W) Check for updates

ASLO

Limnol. Oceanogr. 69, 2024, 1769-1781

© 2024 The Author(s). Limnology and Oceanography published by Wiley Periodicals LLC
on behalf of Association for the Sciences of Limnology and Oceanography.

doi: 10.1002/In0.12613

=

The experimental implications of the rate of temperature change and
timing of nutrient availability on growth and stoichiometry of a natural
marine phytoplankton community

Anika Happe @, Antonia Ahme ©,? Marco J. Cabrerizo @,>* Miriam Gerhard ©,> Uwe John ©,%¢

Maren Striebel ©'

!Institute for Chemistry and Biology of the Marine Environment (ICBM), University of Oldenburg, Wilhelmshaven, Germany
2Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany

*Department of Ecology, University of Granada, Granada, Spain

“Department of Ecology and Animal Biology, University of Vigo, Vigo, Spain

SDepartamento de Ecologia y Gestion Ambiental, Centro Universitario Regional del Este, Universidad de la Reptblica,
Maldonado, Uruguay

®Helmholtz Institute for Functional Marine Biodiversity at the University of Oldenburg (HIFMB), Oldenburg, Germany

Abstract

Climate change increases the need to understand the effect of predicted future temperature and nutrient scenarios
on marine phytoplankton. However, experimental studies addressing the effects of both drivers use a variety of design
approaches regarding their temperature change rate and nutrient supply regimes. This study combines a systematic
literature map to identify the existing bias in the experimental design of studies evaluating the phytoplankton
response to temperature change, with a laboratory experiment. The experiment was designed to quantify how differ-
ent temperature levels (6°C, 12°C, and 18°C), temperature regimes (abrupt vs. gradual increase), timings of nutrient
addition (before or after the temperature change) and nutrient regimes (limiting vs. balanced) alter the growth and
stoichiometry of a natural marine phytoplankton community. The systematic map revealed three key biases in
marine global change experiments: (1) 66% of the studies do not explicitly describe the experimental temperature
change or nutrient regime, (2) 84% applied an abrupt temperature exposure, and (3) only 15% experimentally manip-
ulated the nutrient regime. Our experiment demonstrated that the identified biases in experimental design toward
abrupt temperature exposure induced a short-term growth overshoot compared to gradually increasing temperatures.
Additionally, the timing of nutrient availability strongly modulated the direction of the temperature effect and
strength of growth enhancement along balanced N : P supply ratios. Our study stresses that the rate of temperature
change, the timing of nutrient addition and the N : P supply ratio should be considered in experimental planning to
produce ecologically relevant results as different setups lead to contrasting directions of outcome.

Increasing temperature and changes in nutrient regimes are
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among the most prevalent abiotic pressures of the last decades
(Malone and Newton 2020; IPCC 2023). Both drivers exert a
strong impact on phytoplankton growth (Thomas et al. 2017;
Anderson et al. 2022) and stoichiometry (De Senerpont-Domis
et al. 2014; Yvon-Durocher et al. 2017), which subsequently
alter the nutritional quality and quantity for higher trophic
levels (Sterner and Elser 2002; Hessen et al. 2013) and the car-
bon export out of the pelagic zone (Kwiatkowski et al. 2018).
Future scenarios predict various possible combinations of tem-
perature and nutrient availability, for example, that rising
water temperatures increase stratification and thus reduce
nutrient transport to surface waters (Steinacher et al. 2010), or
that terrestrial run-off increases the nutrient input in coastal
waters (Rabalais et al. 2009). These different scenarios stress
the need to cover an extensive range of possible combinations
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and underline the importance of gradient experiments,
including extreme treatment levels (Collins et al. 2022). More-
over, the effects of temperature and nutrients on phytoplank-
ton are often investigated independently (e.g., Palffy
et al. 2021; Soulié et al. 2022) or by using single species in labo-
ratory experiments (e.g., Boyd et al. 2015; Bestion et al. 2018).
However, to gain a comprehensive understanding of direct and
indirect effects via species interactions (Boyd et al. 2018) and to
draw conclusions on the ecosystem level, we need studies quan-
tifying such responses at the community level.

Experimental studies have shown that the thermal depen-
dence of phytoplankton metabolism accentuates with increas-
ing nutrient concentration (and vice versa) (Thrane
et al. 2017; Marafién et al. 2018), whereby nutrient availabil-
ity changes the height and curvature of the thermal perfor-
mance curve (Thomas et al. 2017). The combined effects of
temperature and nutrients on the community level are
expected to be more complex than patterns on single species
level as phytoplankton taxa exhibit trade-offs in their ability
to use resources and to outperform other taxa along their
species-specific performance curves (Litchman and Klausmeier
2008). For a marine spring bloom community exposed to
three temperatures and two different nutrient concentrations,
Anderson et al. (2022) found higher temperatures (+3.4°C
compared to ambient) to be beneficial for community growth
rates under nutrient-replete conditions, but antagonistic under
nutrient limitation. Applying a wide range of nutrient con-
centrations and ratios, Gerhard et al. (2019) found the
temperature x nutrient interaction effect on the growth rate
of a freshwater community to be strongest under balanced N : P
supply ratios (i.e., around the Redfield ratio) compared to
extremely sub-optimal N : P supply ratios (N or P limitation).
Additionally, under a balanced N:P supply ratio, nutrient
concentration only slightly affected the sensitivity to tempera-
ture fluctuations (Gerhard et al. 2019). A recent analysis of
long-term data showed that the North Sea is experiencing ris-
ing N: P supply ratios, potentially entailing an increasingly
prevalent phosphorus limitation (Burson et al. 2016; Ronn
et al. 2023) making the investigation of the interactive effects
of nutrient conditions and temperature changes even more
relevant in this system.

Considering phytoplankton stoichiometry (i.e., particulate
N : P ratio), the temperature-dependent physiology hypothesis
implies increasing particulate N : P ratios with higher tempera-
tures due to a lower requirement for phosphorus-rich ribo-
somes relative to nitrogen-rich proteins to maintain an
organism’s performance (Woods et al. 2003). However, as phy-
toplankton taxa differ in their macronutrient requirements
(Edwards et al. 2012) altering relative N and P supply may also
reshape the phytoplankton community (Tilman et al. 1982).
Although the phytoplankton community response to temper-
ature increase (Striebel et al. 2016) and levels of nitrogen and
phosphorus (Frost et al. 2023) was shown to be highly
context-dependent, temperature change studies comprise very

Nutrient timing and warming rate

heterogeneous approaches regarding their choice of experi-
mental design.

To identify how temperature experiments with marine phy-
toplankton communities are designed, a systematic literature
search has been conducted (see Methods; Supporting
Information S1; Figs. S2.1, §2.2). It generally showed that an
increase in temperature is performed either gradually (9 of
86 studies) with an applied rate of temperature change between
0.75°C d~! (Paul et al. 2021) and 2.5°C d~! (Soulié et al. 2023),
but more often as an abrupt temperature exposure (72/86 stud-
ies), that is, directly placing the community on the experimen-
tal temperature below or above ambient conditions
(e.g., Sommer and Lewandowska 2011; Moreau et al. 2014;
Menden-Deuer et al. 2018). Even among the studies applying
an abrupt temperature exposure, only half of the studies explic-
itly address this in the methods section (36/72), often it is not
clearly stated but to be assumed from the experimental design
(36/72). The abruptly applied temperature increases which were
not defined as heat shock experiments were most often set to
+3°C, +4°C, or +6°C, but also up to a temperature of +11.8°C
compared to ambient conditions (Supporting Information
Fig. S2.2). Furthermore, the literature search did not identify
any study that tested the effect of different rates of temperature
increase for a natural marine phytoplankton community. To
our knowledge, this has only been tested for single species. In
these studies, it was shown that populations abruptly exposed
to temperatures above their acclimated condition achieved sig-
nificantly higher growth rates than the population acclimated
to this respective temperature (Kremer et al. 2018; Fey
et al. 2021). This is referred to as gradual plasticity and describes
phenotypic changes happening at a slower pace than the initi-
ating environmental changes (Kremer et al. 2018). However,
thermal acclimation can re-adjust the physiological processes
that lead to the growth overshoot in monocultures in response
to abrupt temperature exposure (Rehder et al. 2023).

Regarding the nutrient conditions during temperature
change, the systematic literature map revealed that most studies
use the ambient nutrient regime (46/86), but nutrient-enriched
conditions are also common (19/86) to stimulate phytoplankton
growth (Supporting Information Fig. S2.1). Few studies applied
ambient-adapted nutrient conditions (6/86) which compensate
for unusually low ambient concentrations of phosphorus or
nitrogen at sampling time (Engel et al. 2011) or to achieve better
comparability to a reference year or experiment (Sommer
et al. 2007). Some studies (13/86) include at least two nutrient
levels (also including studies using enriched treatments but with
an ambient control), and only one of these also manipulated
N : P supply ratios based on extended Representative Concentra-
tion Pathways scenarios (Moreno et al. 2022).

Overall, we lack studies testing if the species level response
to different temperature change rates translates into natural
communities or whether compensatory community dynamics
may balance or outweigh the growth overshoot. Recently, it
has also been shown that the temporal pattern of multiple
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abiotic stressor occurrences (e.g., whether they are applied
sequentially or simultaneously) defines the magnitude and
direction of the combined effect, highlighting the importance
but lack of consideration of timing in multi-stressor experi-
ments (Gunderson et al. 2016; Brooks and Crowe 2019). More
information is needed to compare temperature effects and
their trade-offs between experimental designs in global change
research and point toward the implications of choosing a cer-
tain rate of experimental temperature change, the nutrient
regime, and timing of nutrient addition.

To fill the knowledge gaps outlined above, we experimen-
tally addressed how the growth and stoichiometric responses
were not only altered by the temperature level, but also their
rate of temperature increase and the timing of nutrient addi-
tion. A microcosm study was conducted by exposing a natural
phytoplankton spring community off the German coast at the
Helgoland roads permanent sampling site to a nitrogen to
phosphorus ratio gradient (from severe limitation to balanced
ratios) across three temperature levels applied with either a
gradual or abrupt temperature increase, and with nutrient
addition during or after the temperature change (Fig. 1). Two
consecutive microcosm experiments allowed for explicitly
testing the following hypotheses:

(H1) The phytoplankton community growth rate and par-
ticulate N : P ratio depend on the rate of temperature change
(abrupt vs. gradual) in interaction with nutrient supply ratios: pre-
cisely, (H1a) the growth performance of the abrupt exposure treat-
ments is expected to show an overshoot compared to the
gradually increasing temperature treatments (based on Anderson
et al. 2022), with larger differences at higher temperatures (until
the thermal optimum) under balanced nutrient conditions. (H1b)
Limiting nutrient conditions lead to reduced growth rates which
is strengthened at higher temperature levels (Thomas et al. 2017),
and further decreased by abrupt temperature exposure.

First microcosm experiment

First microcosm experiment

Nutrient timing and warming rate

By comparing the performance of communities that
received the nutrient addition before vs. after the temperature
increase, it is possible to disentangle whether (H2) the phyto-
plankton community growth rate and particulate N : P ratio
depend on the timing of nutrient addition in interaction with
the supplied nutrient ratios: Specifically, (H2a) when previ-
ously acclimated to an elevated temperature under ambient
nutrient conditions, a nutrient addition after the temperature
increase is expected to result in lower community growth rates
and particulate N : P ratios compared to a community receiv-
ing the same nutrient additions before temperature increase.
(H2b) This effect may also be strengthened under unbalanced
or limiting nutrient conditions, as the community already
used all remaining nutrients during thermal acclimation and
drives into complete limitation.

Methods

Systematic literature map

A systematic literature search was performed, using the ISI
Web of Knowledge as a search engine, to identify how
experimental studies that investigate natural marine phyto-
plankton communities apply experimental temperature
change treatments. The search and analysis followed the
guideline of Preferred Reporting Item for Systematic Reviews
and Meta-analysis in Ecology and Evolutionary biology
(O’Dea et al. 2021) and matched 486 studies from which
83 papers and thus, 86 experimental designs remained after
screening the full-texts. See Supporting Information S1 for
details on the search string, inclusion criteria, categorization,
the flow-chart of report screening, and a PRISMA-EcoEvo check-
list. For extracting the information from the full-texts, only the
method section and referred Supporting Information of each
paper were considered.

Second microcosm experiment
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Fig. 1. Conceptual overview of experimental temperature treatments applied for testing the hypotheses (H1, H2). The line colors represent the final
temperatures at 6 (blue), 12 (orange), and 18°C (red). For H1, an abrupt temperature exposure and a gradual temperature increase were applied. The
black square represents the time point of nutrient addition to the microcosms. For H2, the dashed line indicates the thermal acclimation phase (under
ambient nutrients) in indoor mesocosms before starting the microcosm experiment.
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Experimental design

The initial plankton community originated from surface
seawater at a depth of 5 m collected off the coast of Helgoland
Roads long-term time series site in the German part of the
North Sea (54°11, 3'N, 7°54, O'E) on 06 March 2022 at 05:00 h
(UTC) using a diaphragm pump and filtered through a 200-um
mesh to reduce mesozooplankton. The water was transported
using eight 1000-liter polyethylene Intermediate Bulk Con-
tainers (IBC, AUER Packaging GmbH) onboard the German RV
Heincke. A temperature of 5.4°C and a salinity of 30.7 PSU
were recorded for the collection time and location. The phyto-
plankton community showed an initial concentration of
0.44 + 0.13 ug chlorophyll a L.

The collected seawater was used to set up a mesocosm experi-
ment in 600-liter stainless-steel tanks (analyzed in Ahme
et al. 2024) and simultaneously run bottle incubations (micro-
cosms) on the March 8, 2022. The effect of two gradual tempera-
ture increase scenarios (12°C and 18°C in steps of 1°C d™!) and
an ambient temperature control (6°C) on phytoplankton func-
tional responses was tested in the Planktotrons indoor meso-
cosm facility (Gall et al. 2017). In addition, two consecutive
microcosm experiments using 160 mL cell culture bottles
(SARSTEDT AG & Co. KG) with ventilated caps were conducted.
The mesocosms and microcosms experienced identical light
conditions set to 175 ymol photons s~' m~2 from LED units
(IT2040, Evergrow) and a day-night cycle of 12 h : 12 h chosen
according to field conditions during that time of the year.

The first microcosm experiment started at the beginning of
the mesocosm experiment using the initial phytoplankton
community. In addition to the control (6°C), these micro-
cosms were exposed to two temperature levels (12°C and
18°C) either as an abrupt exposure or as a gradual increase
(1°C d™') and supplied with a wide gradient of N : P supply
ratios (Table 1) as a unique pulse at the start of the
incubation.

The communities used in the second microcosm experi-
ment acclimated to their experimental temperature under
ambient nutrient conditions in the mesocosms. The water for
setting up the microcosm experiments was pooled across the
four replicated mesocosms after the 18°C temperature ramp
was completed (Fig. 1). The acclimated phytoplankton com-
munities were placed at the respective constant experimental
temperatures which they originated from (6°C, 12°C, and
18°C). The communities were supplied with the same nutrient
matrix as a unique pulse at the start of the microcosm incuba-
tion. Accordingly, these microcosms started the incubation
with different community compositions due to temperature-
dependent species sorting during the acclimation phase, while
the community dynamics in the first experiment were simul-
taneously temperature- and nutrient-dependent. In total, both
microcosm experiments ran in duplicated and summed up to
400 units (8 temperature change scenarios x 5 N levels x 5 P
levels x 2 replicates). Both microcosm experiments were ter-
minated after 12 d.

Nutrient timing and warming rate

Table 1. Matrix of phosphorus (P) and nitrogen (N) concentra-
tions and the resulting dissolved N : P ratios including the back-
ground concentration and the applied nutrient additions at the
start of the first microcosm experiment. The ambient concentra-
tion (background concentration) refers to the lowest experimen-
tal level and is displayed in bold.

P (umol L)
N (zmol L") 0.31 1.68 2.30 3.00 3.64
18.07 58 11 8 6 5
40.77 131 24 18 14 11
51.17 165 30 22 17 14
61.37 198 36 26 20 17
70.77 228 42 31 24 19

The nutrient treatments of both microcosm experiments
were achieved by using five N and five P levels (similar to Ger-
hard et al. 2019) creating a wide gradient of N : P molar supply
ratios (Table 1). The addition of N (NaNO3) and P (NaH,POy,)
to the seawater was conducted as a unique pulse at the start of
the respective microcosm experiment. Ultimately, the final
nutrient supply (total dissolved nutrients) consisted of the
concentration in seawater plus the added nutrients and
ranged from 18.07 to 70.77 umol N L' and 0.31 to 3.64 umol
P L~'. The background concentration of dissolved nutrients
was measured from the water samples before filling the bot-
tles at the beginning of each microcosm experiment using a
continuous flow auto-analyzer (Euro EA 3000; HEKAtech
GmbH). The ambient nutrient conditions were 0.31 ymol
P L' and 18.07 umol N L™! for the first microcosm experi-
ment (Table 1), but differed between the temperature levels
at 6°C (0.21 ymol P L™, 16.78 yumol N L), 12°C (0.20 ymol
P L', 11.48ymoINL™Y) and 18°C (0.20 yumol P L7},
18.58 yumol N L™!) at the start of the second microcosm run.
In the following, a balanced nutrient supply refers to both
N and P being equally abundant or equally rare (Cardinale
et al. 2009) corresponding to an N:P supply ratio
of ~ 16 : 1 (Redfield 1958). Continuous data loggers (HOBO
Pendant, Onset) monitored the temperature conditions dur-
ing the experiment.

Every other day, 1 mL sample from each homogenized
experimental unit was pipetted into a 48-well microplate
(SARSTEDT AG & Co. KG) to measure in vivo autofluorescence
of chlorophyll a (395/680 Ex./Em.) as a proxy for biomass
using a SYNERGY H1 microplate reader (BioTek®). After 12 d,
the experiments were terminated and one replicate was fil-
tered onto precombusted acid-washed glass microfiber filters
(Whatman® GF/C) to quantify their respective particulate car-
bon, nitrogen, and phosphorus content. This has also been
done for the respective starting communities.

Filters for particulate organic carbon (POC) and nitrogen
(PON) were dried at 60°C and measured using an elemental
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auto-analyzer (Flash EA 1112, Thermo Scientific). The filters
for particulate organic phosphorus (POP) were precombusted
and analyzed by molybdate reaction after peroxydisulfate
digestion (Wetzel and Likens 2003). The N : P ratio was calcu-
lated as the ratio between the molar masses of PON and POP.

The phytoplankton community composition throughout
the mesocosm experiment and thus, the respective starting
communities of the microcosm experiment (Supporting Infor-
mation Fig. $2.3), were analyzed via V4 region of the 18S rRNA
gene metabarcoding and is discussed in detail in Ahme et al.
(2024). The thermal performance curve (TPC) of the start com-
munity showed a thermal optimum at 18°C (corresponding to
the highest experimental temperature) and positive effect sizes
of temperature on community growth were found between 7°C
and 29°C (for details, see Ahme et al. 2024; Supporting Informa-
tion Fig. S2.4).

Statistical analyses

Linear growth rates x (d~') were calculated manually as the
slope of a linear regression based as (In(Ny) — In(Ny)/
(t1 — t0)), with N as the autofluorescence at the chosen start
(t0) and endpoint (t1) of the first experiment. The two points
have been chosen as the exponential growth phase, that is,
the time interval between the end of the lag phase and before
the biomass of the first samples within a temperature treat-
ment reached the decay phase (see times series; Supporting
Information Figs. $2.5-52.10). The majority of units that were
gradually increased to 18°C went into their decay phase before
reaching their final temperature (Supporting Information
Fig. S2.6). This resulted in a calculation between days 2 and
8 for the abrupt temperature exposure treatments and control
in the first experiment, between days 4 and 10 for the gradual
temperature increase in the first experiment, and days 2-6 for
the second experiment.

To test for the effect of the rate of temperature change on
the response of phytoplankton growth and particulate N : P
ratios to temperature and nutrient supply, log-response
ratios (LRRt) were calculated as logio(u1/p2), with p; as the
mean growth rate of the abrupt temperature exposure treat-
ment, and y, as the mean growth of the gradually increasing
temperature treatments for each temperature. To test for the
effect of timing of nutrient addition relative to temperature
change, LRRn were calculated as 1logqo(u1/u2), with p; as the
mean community growth rate when nutrients were added
during the gradual temperature change (experiment 1) and
uz as the mean community growth rate when nutrients were
added after the gradual acclimation (experiment 2) to test
for the effect of nutrient availability during temperature
change.

For all following analyses, the applied nutrient ratios were
categorized into nitrogen-limited (final N : P ratio < 11), bal-
anced (12-39), or phosphorus-limited (>40) nutrient condi-
tions. This is based on Gerhard et al. (2019) who showed that
the optimum N : P supply for a phytoplankton community

Nutrient timing and warming rate

ranges between 13 and 40. This does not imply that all ratios in
the assigned category were indeed limiting. For the statistical
analyses of H1, generalized linear models (GLM) on the gradual
and abrupt temperature increase treatments (12°C and 18°C) of
the first experiment have been performed (u, particulate N : P
ratio ~ temperature level * N : P supply ratio * rate of tempera-
ture change; and LRRt ~ N : P supply ratio * temperature level).
For the statistical analyses of H2, generalized linear models (g,
particulate N:P ratio ~ temperature level *N:P supply
ratio * nutrient availability during temperature change; and
LRRn ~ temperature level * N : P supply ratio) were conducted.
Due to a right-shifted distribution of the growth data, a box-
cox transformation with an exponent of three was used. The
GLM for the particulate N:P ratio was run with log-
transformed data. All GLMs were post-evaluated with a Tukey
High Significant Differences post hoc test (Supporting Informa-
tion Tables $2.1-S2.5).

All statistical results were interpreted as significant for a signif-
icance level of a = 0.05 and were performed using the R statisti-
cal environmental version 4.2.3 (R Core Team 2023). All plots
were created using the “ggplot2” package (Wickham 2016).

Results

The type of temperature increase

Whether the temperature change has been experienced as
an abrupt exposure or a gradual increase showed a significant
main effect on community x (Table 2). An abrupt temperature
exposure significantly increased overall p at 12°C (by 9%) and
18°C (by 11%) compared to a gradual temperature change
(Fig. 2; Supporting Information Fig. S2.11). Additionally,
phosphorus-limited growth conditions significantly decreased
community p compared to both other nutrient conditions
(Fig. 3; Supporting Information Table S2.1). When nutrients
are limiting, especially in the gradual temperature increase
treatments, community u is less dependent on temperature
compared to balanced nutrient conditions (i.e., similar y over
a 12°C thermal breadth) (Fig. 3). Although, no significant
effect of the rate of temperature change on particulate N : P
ratios has been found, significant differences between the
three nutrient supply scenarios (N- or P-limited and balanced)
were observed in which the N-limited nutrient conditions led
to the lowest particulate N : P ratios, whereas P-limited condi-
tions generated the highest particulate N : P ratios, mirroring
the supplied ratios (Supporting Information Fig. S$2.12;
Table 2; Supporting Information Table S2.2). The LRRt was
not significantly affected by temperature or nutrient condi-
tions. Therefore, the general growth performance was affected
by the rate of temperature change regardless of the final tem-
perature level and nutrient conditions. Furthermore, no inter-
active effects of the rate of temperature change with the
nutrient supply ratio or temperature level have been found for
any response variable.
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Nutrient timing and warming rate

Table 2. GLMs of the rate of temperature change (rate), nitrogen to phosphorus (N : P) supply ratios (N-limited, P-limited, balanced),
and temperature (T) on phytoplankton community growth rate (u), particulate N : P ratios and log-response ratio between the abrupt

and gradual temperature change treatment (LRRt).

H LRRt N : P ratio

Effect df F P F P F P

T 1 0.22 0.638 0.18 0.676 1.78 0.186
Ratio 1 50.85 <0.001* 1.36 0.268 74.00 <0.001*
Rate 1 28.49 <0.007* — — 2.53 0.115
T * Ratio 1 0.69 0.501 — — 1.05 0.355
T * Rate 1 0.01 0.937 1.08 0.348 2.09 0.152
Ratio * Rate 1 0.55 0.577 — — 0.59 0.585
T * Ratio * Rate 1 0.30 0.742 — — 0.41 0.663
The timing of nutrient addition addition, temperature level, and nutrient supply ratio

The timing of nutrient availability showed significant main
effects on community x and particulate N : P ratios as well as
complex interactive patterns (Table 3). Adding nutrients
before temperature change led to an overall positive effect on
community g at 12°C and 18°C compared to 6°C, while
adding nutrients after the temperature change reversed this
effect (Fig. 2; Supporting Information Fig. S.2.11). This reversal
was displayed in highest overall 4 at 6°C when P was limiting
after the temperature acclimation (Fig. 2). The reversed tem-
perature effect was accentuated at balanced N : P supply ratios
in the lowest temperature treatment reflecting the significant

three-way interaction between the timing of nutrient
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(Table 2). Moreover, the LRRn showed that the effect size was
significantly shaped by the interaction of temperature level
and nutrient supply ratio as well as both main effects
(Table 2), with positive overall effects of the availability of
nutrients during temperature change in the warming treat-
ments compared to ambient temperature, and a pronounced
negative effect under balanced nutrient supply under ambient
temperature. Furthermore, it is evident from the measured
background concentrations of dissolved phosphorus at the
respective start conditions (0.31 gmol L™! in the first exper-
iment and 0.21 ymol L™! in the second experiment) and
the growth response of the treatments without nutrient
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Abrupt to 18°C
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Fig. 2. Interpolated response surfaces of the growth rate (1) over nitrogen and phosphorus supply (umol L="). All values below 0 have been set equal to
0. The points mark the tested experimental conditions. The rows represent the first experiment with nutrients added during the temperature change
(upper) or the second experimental phase with nutrient additions after the temperature change (lower).
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Fig. 3. Growth rate (d~') of the phytoplankton community across experimental temperatures. Colors indicate the applied nutrient conditions. Each
point represents an individual observation. The gray areas show smoothed conditional means with a sensitivity of 0.8 and a GAM fit.

addition within the nutrient supply matrix that the
P-limitation strengthened during the course of the thermal
acclimation.

Additionally, the acclimation under ambient nutrients
(i.e., nutrients added after warming) led to lower particulate
N : P ratios compared to communities with access to nutrients
during temperature change, and thus an increasing divergence
occurred between the treatments until an N : P supply ratio of
~ 40 (Fig. 4). Beyond this threshold which also marks the
P-limited scenario, the P-limitation led to a temperature-
dependent increase in particulate N :P ratios. This increase
was strongest at 18°C, whereby the communities that
acclimated to temperature under nutrient depletion reached
particulate N : P ratios 1.5-fold higher than communities with
nutrients available during temperature change (Fig. 4). This
reflects the highly significant three-way interactive effect of

timing of nutrient availability, temperature level, and ratio
of supply nutrients (Table 3).

Discussion

With the type of temperature change and the timing of
nutrient availability relative to warming, this study covers two
key aspects not considered before when we evaluate the inter-
play between temperature and nutrient supply in experimen-
tal approaches, and how it modulates the growth response
and stoichiometry in marine phytoplankton. First, the rate of
temperature change influences how phytoplankton respond
to warming, that is, abrupt temperature exposure overesti-
mates the phytoplankton growth rates when compared with
those obtained under a gradual temperature increase. Second,
the timing of nutrient availability (under a balanced N:P

Table 3. GLMs of the timing of nutrient availability (NutAv), N : P supply ratios as a categorical variable (N-limited, P-limited, bal-
anced), and temperature (T) on phytoplankton community growth rate (u), particulate N : P ratios and the log-response ratio between
treatments with nutrients added during versus after the temperature change (LRRn).

7 LRRNn N : P ratio

Effect df F P F P F P

T 2 36.30 <0.007* 115.92 <0.001* 2.34 0.101
Ratio 1 65.95 <0.001* 25.03 <0.001* 137.16 <0.001*
NutAv 1 93.54 <0.001* — — 38.27 <0.001*
T * Ratio 4 1.60 0.175 5.84 0.212 6.54 <0.001*
T* NutAv 2 90.25 <0.001* — — 0.01 0.988
Ratio * NutAv 1 13.81 0.005* — — 7.75 <0.001*
T * Ratio * NutAv 2 2.58 0.037* — — 6.75 <0.001*
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Fig. 4. Phytoplankton final particulate N : P ratios across N : P supply ratios (including background concentration) and experimental temperatures. The
upper panels include all treatments on a logarithmic scale (to visualize the effects of very high N : P supply ratios), the lower panels focus on the low to
intermediate N : P supply ratios (< 42) by excluding the lowest phosphorus level. The rectangle in the upper panels represents the area shown in the
lower panels. A GAM smoothing has been applied. The color indicates an abrupt (red) or gradual (blue) temperature change. The line type and shape of
points represent ambient nutrient conditions during temperature change (dashed line and triangles) or nutrient additions before temperature change
(solid line and circles).

supply) determines the magnitude and direction of the effects rate of temperature change and timing of nutrient availability
of temperature change on phytoplankton. On the one hand, driving their biological adjustments.

some of the found patterns (e.g., the growth overshoot under

abrupt temperature exposure) are in accordance with findings Abrupt vs. gradual temperature increase

in monoculture studies (e.g.,, Kremer et al. 2018; Fey Phytoplankton community growth rates generally
et al. 2021). Still, on the other hand, natural communities increased with warming although depending on the rate of
show more complex patterns and interactive effects with the temperature change by overshooting in the abruptly exposed
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temperature treatments compared to the gradual temperature
increase treatments. The natural phytoplankton spring com-
munity used in our experiments was sampled at 5.4°C ambi-
ent temperature which is close to the identified thermal
minimum in the community TPC. This suggests a community
at the initiation of its spring bloom as thermal limitation was
slowly alleviated in the field. With the thermal optimum of
the community TPC at 18°C and being exposed to high tem-
perature variability in the North Sea (Wiltshire and
Manly 2004), the studied spring community naturally held a
high potential for a positive response to higher temperatures.
The broad thermal breadth displayed by the community TPC
can potentially be explained by species in the community liv-
ing below their temperature optimum to avoid detrimental
effects of supra-optimal temperatures (Thomas et al. 2012)
and/or (summer) species that were already present in low
abundance ready to thrive at higher temperatures.

In species-specific studies, a higher performance under
abrupt thermal changes in comparison with gradual changes
has been attributed to gradual plasticity (Kremer et al. 2018).
The growth rates of the community abruptly exposed to higher
temperatures exceeded those of the gradually increasing tem-
perature treatments, potentially due to a temporal delay in
physiological acclimation such as regulations in respiration rate,
photosynthetic machinery, and resource acquisition (Barton
et al. 2020; Fey et al. 2021). However, in the long-term, a grad-
ual abiotic change can lead to a higher end-point performance
(Collins and de Meaux 2009). Thereby, surviving gradual
warming on the species level is determined by acclimation and
evolutionary processes, while surviving abruptly temperature
exposure is based on resistance mechanisms (Peck et al. 2009).
In natural phytoplankton assemblages, interspecific and intra-
specific competition and selection can complement mecha-
nisms based on physiological regulations (Bestion et al. 2018).
For intraspecific population dynamics, sudden environmental
changes may lead to the streamlining of a few well-adapted
genotypes while gradual changes maintain higher genetic vari-
ability, thus buffering against additional perturbations (Hughes
and Stachowicz 2004). Regarding interspecific competition, spe-
cies that are more temperature-tolerant to high temperatures
have a competitive advantage under abruptly temperature
exposure that potentially results in an abrupt dominance shift
toward more thermally resilient species. Contrarily, a gradual
temperature increase provides more time for physiological
adjustments within different species (Fey et al. 2021) alongside
interspecific competitive interactions and with this reduces
abrupt shifts in community composition and increases a poten-
tial proliferation of species with a more sustainable resource
use. Overall, an abrupt temperature exposure may be predomi-
nantly driven by the species’ physiological limits (Stefanidou
et al. 2018) whereas, during a gradual change, competitive
interactions gain importance.

Although we confirmed a short-term growth overshoot at
both abruptly exposed temperature levels (in line with our

Nutrient timing and warming rate

hypothesis H1), the difference in growth rate between the
gradual and abrupt temperature exposures did not increase
with increasing temperature, contradicting our hypothesis
Hla. Furthermore, when nutrients were limiting (especially
under gradual temperature increase), growth was completely
independent of temperature resulting in similar growth rates
over a 12°C thermal breadth. This reinforces the idea that
nutrient limitation suppresses the thermal dependence of
physiological processes which has been explicitly tested for
single species (Marafion et al. 2018) and observed for a fresh-
water community (O’Connor et al. 2009).

Moreover, we found phosphorus-limited nutrient condi-
tions to suppress community growth equally among the grad-
ual temperature treatments (which partly rejects H1b). In line,
Anderson et al. (2022) found (gradual) warming to be benefi-
cial for community growth only under nutrient-amended con-
ditions, whereas under nutrient limitation, warming acted as a
second stressor and decreased community growth rates com-
pared to those of the initial community. In our study, however,
even with the second stressor of phosphorus limitation, abrupt
temperature exposure still increased community growth for
both higher temperatures compared to ambient temperature,
underlining an increased phosphorus use efficiency (tempera-
ture-dependent physiology hypothesis). Despite lower relative
phosphorus requirements with increased temperature, a phos-
phorus threshold concentration is likely a prerequisite for posi-
tive net community growth. Nevertheless, the results of our
study suggest that the background concentration of nitrogen
was not actually limiting community growth.

When applying a gradual increase in temperature, also the
rate of environmental change determines which biological
processes are important for the successful performance of an
organism (Peck et al. 2009). Even among the studies inducing
a gradual temperature increase, experimental warming applied
within marine system studies is usually 10,000-100,000 times
faster than predicted ocean warming (Peck et al. 2009). This
has practical reasons and only this limitation makes laboratory
experiments for global change research feasible. However,
thermal responses determined by such relatively fast tempera-
ture change experiments should be used with care for
predicting climate change effects on phytoplankton. Further-
more, it needs to be considered that the exponential growth
phase during a gradual temperature increase may not cover
the entire warming process and thus, affect the interpretation
of calculated growth rates.

Thermal acclimation is a good way to let physiological pro-
cesses adjust prior to experimental manipulation in monocul-
tures (Rehder et al. 2023). However, acclimation such as the
gradual increase in temperature conducted in this experiment
changed the taxonomic composition during the acclimation
period (i.e., period of gradual increase) (Ahme et al. 2024;
Supporting Information Fig. $2.3). Consequently, communi-
ties arose with potentially different nutritional requirements,
strategies, and limitations that may respond differently to
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experimental treatments such as the later addition of

nutrients.

The timing of nutrient addition: Growth

Our results further demonstrate that the community
growth response depended on the timing of nutrient addition,
the interaction with the nutrient supply ratio, and addition-
ally the threefold interaction with both and the temperature
level (which is in line with our hypothesis H2). The overall
increase in phytoplankton community growth rate with
warming (up to the optimum temperature) under nutrient-
enriched conditions is an often-observed pattern in experimen-
tal studies (Bestion et al. 2018; Aranguren-Gassis et al. 2019;
Fernandez-Gonzalez et al. 2020) and can be attributed to an
increase in metabolic rates with higher temperatures under suf-
ficiently available resources that support growth (Eppley 1972;
Raven and Geider 1988). However, when the community was
acclimated to its respective experimental temperature under
ambient nutrient conditions and received a nutrient addition
afterward, the ambient temperature treatment showed the
highest growth performance (confirming our hypothesis H2a).

Although significant interactions of nutrient conditions
and temperature have been demonstrated for the growth
response in species-specific studies (Thomas et al. 2017;
Aranguren-Gassis et al. 2019; Fernandez-Gonzalez et al. 2020),
a temperature-nutrient interaction was not found in this
experiment. This may be explained by the capability of a
diverse community to buffer nutrient-dependent responses to
temperature as long as minimum phosphorus requirements
are covered. This potential minimum threshold was observed
in the first experiment showing community growth despite
phosphorus limitation, whereas in the second experiment,
phosphorus was entirely depleted before the start of the exper-
iment which led to the timing of nutrient availability to
reverse the temperature effect. Therein, an increased metabo-
lism could not be sustained under extreme phosphorus limita-
tion and led to a collapse of the community (as predicted in
hypothesis H2b). Similarly, Verbeek et al. (2018) found a rela-
tively high phytoplankton community biomass under replete
nutrients, but detrimental temperature effects under strength-
ening oligotrophication, highlighting that with a lack of avail-
able nutrients, the increased resource demand to maintain
increased physiological processes cannot be satisfied.

The timing of nutrient addition: Stoichiometry

The type of nutrient limitation (P or N limitation) deter-
mined how the timing of nutrient addition (before vs. after
temperature change) affected the particulate N:P ratios
(which supports our hypothesis H2). While P-limitation
exerted an interactive effect between nutrient supply, temper-
ature level, and timing of nutrient addition, the N-limiting
scenario did not show any significant differences in particulate
N : P ratios compared to a balanced N : P supply.

Nutrient timing and warming rate

In theory, higher temperatures increase the organismal N : P
ratios due to a lower requirement in phosphorus-rich ribosomes
relative to nitrogen-rich proteins to maintain growth as
predicted by the temperature-dependent physiology hypothesis
(Woods et al. 2003). Although we did not find a temperature
main effect on phytoplankton N : P ratios, our study showed a
divergence (i.e., increasing difference) in particulate N : P ratios
in response to the timing of nutrient addition with increasing
N:P supply ratios (<40) which was only found for the
warming treatments.

The N : P supply ratio around 40 lies within a range shown
for a transition into a complete phosphorus limitation (Geider
and La Roche 2002). From this transition point onwards, the
communities that received nutrients during warming already
started to saturate at particulate N:P ratios of ~ 25, while
only the communities that received the nutrient addition after
thermal acclimation exceeded the others at 18°C with particu-
late N : P ratios of up to 40. The particulate ratio of 40 may
reach physiological limits leading to a saturation with increas-
ing N : P supply ratios which has also been shown for a fresh-
water phytoplankton community (Gerhard et al. 2019). In
line, Klausmeier et al. (2004) also showed this particulate ratio
to be at the upper end of structural N : P ratios of phytoplank-
ton. The differences in phytoplankton community N : P ratios
might be explained by two mechanisms: First, different phyto-
plankton species with specific particulate N : P ratios dominate
under the respective experimental condition (Finkel
et al. 2009), and second, the particulate N : P ratio of the pre-
sent species change in response to the experimental condition
(stoichiometric plasticity) (Yvon-Durocher et al. 2015). Due to
the lack of community composition data at the end of the
experiments, we are not able to determine the exact mecha-
nism underpinning the response pattern observed here, how-
ever, it is likely that they act together in creating this complex
interactive pattern as they are not mutually exclusive.

Implications for experimental design

The systematic literature map revealed an over-
representation of abrupt temperature increase experiments
and lack of clear reporting on the rate of temperature increase
and experimental nutrient conditions, whereas our experi-
mental results highlighted that an abrupt temperature expo-
sure induces a short-term community growth overshoot
compared to gradually increasing temperature, but without
effects on the particulate N : P ratio. The addition of nutrients
after (vs. before) thermal acclimation leads to a complex
reversed temperature effect on growth and a response diver-
gence with increasing N : P supply ratio in particulate N : P
ratios.

These findings evidence that the selection of a combination
of temperature change rate and timing of nutrient supply in
future global change biology studies may not be trivial. If the
study is conducted as a batch culture with one unique pulse,
the rate of temperature change or even the decision of
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whether the nutrients are applied during the acclimation
phase (i.e., simultaneously with the temperature change) or at
the beginning of the experiment (i.e., after the temperature
change) can lead to significantly different outcomes in terms
of community growth and stoichiometry.

Gunderson et al. (2016) already reported on the bias in
experimental design toward simultaneously applied multiple
stressors, rather than a range of different and potentially more
realistic temporal patterns, with the consequence of predomi-
nantly finding synergistic effects of multiple stressors. In addi-
tion, the effects of several stressors were longer-lasting when
the time lag between their occurrence was increased (Brooks
and Crowe 2019). Therefore, the results of our study empha-
size the need for considering the timing in multiple stressor
studies (i.e., temperature increase and nutrient limitation
level, in our case). Additionally, the results evidence the need
for multi-level driver experiments to generate response sur-
faces that can contribute to the improvement of predictive
models (Collins et al. 2022). Often, global change studies only
consider two levels for a given driver (i.e., control
vs. manipulated), while the results indicate complex interac-
tive patterns when changes in the N : P supply ratio are con-
sidered among temperature scenarios.

To summarize, when designing a laboratory or mesocosm
experiment aimed at testing the effect of temperature change
on natural phytoplankton communities, we propose to care-
fully consider the rate of temperature change, the timing of
nutrient addition and the N : P supply ratio to produce ecolog-
ically relevant results. Being aware of the implications of dif-
ferent rates of temperature change as well as nutrient
additions and its timing, and clearly stating this and the rea-
son for the decision in the methods section improves the
interpretation of results, comparability across studies, and
the transfer to natural systems.

Data availability statement

The data that support the findings of this study are openly
available in PANGAEA (https://doi.org/10.1594/PANGAEA.
963753). The associated R scripts are provided in a public
GitHub repository (https://github.com/AnikaHappe/
AQUACOSM2022).
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