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Sea surface warming has the potential to alter the diversity, trophic organization and
productivity of marine communities. However, it is unknown if temperature fluctuations
that ecosystems naturally experience can alter the predicted impacts of warming.
We address this uncertainty by exposing a natural marine plankton community to
warming conditions (+3°C) under a constant vs. fluctuating (+3°C) temperature regime
using an experimental mesocosm approach. We evaluated changes in stoichiometry,
biomass, nutrient uptake, taxonomic composition, species richness and diversity,
photosynthetic performance, and community metabolic balance. Overall, warming had
a stronger impact than fluctuating temperature on all biological organization levels
considered. As the ecological succession progressed toward post-bloom, the effects of
warming on phytoplankton biomass, species richness, and net community productivity
intensified, likely due to a stimulated microzooplankton grazing, and the community
metabolic balance shifted toward a CO» source. However, fluctuating temperatures
reduced the negative effects of warming on photosynthetic performance and net
community productivity by 40%. Our results demonstrate that temperature fluctuations
may temper the negative effect of warming on marine net productivity. These findings
highlight the need to consider short-term thermal fluctuations in experimental and
modeling approaches because the use of constant warming conditions could lead to an
overestimation of the real magnitude of climate change impacts on marine ecosystems.

Keywords: coastal ecosystems, diversity, interacting effects, global-change drivers, metabolic balance, net
community productivity, photophysiology, specie’s richness

INTRODUCTION

Global warming constitutes one of the most pervasive environmental changes that the biosphere
is undergoing (Steffen et al., 2015). Sea surface temperature has increased 0.05-0.07°C per decade,
and models forecast a global sea surface temperature rise between 1 and 3.7°C by 2100 (IPCC,
2013). Although the effects of warming have been extensively studied on organisms and ecosystems
for at least half a century, such impacts have been mostly assessed under constant-temperature
conditions (Doney, 2006). However, early theoretical work and recent observations highlight the
importance of fluctuating conditions on ecosystem functioning. Already in 1906, Jensen suggested
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that the response of a given system to mean conditions may
be different from the system’s mean response to fluctuating
conditions (Jensen, 1906). More recently, other works have
shown that temperature variation poses a greater risk for
species than warming itself, highlighting the importance of
temperature fluctuations rather than mean trends to understand
the vulnerability of marine ecosystems to future changes (Vasseur
et al., 2014; Bates et al, 2018). This is ecologically relevant
because, while many species are naturally adapted to fluctuating
environments (Kroeker et al., 2020), the increase in the frequency
and intensity of extreme climatic events (i.e., marine heatwaves,
MHW; Smale et al., 2019) may compromise their ability to cope
with the new conditions.

This could be the case for phytoplankton, which are
considered as sentinel organisms to study the effects of global
change on marine ecosystems. Phytoplankton play a vital
role in regulating the nutrients and organic matter cycling,
trophic interactions, and gas exchange in the atmosphere-water
interphase (Chavez et al., 2011), hence any impact on them
may be propagated to other trophic levels. We also know
that phytoplankton respond to both warming and temperature
fluctuation as individual drivers. For example, recent results
found that fluctuating temperatures can modify phytoplankton
growth (Kremer et al., 2018; Gerhard et al,, 2019), increase the
oxidative stress (Nepper-Davidsen et al., 2019) or the turnover
rates in communities (Righetti et al, 2019), and favor the
dominance of diatoms over other phytoplankton groups (Kling
et al., 2020). Furthermore, previous experimental studies have
reported that warming can promote changes toward smaller
cells when nutrient stress intensifies (Peter and Sommer, 2013),
increase carbon:nitrogen (C:N) ratios (Biermann et al., 2015),
primary productivity and biodiversity (Yvon-Durocher et al.,
2015), and reduce the efficiency of energy transfer from primary
producers to herbivores and detritivores (Ullah et al., 2018).
Also, warming can strengthen the predator-consumer interaction
(Schaum et al., 2018b; Garzke et al., 2019), and ultimately weaken
the C-sink capacity, as shown in experimental microbial plankton
communities (Yvon-Durocher et al., 2017). Surprisingly, it is
still poorly understood how the interaction between warming
and temperature fluctuation affects the composition, dynamics
and metabolism of microbial food webs. The scarce available
evidence shows contrasting outcomes. For instance, Wang
et al. (2019) reported that both drivers acting simultaneously
reduced the rates of growth and carbon fixation in marine
phytoplankton populations. Rasconi et al. (2017) also showed
a decrease of diversity and evenness in natural freshwater
phytoplankton communities when exposed to a fluctuating
temperature X warming regime. By contrast, under fluctuating
warming temperatures, Kling et al. (2020) showed fourfold
phytoplankton growth stimulation, and Schaum et al. (2018a)
found evidence of acceleration of phytoplankton adaptation.

Considering that global warming is expected to modify both
the annual mean temperature and its variability (IPCC, 2019),
we need more empirical evidence quantifying the impacts of
its combination on microbial plankton communities to achieve
a more comprehensive understanding of the consequences for
marine ecosystems.

In the present work, we address two key questions to
better understand the effects of warming and fluctuating
temperature on food webs and ecosystems: (a) how do the species
richness, size distribution and structure of marine phytoplankton
communities respond to these interacting drivers?; and (b)
what is the effect of a future scenario of warming on the
metabolic balance of the microbial plankton community when
temperature fluctuations (which mimic natural environmental
dynamics) are also considered? Our approach consisted in
manipulating both mean temperatures and their variation
(£ 3°C from the mean temperature) over diel cycles in
an indoor-mesocosm experiment. We used a natural marine
phytoplankton community from a coastal site in the Gulf
of Bothnia (Baltic Sea), and examined the interactive effects
of both drivers (warming and temperature fluctuation) over
different biological organization levels including phytoplankton
stoichiometry, community structure and productivity and the
metabolic balance of the microbial plankton community.

MATERIALS AND METHODS

Study Design: Site and Experimental
Setup

We collected 24,000 L of surface seawater early in the morning on
30 July 2019 from a coastal station (63°33.905'N, 19°50.898'E)
off the Umed Marine Sciences Center (Umed University),
located in the Gulf of Bothnia, off the Swedish east coast. The
initial conditions in the study area were oligo/mesotrophic,
according to nutrient and chlorophyll a (Chl a) concentration
(Supplementary Table 1). We used an automatic pumping
system to collect the sea water, and pre-filtered it through
180 wm mesh to eliminate the mesozooplankton before filling
the mesocosms. The indoor mesocosms at Umed Marine
Sciences Center consist of 12 double-mantled high-density
polyethylene (HDPE) cylinders (5 x 0.74-m diameter) with
spatially controlled temperature via a sectioned outer layer of
glycol, and equipped with Valoya LED lamps (R-258, Light DNA)
as light sources (Supplementary Figure 1; see below).

To assess the combined impact of warming and fluctuating
temperature on plankton communities, a 2 x 2 (in triplicate)
full-factorial design was implemented with (a) two temperature
treatments: Control (i.e., in situ temperature at the sampling
moment [15°C], and median values registered in the study
area during summer [15.17 & 0.51, 2000-2019 period]; Swedish
Meteorological and Hydrobiological Institute]) and Warming
(in situ temperature + 3°C), and (b) two temperature regimes:
Constant, in which the mean temperature was maintained
constant over the experiment (i.e., 15 or 18°C), and Fluctuating,
in which mean temperature varied + 3°C over the mean
temperature considered, i.e., between 12 and 18°C for the control
conditions, and between 15 and 21°C for the warming scenario
(see Supplementary Figure 2). We chose Controlconstant as our
control treatment because most of previous studies have precisely
focused on large-scale averages across space and time (Bates et al.,
2018), comparing control vs. manipulated conditions using a
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constant temperature regime, and ignoring the effect of natural
fluctuations respect mean conditions.

All experimental treatments were randomly assigned to the
mesocosms, and were exposed to the corresponding single
or interactive effect of both drivers for 29 days. The light
lamps mimicked the light:dark cycle (16 h 1L:8 h D), and
the daily cumulative photosynthetically active radiation light
flux in the photic zone during summer in the Bothnian Sea
(Andersson et al., 1994 and Supplementary Figure 2). To
ensure that the water column was well oxygenated, air was
continuously bubbled into the mesocosms (20 mL s~!). The
temperature of the water column was continuously controlled
by an automated heating/cooling system (& 0.5°C) in the three
sections of the mesocosms to induce a complete and constant
mixing of the water column over the experimental period (full
mixing of each mesocosm in ca. 2-4 h). This complete mixing
prevented particle settling and accumulation in the bottom of
the mesocosms. Vertical profiles of Chl a and turbidity measured
using a Seaguard® -CTD (Aanderaa Instr. AS, Bergen Norway)
at different stages over the experiment showed a homogeneous
distribution of biomass and similar turbidity with depth inside
each experimental treatment (Supplementary Figure 3). The two
fluctuating temperature treatments, which had the same mean
as the constant treatments, alternated between a warm phase
above (4 3°C) and a cold phase below (—3°C) the mean value
sequentially every 48 h, yielding a 96 h complete thermal cycle
(Supplementary Figure 2). These temperature changes, which
mimic natural thermal fluctuations that usually occur in the
study area (Supplementary Figure 4), were programmed to take
place at a fixed time (i.e., 7 a.m. local hour) in both fluctuating
treatments hence temperature would remain stable over a few
hours once the target conditions were reached, before entering
the next step of the temperature cycle.

The time scale used in the fluctuating temperature treatments
was based on the fact that surface nearshore waters experience,
particularly during summer, strong fluctuations in temperature
over a diel basis (Kaplan et al., 2003), while the magnitude
of the temperature increase imposed to the communities was
based in the mean MHW severity registered over the 1993-2018
period in the study area (Supplementary Figure 5). To avoid any
potential effect of the nutrient status on the susceptibility of the
phytoplankton community to the drivers tested, we maintained
constant the inorganic nutrient concentrations (i.e., phosphate,
ammonium, nitrate, nitrite). To do so, over the experimental
period, we added after sampling (i.e., two times per week) NH, "
(as NH4CI), NO3*~ (as NaNO3), or PO4*>~ (as NaH,POy) to
the mesocosms as required to maintain concentrations similar to
those measured at the moment of mesocosms filling (hereafter,
seawater; Supplementary Figure 5). Water exchange (~20 L,
inclusive of sampling water collection) was carried out after every
sampling day and replacement consisted of natural Bothnian
seawater filtered through patron depth filters of 20, 5, 3, 1, and
0.2 pm connected in series to minimize breakage of organisms by
pressure gradients during filtration. Such replacements with 0.2
pm filtered seawater did not alter the dissolved organic carbon
(DOC) concentration in any treatment over the experimental
period (Supplementary Figure 6).

Mesocosms were sampled twice per week for inorganic
nutrients and dissolved organic carbon, particulate organic
carbon and nitrogen, photosytem II photochemistry,
phytoplankton species counts and oxygen rates variables,
and five times per week for Chl a (see below). All water samples
were taken from a depth of 0.5 m because biomass distribution
was homogeneous with depth (Supplementary Figure 3), and
stored in acid-washed buckets (for less than 1 h) before being
processed for each response variable.

Dissolved Inorganic Nutrients

Fifty-mL samples from each mesocosm were taken, and
concentrations of nutrients [NH4T, NO,~, NO32~, PO,>~, and
Si(OH)4] were immediately determined after sampling using
standard analytical methods (Grasshoft et al, 2009) with a
Quaatro systems (Seal Analystics, United States). From nutrient
(Supplementary Figure 7) and Chl a concentrations (see
“Results” section), we calculated the cumulative Chl a specific
P and N-uptake by the microbial community, as a measure of
net community production using a budget approach independent
of bottle incubations. Both cumulative nutrient uptakes were
obtained through the sum of the uptakes computed for each
individual time period, and calculated as follow:

Chl a-specific nutrient uptake
= (X;{ — X¢41)/(Chlagr; — Chlay)

where X; and Chl a; is the nutrient concentration and Chl a,
respectively, measured at time t (days), and X¢4+; and Chl a4,
is the nutrient concentration and Chl a measured the following
sampling day. We normalized nutrient uptakes by the change in
Chl a concentration registered during this period in order to have
comparable cumulative uptake among treatments.

Dissolved Organic Carbon (DOC)

Fifty-mL samples were taken, placed in acid-washed Corning
vessels (Corning Inc., United States), fixed with HCI 1.2 M, and
stored at 4°C in darkness until analyzed. Concentrations of DOC
were determined using a Shimadzu TOC-L high temperature
catalytic oxidation instrument with NDIR detection.

Particulate Organic (POC) Carbon and
Nitrogen (PON)

One hundred fifty mL samples from each mesocosm were filtered
through pre-combusted (500°C for 5 h) GF/F (Whatman Inc.,
United Kingdom) filters, and stored at —20°C in darkness until
analyzed. Before the analysis, filters were thawed and desiccated
at 60°C for 24 h. Samples were analyzed with a Vario Macro
Cube elemental analyzer (Elementar Analyses system GmbH,
Germany). GF/F blanks were treated as samples to determine
background C and N contents.

Chl a

Samples (100-200 mL) from each mesocosm were sequentially
filtered through 5 pm pore size polycarbonate (Merck Millipore
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CO, United States) and GF/F (Whatman Inc., United Kingdom)
filters, and extracted with 96% ethanol for 24 h at 4°C
in darkness after 10 min of sonication (VWR, Ultrasonic
Cleaner USC300T, United States). After that, samples were
centrifuged at 3,500 rpm for 10 min (Hreaeus® Instruments
Labofuge® 400, Thermo Fisher Scientific, United States) and
Chl a concentration was fluorimetrically determined using a
fluorometer (Perkin Elmer, LS 30, United States) calibrated
with pure Chl a pigment from DHI (Water and Environment,
Hoersholm, DK). From fractionated Chl a concentrations
(i.e., > and < 5 wm), we calculated the dominant biomass-size
index in the community over the experimental period as the
ratio between both fractions. This index, which oscillates between
values >, < or = 1, indicates whether plankton community
was dominated by micro/nanophytoplankton (i.e., values > 1),
nano/picophytoplankton (i.e., values < 1) species or both groups
had the same contribution (i.e., values = 1) to the total biomass
of the community.

Hourly sea-surface temperature and Chl a concentrations
were measured using a water quality monitor (WQM) Sea-Bird
probe anchored to an oceanographic buoy (Techworks Marine®,
Ireland) in the study area. Data are shown in the supplementary
information (Supplementary Figure 4) to contextualize the
results of the present work.

Plankton Identification and Enumeration
One hundred-mL samples were taken from each mesocosm
for analysis of nano- and microplankton, and fixed with 2%
acidic Lugol’s solution. 25 mL sub-samples were settled for
24 h in sedimentation chambers (Utermohl, 1958). Then, the
cells were counted and identified to a genus (and species
level when possible) level using an inverted microscope (Nikon
Eclipse TE3000, United States). Microplankton (>20 pm)
and nano-plankton (2-20 pm) samples were counted at
100x and 400x magnification, respectively. For ciliates,
200x magnification was used. Different taxa were identified from
the cell morphology and size, and cell biovolume was calculated
according to Olenina et al. (2006). Biovolumes were converted
into carbon biomass using the relationships proposed by Verity
etal. (1992). Because Chl a and carbon biomass exhibited a linear
relationship (Supplementary Figure 8A and Supplementary
Table 2) and biomass (Supplementary Figure 8B) had a similar
temporal response pattern to Chl a in all treatments, we assumed
that Chl a was a realistic proxy of community biomass. Carbon
biomass proportions of species were used to estimate Pielou’s
evenness (Pielou, 1966), whereas species richness was used as
diversity estimate.

Photosystem Il (PSIl) Photochemistry

To determine the quantum yield of PSII, 3 mL samples were
taken from each mesocosm over different days using an acid-
washed silicone tube inserted in a syringe. Samples were taken
every 1.5-2 h during the light phase, and every 4 h during the dark
phase (96 samples in total per day) to measure the in vivo PSII
photochemical parameters over diel light-darkness cycles using
a pulse amplitude modulated (PAM) fluorometer (Walz, Water
PAM, Effeltrich, Germany). Each sample was measured six times

immediately after sampling (without any dark-adaptation) with
each measurement lasting 10 s; thus the total time for measuring
each sample was 1 min. The effective photochemical quantum
yield of PSII (®pgyr) was calculated using the equations of Genty
et al. (1989) as:

®psy = AF/F, = (F,, — Ft)/F,,

where F,,, is the maximum fluorescence induced by a saturating
light pulse (ca. 5300 pmol photons m~2 s~ lin 0.8 s) and Ft
the current steady-state fluorescence induced by a red actinic
light pulse (250 wmol photons m~2 s~!- peak at 660 nm) in
light-adapted cells. From the ®pg;; measurements, we calculated
the rate of electrons transported through the PSII (rETR, in
pmol photons m~2 s~1!) i.e., an estimation of the photosynthetic

rate, as:
rETR = ®pg;; x Epar X 0.5

where @ pgjy is the effective photochemical quantum yield, Epar is
the instantaneous PAR energy received by phytoplankton in the
measurement time, and 0.5 is a correction factor as half of the
absorbed light energy is diverted to the PSII (Suggett et al., 2003).
Daily rETRs were calculated for each experimental condition and
day integrating the area under the rETR vs. time curve.

Net Community Production (NCP) and
Respiration (CR) Rates

Before the start of the light period, samples were taken from
each mesocosm, transferred to 150 mL Winkler bottles (Lenz
Laborglas, Germany) equipped with sensor-spots (SP-PSt3-NAU-
D5-YOP), ensuring that no bubbles formed, and exposed over
the diel light:dark cycle (total of 24 bottles: 12 for light-dark and
12 for dark incubations) inside the corresponding mesocosm at
the same depth where samples has been collected. Dark bottles
were additionally placed inside customized opaque bags to avoid
any potential interference of radiation during the light exposure
period. Oxygen concentration was measured using an optode-
probe system (Fibox 3, Presens GmbH, Germany) equipped
with an optic fiber and the Oxyview 6.02 software to register
the data. Each sample was measured during 1 min, collecting
one datum per second. The system was calibrated before the
measurements using a two-point calibration for 100% and 0%
oxygen saturation, at the desired temperature and at atmospheric
pressure. Oxygen concentration measurements were done at the
beginning of the diel cycle (tp) and after 24 h of incubation at
the sampling depth. NCP and CR rates were calculated from
changes in dissolved oxygen concentrations after incubation of
samples under light and dark conditions, respectively. From
the daily NCP and CR rates we calculated the mean rates over
the entire experimental period. These rates were normalized by
the mean Chl a concentration, used here as a general proxy
for microbial plankton biomass, to have comparable estimates
between treatments. Gross primary production was calculated
as the sum of NCP and CR. We estimated the metabolic
balance of the microbial community as the GPP to CR ratio.
The GPP:rETR ratio was used as a proxy for the fraction of
energy absorbed via photochemical pathway that is converted
into community production.
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Marine Heatwaves (MHW)

To understand to what extent global warming and climatic
variability are important drivers currently affecting the
occurrence of MHW in local/regional areas, we examined
the frequency, duration, mean, maxima, and cumulative
intensity (in °C) of MHW for the Northern Baltic Sea during the
last three decades (i.e., 1993-2018). We used data extracted from
the Hadley Center Sea Ice and Sea Surface Temperature v1.1
(Rayner et al.,, 2003). A MHW event was defined as the seawater
temperature that exceeded the 90th percentile of the seasonally
varying threshold for at least five consecutive days (Hobday et al.,
2016). Based on this premise, the frequency of MHW is the total
number of MHW events per year, and the cumulative intensity of
MHW is the cumulative number of °C per year that exceeded the
seasonally varying threshold. The duration is the number of days
per year with MHW, and the severity is the difference between
the mean and the maximum intensity registered in temperature
of all MHW that took place each year.

Data Treatment and Statistics
We fitted linear regression models for frequency, duration,
cumulative intensity, and severity of the MHW wvs. time
for the 1993-2018 period to evaluate long-term trends in
the study area. Also, linear regression models were fit to
assess the relationship between Chl a and carbon biomass
in each experimental treatment. Non-linear regression models
were used to assess for the dominant biomass-size index
in the community over the experimental period under each
experimental treatment.

We calculated the effect size of warming, fluctuating
temperature, and their interaction on GPP:CR and GPP: rETR
ratios as:

Warming or fluctuating temperature effect size (%)
= (Treatmentsingle — Controleonstant) / (Controleonstant)

x 100

where Treatmentpnge represents: (1) samples under the
Warmingconstant treatment for warming effects, and (2) samples
under the Controlgyctuating treatment for fluctuation temperature
effects; and

Warming x fluctuating temperature effect size (%)
= (Warmingﬂuctuating — Controlconstant) / (Controlconstant)

x 100

where Warminggyctuating represents samples exposed under the
simultaneous effect of warming and temperature fluctuation, and
Controlconstant Samples under in situ constant temperatures. We
used the GPP:CR ratio instead of the NCP for the effect size
analyses for two reasons: (1) it avoids the use of negative NCP
values on the calculations, and (2) it facilitates the comparison
with GPP:rETR ratios.

Finally, the additive effect of both drivers was calculated
as the sum of the single effect size of warming and
fluctuating temperature. Based on this, an interactive effect

was considered synergistic or antagonistic when their
values were higher or lower, respectively, than the expected
additive effect.

Two-way repeated measures (RM-ANOVA) analyses were
used to test the interactions between temperature and fluctuating
temperature on Chl a (total, > 5 and < 5 pm), C:N ratios,
species richness, species evenness, contribution of different
phytoplankton groups to the total biomass (ie., relative
composition,%), total biomass, cumulative Chl a-specific P
and N-uptake, and rETR rates. The two-way ANOVA was
used to test the interactions between warming and fluctuating
temperature on mean Chl a-specific NCP, and CR rates,
GPP:CR and GPP:rETR ratios, and inorganic nutrients (i.e.,
phosphate, ammonium, nitrite, nitrate, and silicate), as the
factor “time” was implicitly considered by integrating together
all the values measured for each response variable over
the experimental period. The one-way ANOVA was used
to test significant differences among warming, fluctuating
temperature, their interaction and the additive effect on
GPP:CR and GPP:rETR ratios. Temperature and temperature
regime represented the factors between subjects, whereas time
as well as interactions involving time were analyzed within
subjects. Normality (by Kolmogorov Smirnov and Shapiro
Wilk’s test) and homoscedasticity (by Levene’s test) were
checked to verify the linear regression, ANOVA and RM-
ANOVA assumptions. When interactive effects were significant,
least significant differences (LSD) Fisher post hoc test was
performed. Because multiple ANOVA (and comparisons) were
performed, we applied a Benjamini and Hochberg (B-H)
correction to our statistical results to control if it affected
the type I error rate and consequently, the false discovery
rate; however, we did not find changes in the significance
compared with those originally obtained (i.e., B-H corrected
p < 0.05 for all variables, ranging between 2.56 x 107!
and 4.93 x 107%). All data are reported as mean and
standard deviation, whereas error propagation was used to
calculate the error for the effect size of single, interactive
and additive effects of the drivers tested (i.e., warming and
fluctuating temperature) on GPP:CR, and GPP:rETR ratios.
All statistical analyses were performed in Rstudio® v.1.1.463
(RStudio, Inc.).

RESULTS

Thermal Ecological Context in the
Northern Baltic Sea

The frequency, duration and intensity of MHW:s have increased
by 8-, 10-, and 40-fold, respectively, in the study area over the
last 25 years (Supplementary Figures 5A-C and Supplementary
Table 3). In fact, the current mean duration of MHW in
the Northern of Baltic Sea is 50 days y~ ! compared to
less than 10 days y~! in 1993. The severity of these events
(Supplementary Figure 5D) has also increased, with mean
temperature during MHWSs in the last 10 years being ~3°C
higher (with events up to 6°C higher) than the mean observed
in the period 1990-2007.
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Warming x Temperature Fluctuation
Effects on Stoichiometry, Biodiversity

and Community Structure

The phytoplankton community exhibited a clear pattern of
ecological succession over the experimental period, with pre-
bloom, bloom and post-bloom periods (Supplementary Figure 1
and Supplementary Table 4). Although this pattern did not
match with Chl a dynamics observed in natural conditions
(Supplementary Figure 4) where mesozooplankton was not
excluded, it allowed us to study the effect of temperature
fluctuation on plankton community dynamics. During the pre-
bloom period, we did not observe differences in total or
fractionated Chl a regardless of the treatment considered (LSD
post hoc test, p > 0.05). By contrast, during the other two periods,
we found that, compared with the controlcopstant treatment,
Chl a decreased in the controlﬂuctuating, warmingconstant, and
Warmingfycruating treatments. Both warming treatments caused
a strong decrease of phytoplankton biomass, as shown by a 3-
4-fold reduction in Chl a concentration. This negative effect
was significantly stronger under warmingcopstant than under
controlfyctuating and/or warminggyctuating treatments (Figure 1
and Supplementary Table 4; LSD post hoc test, p < 0.05),
and similar in magnitude and response pattern to the effect
on total phytoplankton carbon (Supplementary Figure 8B and
Supplementary Table 4).

The bloom phase, in terms of Chl g, peaked 5 days earlier
under both warmingconstant Or Warmingguctuating treatments
compared to control ones. The dominant biomass-size index also
varied over the experimental period (Figure 2A, Supplementary
Figures 8C,D and Supplementary Table 5). For all treatments,
the index was ~1 (i.e., co-dominance of > and < 5 pum size
classes) at the beginning of the experiment and increased during
pre-bloom regardless of the condition considered. The highest
mean index values (i.e., >1, dominance by 5 pum size class) were
reached during bloom, particularly under the warmingconstant
treatment. During the post-bloom, values decreased more
strongly under warming conditions, reaching values of ~0.5 (i.e.,
dominance by < 5 pum size class).

The C:N ratios did not exhibit a clear response pattern
over the experimental period. Neither warming nor temperature
fluctuation had a significant effect on such ratios (Figure 2B and
Supplementary Table 4), although the highest (i.e., ~12) and
lowest (i.e., ~9) values were found under pre- and post-bloom,
and bloom, respectively.

Phytoplankton diversity metrics varied over the experimental
period due to a warming x fluctuating temperature effect
(Figures 2C,D and Supplementary Table 4). Regarding species
richness, we found a unimodal response pattern over the
phytoplankton succession with highest values during bloom, and
lowest during the post-bloom. However, we also found that
the decline in species richness started during mid-bloom under
control treatments, whereas it occurred at the end of this period
under warming treatments. Overall, species richness decreased
ca. 20% on average through the experiment, with such decrease
being significantly higher under warmingconsant than in the other
three treatments (Figure 2C; LSD post hoc test, p < 0.001).

Pielou’s evenness index ranged between 0.57 and 0.45
and exhibited different trends between control and warming
conditions. Under control treatments, Pielou’s evenness showed
an inverted U-shaped response pattern with significantly higher
values under fluctuating than constant conditions during the
pre- and post-bloom periods (LSD post hoc test, p < 0.001).
By contrast, under warming treatments, evenness showed a
U-shaped response pattern with significantly higher values under
constant than fluctuating conditions over the experimental
period (except for the last day: LSD post hoc test, p > 0.05).

Regarding community composition, we found that
filamentous cyanobacteria (i.e., Anabaena sp. Aphanizomenon
cf flos-aquae, Pseudanabaena limnetica, and Spirullina sp.
as main contributors) increased from 20 to 70-80% of
the total biovolume of the community in all treatments
over the experiment (Figure 3). By contrast, green algae
(representing < 5% of the total community biomass at
the beginning; i.e., Desmodesmus sp., Koliella longiseta and
Monoraphidium sp. as main contributors) and dinoflagellates
(representing ca. 50% of the total community biomass at the
beginning; i.e., Dinophysis sp., Gymnodinium sp., Gyrodinium
sp., Prorocentrum sp., and Protoperidinium sp.) virtually
disappeared under the warmingconstant and warmingfycruating
treatments, respectively (Figure 3D). Other functional groups
such as ciliates (i.e., Lohmanniella oviformis, and Strombilidium
sp.), flagellates (i.e., Dinobryon faculiferum, Tetraselmis sp.,
Ochromonas sp., and Chrysochromulina sp.), and diatoms
(Diatoma tenuis, Entomoneis sp., Lenoxia faveolata, and
Skeletonema costatum) remained unchanged regardless of the
treatment considered.

Warming x Temperature Fluctuation

Effects on Ecosystem Functioning

Community Chl a-specific metabolic rates (NCP and CR)
describe the balance between photosynthesis and respiration.
The metabolic balance of the microbial plankton community
shifted from net autotrophic (NCP > 0) under controlcopstant
conditions to net heterotrophic (NCP < 0) in the other
treatments (Figure 4A), even if CR rates decreased. These
decreased NCP rates were coupled with increases in cumulative
Chl a-specific N and P uptakes, which were significantly higher
under warming than control treatments as the succession
progressed (Supplementary Figures 8E,F and Supplementary
Table 4). Fluctuating temperatures caused a decrease in P-
and N-uptake under control treatments, when compared with
controlconstant and regardless of the phytoplankton succession
stage considered, whereas their effect was positive (e.g.,
pre-bloom), negative (i.e., post-bloom) or even null (ie.,
bloom) when acting in concert with warming (Supplementary
Figures 8E,F). Nevertheless, the magnitude of the effect
exerted by warming or fluctuating temperature, relative to
controleonstast, was lower for nutrient uptake than for total
Chl a and carbon biomass. The decline in NCP mediated
by warming, fluctuating temperatures and their interaction
matched with decreasing rETR rates over the experimental
period. Such rates were significantly lower under warming
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than under control treatments (Supplementary Figure 8G and
Supplementary Table 4).

From NCP and CR rates we calculated GPP (Supplementary
Figure 8H). Then, we calculated the GPP:CR ratio
(Supplementary Figure 8H), as a proxy of the metabolic
balance of the microbial communities, and the GPP:rETR ratio, a
proxy of the light energy absorbed via the photochemical pathway
that is converted to community production (Figure 4C). We
observed that under controlgycuating and warmingqyctuating
and warmingconstant treatments a decreased GPP:rETR
ratio (up to 80%) matched the accentuated heterotrophy
(NCP < 0) reported above (Figure 4A and Supplementary
Figure 8H).

Finally, we quantified the individual and interactive effect
size of fluctuating temperature and warming on GPP:CR
and GPP:rETR ratios (Figures 4B,D). As a single driver,
warming had a 40% higher negative effect (calculated as the
difference between both drivers) than exerted by fluctuating
temperature on GPP:rETR ratio (Figure 4D); however, the
interaction of fluctuating temperature with warming had a strong
antagonistic effect on both GPP:CR (Figure 4B) and GPP:rETR
(Figure 4D) ratios, that is, attenuated the negative individual
effect of warming.

DISCUSSION

This study demonstrates that the magnitude of the negative
effect of warming on net community productivity is lower
than expected when fluctuating instead of constant temperatures
are considered. Because the experimental design simulated
mean temperature increases recorded in the northern Baltic
Sea over the last three decades (Supplementary Figure 5),
and natural temperature fluctuations that often occur in
coastal waters (Kaplan et al, 2003), our results mimic
the impacts on aquatic microbial food webs under future
environmental conditions.

As expected according to predictions by metabolic theory
of ecology (Brown et al, 2004), warming (both constant
and fluctuating) exerted a stimulatory effect on cumulative
Chl a-specific nutrient uptakes. This stimulatory effect on
nutrient uptakes coincided with reductions in phytoplankton
biomass under warming, temperature fluctuation and their
interaction. Specifically, warmingcopstant caused a 3—4-fold higher
decrease in biomass stock than exerted by controlgyctuating and
warmingﬂucmating, denoting that these two temperature change
treatments decreased phytoplankton biomass differently. These
reductions in biomass contrast with the idea that increased
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temperatures may trigger strong increases in phytoplankton
biomass once the community is acclimated to higher and
fluctuating temperatures under non-limiting nutrient conditions
(Rasconi et al., 2017). In addition to the opposed impact
that both drivers had on phytoplankton biomass and nutrient
uptakes, we found that the magnitude of its individual and
interactive effect was lower on nutrient uptakes than on
phytoplankton biomass. We hypothesize that this accentuated
effect on biomass could be consequence of a potential top-down
control by microzooplankton. Although we did not quantify
such trophic interaction, potential grazer species identified

(i.e., ciliates, dinoflagellates and flagellates), which accounted
for 50-60% of the total biomass, can behave as mixotrophs
(Jones et al.,, 2009; Unrein et al., 2010; Johnson, 2015), and
even exhibit a predominant heterotrophic nutrition mode under
warming (Wilken et al., 2013). Moreover, maximal growth
rates of herbivorous protists exceed those of phototrophic
ones at temperatures > 15°C (Rose and Caron, 2007). As
our experimental conditions imposed temperatures between
3 and 6°C higher than controlcopstant (i-€., 15°C), increased
grazing pressure may have caused the decrease in phytoplankton
biomass, particularly under warmingconstant. Jensen’s inequality
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may help explain why herbivorous pressure could have been
lower in temporally fluctuating relative to constant warming
environments, as inferred from the smaller decrease in
biomass observed (Jensen, 1906; Denny, 2017). Fluctuating
temperatures exposed organisms to 21°C during short-term
periods (i.e., warm phase) in the warminggyctuating treatment.
This thermal environment could exceed the optimal response
threshold of grazers, generating more “extreme” conditions
and buffering any performance advantage obtained when they
experienced warmer temperatures alone (Vasseur et al., 2014;
Fey and Vasseur, 2016).

The shifts registered in the dominant size-structure of the
phytoplankton community toward < 5 pum species can be driven
by better acclimation of small species to warmer and more
varying temperature environments (Bergmann, 1848; Moran
et al, 2010). A reduced cell size represents a competitive
advantage, i.e., a larger area of exchange with the environment
and shorter distance of diffusion between cytoplasm and

its surroundings (Czarnoleski et al., 2013). Nevertheless, we
can discard that this shift toward communities with smaller
cell size was due to a higher ability for nutrient uptake
compared to larger cells (Marainon, 2015) because our nutrient
conditions were constant and not limiting. Although size
structure varied among treatments, phytoplankton community
evolved toward a Cyanobacterial dominance. These variations
in community composition were concomitant with a decreased
phytoplankton genera richness, particularly in both warming
treatments compared to controlcopstant, and mostly due to loss
of diversity within dinoflagellates, and a lower extent in green
algae. These findings are consistent with those reported in a
long-term experiment in a freshwater ecosystem (Rasconi et al.,
2017), suggesting that the same response pattern may apply
to marine ecosystems. A progressive loss of phytoplankton
diversity under warming conditions has been linked with a
dominance of Cyanobacterial species, both in marine and
freshwater ecosystems, because they behave as fast-growing
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r-strategists compared to other phytoplankton groups (Paerl
and Paul, 2012). Our results extend such predictions because
Cyanobacteria can prevail regardless whether species richness
was affected, and temperature conditions (in situ or warming)
and regime (constant or fluctuating) changed.

Our results show that warming and/or fluctuating
temperatures reduced GPP:rETR and NCP. These reductions
prompted a shift in the metabolic balance of the microbial
community toward a C-source (i.e., NCP < 0). This negative
effect on GPP:CR is consistent with previous results but in
experimental freshwater microbial food webs (Yvon-Durocher
et al.,, 2010, 2017). However, and as far as we know, this is
the first empirical evidence showing a shift toward a C-source
in marine microbial food webs. Three plausible explanations
to the decreased NCP rates could be: (i) lower rETR rates
found as the succession progressed. These reductions in
photochemical performance indicates an increased oxidative

stress (Nepper-Davidsen et al., 2019), but also an increased
chloroplastidial over-excitation of the photosynthetic apparatus
because light absorption exceeds the photochemistry capacity
(Derks et al.,, 2015). This finding would support the decline
registered in conversion efficiency of the absorbed energy
via photochemical pathway into community production (i.e.,
GPP:rETR ratio); (ii) Reductions registered in species richness.
In agreement with our results, it has been recently reported
that as temperature rises, more species are required to maintain
ecosystem functioning i.e., primary production and CO, uptake
from the atmosphere (Bestion et al., 2020; Lewington-Pearce
et al., 2020); and (iii) phytoplankton communities with declined
(or low) species richness have lower probability of containing
highly productive species that contribute significantly to
maintain ecosystem function (Cermerio et al., 2016).

Contrarily to the view that changes in GPP:CR ratios toward
heterotrophy are mediated by differential increases in CR due
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to a higher thermal dependence than GPP (Loépez-Urrutia
et al,, 2006), we found no stimulatory effects of any driver
tested on CR. Considering that flagellates (which contributed
supposed 25-30% of the total microbial biomass in our study)
play a key role governing bacterial abundance (Sanders et al.,
1992), and that a recent work in the study area suggests that
these flagellates are potentially mixotrophic, with heterotrophic
nutrition dominating over autotrophic one (Paczkowska et al.,
2019), we suggest that an increased predation on bacteria could
explain the absence of CR stimulation under warming and/or
fluctuating temperatures. We based our reasoning in the fact
that bacteria are main contributors to the CR in plankton
communities if it is compared with phytoplankton (i.e., between
56% Robinson and Williams, 2005 and 70-92% Giering et al.,
2014). Nevertheless, we cannot discard, similarly that mentioned
above, that the lower productivity of the community under
these scenarios could have influenced CR rates, hence the
reductions reported.

Despite the consistent inhibitory effect of warmingconstant, we
found that fluctuating temperatures ameliorated such negative
impacts regardless of the different biological organization
considered. Because under fluctuating conditions plankton
communities also experienced short-term cooling periods that
mimicked mean temperatures in surface waters of the Baltic Sea
during summer time (15°C), we can argue that such “benign”
conditions would suppose a positive influence that partially
attenuated the harmful effects of mean warmingconstant (i-e.,
18°C), and even extreme warming experienced during the warm
phase of fluctuating conditions (i.e., 21°C).

In contrast to the patterns described above, the C:N elemental
ratio of phytoplankton communities, which impacts energy
transfer through the microbial food web and the efficiency of
the biological pump to export organic C to deep waters, was
not affected by any of the drivers considered. This supports
recent results with coastal phytoplankton communities that
showed that neither temperature nor their variation has effect
upon C:N (Kling et al., 2020), possibly because nutrient supply
rather than temperature is the key driver in the variability
of phytoplankton stoichiometry (Galbraith and Martiny, 2015;
Maraifién et al., 2018).

Additional drivers beyond those tested here may affect the
ecosystem’s functioning. For instance, larger grazers, such as
mesozooplankton, which were excluded in our study, can be
less susceptible to thermal stress than phototrophs (Liu et al.,
2019). In addition, nutrient availability, which was fixed in
our mesocosms, may alter the net impact of future scenarios
because nutrient limitation has been shown to reduce the thermal
dependence of phytoplankton metabolic rates (O’Connor et al.,
2009; Maranon et al., 2018), cause a lower thermal resilience
in phytoplankton populations (Thomas et al., 2017), and even
inhibit adaptation to high temperatures over evolutionary time
scales (Aranguren-Gassis et al., 2019).

Implications

Overall, our results highlight the potential for a major
antagonistic effect of environmental warming and temperature
fluctuations on marine communities and ecosystem functioning.

Consequently, specific richness losses, declines in the conversion
efficiency of the light energy absorbed into community
production, or decreases in C-uptake by microbial communities
as a result of warming could be up to 40% less severe when
temperature fluctuations are taken into account. Thus, we stress
the need to consider short-term variability, both natural and
anthropogenic, to acquire a more realistic and comprehensive
view of climate change impacts on marine ecosystems.
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