A similar phenomenon was observed
during the 2013 heatwave event in South Australia, where diatoms were
the first to erupt and diminish, then transformed into other smaller
planktonic species later (Roberts et al., 2019). Such phenomenon can be
attributed to 1) the diatoms being less able to cope with the thermal
stress and 2) the removal of nutrients aggravating the impact of MHW
(Gao et al., 2000; Wang et al., 2006). It has been shown that the enzyme
activity of nitrate reductase was reduced under elevated water tem-
perature, leading to a decrease in the ability of large diatoms to utilize
nitrate and subsequent inhibition of growth (Lomas and Glibert, 1999a,
1999b). On the other hand, smaller phytoplankton cells are considered
to possess higher nutrient uptake and utilization efficiencies of nutri-
ents, therefore, they are more likely to dominate the phytoplankton
assemblages during the MHW period and post-MHW recovery period
(Glibert et al., 2016).

The declined concentration of the macronutrients during the MHW
period (Fig. 2A and D and Supplementary Fig. 2) appeared to have
altered the proportions of the phytoplankton groups toward smaller
ones (Fig. 6). The concentrations of NO3 and Si(OH)4 increased during
the recovery period (Fig. 2A and C). The MHW treatment could have led
to faster dying off and enhanced remineralization (Supplementary
Fig. 2), since higher seawater temperature facilitates the remineraliza-
tion process of the dead cells, releasing large amounts of nutrients
(Yamada and D’Elia, 1984) enhanced remineralization (Garber, 1984)
and leading to the higher levels of nutrients (Fig. 2), therefore, resupply
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of nutrients should be responsible for the recovery of primary produc-
tivity (Fig. 4). It is most likely that the decrease in diatom proportion
during and after the MHW treatment (D9-D11) might be due to the
combined impacts of thermal stress and depletion of nutrients. However,
the surges of NH} during and after the MHW in comparison to that of the
control were unexpected. It might be related to ammonification driven
by heterotrophic bacteria.

MHWs are suggested to alter phytoplankton communities to different
extents in different waters (Feng et al., 2021; Wei et al., 2022a). For
example, the Mediterranean heatwave in late spring/early summer in
2019 enhanced the abundance of diatoms, prymnesiophytes, and cya-
nobacteria but suppressed that of dinoflagellates (Soulié et al., 2022). In
contrast, two consecutive heatwaves in the spring of 2022 in the Med-
iterranean Sea led to a shift in the phytoplankton community from
diatom to cyanobacteria and chlorophytes (Soulie et al., 2023). Such
differential impacts of MHW could be due to seasonal changes in
chemical and physical environments. In the present study, the observed
changes in phytoplankton community composition (Fig. 6) imply that
marine food webs or microbial webs could be affected by MHW, since
phytoplankton community changes are suggested to impact ecological
and biogeochemical processes (Koch et al., 2014; Litchman et al., 2015).
In this study, a decrease in the proportion of diatoms along with a
reduced amount of biogenic silicon (Irion et al., 2021) may lead to a
weakening of the ‘bio-pump’ effect and a reduction in the efficiency of
carbon sequestration (Bopp et al., 2005; Tréguer et al., 2018).

After MHWSs, some species may re-establish populations, thus
contributing to biodiversity recovery (Ziegler et al., 2023). However,
this depends on the resistance and resilience of phytoplankton pop-
ulations and their interactions with abiotic and biotic conditions
(Hillebrand et al., 2018). The observed resilience and recovery and
notable temporal stability of the phytoplankton community in this study
(Table 2) are inconsistent with the results from the mesoscale enclosure
experiment that heatwave treatment lowered the resilience of some key
functions in the Mediterranean Sea (Soulié et al., 2022). This is likely to
be caused by the differences in multiple drivers, including nutrients, pH,
COa, light, and other regional environmental traits, with nutrient con-
centration, local seawater temperature, and light intensity being
particularly important (Soulie et al., 2023; Wei et al., 2022b).

6. Conclusion

In conclusion, the simulated marine heat waves in the spring season
significantly reduced the biomass and primary productivity of phyto-
plankton communities in the coastal water of southern China. Never-
theless, the phytoplankton community and primary production could
resume during the post-MHW period, showing notable resilience and
tolerance related to primary productivity, phytoplankton functional

Table 2
| Average resistance, resilience, recovery, and temporal stability in terms of the
daytime primary production (DPP) and phytoplankton functional types (PFTs).

Average Resilience Recover Temporal
resistance (a) (b) () stability (d)

Function

DPP - 0.06 0.09 95.25
Chla —0.46 0.09 0.23 95.27
PFTs

Diatoms -1.09 0.13 —-0.10 89.03
Chlorophytes —0.50 0.09 0.22 85.81
Cryptophytes —1.40 0.21 0.20 16.38
Synechococcus —0.26 0.07 0.26 97.59
Prasinophytes —0.51 0.15 0.68 24.85

All parameters in the table are calculated and evaluated according to the for-
mulas in Table 1. In this experiment, function stability mainly included two
aspects: daytime primary production (DPP) and Chl a (biomass), while compo-
sitional stability consisted of five aspects: Diatoms, Chlorophytes, Cryptophytes,
Synechococcus, and Prasinophytes.
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groups and photophysiology. Nevertheless, the reduced primary pro-
ductivity by the MHW may lead to profound impacts on ecological
processes and carbon cycles. Considering the impacts of multiple drivers
(Boyd et al., 2018), the results of our work are limited to be extrapolated
to understand the combined effects of MHW, ocean warming and acid-
ification, which has been shown to alter phytoplankton community
structure for both coastal and pelagic waters (Huang et al., 2021; Wei
et al.,, 2021). Future simulated MHW experiments are expected to
include changed levels of nutrients, pH, and solar UV radiation, and
comparisons to field observations during and after in situ MHWs may
further advance our understanding of MHW impacts in different regions
and different seasons.
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