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Abstract

Temperature and resource availability are pivotal factors influencing phytoplankton
community structures. Numerous prior studies demonstrated their significant influ-
ence on phytoplankton stoichiometry, cell size, and growth rates. The growth rate,
serving as a reflection of an organism's success within its environment, is linked to
stoichiometry and cell size. Consequently, alterations in abiotic conditions affecting
cell size or stoichiometry also exert indirect effects on growth. However, such results
have their limitations, as most studies used a limited number of factors and factor
levels which gives us limited insights into how phytoplankton respond to environmen-
tal conditions, directly and indirectly. Here, we tested for the generality of patterns
found in other studies, using a combined multiple-factor gradient design and two sin-
gle species with different size characteristics. We used a structural equation model
(SEM) that allowed us to investigate the direct cumulative effects of temperature and
resource availability (i.e., light, N and P) on phytoplankton growth, as well as their
indirect effects on growth through changes in cell size and cell stoichiometry. Our re-
sults mostly support the results reported in previous research thus some effects can
be identified as dominant effects. We identified rising temperature as the dominant
driver for cell size reduction and increase in growth, and nutrient availability (i.e., N
and P) as dominant factor for changes in cellular stoichiometry. However, indirect ef-
fects of temperature and resources (i.e., light and nutrients) on species' growth rates
through cell size and cell stoichiometry differed across the two species suggesting

different strategies to acclimate to its environment.
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1 | INTRODUCTION

Organisms are permanently facing changes in environmental condi-
tions, but rate and amplitude of change in aquatic systems increased
as a consequence of climate change and human activities associated
with higher water temperatures, increased organic matter runoff,
and altered nutrient loading (IPCC, 2023). For phytoplankton as pri-
mary producer, temperature and resource availability, such as light
and nutrients, are among the strongest drivers determining popula-
tion dynamics and community composition.

To understand and predict community dynamics under differ-
ent environmental scenarios, an often used parameter is the growth
rate of a population or whole community as it provides information
on how phytoplankton performs in its environment. While many ex-
perimental studies tested for the effects of light, nitrogen, phospho-
rus, or temperature on phytoplankton growth, most of them focus
on one of these factors keeping other factors at optimal conditions.
Since multiple studies reported bivariate interactive effects between,
for example, resources and temperature (e.g., Aranguren-Gassis &
Litchman, 2020; Boumnich et al., 1990; Hammer et al., 2002), the pre-
dictive power of studies focusing on solely one factor is questioned.

Studies that involve multiple factors often use a binary approach,
combining high and low levels of each treatment in a factorial man-
ner. However, such binary options provide limited predictive power
for models and transfer to nature, as they do not allow identifying
response surfaces across the different, potentially interactive di-
mensions of environmental change (Thomas & Ranjan, 2023). To fill
this gap, we conducted a multiple-factor gradient experiment that
tests the cumulative responses to the factors temperature, light,

nitrogen, and phosphorus in phytoplankton growth. As the effects
of temperature and resources on growth rate are, besides their di-
rect effects, potentially driven by changes in cell size and elemental
stoichiometry, we explicitly test for indirect effects of these factors
on growth through changes in cell size and stoichiometry. Although
a multitude of experimental designs across broad ranges of phyto-
plankton species exist reporting the effects of each factor on the
growth rate, cell size, and cellular stoichiometry of phytoplankton,
a fully mechanistic understanding of how resources and tempera-
ture affect the growth rate (H1), cell size and stoichiometry (H2), as
well as their interdependencies (H3) at species level is less explored.
We used a structural equation model (SEM) to test their effects on
species-specific growth rates, cell size, and stoichiometry, using
the species Scenedesmus armatus and Staurastrum manfeldtii. These
species were chosen based on their different cell sizes and growth
characteristics to test the generality of the predicted effects. We
formulated the following hypotheses for this experiment based on
experiments testing for the individual effects of temperature, light,
and nutrients on phytoplankton growth, cell size, and stoichiometry
(Figure 1), and aim to provide a better understanding of how species
performance is directly and indirectly linked to their environment,

helping to predict community structure outcomes.

1.1 | Direct effects of temperature and resources
on growth rate (H1)

Generally, the growth response of a population is an unimodal left-
skewed function of temperature, where the growth rate increases

| H1 ) ) H2 )
@ (b) (©) -
& CP&CN Abiotic factor
(&) C:P
o = \ > \ [ T.emp'eraturtle
i = 5 [ Light intensity
g = - B Nitrogen supply
= > % CN Il Phosphorus supply
: § C:P
abiotic factor abiotic factor abiotic factor
\ H3 ,
(d) (e) (f)
= — —
] Ani Ay
—_ > >
f_ﬂ © (1]
[ = 2| (b)
[} — —
o
V (um?3) C:P (molar) V (um3)

FIGURE 1 Assumed relationships between abiotic factors, growth rate, cell stoichiometry, and cell size for the species Staurastrum and
Scenedesmus. Solid linear lines present the hypothesized effects tested in this study via SEM (H1-H3). Dotted lines show the expected trends
along a wider range of the abiotic factors demonstrated by other studies, but that are not expected to be found in this study (a) Assumed
positive effects of temperature, light intensity, nitrogen, and phosphorus supply on the species-specific growth rate r (H1). (b) Hypothesized
effects of temperature, light intensity, nitrogen, and phosphorus on species' cell size V. (c) Hypothesized effects of temperature, light
intensity, nitrogen, and phosphorus on either cellular C:P or C:N ratios or both. (d) Hypothesized positive correlation between cell size and
cellular C:N ratio. (e) Hypothesized negative relationship between species' growth rates and C:P ratio. (f) Assumed relationship between
species' growth rates and cell size. Solid lines show the linear relationship hypothesized in this study that differs between the two species:
we hypothesized growth rate and cell size being positively related in the small species Scenedesmus (a) but negatively related in the large
species Staurastrum (b) due to the unimodal trend found in other studies over a wider range of size classes (indicated by the dotted line).
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with increasing temperature until the species-specific temperature
optimum is reached and growth declines sharply (Eppley, 1972;
Montagnes et al., 2003; Thomas et al., 2012). With increasing light
intensity, the growth rate also increases until a species-specific op-
timum light intensity is reached, whereas higher light intensities can
lead to reduced growth due to photoinhibition (Dauta et al., 1990;
Edwards et al., 2015; Falkowski et al., 1985). Regarding the effect
of nutrient concentrations, such as nitrogen and phosphorus, the
growth rate increases with nutrient supply in a decelerating man-
ner until it saturates at r__  at a species-specific nutrient concen-
tration (Eppley & Thomas, 1969; Qu et al., 2018). Based on that we
hypothesize (H1): along the gradients of temperature and resource
supply, growth rates are positively affected by light intensity, nitro-
gen (N), and phosphorus (P) supply, until the resources become satu-
rating (Figure 1a). We also assume a positive temperature effect on
growth. Thereby, we expect that the temperature range used will
not lead to supra-optimal conditions, at which growth would decline
again and form an unimodal response, as a previous experiment with
these species has shown increasing growth rates of up to 30°C (A.
Heinrichs, A. Happe, H. Hillebrand, A. M. Koussoroplis, J. Merder, M.
Striebel, unpublished) (Figure 1a).

1.2 | Direct effects of temperature and resources
on cell size and stoichiometry (H2)

Cell size is a master trait that is coupled with resource uptake and uti-
lization strategies (Hillebrand, Acevedo-Trejos, et al., 2022; Litchman
& Klausmeier, 2008), and is therefore influenced by the availability of
resources. Consequently, higher light intensity and nutrient concen-
tration increase phytoplankton cell size at both, individual species
level (Falkowski & Laroche, 1991; Hessen et al., 2002; Thompson
et al., 1991) and community mean cell size level (Hillebrand, Di
Carvalho, et al., 2022 for phosphorus effect, Peter & Sommer, 2013).
Moreover, much attention has been given to the temperature de-
pendence of phytoplankton cell size (Zohary et al., 2021) as cell size
reduction is proposed to be the third universal response to climate
warming (Daufresne et al., 2009) and thus directly linked to shifts
in consumer size structure (Sommer et al., 2017; Venkataramana
et al., 2019). In consideration of these findings, we hypothesize, re-
gardless of the different levels of the other factors and their poten-
tial interactive effects, an increase in cell size with increasing light
intensity and nutrient supply (N and P), but a reduction with rising
temperature (H2a, Figure 1b).

Phytoplankton stoichiometry is highly flexible (Garcia
et al., 2018) as it is driven by photosynthesis (C-fixation) on the
one hand and the uptake of nutrients (e.g., N and P) on the other
hand. Consequently, the elemental stoichiometry of phytoplank-
ton is primarily influenced by the availability of light and nutrients
(Sterner et al., 1997; Sterner & Elser, 2002). Therefore, we hypoth-
esize that cellular C:N and C:P ratios both increase with increasing
light intensity but decrease with increasing N and P supply until re-

source requirements are met (H2b, Figure 1c). In addition to light
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and nutrients, phytoplankton stoichiometry is also controlled by
temperature. Under colder conditions, more P-rich ribosomes are
needed to compensate for reduced efficiency in protein synthesis
(Toseland et al., 2013). Hence, phytoplankton living at lower tem-
peratures are associated with higher P content and consequently
exhibit lower C:P and N:P ratios compared to phytoplankton living
at higher temperatures (Peter & Sommer, 2015; Schaum et al., 2018;
Yvon-Durocher et al., 2017). Cellular C:N ratios in contrast seem to
be more independent of temperature (Cotner et al., 2006; Verbeek
et al., 2018; Yvon-Durocher et al., 2017). Consequently, we expect
cellular C:P to be negatively affected by P supply and positively af-
fected by temperature and, in case biomass accumulation is limited
by N, also by N supply (H2c, Figure 1c).

1.3 | Relationship between growth rate and cellular
size or stoichiometry (H3)

Cell size and stoichiometry mirror how resources are required and
metabolized, and thus are intricately linked to growth rate. We
therefore expect certain patterns to emerge from their responses
to resource availability and temperature, and from their physiologi-
cal interdependence. Larger cells have higher carbon fixation rates,
nutrient uptake rates, and higher storage capacity for N (Hillebrand,
Acevedo-Trejos, et al., 2022). Thereby, the carbon content increases
proportionally more with size relative to the N content leading
to a positive relationship between cell size and cellular C:N ratio
(Hillebrand, Acevedo-Trejos, et al., 2022; Mei et al., 2011), especially
under non-limiting resource conditions (Mei et al., 2011). Therefore,
we expect cellular C:N ratio to be positively related to increasing cell
size (H3a, Figure 1d).

There is evidence that higher growth rates require more in-
vestment in P-rich ribosomes. Consequently, fast-growing species
contain higher concentrations of P-rich rRNA resulting in a negative
relationship between growth and cellular C:P and N:P ratio (growth
rate hypothesis, GRH) (Elser et al., 2010; Goldman, 1986), which has
also been reported for phytoplankton studies (Elser et al., 2000;
Hillebrand et al., 2013). However, the application of this hypothesis
to phytoplankton is controversial as it has been shown that the limit-
ing nutrient can influence the relationship between growth and stoi-
chiometry (Flynn et al., 2010; Isanta-Navarro et al., 2022). Therefore,
we test here the generality of this relationship in phytoplankton
using various levels of resources and temperature. In the case that
growth rate and cellular P content are positively related, leading to
a negative relationship between growth and cellular C:P ratio, we
interpret the GRH as supported by our data (H3a, Figure 1e).

Across a broader spectrum of size classes, including picoplank-
ton, phytoplankton growth rate shows a unimodal relationship with
cell size, implying an optimal cell size for maximum growth around
10° pm3 (Maranon, 2015; Maranon et al., 2013; Ward et al., 2017).
As a consequence, cell sizes below the optimum are considered to
be positively related to growth, while cell sizes above the optimum
are negatively related to growth. Based on this relationship, we
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expect different size-growth patterns between Staurastrum and
Scenedesmus, as they differ strongly in size (H3b, Figure 1f): the
growth rate of the large species Staurastrum (cell size of 1756 pm3)
is expected to be negatively related to cell size as its size is above
the size optimum (>10%pm?®), while the growth rate of the small
species Scenedesmus is positively related to cell size as its size lays
below the size optimum (cell size of 39 pm3, thus <1O3pm3) (H3b,
Figure 1f).

2 | METHODS

2.1 | Species selection

We conducted a laboratory experiment using two phytoplankton
species, Scenedesmus armatus and Staurastrum manfeldtii, isolated
from the freshwater lake Grafschaftssee (Germany, 53°33,005” N;
7°58,049” E) in July 2020 and identified based on morphological
characteristics. By using these two species with different traits, we
are able to check for the generality of our findings. For instance,
they exhibit significant differences in cell size, with Staurastrum
measuring over 40 times larger (1756 +10.2 pm3) than Scenedesmus
(3910.6pm3), however, only the latter is able to form colonies.
Species isolation was conducted using a micropipette (Andersen
& Kawachi, 2005) under an inverted microscope (Leica®). Isolation
steps were repeated until a monoclonal culture was obtained for
each species (cultures were unialgal but not axenic). Prior to the
start of the experiment, species were cultivated in 1/4 WC Medium
(Guillard & Lorenzen, 1972) at 18°C and a light intensity of 70 pmol
photons m™2s™* with a 12:12 light:dark regime.

2.2 | Experimental design

A multiple-factor gradient experiment was performed with five
levels of temperatures, five light intensities, five nitrogen concen-
trations, and five phosphorus concentrations, for each species, re-
sulting in a total of 1250 experimental units (Table 1). Growth rates,

elemental composition (C:N:P), and cell size of the two species were

Temperature °C  Light pmol photons m2s™

x x N x 009 094
10 36 181 20 2
15 62 1316 146 14
20 135 2627 292 28
25 183 3428 381 36
30 264 4649 517 49

Note: All treatments (temperature (°C), light intensity (pmol photons m2s7t

Nutrient supply pmol L™

determined as response variables to the experimental conditions.
The experiment with Scenedesmus started in November 2020, and
the one with Staurastrum in February 2021. The experiments were
conducted in cell culture flasks (Sarstedt AG & Co. KG) using a total
volume of 50mL. The bottles were incubated in the indoor meso-
cosms at the ICBM Wilhelmshaven (Gall et al., 2017) to ensure full
light and temperature control. To obtain five different tempera-
ture levels, all samples were incubated using floating plastic boxes
on the water surface of the mesocosm providing the respective
temperatures (Table 1). Achieved conditions were controlled with
continuous data loggers (HOBO Pendant®, Onset). The light con-
ditions (Table 1) were established using an LED light setup on top
of each mesocosm and reducing light with four different grey filter
foils (LEE Filters, Filter nos. 209, 210, 211, and 298) covering the
floating plastic boxes. The gray light filter foils reduced the light
quantity but retained the full light spectrum, thus only the light
intensity but not the quality differed between the light treatments.
For the nutrient gradient, nitrogen (N as NaNO,) and phosphorus
(P as K,HPO,) were added at the beginning of the experiment as a
single addition in 25 different ratios (Table 1). To avoid limitations
by other elements, we added nutrients, except N and P, according
to 1/4 WC growth medium (Guillard & Lorenzen, 1972). As the spe-
cies originated from oligotrophic conditions, we kept the medium
reduced instead of using a full WC medium to ensure more realistic
nutrient conditions.

2.3 | Sampling

For sampling, the cell flasks were removed from the incubators
for a maximum of 1h every second day. The optical density (OD,
absorbance at 440nm) and the raw fluorescence (RFU, excita-
tion=395nm; emission=680nm) were measured using a micro-
plate reader (Synergy H1, BioTek instruments) to track the biomass
development over time. Flasks were gently shaken before sampling
and 0.5mL subsamples were removed and measured using 48-well
microplates (SARSTEDT AG & Co.KG). Sampling was performed
under a Clean Bench to ensure sterile conditions when flasks were

opened for sampling. After sampling, cell flasks were returned and

TABLE 1 Experimental treatments.

170 220 295
11 0.8 0.6
8 6 4

15 12 9
20 16 12
27 21 16

), and initial nutrient

supply (pmol L™Y) were set up in a multiple-factor gradient design (5x5x5x5) resulting in 625
treatments per species. As nutrient supply, we added N (vertical bold written concentrations) and P

(horizontal bold written concentrations) in 25 combinations of N:P ratios.
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replaced randomly in their respective light treatment boxes in the
incubators. Samples for cell size and elemental composition deter-
mination (C:N:P) were only taken at the end of the experiment in
the stationary phase. The stationary phase was defined as the bio-
mass did not increase for at least 6 following days (three samplings),
thus samples were finished at different time points depending on
when they reached the stationary phase, or samples were finished

when no growth was observed after at least 2 weeks.

2.4 | Sample analyses

241 | Growth rates

Growth rates (day’l) were determined as the exponential growth
rate by selecting the exponential part of the curve (Hall et al., 2014)
with the R package “growthrates” and the command “fit_easylinear”
(Petzoldt, 2022) using the RFU data (Figure S1). This command fits
segments of linear models to the log-transformed data to find the
maximum growth rate. RFU instead of OD data were used as they
showed a stronger correlation with species' abundance based on mi-
croscopic cell counts (Figure S2). Note that the cultures were not ac-
climatized prior to the experiment, which could bias the growth rate
estimates on the first days. Since we started with low cell densities
that allowed a lag phase before growth started and ran the experi-
ment until the populations reached their stationary phase (duration
of at least 10days), we are confident that acclimation did not alter
the overall results of the growth rate estimations (see Figure S1 for
growth curves).

24.2 | Cellsize

To test how the cell size (in pm3) of the species changed under the
experimental conditions, we fixed subsamples with Lugol's iodine
solution at the end of the experiment (10vol% final concentration),
when the population had reached the stationary phase. For the small
species Scenedesmus, we used the CoulterCounter (Beckman Z2 par-
ticle counter) for cell size determination, which determines cell size
as equivalent sphere volume. As Scenedesmus tends to form either
chains of four single cells or two single cells, which were identified as
one large cell by the CoulterCounter (cell size in sphere volume), we
tested for the cell size of these different colonies to distinguish be-
tween them (Figure S3 for cell counter distribution of single cells and
colonies). To get the cell size of the single cells, cell volumes larger
than 100pm?® were identified as four chain colonies and divided by
a factor of 4, and cell volumes smaller than 100 um?® were identified
as two chain colonies and divided by a factor of 2 (see Figure S3).
For Scenedesmus, the sphere volume (in pm3) was calculated using
the diameter of the cell measured by the CoulterCounter. For the
larger species Staurastrum, cell size determination, in pmg, was done
via microscope (Axiovert 10, Zeiss) as the species was too large for
the Cell Counter capillary. Cell dimensions were determined with
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the Image software ImagelJ, measuring cellular dimensions of at least
20 individuals per sample with the cell size calculation methods by
Hillebrand et al. (1999).

2.4.3 | Stoichiometry

Samples for elemental composition were taken in the stationary
phase. For measurements of particulate organic carbon (POC), ni-
trogen (PON), and phosphorus (POP), samples were filtered (each
10-15mL sample volume) onto acid-washed precombusted glass
fibre filters (Whatman GF/C) and stored at -20°C until analysis.
Filters for POC and PON were dried at 60°C for 4days, put in tin
capsules, and analyzed via an elemental analyzer (Flash EA 1112,
Thermo Scientific). Phytoplankton filters for POP were combusted
at 400°C and measured with molybdate reaction based on the
method by Wetzel and Likens (2000) after digestion with potassium
peroxydisulfate (K,S,0g) solution.

244 | Structural equation model
We performed the statistical analysis in R, version 3.6.2 (the R
Foundation for Statistical Computing Platform).

To investigate the effects of the abiotic factors (temperature,
light, N, and P) on phytoplankton growth, cell size, and stoichiome-
try, as well as to analyze the relationships between these response
variables to identify indirect effects (Figure 1), we used a piecewise
structural equation model (SEM) using the piecewise SEM package
(Lefcheck, 2016). An SEM combines multiple linear relationships
thus interacting processes between variables are considered, and
shows the network of links between all variables, between both abi-
otic factors and response variables (H1 and H2), as well as between
the response variables (H3).

We fitted the linear models used for the SEM based on the
hypotheses we formulated (Figure 1). Since not all responses are
linear, we tested for non-linear effects by implementing quadratic
terms in the linear model and selected the model with the best AIC
(see Figures S8-511 for model validation plots and more details
on the SEM). Implementing non-linear terms in the linear model
improved in most cases the fit (Table S1) but did not change the
direction of the effect compared to models including only linear
effects. We used the four abiotic factors (temperature, light, N,
and P) as exogenous variables and the four response variables
(cell size, growth rate, and C:N and C:P ratio) as endogenous vari-
ables. Endogenous variables were tested for normal distribution
and transformed when necessary before modeling (Figure S4).
We scaled all exogenous variables in order to standardize the re-
gression coefficients and allow for a comparison of effect sizes
(Schielzeth, 2010). In addition to the effects of the exogenous
variables, we also implemented one correlation term in the SEM
between the endogenous variables C:N ratio and cell size based
on hypothesis H3a (Figure 1d). For the SEM, it is necessary that



60f12 WI LEY-ECOIOgy and Evolution

HEINRICHS ET AL.

Open Access,

the number of observations is equal for each tested variable.
Therefore, we lost some data values due to excluded outliers of
PON measurements and lost samples due to errors in the CN-
analyzing process, resulting in 512 observations in total instead of
625 for Scenedesmus and 444 observations in total for Staurastrum.
It should be noted that our SEM comprised all potential paths of
the treatment and measured variables, but this does not preclude
that other unobserved mechanisms are relevant and would change

the outcome of the model.

3 | RESULTS
3.1 | Direct effects of abiotic factors on growth
(H1)

In both species, growth rates increased with increasing temper-
ature (Figure 2a,e) and light (Figure 2b,f), resulting in significant
direct effects in the SEM (Figure 3). By contrast, direct nutrient
effects on species' growth rates were less consistent between
the two species, as the SEM only revealed increasing growth with
increasing N for Scenedesmus (Figure 2c,g and Figure 3). Growth
was not directly affected by P supply in any of the two species

(Figure 2d,h and Figure 3). The path coefficients for the direct ef-
fects ranged from 0.174 to 0.382 and thus were in a comparable

range (Figure 3).

3.2 | Treatment effects on cell size and
stoichiometry (H2)

Cell size declined with increasing temperature in both species
(Figure 2i,m and Figure 3). This effect was much stronger for the
larger species Staurastrum (Figure 3). While cell size was positively af-
fected by P supply in both species (Figure 2I,p and Figure 3), light in-
tensity and N supply also positively affected cell size of Scenedesmus
but not of Staurastrum (Figure 2j,k,n,o0, and Figure 3).

In both species, cellular C:N ratio increased with increasing
light intensity but decreased with N supply (Figure 2r,s,v,w, and
Figure 3). In the large species Staurastrum, C:N ratio increased also
with P supply and decreased with temperature (Figure 2u,x and
Figure 3). Cellular C:P ratio increased with N supply but decreased
with P supply in both species (Figure 2za,zb,ze,zf, and Figure 3),
while the C:P ratio of Staurastrum increased with increasing light
intensity but decreased with rising temperature (Figure 2zc,zd and
Figure 3).

@ Scenedesmus @ Staurastrum

Growth rate (day-1)

Cell size (pm?3)

C:N (molar ratio)

C:P (molar ratio)
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FIGURE 2 Observed data of the response variables growth rate (A-H), cell size (I-P), cellular C:N ratio (Q-X), and C:P ratio (Y-ZF) along the
gradients of temperature (°C), light intensity (umol photons m2s71), nitrogen (pmol LY, and phosphorus (pmol LY. The colored circles present
the mean values and the error bars its standard errors for each treatment level (the average response contains all other treatment levels,

thus n=125). For inspection of the absolute elemental content (carbon, nitrogen, and phosphorus), see Figure S5.
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FIGURE 3 Structural equation model (SEM) to test (i) the effects of temperature, light, nitrogen, and phosphorus in a gradient design

on species-specific growth rates (r), cell size (V), and elemental composition (C:N and C:P ratios); and (ii) the relationships between species-
specific growth rates and cell size and stoichiometry. Values give the standardized slope estimates of the linear models. Red lines and values
present negative slopes (thus, negative relationships), and black lines and values positive slopes (thus, positive relationships). Thickness of
lines shows the significance level of the relationship (see legend box). * Gives the responses where non-linear terms of the variables were
included for the SEM (see Tables S1 and S2). Transparent dashed lines present relationships where the slope did not differ significantly from
0. Arrows give causal pathways. Lines without arrows present relationships without a direction (correlation term). Some response variables
were transformed for the SEM (see Section 2 and Figure 4). (a) Initial model structure used for both species according to the hypotheses.
Black lines show direct effects on growth rate, and gray lines the effects on cell size and stoichiometry and the indirect effects on growth.
(b) SEM results of the small species Scenedesmus. (c) SEM results of the large species Staurastrum.

3.3 | Relationship between growth rate and cellular
size or stoichiometry (H3)

For the smaller species, Scenedesmus, there was only a significant
positive link between cell size and growth (Figure 3 and Figure 4a).
As cell size increased with increasing resource supply in this spe-
cies, this can be seen as strengthening the direct light and N effect

on growth and establishing an indirect link between P supply and
growth. Conversely, temperature had positive effects on growth,
but negative on cell size, resulting in a negative indirect temperature
effect on growth potentially weakening the positive direct tempera-
ture effect in Scenedesmus. For the larger species Staurastrum, cel-
lular C:N ratio and growth were positively related (Figures 3c and 4f),
which can be seen as strengthening the direct temperature, light,
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and N effect on growth and establishing an indirect link between
P supply and growth. Furthermore, cell size and cellular C:N ratio,
which both increased with increasing light intensity, were posi-
tively related in Scenedesmus (Figure 3b and Figure 4g) but not in
Staurastrum (Figure 3c and Figure 4h).

4 | DISCUSSION
4.1 | Direct effects of abiotic factors on growth
rate (H1)

Within the range of temperature and resources we used, species-
specific growth rates were expected to increase with increasing
temperature and resource availability (H1). For both species, tem-
perature and light increased species-specific growth rates, as hy-
pothesized, thus dominating potential interactive effects between
some of these factors which could buffer the main effects (Bestion
et al., 2018; Bouterfas et al., 2002; Thomas et al., 2017). However,
nutrient effects on growth rates differed between the two species
and between nutrient types (i.e., N and P), indicating species-specific
resource demands. The differences in resource limitation between
the two species are not surprising, considering that resource utiliza-
tion, such as the photosynthetic response to light or nutrient uptake,
is size dependent (Hillebrand, Acevedo-Trejos, et al., 2022; Malerba
et al.,, 2017; Ward et al., 2017). Large species are able to store

more nutrients to overcome unfavourable conditions (Hillebrand,
Acevedo-Trejos, et al., 2022), and tend to exhibit a lower slope of
the growth-irradiance curve (Edwards et al., 2015). This in turn
suggests that larger phytoplankton tend to perform poorly under
low light, while the storage of nutrients allows them to cope with
nutrient-poor conditions. This could explain why the larger species
Staurastrum showed only a direct influence of light and not of N
or P supply. In addition, P supply also had no direct effect on the
growth of Scenedesmus, which corresponds to the fact that green
algae have higher optimal cellular N:P ratios compared to other
groups (Hillebrand et al., 2013), indicating that they are more likely
to be limited by N rather than by P. Furthermore, the non-significant
nutrient effect on growth could indicate an interactive effect be-
tween nutrients and the other factors, as reported in several other
studies (Choi et al., 2022, A. Heinrichs, A. Happe, H. Hillebrand,
A. M. Koussoroplis, J. Merder, M. Striebel, unpublished; Thomas
et al., 2017) which can change the direction of the response depend-
ing on the other factor level, thereby buffering the main effect.

4.2 | Treatment effects on cell size and
stoichiometry (H2)

As hypothesized, we observed a reduction in cell size with rising tem-
perature, which aligns with numerous prior studies demonstrating a

decline in cell size under elevated temperatures in phytoplankton

@ Scenedesmus @ Staurastrum
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FIGURE 4 Relationship among species-specific growth rates, cell size, and cellular stoichiometry using data for the SEM.Relationship
between growth and cell size for Scenedesmus (a) and Staurastrum (b). Relationship between growth and cellular C:P ratio for Scenedesmus

(c) and Staurastrum (d). Relationship between growth and cellular C:N ratio for Scenedesmus (e) and Staurastrum (f). Relationship between
cellular C:N ratio and cell size for Scenedesmus (g) and Staurastrum (f). Solid black lines represent linear regressions for data that were used
for the SEM. Stars in the upper left corner (***) mark relationships that were detected as significant by the SEM (p value<.05). Note here that
some variables (C:N and C:P) are transformed as used for the SEM for normal distribution.
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communities (e.g., Hillebrand, Di Carvalho, et al., 2022; Peter &
Sommer, 2013; Yvon-Durocher et al., 2011; Zohary et al., 2021) and
single species (Bernhardt et al., 2018; Hofmann et al., 2019). Our
data thus support the suggestion made by Daufresne et al. (2009)
that a reduction in body size represents the “third universal eco-
logical response to global warming.” The enhanced temperature
sensitivity observed in the cell size of Staurastrum, in contrast to
Scenedesmus, is consistent with previous research indicating that
temperature-induced changes in cell size are more pronounced
in larger phytoplankton than in smaller phytoplankton (Peter &
Sommer, 2012). Moreover, both Scenedesmus and Staurastrum in-
creased in size with rising P supply, but not with N supply. This find-
ing is in line with an increase in the community-weighted mean cell
size of Wadden Sea phytoplankton associated with increasing P
concentration but not with increasing N concentration (Hillebrand,
Di Carvalho, et al., 2022).

Cellular C:P ratio of Staurastrum decreased with rising tempera-
ture, and for Scenedesmus, the relationship between temperature
and cellular C:P, although not significant, tended to be negative
as well. These results contradict previous studies that demon-
strated elevated cellular C:P ratios in warmer temperatures (Peter
& Sommer, 2013; Schaum et al., 2018; Verbeek et al., 2018; Yvon-
Durocher et al., 2017). Moreover, these findings appear to deviate
from the temperature-dependent physiology hypothesis, which posits
a reduction in the content of phosphate-rich ribosomes at higher
temperatures, leading to elevated cellular C:P and N:P ratios (Elser
et al., 2010; Toseland et al., 2013). The results found here can be
neither explained by the growth rate hypothesis (GRH), which posits
that P content and growth rate are positively related due to a higher
demand of phosphate-rich ribosomes for higher growth, resulting in
a negative relationship between cellular C:P ratio and growth (Elser,
Acharya, et al., 2003; Elser, Kyle, et al., 2003; Goldman et al., 1979;
Isanta-Navarro et al., 2022). Here, growth rates and cellular P con-
tent were not positively related, as cellular P content did not increase
notably with rising temperature, as growth did (see Figure S5 for ab-
solute cellular P content). Therefore, the negative effect of tempera-
ture on cellular C:P ratio found for Staurastrum does not align with
the assumed patterns derived from the literature. The stoichiometric
response to temperature has shown to be influenced by the availabil-
ity of nutrients as it has been demonstrated in the study by Verbeek
et al. (2018). They manipulated nutrients and temperature and found
a significantly higher C:P ratio in the warmer treatment only under
oligotrophic conditions. Here, we pooled multiple nutrient levels
for each temperature, thus potential interactions could buffer the
expected positive temperature effect on C:P ratios, which could be
attributed to a lack of sufficient nutrient limitation in Staurastrum.

Nevertheless, the increase in C:nutrient ratio with increasing
light, and the decrease in C:nutrient ratio with increasing nutrient
supply found in this study is in accordance with the light:nutrient
hypothesis that proposed a dependency of cellular C:nutrient ratio
on the supplied light:nutrient ratio (Elser, Acharya, et al., 2003; Elser,
Kyle, et al., 2003; Sterner et al., 1997). In conclusion, we found all
hypothesized effects of resources on cellular stoichiometry in
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Staurastrum and almost all in Scenedesmus which support the gen-
erality of the light:nutrient hypothesis. Different from most studies,
in this approach, we pooled multiple levels of multiple other factors
which allowed us to illustrate that the resource-driven effects on
stoichiometry appear to predominate, even in the presence of po-
tential interactions documented in prior studies. Furthermore, cellu-
lar C:P ratio increased with N supply in both species due to increases
in cellular carbon content with N supply. The cross-effects of P on N
quota and N on P quota have been quite generally studied (Bracken
et al., 2015) and are often signatures of co-limitation. N limitation
can reduce chlorophyll content and thereby limit carbon fixation,
which would explain the increase in C:P when N was added.

4.3 | Relationship between growth rates and
cellular size or stoichiometry (H3)

We linked cell size and stoichiometry to species-specific growth
rates and tested for the generality of the relationships found in
other studies, under the influence of different abiotic conditions.
The observed relationships were only partly in accordance with the
hypotheses we formulated and suggest a context dependence. Prior
research has already demonstrated that the relationships between
phytoplankton growth rate and cell size or stoichiometry are not
necessarily strict but depend on the environmental conditions. Here,
the hypothesized negative relationship between growth rate and
stoichiometry (cellular C:P ratio), as predicted by the growth rate hy-
pothesis (GRH), was not evident. Previous studies have reported N:P
growth relationships that do not conform strictly to the GRH due to
their dependence on the limiting nutrient (Flynn et al., 2010; Garcia
et al., 2018; Hillebrand et al., 2013). A meta-analysis conducted by
Hillebrand et al. (2013) revealed a general negative relationship be-
tween growth rate and cellular N:P ratio across aquatic systems and
taxa, but the decline was mainly induced by experiments under P
limitation. In our study, both species were more constrained by N
than by P. Based on findings by Hillebrand et al. (2013), this could ex-
plain why we did not observe the hypothesized negative relationship
between growth rate and the C:P ratio. Although a link between cel-
lular C:P ratio and growth was not evident, we found a link between
cellular C:N ratio and growth in Staurastrum, suggesting that indirect
effects of abiotic factors on growth via stoichiometry, modulating
the relationship between growth and stoichiometry, occurred at
least partly in Staurastrum but not in Scenedesmus.

The hypothesized relationship between growth and cell
size, which was assumed to differ between species (positive for
Scenedesmus and negative for Staurastrum) was only detected in
Scenedesmus. Although there was a negative trend in Staurastrum,
this relationship between growth and cell size was not significant.
In addition to the temperature-induced reduction in size in both
species, Scenedesmus enlarged its cell size with increasing resource
availability, but not Staurastrum. This suggests that Scenedesmus
showed a higher plastic response to changing resource conditions
relative to Staurastrum, which potentially allowed Scenedesmus to
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exhibit higher growth rates. In contrast, the cell size of Staurastrum
was predominantly controlled by temperature which could have
decoupled the growth-size relationship in Staurastrum. This agrees
with findings by Sal et al. (2015), who found the unimodal growth-
size relationship to be weaker at higher temperatures when analyz-
ing data from 194 species assembled by Thomas et al. (2012). Hence,
how phytoplankton respond to its environment seems to influence
the growth-size relationship, which agrees with other studies. For
instance, Mei et al. (2011) demonstrated that the overall negative
growth-size relationship became weaker when nutrients were high
or light was low. Similarly, Berges and Harrison (1995) observed, at
the species level, a negative growth-size relationship under nutrient-
limited conditions but a positive relationship under light-limited con-
ditions. Here, although the temperature effect on growth and cell
size was the same for both species, cell size was differently affected
by resources between species, ending in different growth-size rela-
tionships. As a consequence, the indirect effects of abiotic factors
on growth via cell size, which modulated the relationship between

growth and cell size, occurred in Scenedesmus but not in Staurastrum.

5 | CONCLUSION

In this study, we tested for the cumulative effects of temperature
and resources (i.e., light, N, and P) on phytoplankton growth, cell
size, and stoichiometry, which allowed us to identify the mechanisms
that enable species to acclimate to its environment. Even under mul-
tiple levels of light and nutrients, we found the direct effects of tem-
perature on growth and cell size that were detected in many other
studies, thus temperature can be identified as dominant driver for
growth and cell size. The hypothesized nutrient effect on stoichi-
ometry, demonstrated in other studies, could also be proven here
in both species. However, temperature effect on stoichiometry and
resource effect (i.e., light and nutrients) on cell size were not consist-
ent across species. Furthermore, the relationships between growth
and stoichiometry, as well as growth and cell size, varied among the
species, suggesting that these species used different strategies to
acclimate to its environment. These results give us powerful insights
into how species' responses in stoichiometry and size to abiotic con-
ditions shape the indirect effects on growth and which acclimation
strategies they use.

AUTHOR CONTRIBUTIONS

Anna Lena Heinrichs: Conceptualization (equal); data curation (lead);
formal analysis (lead); investigation (lead); methodology (lead); visu-
alization (lead); writing - original draft (lead); writing - review and
editing (lead). Onja Johannes Hardorp: Data curation (supporting);
formal analysis (supporting); resources (equal); validation (support-
ing); writing - review and editing (supporting). Helmut Hillebrand:
Conceptualization (equal); funding acquisition (lead); methodology
(supporting); supervision (supporting); writing - review and editing
(supporting). Toni Schott: Data curation (supporting); formal analy-
sis (supporting); writing - review and editing (supporting). Maren

Striebel: Conceptualization (equal); funding acquisition (lead); pro-
ject administration (lead); supervision (lead); writing - original draft

(supporting); writing - review and editing (supporting).

ACKNOWLEDGEMENTS

We thank Heike Rickels for her technical support and the German
Research Foundation (DFG) for funding this research (STR 1383/8-1).
Open Access funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT
We declare that there are no conflicts of interests.

DATA AVAILABILITY STATEMENT

The data and R codes used to generate the results in this paper are
available in the public repository Zenodo (https://zenodo.org/recor
ds/12731714).

ORCID

Anna Lena Heinrichs "= https://orcid.org/0009-0003-9691-4121

Onja Johannes Hardorp " https://orcid.org/0009-0000-2021-4442
Helmut Hillebrand " https://orcid.org/0000-0001-7449-1613
Toni Schott "= https://orcid.org/0009-0001-4636-9175

Maren Striebel " https://orcid.org/0000-0003-2061-2154

REFERENCES

Andersen, R., & Kawachi, M. (2005). Traditional microalgae isolation
techniques. Algal Culturing Tecniques (pp. 83-100). Academic Press.

Aranguren-Gassis, M., & Litchman, E. (2020). Thermal performance of
marine diatoms under contrasting nitrate availability. Journal of
Plankton Research, 42(6), 680-688.

Berges, J. A., & Harrison, P. J. (1995). Relationships between nitrate
reductase-activity and rates of growth and nitrate incorporation
under steady-state light or nitrate limitation in the marine diatom
Thalassiosira-Pseudonana (Bacillariophyceae). Journal of Phycology,
31(1), 85-95.

Bernhardt, J. R, Sunday, J. M., & O'Connor, M. I. (2018). Metabolic theory
and the temperature-size rule explain the temperature dependence
of population carrying capacity. American Naturalist, 192(6), 687-697.

Bestion, E., Schaum, C. E., & Yvon-Durocher, G. (2018). Nutrient lim-
itation constrains thermal tolerance in freshwater phytoplankton.
Limnology and Oceanography Letters, 3(6), 436-443.

Boumnich, L., Dauta, A., Devaux, J., & Romagoux, J. C. (1990). Influence
of light and temperature on the growth of four algae from a eutro-
phic lake (lake Aydat, Puy de dome, France). Annales De Limnologie-
International Journal of Limnology, 26(1), 3-10.

Bouterfas, R., Belkoura, M., & Dauta, A. (2002). Light and temperature
effects on the growth rate of three freshwater algae isolated from
a eutrophic lake. Hydrobiologia, 489(1-3), 207-217.

Bracken, M. E., Hillebrand, H., Borer, E. T., Seabloom, E. W., Cebrian,
J., Cleland, E. E., Elser, J. J., Gruner, D. S., Harpole, W. S., Ngai, J.
T., & Smith, J. E. (2015). Signatures of nutrient limitation and co-
limitation: Responses of autotroph internal nutrient concentrations
to nitrogen and phosphorus additions. Oikos, 124(2), 113-121.

Choi,R. T.,Reed, S. C., & Tucker, C. L. (2022). Multiple resource limitation
of dryland soil microbial carbon cycling on the Colorado plateau.
Ecology, 103, e3671.

Cotner, J. B., Makino, W., & Biddanda, B. A. (2006). Temperature affects
stoichiometry and biochemical composition of Escherichia coli.
Microbial Ecology, 52(1), 26-33.


https://zenodo.org/records/12731714
https://zenodo.org/records/12731714
https://orcid.org/0009-0003-9691-4121
https://orcid.org/0009-0003-9691-4121
https://orcid.org/0009-0000-2021-4442
https://orcid.org/0009-0000-2021-4442
https://orcid.org/0000-0001-7449-1613
https://orcid.org/0000-0001-7449-1613
https://orcid.org/0009-0001-4636-9175
https://orcid.org/0009-0001-4636-9175
https://orcid.org/0000-0003-2061-2154
https://orcid.org/0000-0003-2061-2154

HEINRICHS ET AL.

Daufresne, M., Lengfellner, K., & Sommer, U. (2009). Global warming
benefits the small in aquatic ecosystems. Proceedings of the National
Academy of Sciences of the United States of America, 106(31),
12788-12793.

Dauta, A., Devaux, J., Piquemal, F., & Boumnich, L. (1990). Growth
rate of four freshwater algae in relation to light and temperature.
Hydrobiologia, 207(1), 221-226.

Edwards, K. F., Thomas, M. K., Klausmeier, C. A., & Litchman, E. (2015).
Light and growth in marine phytoplankton: Allometric, taxonomic,
and environmental variation. Limnology and Oceanography, 60(2),
540-552.

Elser, J., Acharya, K., Kyle, M., Cotner, J., Makino, W., Markow, T., Watts,
T., Hobbie, S., Fagan, W., Schade, J., & Hood, J. A. (2003). Growth
rate-stoichiometry couplings in diverse biota. Wiley Online Library.

Elser, J. J., Fagan, W. F., Kerkhoff, A. J., Swenson, N. G., & Enquist, B. J.
(2010). Biological stoichiometry of plant production: Metabolism,
scaling and ecological response to global change. New Phytologist,
186(3), 593-608.

Elser, J. J., Kyle, M., Makino, W., Yoshida, T., & Urabe, J. (2003). Ecological
stoichiometry in the microbial food web: A test of the light: Nutrient
hypothesis. Aquatic Microbial Ecology, 31(1), 49-65.

Elser, J. J., Sterner, R. W., Gorokhova, E., Fagan, W. F., Markow, T. A.,
Cotner, J. B., Harrison, J. F., Hobbie, S. E., Odell, G. M., & Weider,
L. W. (2000). Biological stoichiometry from genes to ecosystems.
Ecology Letters, 3(6), 540-550.

Eppley, R. W. (1972). Temperature and phytoplankton growth in sea.
Fishery Bulletin, 70(4), 1063-1085.

Eppley, R. W., & Thomas, W. H. (1969). Comparison of half-saturation
constants for growth and nitrate uptake of marine phytoplankton.
Journal of Phycology, 5(4), 375-379.

Falkowski, P. G., Dubinsky, Z., & Wyman, K. (1985). Growth-irradiance
relationships in phytoplankton. Limnology and Oceanography, 30(2),
311-321.

Falkowski, P. G., & Laroche, J. (1991). Acclimation to spectral irradiance in
algae. Journal of Phycology, 27(1), 8-14.

Flynn, K. J., Raven, J. A., Rees, T. A. V,, Finkel, Z., Quigg, A., & Beardall,
J.(2010). Is the growth rate hypothesis applicable to microalgae? 1.
Journal of Phycology, 46(1), 1-12.

Gall, A., Uebel, U., Ebensen, U., Hillebrand, H., Meier, S., Singer, G.,
Wacker, A., & Striebel, M. (2017). Planktotrons: A novel indoor
mesocosm facility for aquatic biodiversity and food web research.
Limnology and Oceanography: Methods, 15(7), 663-677.

Garcia, N. S., Sexton, J., Riggins, T., Brown, J., Lomas, M. W., & Martiny, A. C.
(2018). High variability in cellular stoichiometry of carbon, nitrogen,
and phosphorus within classes of marine eukaryotic phytoplankton
under sufficient nutrient conditions. Frontiers in Microbiology, 9, 543.

Goldman, J. C. (1986). On phytoplankton growth-rates and particu-
late C-N-P ratios at low light. Limnology and Oceanography, 31(6),
1358-1363.

Goldman, J. C., McCarthy, J. J., & Peavey, D. G. (1979). Growth rate in-
fluence on the chemical composition of phytoplankton in oceanic
waters. Nature, 279(5710), 210-215.

Guillard, R. R., & Lorenzen, C. J. (1972). Yellow-green algae with
Chlorophyllide C. Journal of Phycology, 8(1), 10.

Hall, B. G., Acar, H., Nandipati, A., & Barlow, M. (2014). Growth rates
made easy. Molecular Biology and Evolution, 31(1), 232-238.

Hammer, A., Schumann, R., & Schubert, H. (2002). Light and temperature
acclimation of Rhodomonas salina (Cryptophyceae): Photosynthetic
performance. Aquatic Microbial Ecology, 29(3), 287-296.

Hessen, D. O., Faerovig, P. J., & Andersen, T. (2002). Light, nutrients, and
P: C ratios in algae: Grazer performance related to food quality and
quantity. Ecology, 83(7), 1886-1898.

Hillebrand, H., Acevedo-Trejos, E., Moorthi, S. D., Ryabov, A., Striebel,
M., Thomas, P. K., & Schneider, M. L. (2022). Cell size as driver and
sentinel of phytoplankton community structure and functioning.
Functional Ecology, 36(2), 276-293.

Ecology and Evolution 110f 12
=t e W1 LEY- 1

Hillebrand, H., Di Carvalho, J. A., Dajka, J. C., Durselen, C. D., Kerimoglu,
0., Kuczynski, L., Ronn, L., & Ryabov, A. (2022). Temporal declines
in Wadden Sea phytoplankton cell volumes observed within and
across species. Limnology and Oceanography, 67(2), 468-481.

Hillebrand, H., Diirselen, C. D., Kirschtel, D., Pollingher, U., & Zohary, T.
(1999). Biovolume calculation for pelagic and benthic microalgae.
Journal of Phycology, 35(2), 403-424.

Hillebrand, H., Steinert, G., Boersma, M., Malzahn, A., Meunier, C. L.,
Plum, C., & Ptacnik, R. (2013). Goldman revisited: Faster-growing
phytoplankton has lower N: P and lower stoichiometric flexibility.
Limnology and Oceanography, 58(6), 2076-2088.

Hofmann, P., Chatzinotas, A., Harpole, W. S., & Dunker, S. (2019).
Temperature and stoichiometric dependence of phytoplankton
traits. Ecology, 100(12), e02875.

IPCC, I. P. O. C. C. (2023). Climate change 2023: synthesis report.
Contribution of working groups I, Il and 11l to the sixth assessment
report of the intergovernmental panel on climate change.

Isanta-Navarro, J., Prater, C., Peoples, L. M., Loladze, I., Phan, T., Jeyasingh,
P. D., Church, M. J,, Kuang, VY., & Elser, J. J. (2022). Revisiting the
growth rate hypothesis: Towards a holistic stoichiometric under-
standing of growth. Ecology Letters, 25(10), 2324-2339.

Lefcheck, J. S. (2016). PIECEWISESEM: Piecewise structural equation
modelling in R for ecology, evolution, and systematics. Methods in
Ecology and Evolution, 7(5), 573-579.

Litchman, E., & Klausmeier, C. A. (2008). Trait-based community ecol-
ogy of phytoplankton. Annual Review of Ecology, Evolution, and
Systematics, 39, 615-639.

Malerba, M. E., White, C. R., & Marshall, D. J. (2017). Phytoplankton
size-scaling of net-energy flux across light and biomass gradients.
Ecology, 98(12), 3106-3115.

Maranon, E. (2015). Cell size as a key determinant of phytoplankton me-
tabolism and community structure. Annual Review of Marine Science,
7(7), 241-264.

Maranon, E., Cermeno, P., Lopez-Sandoval, D. C., Rodriguez-Ramos, T.,
Sobrino, C., Huete-Ortega, M., Blanco, J. M., & Rodriguez, J. (2013).
Unimodal size scaling of phytoplankton growth and the size depen-
dence of nutrient uptake and use. Ecology Letters, 16(3), 371-379.

Mei, Z. P, Finkel, Z. V., & Irwin, A. J. (2011). Phytoplankton growth allom-
etry and size- dependent C:N stoichiometry revealed by a variable
quota model. Marine Ecology Progress Series, 434, 29-43.

Montagnes, D. J. S., Kimmance, S. A., & Atkinson, D. (2003). Using Q(10):
Can growth rates increase linearly with temperature? Aquatic
Microbial Ecology, 32(3), 307-313.

Peter, K. H., & Sommer, U. (2012). Phytoplankton cell size: Intra-and in-
terspecific effects of warming and grazing. PLoS One, 7(11), e49632.

Peter, K. H., & Sommer, U. (2013). Phytoplankton cell size reduction in
response to warming mediated by nutrient limitation. PLoS One,
8(9), e71528.

Peter, K. H., & Sommer, U. (2015). Interactive effect of warming, nitrogen
and phosphorus limitation on phytoplankton cell size. Ecology and
Evolution, 5(5), 1011-1024.

Petzoldt, T. (2022). Growthrates: Estimate growth rates from experimen-
tal data.

Qu, P. P, Fu, F. X., & Hutchins, D. A. (2018). Responses of the large cen-
tric diatom Coscinodiscus sp to interactions between warming, el-
evated CO2, and nitrate availability. Limnology and Oceanography,
63(3), 1407-1424.

Sal, S., Alonso-Saez, L., Bueno, J., Garcia, F. C., & Lopez-Urrutia, A.
(2015). Thermal adaptation, phylogeny, and the unimodal size scal-
ing of marine phytoplankton growth. Limnology and Oceanography,
60(4), 1212-1221.

Schaum, C. E., Barton, S., Bestion, E., Buckling, A., Garcia-Carreras, B.,
Lopez, P., Lowe, C., Pawar, S., Smirnoff, N., Trimmer, M., & Yvon-
Durocher, G. (2017). Adaptation of phytoplankton to a decade of
experimental warming linked to increased photosynthesis. Nature
Ecology & Evolution, 1(4), 94.



HEINRICHS ET AL.

29012 | 1L y-Ecoogy end Evluton

Schaum, C. E., Buckling, A., Smirnoff, N., Studholme, D. J., & Yvon-
Durocher, G. (2018). Environmental fluctuations accelerate mo-
lecular evolution of thermal tolerance in a marine diatom. Nature
Communications, 9, 1719.

Schielzeth, H. (2010). Simple means to improve the interpretability of
regression coefficients. Methods in Ecology and Evolution, 1(2),
103-113.

Sommer, U., Charalampous, E., Genitsaris, S., & Moustaka-Gouni, M.
(2017). Benefits, costs and taxonomic distribution of marine
phytoplankton body size. Journal of Plankton Research, 39(3),
494-508.

Sterner, R., & Elser, J. (2002). Biological chemistry: Building cells from
elements. In Ecological stoichiometry: The biology of elements from
molecules to the biosphere (pp. 44-79). Princeton University Press.

Sterner, R. W., Elser, J. J., Fee, E. J., Guildford, S. J., & Chrzanowski, T. H.
(1997). The light: Nutrient ratio in lakes: The balance of energy and
materials affects ecosystem structure and process. The American
Naturalist, 150(6), 663-684.

Thomas, M. K., Aranguren-Gassis, M., Kremer, C. T., Gould, M. R.,
Anderson, K., Klausmeier, C. A., & Litchman, E. (2017). Temperature-
nutrient interactions exacerbate sensitivity to warming in phyto-
plankton. Global Change Biology, 23(8), 3269-3280.

Thomas, M. K., Kremer, C. T., Klausmeier, C. A., & Litchman, E. (2012).
A global pattern of thermal adaptation in marine phytoplankton.
Science, 338(6110), 1085-1088.

Thomas, M. K., & Ranjan, R. (2023). Designing more informative multiple-
driver experiments. Annual Review of Marine Science, 16, 513-536.

Thompson, P. A., Harrison, P. J., & Parslow, J. S. (1991). Influence of irra-
diance on cell volume and carbon quota for ten species of marine
phytoplankton 1. Journal of Phycology, 27(3), 351-360.

Toseland, A., Daines, S. J., Clark, J. R., Kirkham, A., Strauss, J., Uhlig, C.,
Lenton, T. M., Valentin, K., Pearson, G. A., Moulton, V., & Mock,
T. (2013). The impact of temperature on marine phytoplankton
resource allocation and metabolism. Nature Climate Change, 3(11),
979-984.

Venkataramana, V., Anilkumar, N., Naik, R. K., Mishra, R. K., & Sabu, P.
(2019). Temperature and phytoplankton size class biomass drives

the zooplankton food web dynamics in the Indian Ocean sector of
the Southern Ocean. Polar Biology, 42(4), 823-829.

Verbeek, L., Gall, A, Hillebrand, H., & Striebel, M. (2018). Warming and
oligotrophication cause shifts in freshwater phytoplankton com-
munities. Global Change Biology, 24(10), 4532-4543.

Ward, B. A., Maranon, E., Sauterey, B., Rault, J., & Claessen, D. (2017).
The size dependence of phytoplankton growth rates: A trade-off
between nutrient uptake and metabolism. American Naturalist,
189(2), 170-177.

Wetzel, R. G., & Likens, G. (2000). Limnological analyses. Springer Science
& Business Media.

Yvon-Durocher, G., Montoya, J. M., Trimmer, M., & Woodward, G. (2011).
Warming alters the size spectrum and shifts the distribution of
biomass in freshwater ecosystems. Global Change Biology, 17(4),
1681-1694.

Yvon-Durocher, G., Schaum, C. E., & Trimmer, M. (2017). The tempera-
ture dependence of phytoplankton stoichiometry: Investigating
the roles of species sorting and local adaptation. Frontiers in
Microbiology, 8, 2003.

Zohary, T., Flaim, G., & Sommer, U. (2021). Temperature and the size of
freshwater phytoplankton. Hydrobiologia, 848(1), 143-155.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Heinrichs, A. L., Hardorp, O. J.,
Hillebrand, H., Schott, T., & Striebel, M. (2024). Direct and
indirect cumulative effects of temperature, nutrients, and
light on phytoplankton growth. Ecology and Evolution, 14,
e€70073. https://doi.org/10.1002/ece3.70073



https://doi.org/10.1002/ece3.70073

	Direct and indirect cumulative effects of temperature, nutrients, and light on phytoplankton growth
	Abstract
	1|INTRODUCTION
	1.1|Direct effects of temperature and resources on growth rate (H1)
	1.2|Direct effects of temperature and resources on cell size and stoichiometry (H2)
	1.3|Relationship between growth rate and cellular size or stoichiometry (H3)

	2|METHODS
	2.1|Species selection
	2.2|Experimental design
	2.3|Sampling
	2.4|Sample analyses
	2.4.1|Growth rates
	2.4.2|Cell size
	2.4.3|Stoichiometry
	2.4.4|Structural equation model


	3|RESULTS
	3.1|Direct effects of abiotic factors on growth (H1)
	3.2|Treatment effects on cell size and stoichiometry (H2)
	3.3|Relationship between growth rate and cellular size or stoichiometry (H3)

	4|DISCUSSION
	4.1|Direct effects of abiotic factors on growth rate (H1)
	4.2|Treatment effects on cell size and stoichiometry (H2)
	4.3|Relationship between growth rates and cellular size or stoichiometry (H3)

	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


