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Abstract To investigate the responses of a natural
microbial plankton community of coastal Mediter-
ranean waters to warming, which are still poorly
known, an in situ mesocosm experiment was carried
out in Thau Lagoon during autumn 2018. Several
microorganisms, including virio-, bacterio-, and phy-
toplankton < 10 pum in size, were monitored daily and
analysed using flow cytometry for 19 consecutive days
in six mesocosms. Three mesocosms (control) had the
same natural water temperature as the lagoon, and the
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other three were warmed by + 3 °C in relation to the
control temperature. The cytometric analyses revealed
an unexpected community dominated by picophyto-
planktonic cells, including Prochlorococcus-like and
Picochlorum-like cells, which had not previously been
found in Thau Lagoon. The experimental warming
treatment increased the abundances of nanophyto-
plankton, cyanobacteria, bacteria and viruses during
the experiment and triggered earlier blooms of
cyanobacteria and picoeukaryotes. Only the abun-
dance of Picochlorum-like cells was significantly
reduced under warmer conditions. The growth and
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grazing rates of phytoplankton and bacterioplankton
estimated on days 2 and 8 showed that warming
enhanced the growth rates of most phytoplankton
groups, while it reduced those of bacteria. Surpris-
ingly, warming decreased grazing on phytoplankton
and bacteria at the beginning of the experiment, while
during the middle of the experiment it decreased the
grazing on prokaryote only but increased it for
eukaryotes. These results reveal that warming affected
the Thau Lagoon plankton community from viruses to
nanophytoplankton in fall, inducing changes in both
dynamics and metabolic rates.

Keywords Pico- and nanophytoplankton -
Bacterioplankton - Virus - Warming - In situ
mesocosm - Thau lagoon

Introduction

Small phytoplankton, such as picophytoplankton and
nanophytoplankton, and nonphotosynthetic prokary-
otes, such as heterotrophic bacteria and archaea
(hereafter referred to as bacteria only), are key
components of microbial food webs (Pomeroy 1974;
Azam et al. 1983; Mostajir et al. 2015a). They play an
important role in the production of biomass, which is
transferred by microzooplankton to higher trophic
levels through the marine food web. Planktonic
microorganisms are known to rapidly respond to
environmental change (Hays et al. 2005). Notably, the
warming of surface waters in relation to global
changes is expected to affect marine microorganisms
(Hays et al. 2005; IPCC 2014).

For instance, an experimental increase in water
temperature was reported to affect the relative abun-
dance of phytoplankton, favouring small phytoplank-
ton cells in the community, such as pico- and
nanophytoplankton (Pulina et al. 2016). Additionally,
using in situ mesocosms, Vidussi et al. (2011) reported
a significant decrease in bacterial abundance, noting
that trophic cascades led to this change. Changes in
planktonic microorganism abundance are mainly
shaped by individual growth and mortality rates
(Calbet and Landry 2004). In general, predation by
grazers is the main contributor to the plankton
mortality rate (Calbet and Landry 2004); thus, grazing
activity is a driver of plankton dynamics. This is
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particularly relevant during blooms, as strong phyto-
plankton growth is considered to be the main driver of
bloom initiation, while intense grazing is responsible
for ending the bloom (Trombetta et al. 2019). How-
ever, viruses are also considered to affect the plankton
mortality rate because they infect and lyse both
bacteria and small phytoplankton (Fuhrman 1999),
thus partially regulating their populations. Both
growth and grazing rates are dependent on the
temperature (Brown et al. 2004) and are thus sensitive
to thermal variation. Therefore, these two rates are of
prime interest when investigating the effects of
experimental warming on microbial communities
and organisms.

Studies have reported that even a slight elevation of
the water temperature could enhance metabolic rates,
such as phytoplankton and bacterial growth (Eppley
1972; Rivkin et al. 1996; Savage et al. 2004;
Lewandowska et al. 2014). Similarly, other studies
reported a positive effect of warming on the abun-
dances of their corresponding grazers such as herbiv-
orous and bacterivorous protists (Aberle et al. 2007,
Rose and Caron 2007; Rose et al. 2009), thus
potentially increasing grazing pressure. However, in
a natural environment, the plankton growth rate is also
affected by factors other than just temperature,
including physical, chemical or biological forcings
(i.e. light, nutrients, biological interactions). There-
fore, increasing temperature does not systematically
result in higher growth rates and then abundances,
especially considering that warming can also affect
these other forcings. Similarly, the stimulation of
grazer activity under warming can also result in
complex interactions, such as trophic cascades
(Vidussi et al. 2011), leading to nonintuitive changes
in grazing and mortality rates (Lewandowska et al.
2014). Thus, it is essential to study the responses of
natural plankton communities to warming from very
sensitive regions such as the Mediterranean Sea
(Giorgi 2006; Lejeusne et al. 2010) or coastal waters
(Rabalais et al. 2009). In this context, as studies of
experimental warming are scarcer during fall, the
autumnal in situ plankton community of the coastal
Mediterranean Thau Lagoon was investigated. Thau
Lagoon is connected by channels to the Mediterranean
sea, and has a salinity varying from 29.6 to 40.8
(Derolez et al. 2020b). This lagoon is rather shallow,
with a mean depth of 4 m, and therefore is experienc-
ing a great range of temperature variations through the
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year (Trombetta et al. 2019). Phytoplankton of Thau
Lagoon is numerically dominated by a picophyto-
plankton community usually represented by prasino-
phytes (Bec et al. 2005). Cyanobacteria are generally
observed in lesser abundances and only represented by
the Synechococcus genus (Bec et al. 2005). The
nanophytoplankton, which can dominate the phyto-
plankton community in term of biomass (Trombetta
et al. 2019), is characterised by cryptophytes, chrys-
ophytes and prymnesiophytes (Bec et al. 2011;
Trombetta et al. 2019). Microphytoplankton are
mainly represented by diatoms and dinoflagellates
are generally less abundant, excepted during excep-
tional blooms (Derolez et al. 2020b). Thus, the
phytoplankton community of Thau Lagoon is gener-
ally dominated by small phytoplankton (Trombetta
et al. 2020). Bacteria are also highly abundant in the
lagoon, their abundances ranging from 2.0 to
10.0 x 10° cells cm? (Vidussi et al. 2011; Mostajir
etal. 2015b). The grazers of these small phytoplankton
and bacterial communities are mainly the hetero-
trophic flagellates and ciliates, as well as larger
zooplankton such as rotifers, nauplii, and copepods
(Lam-Hoai et al. 1997; Pecqueur et al. 2011).

To unravel how Thau Lagoon plankton community
responds to warming, an in situ mesocosm study was
conducted in this lagoon during the fall season. For
this purpose, the water temperature of triplicate in situ
mesocosms was increased by 3 °C (warmed meso-
cosms) compared to that of three other in situ meso-
cosms with natural lagoon water temperature (control
mesocosms) to reproduce the predicted mean eleva-
tion in temperature expected for the Mediterranean
region (IPCC 2007). To better reflect natural temper-
ature changes over the course of the experiment, the
warming procedure involved the continuous adjust-
ment of the temperature of the warmed mesocosms
by + 3 °Crelative to that of the control mesocosms to
follow natural nycthemeral and daily water tempera-
ture variations (Nouguier et al. 2007). The microbial
community was sampled daily and analysed at fine
cytometric resolution during the 19 days of the
experiment, with the evaluation of viruses up to
nanophytoplankton, including picoeukaryotes and
cyanobacteria as well as bacteria. As a result, some
unexpected picophytoplankton groups such as
Prochlorococcus-like and Picochlorum-like cells
were identified for the first time in Thau Lagoon. In
addition, the growth and grazing rates of the

phytoplanktonic and bacterial groups were estimated
according to the 2-point dilution method two times
during the experiment to determine the effect of an
increase in water temperature on these specific rates.
Finally, the biomass fluxes of the studied microbial
components were estimated based on previous rate
estimates to determine the effects of warming on
biomass production and transfer through the system.

Material and methods
In situ mesocosm experiment

A mesocosm experiment was conducted from October
5 to 23, 2018, to assess the response of a natural
autumnal plankton community to the mean warming
expected to occur in the Mediterranean region by 2100
(IPCC 2007). Six mesocosms were immersed in the
Mediterranean Thau Lagoon in southern France near
the floating structure of the Mediterranean platform
for Marine Ecosystems Experimental Research
(MEDIMEER 43°24'00” N, 3°36'00” E). The meso-
cosms were all simultaneously filled on October 4th
with 2200 dm® of lagoon subsurface water that was
beforehand filtered through 1000 pm mesh and pooled
in a tank on the MEDIMEER pontoon, before being
distributed to the six mesocosms through 6 parallel
pipes. The mesocosm bags were 1.2 m wide and 3 m
long and installed on individual floating structures.
Once filled, each mesocosm represented a 2-m water
column immersed in the lagoon. The mesocosms were
constructed with 200-pm-thick vinyl acetate mixed-
polyethylene transparent film reinforced by nylon
mesh (Insinddritoimisto Haikonen Ky). All bags were
also covered by a transparent dome made of crystal-
clear polyvinyl chloride to prevent external inputs and
transmitting 73% of the photosynthetically active
radiation (PAR). Finally, a pump (Rule 360) was
installed in each mesocosm to provide gentle mixing
of the water column with a turnover time of 3.5 d".

Two treatments, each performed in triplicate, were
applied in the present study: (1) the control, with a
natural water temperature showing the same daily
variations as the surrounding water in the lagoon, and
(2) the warmed treatment, in which the temperature
was elevated by 3 °C on the basis of model predictions
generated by the Intergovernmental Panel on Climate
Change (IPCC). On October 5th (day 0O of the
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experiment), the water temperature in the mesocosms
under the warmed treatment was raised, after the
samples were collected for that day, to reach a target
of 4+ 3 °C on October 6th prior to sampling. This
target temperature was then maintained until the end
of the mesocosm experiment on October 23rd. The
increase in water temperature was achieved by using a
heating element (Galvatec) placed in each mesocosm
in the warmed treatment to continuously adjust the
temperature to 3 °C higher than that in the control to
reflect natural water temperature conditions. There-
fore, both the control and warmed mesocosms fol-
lowed the same day/night and daily natural
temperature fluctuations as the surrounding water in
the lagoon but with a 3 °C increase in the warmed
treatment (Nouguier et al. 2007).

To prevent accidental contamination and changes
in the light conditions within the experimental meso-
cosms, two incubation mesocosms (1.2 m wide, 2 m
long) were also immerged in the lagoon near the six
experimental mesocosms to incubate the samples
taken from the control and heated mesocosms for
parallel experiments, such as dilution experiments and
Winkler incubations.

Sampling and analyses of the physical
and chemical properties of the experimental
mesocosms

Daily sampling of all mesocosms was carried out
every morning (09:00 h local time) from October 5th
until October 23rd (representing day 0-18 of the
experiment). Temperature and salinity in all the
mesocosms were monitored at the surface and at 1 m
and 2 m depth using an EC300 (VWR) probe.
A Niskin bottle (5 dm®) was deployed inside each
mesocosm at 1 m depth to collect water for the
assessment of chemical variables. Samples for nutrient
analyses (50 cm3) were carefully taken from the
Niskin bottles with acid-washed polycarbonate bot-
tles. The samples were then filtered on 0.45-um filters
(Gelman) and stored at — 20 °C. An automated
colorimeter (Skalar Analytical) was used to determine
the concentrations of nitrate (NO3™), nitrite (NO, "),
orthophosphate (PO,>7), and silicate (SiO,).
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Sampling, Chl-a and flow cytometric plankton
community analyses

All mesocosms were sampled daily (09:00 h) using
two low-vacuum pumps connected in series (KNF-
NO35AN.18) placed at 1 m depth in each mesocosm to
fill acid-washed polycarbonate carboys (20 dm?) for
biological analyses. This notably included the samples
for cytometry and chlorophyll a (Chl-a) analyses. For
Chl-a analyses, 0.5-1 dm® of the mesocosms water
was daily filtered over Whatman glass-fibre filters
(GF/F 25 mm diameter). Filters were frozen in liquid
nitrogen and then stored at — 80 °C until analyses.
Chl-a concentrations were determined by high-per-
formance liquid chromatography (HPLC, waters),
using the method of Zapata et al. (2000), following
the protocol of Vidussi et al. (2011).

Daily abundances of small phytoplankton, bacteria
and viruses, from day 1 to day 18 of the experiment
(October 5 and 23, respectively) were determined
through flow cytometry (FCM) analyses. For this
purpose, three samples of 1.5 cm® were taken from the
carboys to analyse separately the microorganisms.
Phytoplankton and bacteria samples were fixed with
60 mm> of glutaraldehyde (Grade 1), and viruses
samples were fixed with 30 mm® of glutaraldehyde
(Grade 1 filtered over 0.02 pm), frozen in liquid
nitrogen and stored at — 80 °C. All phytoplankton
groups were analysed simultaneously with a Cyto-
FLEX flow cytometer (Beckman Coulter) for 3 min at
high speed. Cyanobacteria were identified and counted
on the basis of their relative forward scatter (FSC) and
phycoerythrin and phycocyanin fluorescence (Fig. 1).
Picoeukaryotes and nanophytoplankton were enumer-
ated according to their FSC and Chl-a fluorescence.
All bacterial samples were analysed using a FACSCal-
ibur flow cytometer (Becton—Dickinson) for 3 min at
low speed after being stained with SYBR Green I
(87563, Invitrogen; 2% final dilution) (Marie et al.
1997). Bacterial groups were identified and counted on
the basis of their relative side scatter (SSC) and green
fluorescence at 530/30 nm. Viruses were analysed
using a FACSCanto2 flow cytometer (Becton-Dick-
inson). Samples were stained with SYBR Green I (at a
final dilution of 0.5 x 10~*). Then, virus-like parti-
cles (hereafter referred to as viruses for simplification)
were counted according to their SSC and green
fluorescence at 530/30 nm (Brussaard 2004). Cytom-
etry fluorescent beads (Polysciences, Inc.) of 1, 2, 6
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Fig. 1 The 12 different microbial groups (including viruses)
identified by flow cytometry analyses. Among the cyanobacte-
ria, there was one Prochlorococcus-like group, Prochloro, and
three Synechococcus-like groups, Synechol, Synecho2 and
Synecho3 (a). There were also two picoeukaryote groups,
Picoeuk and Picochlorum-like, (b) and two nanoeukaryote

and 10 pm in diameter were used for phytoplankton
sample analyses as internal cell size standards. This
was also done for bacterial sample analyses with
cytometry beads of 1 and 2 pm in diameter and for
virus samples with beads of 0.5 um in diameter
(Polysciences, Inc.). In addition, Trucount™ beads
were added to accurately estimate the volume of
sample analysed (BD-Biosciences). On the basis of
these FCM analyses, the concentration of each

groups: Small Nano and Large Nano (b). Two bacterial groups,
HNA and LNA (c), were identified, as well as two virus groups
named V1 and V2 (d). FSC: forward scatter signal linked to size
and SSC: side scatter, signal linked to the cell structure and
granulosity

plankton group identified was estimated daily (cells
cm ) from day 1 to day 18 of the experiment.
Analyses according to FCM revealed 8 phyto-
planktonic, two bacterial and two viral groups. Three
groups of phytoplankton had a similar fluorescence
signature than Synechococcus cells. These Syne-
chococcus-like cells were therefore called Synechol,
Synecho2 and Synecho3 (Fig. la). Another phyto-
plankton group had a fluorescence signature similar to
Prochlorococcus cells (Chisholm 2017) and was thus
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identified as Prochlorococcus-like cells and labelled
Prochloro. Two groups of picoeukaryotes were also
identified, one group usually found in Thau Lagoon
named Picoeuk and another with a fluorescence
signature similar to that of Picochlorum (Fig. 1b).
Finally, two groups of nanophytoplankton with size
ranges of approximately between 2 and 6 pm and
between 6 and 10 um were also present and were
labelled Small Nano and Large Nano, respectively
(Fig. 1b). Heterotrophic bacteria were distinguished in
two groups: low nucleic acid (LNA) and high nucleic
acid (HNA) according to their low and high amounts
of nucleic acid, respectively (Fig. 1c). Finally, two
groups of viruses were identified and labelled V1 and
V2 (Fig. 1d).

To estimate the carbon biomass (nug C dm™3) of
each cytometric group, the phytoplankton and bacte-
rial abundances were converted using previously
published conversion factors: i.e. 20 fg C cell™" for
bacteria (Sime-Ngando et al. 1995), 210 fg C cell ™!
for Synechococcus (Kemp et al. 1993), and 45 fg C
cell™! for Prochlorococcus (Bertilsson et al. 2003).
For the other phytoplankton groups, carbon biomass
was estimated based on their relative volume by
assuming a spherical shape for all groups and consid-
ering a conversion factor of 0.22 pg C pm > (Kemp
et al. 1993). For this calculation, we estimated the
approximate diameter of cells within a group by
comparing their average forward scatter signal (ap-
proximate size) with that of the previously mentioned
standard beads, assigning 1.0 and 1.5 pm diameter to
Picoeuk and Picochlorum, respectively, and 4 and
8 um to Small and Large Nano, respectively (Trom-
betta et al. 2019).

Growth and grazing rate estimation
for phytoplankton and bacteria

The cell growth and grazing rates for each group in
each mesocosm were estimated at the beginning (day
2) and halfway (day 8) through the experiment. For
this purpose, a modified version of the original dilution
method of Landry and Hassett (1982), using only 2
levels of dilution: 100% and 10%, was performed
(Worden and Binder 2003; Strom and Fredrickson
2008; Menden-Deuer and Fredrickson 2010). After the
daily sampling was performed, 20 dm® of water was
gently collected from every mesocosm using a
vacuum pump and filtered through 200 pm mesh.
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Triplicate Whirlpack bags (2 dm®) were then filled
with this filtered sample to constitute the level of
100%. To constitute the triplicate bags (2 dm?) of the
10% sample dilution, some of the filtered sample was
gravity filtered at 0.8 and 0.2 um (Whatman Polycap
TC Filter Capsule 0.8/0.2 um) and used to dilute the
previously filtered water to 10%. An additional set of
triplicate of the undiluted (100%) filtered water was
prepared and enriched with inorganic nutrients (final
concentration of 4 tM N, 0.25 uM P, and 4 pM Si).
This 100% 4+ nutrient (NUT) addition allowed us to
determine whether nutrients were limited during the
dilution experiments. All bags were then placed in the
incubation mesocosms for 24 h.

To determine the plankton abundances, two sam-
ples of 1.5 cm® were taken for FCM analyses from all
100% bags before incubation (T0) and from bags at all
dilution levels (10%, 100%, 100% + NUT) after
incubation (T24).

Instantaneous growth rates (k, d_l) were then
calculated for each group at every level of dilution
following Eq. (1) (Landry and Hassett 1982):

1 (NT24
k= x|t 1
txn<NTO) ()

where k is the instantaneous growth rate (d~')
estimated from the initial and final plankton abun-
dances, NTO and NT24, respectively, during the
incubation time, ¢ (d). The initial (TO) plankton
abundance at the 10% level was calculated from the
plankton abundances quantified at the 100% level
before incubation. The final growth rate was deter-
mined as the instantaneous growth rate at 10%, and the
grazing rate was calculated as the difference in the
instantaneous growth rate at 10 and 100% (Worden
and Binder 2003; Strom and Fredrickson 2008;
Menden-Deuer and Fredrickson 2010; Chen 2015).

In particular cases, negative growth and positive
grazing rates (inverted slope) were considered as 0.01
d™! growth and 0.00 d~' grazing, respectively (Calbet
and Landry 2004).

It should be noted that the growth rate estimated in
the present study is not characterised as the maximal
growth rate estimated according to the original method
described by Landry and Hassett (1982). Indeed, the
growth rates presently reported were not amended in
the case of nutrient limitation; however, these specific
cases are discussed, as they potentially occurred in the
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mesocosms and were also under the effect of warming.
Thus, the growth rates estimated in the present
investigation represent a rate closer to what occurred
in the mesocosms, encompassing the potential nutrient
limitations that affected the natural plankton
community.

Statistical analyses

To evaluate the effect of warming throughout the
experiment, mean abundance time series were com-
pared between the treatments using variance analyses
of repeated measures (RM-ANOVA, p value < 0.05).
More precisely, comparisons were performed when
the warmed mesocosms reached the target tempera-
ture during the experiment (from day 1 to 18). Due to
the observation of specific abundance trends, addi-
tional RM-ANOVAs were also performed over dif-
ferent periods for certain groups: from day 3 to 9 and
11 to 15 for Synechol; from day 1 to 7 and 8 to 18 for
Picoeuk; and from day 3 to 9 and 11 to 17 for HNA.
Normality and homogeneity of variance were
assessed, and data were occasionally log transformed
to meet these assumptions. When the assumption of
normality could not be met, a Kruskal-Wallis test was
performed instead. Average growth and grazing rates
were also compared between treatments. However, as
the sample size was not sufficient to accurately verify
normality and variance homogeneity, comparisons
between treatments were performed using the Krus-
kal-Wallis test (p value < 0.05). Similarly, to deter-
mine whether inorganic nutrient addition had any
significant effect on the various cytometric groups,
instantaneous growth rates estimated for the 100% and
100% + NUT treatments were compared with the
Kruskal-Wallis test. All data management and statis-
tical analyses were performed using R software (R
Project version 3.6).

Results

Temperature, nutrients and chlorophyll-a
variability in the mesocosms

The average temperature across the triplicate control
mesocosms decreased from 18.9to 18.3 °C from day 1
to 4 and then increased, reaching 19.4 °C on day 9
(Fig. 2a). The average temperature then declined to
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Fig. 2 Daily average temperature (a), and concentrations of
nitrates + nitrites (b, NO, ™, NO;), orthophosphates (c, PO,*7),
silicates (d, SiO,) and chlorophyll-a (Chl-a, e) in the control
(blue) and warmed mesocosms (red). Error bars represent the
standard error of the mean. Dotted lines represent the missing
data for day 10 due to bad meteorological conditions

18.6 °C by the end of the experiment (day 18). In the
warmed treatment, the water temperature was suc-
cessfully raised by an average of 2.8 °C (£ 0.11 °C,
n = 54) over the course of the experiment (from day 1
to 18).

The mean concentrations of nitrates + nitrites
(NO,™ 4+ NO3™) and orthophosphate (PO43 ) were
rather low during the experiment in the control
mesocosms, reaching averages of 0.23 (£ 0.02,
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n =157) and 0.18 (£ 0.01, n = 57) uM, respectively
(Fig. 2b, c). Silicates (SiO,) occurred in relatively
high concentrations, in contrast, reaching an average
of 10.45 (£ 0.15, n = 57) M in the control (Fig. 2d).
The nutrient concentrations were significantly lower
under warming than in the control mesocosms.
Notably, the mean NO,~ + NO;~ concentration was
0.19 (£ 0.02, n = 57) uM on average over the course
of the experiment in the warmed treatment. The
orthophosphate and silicate concentrations were rather
similar within the treatments from day 0 to 13, and
then they decreased in average under warming,
reaching the lowest concentrations of 0.06 pM for
orthophosphates on day 17 and 8.38 puM for silicates
on day 18.

Chl-a concentrations were high during the whole
experiment, attaining in average 3.84 (+ 0.62,n = 57)
pg dm™ in the control (Fig. 2e). In the warmed
treatment, Chl-a concentrations were similar to the
control until day 7, after which it strongly decreased
by 51% compared to the control, attaining
1.85 ug dm ™ on day 13. After day 13, concentrations
in the warmed treatment increased, reaching
5.19 pug dm ™~ on day 16, and even overcame concen-
trations in the control (Fig. 2e).

Phytoplankton, bacteria and virus dynamics
in the control mesocosms

Among the different evaluated phytoplankton groups,
Synechol and Picochlorum were the most abundant,
reaching 2.1 x 10° (£ 0.9 x 10°, n=57) and
7.8 x 10* (£ 2.1 x 10*, n=57) cells ecm™> on
average, respectively. Then, there were Synecho2,
Prochloro and Picoeuk which abundances, ranging
from 1.3 x 10* (£ 0.8 x 10, n = 57) to 2.6 x 10*
(£ 44 x 104, n = 57) cells cm ™ on average. Other
phytoplankton groups were the least abundant ranging
from 230 (£ 70, n = 57) to 5.8 x 10° (£ 4.4 x 10°,
n = 57) cells cm ™ on average. The experiment began
with high abundances of all phytoplanktonic groups in
all mesocosms (Fig. 3). Then, the abundances gener-
ally decreased over time among all groups except for
Synechol and Picoeuk, which abundances increased
and then decreased, forming the bell-shape dynamic
indicating a bloom, from day 3 to 11 and from day 6 to
8, respectively (Fig. 3al, bl). In particular, Synechol
reached a peak in abundance of 3.5 x 10° cells cm ™
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on day 11, while Picoeuk reached a maximal abun-
dance of 1.9 x 10* cells cm ™ on day 8.

Among the two bacterial groups, HNA had the
highest abundance, with 3.0 x 10° (£ 0.8 x 10°,
n=>57) cells cm™> on average during the whole
experiment, while LNA abundances were lower at
1.3 x 10°(£ 0.9 x 10° n = 57) cells cm™>. Bacteria
followed the general trend of that of phytoplankton,
with initial high abundances followed by a general
decrease (Fig. 3c). However, HNA abundance also
followed the same trend as the blooming Synechol,
with an increase from day 3, reaching a maximum
abundance of 3.7 x 10° cells cm™> on day 13,
followed by a decrease. On the other hand, LNA
abundances decreased at the beginning of the exper-
iment and then remained at approximately 8.8 x 10°
(1.2 x 10°,n = 57) cells cm 2 on average until the
end of the experiment.

In contrast, virus abundances generally increased
from the beginning to the end of the experiment from
3.5 x 107 (day 0) to 5.9 x 107 viruses cm > (day 18)
for V1, and from 7.8 x 10° (day 0) to 1.1 x 10’
viruses cm > (day 18) for V2 (Fig. 3d).

Effects of warming on the dynamics
and abundances of phytoplankton, bacteria
and viruses in the heated mesocosms

In general, warming significantly increased the abun-
dances of most cyanobacteria and nanophytoplankton
groups by 21-264% on average (Fig. 4, Table 1). In
addition, for Picoeuk and Synechol, which bloomed,
abundances were significantly higher in the warmed
treatment than in the control prior to reaching their
maximal abundances, which occurred 2-3 days earlier
under warming than under control conditions. After-
ward, the abundances of these two groups decreased
sharply and were then significantly lower in the
warmed treatment than in the control (Fig. 4, Table 1).
A notable exception to these results was observed for
Picochlorum, which was the only phytoplanktonic
group showing a significant decrease in abundance
with warming, with 25% lower abundances in the
warmed treatment than in the control. More specifi-
cally, the abundances of Picochlorum were similar in
the two treatments until day 5 but then decreased in the
warmed mesocosms until the end of the experiment.
Bacteria showed a similar response to warming to
that of the phytoplankton groups (Fig. 4, Table 1).
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Fig. 3 Daily mean abundances of cyanobacteria (a.l, 4),
picophytoeukaryotes (b.1, 2), nanophytoplankton (b.3, 4),
bacteria (c.1, 2) expressed as cells cm_3, =+ standard deviations,
and mean abundances of viruses (d.1, 2) expressed as viruses

LNA abundances were consistently higher by 19% on
average in the warmed treatment than in the control.
Similar to those of Synechol, HNA abundances were
significantly higher in the warmed treatment than in
the control from day 3 to 9, before reaching a maximal
abundance of 15% higher 4 days earlier than in the
control. Afterward, the HNA abundances also sharply
decreased and were significantly lower in the warmed
treatment than in the control from day 11 to 17.

Similar to the bacteria, the V1 and V2 groups were
7% more abundant on average in the warmed treat-
ment than in the control (Fig. 4, Table 1).

Effects of warming on carbon biomass repartition

In the control mesocosms, the phytoplankton groups
(< 10 um) were the main contributors to the daily
carbon biomass (derived from abundances), repre-
senting 60% of the estimated carbon biomass on
average (phytoplankton < 10 um 4 bacteria) and
ranging from 78 to 287 pg C dm™> (Fig. 4a). Bacteria
represented 40% of the estimated carbon biomass,

0123456789 101112131415161718
day

01234567 8 9 101112131415161718

cm ™3, + standard deviations in the controls (blue) and warmed
(red) treatments. Dotted lines represent the missing data from
day 10 due to bad meteorological conditions

ranging from 61 to 158 ug C dm™>. The total

phytoplankton (< 10 pm) and bacterial carbon bio-
mass estimated in the control mesocosms was the
highest at the beginning of the experiment (day 1),
reaching 438 pg C dm™>. Then, the estimated carbon
biomass decreased from day 1 to day 3 before
increasing and reaching a second maximum of
240 pg C dm™ on day 9. The carbon biomass then
decreased to 142 pug C dm ™ on day 17 (the end of the
experiment) (Fig. 4a).

In the warmed mesocosms, phytoplankton
(< 10 pm) also represented 60% of the estimated
carbon biomass, while bacteria represented 40%.
However, after the initial high carbon biomass value
in the warmed treatment, the maximal estimated
carbon biomass was 13% higher than that in the
control and occurred two days earlier, reaching 271 pg
C dm ™ on day 7 (Fig. 4b). Finally, the summed daily
phytoplankton and bacterial carbon biomass values
were only 6 and 4% higher, respectively, in the
warmed treatment than in the control treatment.
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Fig. 4 Histograms of the cumulative daily average carbon
biomass (ug C dm™>) estimated for different phytoplankton
(< 10 pm) and bacterial groups in the triplicate control (a) and
triplicate warmed (b) mesocosms. Bacterial groups (LNA and

Phytoplankton and bacterial growth and grazing
rates

Growth and grazing rates were estimated for the
phytoplankton and bacterial groups twice over the
course of the experiment, at the beginning (day 2) and
in the middle of the experiment (day 8) during the
period when Synechol exhibited a bloom and the
HNA bacterial group reached a high abundance. In the
control on day 2, Large Nano had the highest growth
rate of 1.16 d™', followed by bacterial groups, with
growth rates ranging from 0.65 to 0.77 d~', and Small
Nano, with a growth rate of 0.35 d~' (Fig. 5a). In
contrast, the other phytoplankton groups had relatively
low growth rates, ranging from 0.01 to 0.07 d~'. On
day 8, the Large Nano and both the HNA and LNA
bacterial groups still showed high growth rates of 0.61,
0.65and 0.79 d~", respectively, and Synecho3 reached
a high growth rate of 0.50 d~" (Fig. 5b).

Warming generally enhanced the growth rates of
the phytoplankton. Both picophytoplankton groups of
Picoeuk and Picochlorum, in particular, showed
growth rates significantly higher in the warmed
treatment than in the control, with an increase of
approximately 150%, on day 2 (Fig. 5a, Table 2).
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HNA) are represented in shades of blue, cyanobacteria
(Prochloro, Synechol, Synecho2, Synecho3) are represented
in purple, and phytoeukaryotes (Picoeuk, Picochlorum, Small
Nano and Large Nano) are represented in green

Similarly, on day 8, the growth rates of most
phytoplankton groups were higher in the warmed
treatment, especially among Prochloro, Picoeuk and
Small Nano, whose growth rates were significantly
higher by 150-750% than in the control (Fig. 5b,
Table 2). In contrast to this general trend, warming
appeared to have a negative effect on bacterial group
growth rates, with consistently negative effects on
LNA and HNA, showing a higher growth rate only
once at the beginning of the experiment. In fact, on day
2, the HNA growth rate was significantly higher by
29% in the warmed treatment than in the control, while
that of LNA was 14% lower. Afterwards, on day 8,
both LNA and HNA growth rates were lower by 42
and 17%, respectively, under warmer conditions than
in the control treatment (Fig. 5, Table 2).

To further analyse the growth rate response of the
cytometric groups, nutrients were added to determine
whether any nutrient limitation occurred during the
dilution experiment (Fig. 6). However, among those of
the 10 studied groups, only the instantaneous growth
rate of Large Nano was consistently significantly
enhanced by the addition of nutrients regardless of the
treatment (control or warmed) on days 2 and 8, with



Aquat Ecol

Table 1 Summary of the
p values from the RM-

ANOVA comparing Chl-
a concentrations, nutrient
concentrations and cell
abundances in each group
resolved by flow cytometry (UM)
over different periods

during the experiment

p values smaller than or
equal to 0.05 were
considered significant and

Variables Periods p values

Chl-a concentrations 1-18 0.39

(ng dm™)

Nutrient concentrations NO,™ + NO3~ 1-18 8.5 x 1075
PO, 1-18 3.9 x 107*
Si0, 1-18 21 %1074

Cell group abundance Synechol 1-18 0.56

(cell cm™) Synechol 3-9 4.1 x 1073
Synechol 11-15 55 x 1073
Synecho2 1-18 7.5 x 1078
Synecho3 1-18 65 x 1073
Prochloro 1-18 2.2 x 1072
Picoeuk 1-18 0.59
Picoeuk 1-7 8.5 x 1073
Picoeuk 8-18 2.0 x 1074
Picochlorum 1-18 1.1 x 1073
Small Nano 1-18 0.1
Large Nano 1-18 30 x107*
LNA 1-18 0.01
HNA 1-18 0.89
HNA 3-9 7.5 x 107°
HNA 11-17 0.03

Viruses group abundance Vi 1-18 0.02

(viruses cm™>) V2 1-18 0.11

are highlighted in bold
characters

instantaneous growth rates increasing by 101-224%
upon nutrient addition depending on the treatment and
the day. Additionally, only three other groups (Small
Nano, Synecho3 and HNA) showed significantly
higher rates under nutrient enrichment than without
on day 8 and only in the warmed treatment.

The analyses of grazing mortality rates in the
control revealed that on day 2, the grazing mortality
rates were particularly high for the Synechococcus-
like groups, with the rates for Synecho3 and Synecho2
reaching 1.40 and 1.26 d™', respectively (Fig. 5,
Table 2). The grazing mortality rates for the other
phytoplankton groups were lower, ranging from 0.18
to 0.62 d~'. Bacterial grazing mortality rates were
particularly high on day 2, reaching 1.19 and 1.09 d ™
for LNA and HNA, respectively (Fig. 5, Table 2). On
day 8, the grazing mortality rates for Synecho3 and
bacterial groups HNA and LNA decreased by approx-
imately two times, although Synecho3 still showed the
highest rates among the phytoplankton groups, with a
value of 0.60 d~!', while the rates of the other

phytoplankton groups ranged between 0.05 and 0.44
.

In the warmed treatment, the grazing mortality rates
for most phytoplanktonic groups were lower than
those in the control on day 2, with values decreasing
by 13-57% (Fig. 5c). This difference was significant
for all Synechococcus-like groups (Synechol, 2, and
3) and Picoeuk (Table 2). The grazing mortality rates
for cyanobacteria (Synechol, 2, and 3 and Prochloro)
were still lower on day 8, with values that were
30-69% lower under warmer conditions than in the
control and being significantly lower for Synechol and
Synecho2 (Table 2). Additionally, the grazing mor-
tality rates for both HNA and LNA cell groups were
significantly lower by 11-55% in the warmed treat-
ment than in the control on both day 2 and day 8
(Fig. 5c, Table 2). In contrast, on day 8, the grazing
mortality rates for almost all eukaryotic phytoplank-
tonic groups studied showed an opposite trend, with
values higher by 46-156% in the warmed treatment

@ Springer



Aquat Ecol

D Control

. Warmed treatment

a
15 day 2
X
1.0
05
*x X
7 ol
T 0.0 I S ——
2]
[ N 4 DS O N e © r X
£ LTSS O
- S & > @
p= & & & & ¢ Q-\o°° & &P
3 b
o 15 day 8
o
10
kS
05 % i
*dzi i
0.0 iﬁ:}j e ko

grazing rates a1

N C I o 0
S LT TS F&
FF F& S
P R )
% G Q Q\oo_,é‘\g}

Fig. 5 Determination on day 2 and day 8 of the mean growth
rates (d~'; a, b) and grazing rates (d7 ' ¢, d) for phytoplankton
and bacterial groups in the control (blue) and warmed treatment
(red) according to the dilution method. The error bars represent

than in the control and this difference being significant
for Picoeuk (Fig. 5d, Table 2).

Discussion

An unexpected autumnal plankton community
in Thau Lagoon

This study shows that the phytoplankton community
investigated in October 2018 was quite different from
what is usually expected at this season in Thau
Lagoon. For instance, in the present study, the Chl-
a concentration, ranging from 2.90 to 5.19 pug dm ™7,
was higher than what was previously reported in
October in Thau Lagoon, ranging from 0.61 to

3.55 pug dm ™~ (Pecqueur et al. 2011; Mostajir et al.
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estimated in the warmed treatment is significantly different from
that in the control treatment (Kruskal-Wallis p < 0.05)

2015b; Trottet et al. 2016; Fouilland et al. 2017).
These higher Chl-a concentrations were surprising
considering the fact that the nutrient concentrations
measured in the present investigation were within the
range as those reported in previous works in October
in Thau Lagoon (Pecqueur et al. 2011; Mostajir et al.
2015b; Trottet et al. 2016; Fouilland et al. 2017).
Nonetheless, these high Chl-a concentrations
observed during the present autumnal study were
similar to what was recently reported during winter
and spring phytoplankton blooms in Thau Lagoon
(Trombetta et al. 2019). However, the fact that the
dynamic of Chl-a concentration observed in the
present study was flat despite high values was quite
unusual for the study site, suggesting peculiar condi-
tions more similar to a dysfunctional situation leading
to Chl-a accumulation than to a seasonal bloom. The
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Table 2 Summary of the

° Cell group Growth rates (d_l) Grazing rates (d_l)
growth and grazing rates
and in parentheses the Control ~ Warmed treatment Control ~ Warmed treatment
p values from the Kruskal—
Wallis test for the Day 2 Synechol 0.01 0.03  (0.07) 0.42 023 (< 0.001)
comparison between the Synecho2 0.01 001 (9 1.3 0.54 (< 0.001)
control and warmed Synecho3 0.01 001 () 1.4 065 (3.0 x 1073
treatments
Prochloro 0.01 0.03  (0.07) 0.18 02 (057
Picoeuk 0.07 0.18  (0.01) 0.59 036 (3.0 x 1073
Picochlorum ~ 0.07 0.18 (5.0 x 1073 02 025 (0.23)
Small Nano  0.35 033 (0.90) 0.5 043 (0.10)
Large Nano  1.16 091  (0.06) 0.62 032 (0.08)
LNA 0.77 0.66  (0.01) 1.19 0.81 (< 0.001)
HNA 0.77 099  (0.57) 1.09 0.97  (0.06)
Day 8  Synechol 0.04 0.07  (0.40) 0.05 0.02  (0.02)
Synecho2 0.05 0.12  (0.09) 0.18 0.06 (4.0 x 1073
p values < 0.05 were Synecho3 0.5 0.11  (0.08) 0.6 027  (0.08)
considered significant and Prochloro 0.03 0.08  (0.05) 0.07 0.05 (0.39)
are highlighted in bold Picoeuk 0.03 026 (1.0 X 1073  0.16 039 (2.0 x 1073
characters Picochlorum ~ 0.06 0.03  (0.11) 0.10 0.17  (0.07)
The symbol (=) indicates Small Nano 001 008  (0.02) 0.25 036  (0.10)
undetermined p values,
which were obtained when Large Nano  0.61 0.62 (0.75) 0.44 08  (0.14)
tests were not considered LNA 0.65 038 (1.0 x 1073  0.59 031 (1.0 x 1073
relevant or could not be HNA 0.79 065 (< 0.001) 0.65 05 (1.0 x 1073

computed

main potential reason that could explain these unusual
Chl-a concentrations was related to the in situ pico-
phytoplankton community which was unexpected for
Thau Lagoon.

First, Synechococcus-like cells in this study reached
exceptionally high abundances (2.4 (& 1.2) x 10°
cells cm™ on average), approximately 480 times
higher than the average abundance reported in fall in a

previous study (0.5 x 10? cells cm >, Bec et al. 2005)
and were approximately 30 times higher than the
maximal abundance of 8.0 x 10> cells cm™> reported
in the lagoon by Bec et al. (2005) and Collos et al.
(2009). Such high abundances have only been reported
three other times before in Thau Lagoon, as excep-
tional events in 2003, in 2006 and, more recently, in
2018 (Derolez et al. 2020a). It appears that these high

Fig. 6 Determination on day 2 and day 8 of the difference in
phytoplankton and bacteria instantaneous growth rates upon
nutrient addition, in the control (blue) and warmed treatment
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(red). The error bars represent standard deviations from the
means. *Significant change in the instantaneous growth rate
upon nutrient addition (Kruskal-Wallis p < 0.05)
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abundances of picocyanobacteria were concurrent
with relatively warm years, suggesting that warming
in Thau Lagoon naturally favours picocyanobacteria
(Trombetta et al. 2019; Derolez et al. 2020a). It should
be noted that at the very beginning of the experiment,
the Synechococus-like abundance declined accord-
ingly to the low growth and high grazing rates
estimated on day 2. The low growth of Synechococ-
cus-like may appear contradictory with their high
abundance observed in the present study. However,
the sharp decrease in Synechococcus-like abundances
followed by a bloom for Synechol might indicate that
the balance between their growth and losses can
change rapidly. In addition, these changes in the
balance between growth and grazing rates over the
course of the experiment were difficult to track due to
the dilution experiment frequency applied.

Second, the cytometric analyses of cyanobacteria
also revealed Prochlorococcus-like cells, a genus that,
to our knowledge, had never been reported in Thau
Lagoon during the past 20 years (Bec et al. 2005;
Collos et al. 2009; Trombetta et al. 2019; Derolez et al.
2020a). Nevertheless, the Prochlorococcus genus
present in the Mediterranean Sea could potentially
drift into the lagoon via the channels connecting it to
the sea. In the present investigation, cyanobacteria
were the most abundant but also the most diverse
phytoplankton group studied with FCM, as they
account for three groups of Synechococcus-like and
one group of Prochlorococcus-like genus.

Third, another picoeukaryote taxon that has never
been reported in Thau Lagoon before was observed:
the genus Picochlorum (Fig. 1), which belongs to the
Trebouxiophyceae class (Foflonker et al. 2016). The
abundance of Picochlorum, which we observed for the
first time in our mesocosm experiment in October
2018, exponentially increased in the lagoon a few
weeks later, leading to an ecological and socioeco-
nomic crisis called the “Green Waters”. While this
“Green Waters” crisis related to Picochlorum in Thau
Lagoon has not yet been described in the literature, a
quite similar crisis due to an extensive bloom of
nontoxic microalgae identified as Nannochloris was
reported in the Salses-Leucate Lagoon in the same
region and near Thau Lagoon in 1979-1980 (Bouticre
et al. 1982).

In the present study, nanophytoplankton were also
more abundant (ranging from approximately
2.0-16.0 x 107 cells cm ) than what was previously
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reported by Bec et al. (2005) in October at the same
location (50-100 cells cm_3), but remains in the same
range of nanophytoplankton abundances reported over
the year (Vaquer et al. 1996; Trombetta et al. 2019).

The other plankton cytometric groups, namely,
Picoeuk, HNA, LNA, as well as the two virus groups
have been commonly reported in previous studies
performed in Thau Lagoon and with a similar range of
abundances in October (Bec et al. 2005; Mostajir et al.
2015b) as in the present study.

Nanophytoplankton, cyanobacteria, bacteria
and virus abundances increased under warming
in fall

There is growing evidence that the plankton commu-
nity response to warming represents a complex
combination of individual and common responses.
One of the objectives of the present investigation was
to experimentally elucidate how an increase in water
temperature affects the metabolic rates and shapes the
dynamics of the planktonic community in fall.

One of the main results of the present study was that
warming slightly but significantly increased the
abundances of most cyanobacteria. Moreover, numer-
ous studies have similarly reported a positive corre-
lation between cyanobacteria abundance and
temperature (Maugendre et al. 2015; Chen and Laws
2017; Trombetta et al. 2019), even during a fall bloom
in the St. Lawrence Estuary (Bénard et al. 2018). In
addition, previous studies have reported higher abun-
dances of pico- and nanophytoplankton under warmer
temperatures (Pulina et al. 2016; Trombetta et al.
2019). In the present investigation, this trend was also
observed for nanophytoplankton over the course of the
experiment, but not for picoeukaryotes.

Higher cyanobacteria and nanophytoplankton
abundances, especially towards the end of the exper-
iment under warming, resulted in the assimilation of
more nutrients, likely causing the lower nutrient
concentrations observed in the warmed treatment
relative to those in the control. This result highlights
that both groups could experience growth even in low
nutrient conditions in fall and under warming, sug-
gesting a potential competitive advantage of these
groups in warm and nutrient-poor waters (Agawin
et al. 2000; Daufresne et al. 2009). In addition, the
similarity between the trend of Chl-a concentrations
under warming at the end of the experiment and those
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of cyanobacteria and nanophytoplankon underlines
that these two groups can be major contributors to the
total phytoplankton biomass.

Among the phytoplankton groups, only the abun-
dance of Picochlorum decreased under warming,
coinciding with the trend observed for Chl-a concen-
trations at the middle of the experiment. This
highlights the fact that the decrease in Chl-a concen-
tration is likely due to the decrease in Picochlorum
abundances. As Picochlorum was observed here for
the first time in Thau Lagoon, it was not possible to
compare the present results with previous studies from
the same location. However, some studies investigat-
ing a cultured strain of Picochlorum identified its
thermotolerance, which is up to 35 °C (de la Vega
etal. 2011; Foflonker et al. 2016), exceeding by far the
average of 25 °C reached in the warmed mesocosms in
the present work. However, this high thermotolerance
of Picochlorum was evaluated under optimal nutrient
and light conditions. Within a natural plankton
assemblage, on the other hand, biotic factors such as
predation, infection and competition, which can be
affected by an increase in the water temperature, could
decrease Picochlorum abundance. For instance, stron-
ger grazing triggered by warming, as reported in the
literature (Rose et al. 2009; Vidussi et al. 2011), could
depress Picochlorum abundances. Indeed, the grazing
rates estimated for Picochlorum tended to increase
under warming, suggesting that its predators, benefit-
ting from warmer conditions directly or indirectly
through trophic cascades, constituted a main driver of
Picochlorum abundances under warming. Alterna-
tively, the higher viral abundances in the warmed
treatment, potentially accompanied by higher viral
infection and mortality rates among plankton, suggest
that viruses could also play a role in the decrease in
Picochlorum abundance under warming. Finally,
increased competition with other phytoplankton
groups could also regulate its abundance under
warming. In particular, the cyanobacteria that were
found to increase in abundance under warming during
the present study and are known to be strong
competitors in warm and low-nutrient waters (Bec
et al. 2011; Chen and Laws 2017) are potential
competitors of Picochlorum under warmed condi-
tions. In regard to the “Green Waters” ecological
crisis provoked by Picochlorum, considering that its
abundance began to rise in the lagoon at the end of
October, Picochlorum potentially benefitted from the

colder season to outcompete other phytoplankton.
This corroborates the hypothesis that Picochlorum is
under weaker control of its population in colder than
warmer waters, at least in Thau Lagoon.

The elevation of water temperature in the warmed
treatment also resulted in a bloom of picophytoplank-
ton (Synechol and Picoeuk) a few days earlier than
that in the control, as was also reported in previous
studies describing earlier spring (Vidussi et al. 2011)
and fall blooms (Bénard et al. 2018) under experi-
mental warming. The significantly stronger increase in
the Synechol and Picoeuk abundances during the
bloom under warming, however, was followed by a
significantly stronger decrease in abundance immedi-
ately after the bloom. This result indicates that
warming also amplified the changes in picophyto-
plankton abundances and thus their dynamics over
time.

The responses of HNA and LNA to elevated
temperature were comparable to those of the phyto-
plankton groups. LNA abundance slightly but signif-
icantly increased under warming in the present study,
similar to the results of previous studies indicating a
positive correlation between LNA abundance and
temperature (Moran et al. 2015). HNA abundance, on
the other hand, displayed a dynamic comparable to
that of the Symechococcus-like bloom (Synechol),
with an increase in abundance followed by a decrease,
suggesting a tight coupling with this Synechococcus-
like group dynamic. In addition, this increase in HNA
abundance also occurred a few days earlier under
warming than in the control, highlighting that tem-
perature also drives changes in HNA abundance.
However, these results contrast with those from a
previous study performed during spring in Thau
Lagoon with an identical experimental warming
procedure (Vidussi et al. 2011), which reported that
warming led to lower bacterial abundances. While
these authors suggested that stronger grazing could
explain these lower bacterial abundances, we found
instead lower grazing rates on bacteria under warming,
highlighting that the factor driving bacterial abun-
dance under experimental warming differed from
spring to fall in this lagoon, or because initial
conditions were different.

Finally, viruses were also more abundant in the
warmer treatment than in the control; thus, the
possibility of an increase in viral lysis under warming
cannot be excluded. Viral lysis has been reported to
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contribute to 10-50% of bacterial mortality in some
regions (Fuhrman 1999; Ory et al. 2010). However,
considering the generally slightly higher microbial
abundances reported in the current study, viral lysis
was not a main driver of the phytoplankton (< 10 pm)
and bacterial populations under warming, except
potentially for Picochlorum. These results also con-
trast with those from the study by Vidussi et al. (2011),
as they reported no significant effect of warming on
virus abundance during the spring. This could suggest
that viruses differently affect the plankton communi-
ties in Thau Lagoon in spring than in this study in fall.

Warming in fall promotes phytoplankton
and depresses bacterial growth

Warming enhanced the growth rates of most phyto-
plankton groups according to the results of the two
dilution experiments performed on days 2 and 8 of the
mesocosm experiment. This trend was less pro-
nounced at the beginning of the experiment, when
the warming exposure time was too short to cause a
strong effect. In contrast, higher growth rates of
phytoplankton after a longer time of exposure to
warming were observed on day 8, in accordance with
the literature (Eppley 1972; Savage et al. 2004). The
addition of inorganic nutrients revealed that Large
Nano growth rates were potentially limited by inor-
ganic nutrients in both treatments on days 2 and 8.
However, on day 8, Small Nano and Synecho3 were
also limited by nutrients, but only in the warmed
treatment, indicating a potential stronger nutrient
limitation effect under warming. These results suggest
that the growth rates of some phytoplankton groups in
the absence of nutrient limitation could be even more
enhanced under warming. This corroborates the com-
petitive advantage observed in some cyanobacteria
and nanophytoplankton in terms of growth under
warming despite low nutrient concentrations.

Several previous studies have reported a positive
correlation between bacterial growth and temperature
(White et al. 1991; Huete-Stauffer et al. 2016).
However, and surprisingly, the warming in the present
study had contrasting effects on bacterial growth rates.
HNA growth under warming was significantly
increased on day 2, but then both bacterial group
growth rates were significantly reduced under warm-
ing on day 8. The former of these two results is in line
with those from a study by Huete-Stauffer et al. (2015)
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describing some cases of bacterial growth decrease
under warmed conditions, suggesting that temperature
does not always enhance bacterial metabolic rates.
The HNA growth rate was potentially limited by
inorganic nutrients under warming, as the instanta-
neous growth rate of this group increased under
nutrient addition on day 8 in the warmed treatment.
While bacteria mainly use dissolved organic carbon
(DOC) for growth, they also need inorganic nutrients
(Kirchman 1994). Therefore, a lack of inorganic
nutrients could also affect the bacterial growth rate.
However, potential nutrient limitation could explain
the decrease in the HNA growth rate under warming,
but not that of LNA, as the instantaneous growth rate
of the latter group did not increase as a result of
nutrient addition. As DOC was not added in the
dilution experiment, it was not possible to evaluate
whether bacteria, especially LNA, were limited by
organic carbon. However, the higher viral abundances
observed under warming, which could induce more
cell lysis, as well as the stronger grazing on eukaryotes
observed in the middle of the experiment in the
warmed treatment could provide DOC, as these
processes have been described as a source of DOC
(Danovaro et al. 2011). Therefore, it seems unlikely
that bacteria were limited by DOC under warming.
The simultaneous decrease in growth rates of both
bacterial groups with the increase in those of some
phytoplankton groups observed in the present study
might suggest an accentuation in competition among
these groups under warming. Competition for
resources among bacteria and between bacteria and
phytoplankton are commonly described in natural
plankton communities (Lgvdal et al. 2007; Trombetta
et al. 2020), and it was shown that warming can
accentuate competition for resources (Goldman and
Ryther 1976; Kordas et al. 2011).

Warming decreases grazing on small
phytoplankton and bacteria in fall

In the present study, elevating the water temperature
by 3 °C surprisingly significantly decreased the
microzooplankton grazing rates on most of the studied
phytoplankton and bacteria groups at the beginning of
the experiment (day 2). This result highlights the fast
response of grazers to the warming treatment and was
rather unexpected, as several previous studies reported
a positive relationship between microzooplankton
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grazers and temperature (Rose and Caron 2007; Chen
et al. 2012). Experimentally elevating the temperature
by a few degrees also enhanced grazing on both
phytoplankton (Rose et al. 2009) and bacteria
(Vazquez-Dominguez et al. 2012). Vidussi et al.
(2011) investigated the spring Thau Lagoon plankton
community and suggested also that warming enhances
grazing on both phytoplankton and bacteria. This
significant decrease in microzooplankton grazing on
phytoplankton and bacteria under experimental warm-
ing suggests that warming had a negative effect on the
corresponding grazer metabolism, activity or abun-
dance. As previously mentioned, microzooplankton
grazers are usually positively affected by an elevation
in temperature (Rose and Caron 2007; Chen et al.
2012); thus, a direct negative effect on their metabo-
lism seems unlikely. However, the lower nitrate
concentrations under warming could have reduced
the nutritional quality of the preys and thus indirectly
decreased grazing rates, as prey quality is a criterion of
predators selectivity (Burkill et al. 1987). An alterna-
tive possible hypothesis is that warming enhanced
grazing by larger zooplankton on the grazers of small
phytoplankton and bacteria. This could decrease the
microzooplankton abundance and thus release their
prey, specifically the cytometric groups, from preda-
tion pressure in a cascading manner under warming
(Vidussi et al. 2011; Lewandowska et al. 2014).
During the middle of the experiment (day 8), however,
grazing on prokaryotes was still reduced under
warming, but that on eukaryote cells increased. This
suggests the occurrence of differences in sensitivity
between the grazers of prokaryotes and those of
eukaryotes, potentially due to changes in the commu-
nities of grazers or predators of eukaryotes in response
to warming.

Conclusion

In the present investigation, several significant effects
of warming were reported in relation to microbial
community abundances, dynamics, and metabolic
rates. Warming induced a change at the base of the
microbial community, increasing the abundances of
nanophytoplankton, cyanobacteria, bacteria and
viruses but not those of the newly found Picochlorum
in Thau Lagoon. Phytoplankton growth rates were
enhanced under warming, while bacterial growth rates

were declined, suggesting different mechanisms of
their responses to warming. Grazing rates were
generally reduced, suggesting that a trophic cascade
was triggered under warming. Despite these changes,
warming only had a minor effect on phytoplankton
(< 10 pm) and bacterial carbon biomass, which only
increased by 5% compared to that in the control.
Phytoplankton (< 10 um) and bacteria also accounted
for similar percentages of carbon biomass, 60 and
40%, respectively, in both treatments. Therefore, the
fall plankton community appeared to be rather resis-
tant to warming in terms of the balance of biomass
between phytoplankton (< 10 pum) and bacteria, while
its functioning in terms of microbial abundance and
metabolic rates were affected. These findings also
highlight the need for more studies on specific
plankton assemblages in different seasons and loca-
tions to better understand their response to warming.
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