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Abstract

Cell size is a master trait in the functional ecology of phytoplankton correlating with numerous morphologi-
cal, physiological, and life-cycle characteristics of species that constrain their nutrient use, growth, and edibility.
In contrast to well-known spatial patterns in cell size at macroecological scales or temporal changes in experi-
mental contexts, few data sets allow testing temporal changes in cell sizes within ecosystems. To analyze the
temporal changes of intraspecific and community-wide cell size, we use the phytoplankton data derived from
the Lower Saxony Wadden Sea monitoring program, which comprises sample- and species-specific measure-
ments of cell volume from 1710 samples collected over 14 yr. We find significant reductions in both the cell vol-
ume of most species and the weighted mean cell size of communities. Mainly diatoms showed this decline,
whereas the size of dinoflagellates seemed to be less responsive. The magnitude of the trend indicates that cell
volumes are about 30% smaller now than a decade ago. This interannual trend is overlayed by seasonal cycles
with smaller cells typically observed in summer. In the subset of samples including environmental conditions,
small community cell size was strongly related to high temperatures and low total phosphorus concentration.
We conclude that cell size captures ongoing changes in phytoplankton communities beyond the changes in
species composition. In addition, based on the changes in species biovolumes revealed by our analysis, we warn
that using standard cell size values in phytoplankton assessment will not only miss temporal changes in size,
but also lead to systematic errors in biomass estimates over time.

(Kleyer et al. 2008; Kattge et al. 2011; Weigelt et al. 2020).
Instead of grouping species into functional group categories,
such databases comprise continuous axes of measurable char-
acteristics, which enable global analyses of how traits affect
plant distribution and performance and thus spatial and tem-
poral dynamics in communities (Craine et al. 2005; Suding
et al. 2008; Bruelheide et al. 2018).

Although phytoplankton is responsible for roughly the same
fraction of the global net primary production as terrestrial
plants, trait-based approaches to their ecology have been intro-
duced at a much later stage (Litchman and Klausmeier 2008).
While functional classifications of phytoplankton have been

Introduction

Trait-based approaches to community ecology have been
advanced to promote a mechanistic link between species’
characteristics and their functional performance (Violle
et al. 2007). Functional classifications have a long history
when analyzing plant composition (Raunkiaer 1907), which
led to systematically building representative trait databases

*Correspondence: helmut.hillebrand@uni-oldenburg.de

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited, the

use is non-commercial and no modifications or adaptations are made.

Additional Supporting Information may be found in the online version of
this article.

468

used for decades (Margalef 1978; Reynolds 1984; Verity and
Smetacek 1996), comparable global trait databases are missing.
However, recent years have seen a quickly growing body of
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literature systematically assessing phytoplankton traits to explain
processes from ecophysiological to global ecosystem scales
(Litchman et al. 2007; Follows and Dutkiewicz 2011; Mutshinda
et al. 2017).

In these endeavors, cell size has quickly been identified as a
highly reliable master trait that summarizes a range of con-
straints in resource uptake, storage and growth in overarching
allometric scaling laws (Litchman et al. 2007; Maranén 2015;
Hillebrand et al. 2021). The range of cell sizes in phytoplank-
ton encompasses nine orders of magnitude (Finkel
et al. 2010), which exceeds the size range of mammals or
plants. Larger cells have higher maximum cell-specific nutri-
ent uptake rates, higher carbon fixation rates and higher cellu-
lar nutrient content (Litchman et al. 2007, Hillebrand et al.
2021). Larger cells have higher cell-specific but lower volume-
specific affinity to both nitrogen and phosphorus and exhibit
lower maximum growth rates (Edwards et al. 2012). Also, light
affinity and carbon assimilation depend on cell size (Edwards
et al. 2015; Malerba et al. 2021). At the same time, size is deci-
sive in constraining vulnerability to grazing (Kigrboe 1993;
Irigoien et al. 2005; Branco et al. 2020), nutrient storage capac-
ity (Grover 1991; Litchman et al. 2009; Kerimoglu et al. 2012),
or mobility (Sommer 1988).

Consequently, phytoplankton cell size has become a senti-
nel of global change, especially at the community level
through analyzing community weighted means cell size.
Given the tight relationships between size and nutrient affin-
ity (Irwin et al. 2006), eutrophication tends to foster larger
celled phytoplankton (Larsson and Hagstrom 1982). With
respect to warming, both experiments (Sommer and
Lengfellner 2008; Lewandowska and Sommer 2010; Yvon-
Durocher et al. 2011) and observations (Winder et al. 2009;
Mousing et al. 2014; Rasconi et al. 2015) find smaller species
to dominate at higher temperatures. These findings are backed
up by macroecological studies finding smaller cell sizes at high
temperatures (Moran et al. 2010; Acevedo-Trejos et al. 2013),
which can be found at lower latitudes (Acevedo-Trejos
et al. 2018) in combination with low nutrient concentrations
(Mousing et al. 2018).

In contrast to our knowledge on these spatial patterns,
information on temporal changes in size is rare on ecological
time scales (but see DuRand et al. 2001; Wiltshire et al. 2008;
Huete-Ortega et al. 2010). Moreover, this temporal informa-
tion is often at the community level of size spectra (e.g., from
flow cytometric analyses) or mean cell size, which do not
allow disentangling whether observed changes in time reflect
changes in species composition or intraspecific changes in
size. The former indicates competitive displacement, when
small species replace large species, whereas the latter indicates
a physiological or adaptive response at the population level.

Here we use a unique monitoring data set that measures
species-specific abundances and cell sizes, the latter by inde-
pendently measuring multiple individuals per species and
sample. Spanning 14 consecutive years (2006-2019) and
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weekly to monthly sampling at different stations in the Lower
Saxony section of the Wadden Sea, this data set allows testing
a set of hierarchical hypotheses. First, we generally test
whether cell sizes in the phytoplankton change over time
(H1) using all cell size measurements available in the data set.
If so, we disentangle between community and population
responses: we test whether changes in cell size are significant
within species by assessing species-specific slopes of size
dependence on time (H2). For communities, we use
community-weighted mean cell size for each sample and test
for temporal trends at the community level (H3). Finally, we
test whether the temporal change in mean cell size can be
related to environmental factors, such as nutrients and tem-
perature (H4).

Methods

Sites

Since the end of the 1980s, the Lower Saxony Water Man-
agement, Coastal Defense and Nature Conservation Agency
(NLWKN) conducts year-round phytoplankton monitoring in
Lower Saxony’s coastal waters (Hanslik et al. 1998). From
2006 onwards, the monitoring program additionally com-
prises cell volume measurements at species level, which has
been used to calculate total biovolume by multiplying abun-
dances with average cell volume. Our analysis comprises the
data from 2006-2019, which derive from 20 stations in the
coastal waters of Lower Saxony, Germany (Supporting Infor-
mation Fig. S1). Whereas some of these stations were continu-
ously monitored, others have been used only for shorter
periods of time or at reduced frequency (Supporting Informa-
tion Fig. S1). In total, 1710 samples were analyzed for this
study.

Sampling

Sampling occurred year-round in most cases, but for some
stations covered the vegetation period only, extending from
beginning of March to the end of September/October
(NLWKN 2013). Water samples were obtained as a bucket
sample from the surface (max. of 1 m depth) and each sample
was mixed from three scooping processes in one S-liter canis-
ter per station and date. Samples were fixed with Lugol’s
iodine solution and stored in a cool and dark place until
microscopical analysis. Storage times of preserved samples
were approximately the same in each year as analyses of sam-
ples started in the end of one monitoring season. Environ-
mental parameters obtained included temperature, salinity,
pH, suspended particulate matter (SPM), and nutrients, which
were not recorded at all places and all times, but in four
“main” stations (Supporting Information Fig. S1). The analysis
of nutrients followed seawater analysis procedures (Grasshoff
et al. 1983). Total nutrients were derived from unfiltered sam-
ples, digesting total nitrogen (TN) and total phosphorus
(TP) by heat and pressure or by microwave with peroxodisulfate
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(Koroleft digestion). Dissolved orthophosphate, nitrate and
nitrite as well as dissolved silicate (Si) were measured photometri-
cally. Salinity, pH, and temperature were measured using a mul-
tisensor (WTW Multisonde 3430). SPM was measured as the dry
weight of filtered seston. Supporting Information Fig. S2 presents
the temporal changes in most of these variables.

Microscopy

Phytoplankton samples were analyzed for taxonomic com-
position, species-specific abundance and the estimation of
biovolume using an inverted microscope according to
Utermohl (1958). Microscopic analyses allow quantification of
cells >3 pm, thus do not cover picoplankton extensively.
While to our knowledge there is no systematic assessment of
the contribution of picoplankton in the Wadden Sea, others
reported a dominance of larger phytoplankton under the
rather nutrient-rich conditions in this area (Philippart
et al. 2000; Prins et al. 2012). For the taxa observed, identifica-
tion to species level was preferred, but if not possible, taxa
were categorized at lowest detectable taxonomic levels. In
total, a minimum of 400 individuals per sample were counted
at different microscopic magnifications (up to x400)
corresponding to size, allowing to detect individuals down to
a size of around 2-3 um such as Phaeocystis and other small
flagellates and coccal algae. The biomass-rich and most abun-
dant taxa were usually recorded with a minimum number of
20-60 cells depending on magnification. For each taxon, size
and geometry of a representative number of the cells were
determined to estimate the biovolume of each phytoplankton
taxa in a sample (taxon-specific and total biovolume). The
biovolume of phytoplankton species was determined
according to the procedure standardized by the European
Committee for Standardization for “Guidance on the estima-
tion of phytoplankton biovolume”, which has been published
in all European Union member states as a standard document
(in Germany as DIN EN 16695:2015-12, https://doi.org/10.
31030/2303923). All volumes are on a per-cell basis, that is,
for chain-forming species the volumes of single cells in the
chains are measured.

Data integration

Prior to analyses, we harmonized the use of the biovolume
calculations, switching all geometric models to the above-
mentioned standard norm. For each genus, we made sure that
the dimensions for the geometric models were used consis-
tently over time. A recurrent problem in biovolume calcula-
tion is the third (hidden) dimension, that is, the height of a
prism or the small diameter of an ellipsoid, which often is not
directly measurable under the microscope. Here, we followed
the guidance by the European Committee for Standardization
to estimate the missing dimension per species using a con-
stant average ratio to another dimensions. The accuracy of
such proposed factors for hidden dimensions has been ana-
lyzed for monitoring procedures (Olenina et al. 2006). Thus,
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the observed difference in cell size relies on individual mea-
surements of two dimensions per specimen, whereas the third
dimension is a function of the first two. We removed all
purely heterotrophic species identified and harmonized the
taxonomy using the phylogenetic tree used in Algaebase
(Guiry and Guiry 2021). We additionally flagged all species
that were not identified to species level. We primarily focus
our statistical analyses on the subset of species identified to
species level, as our hypotheses explicitly comprise intraspe-
cific changes. However, we provide analogous analyses includ-
ing all taxa (details see “Sensitivity analyses”). We calculated
mean cell size for each unique sample (each sampling day and
station) as weighted means, for which we created mean In-
transformed cell sizes (i.e., geometric means) for each species,
and then calculated the abundance-weighted mean across spe-
cies. Here, we only used samples with at least 10 cells being
measured to avoid mean cell size estimates based on very
small sample sizes.

Statistical analyses

For the first three hypotheses, we created generalized linear
mixed models (GLMMs) using the Ime4 package version 1.1.-
26 (Bates et al. 2015) in R (R Development Core Team 2018;
RStudio Team 2018). To generally test for temporal changes in
cell size (hypothesis H1), our model comprised year and Julian
day as continuous fixed effects and stationID, yearID and tax-
onomy as categorical random effects. A significant temporal
trend across years would reject the null hypothesis to H1
(i.e., cell size did not change over time). We added Julian day
as second fixed effect to account for seasonal differences in
cell sizes. As the raw Julian day comprise lowest and highest
values in winter, while summer has intermediate values, we
transformed Julian day to increasing until the mid of the year
(Julian Day = 183) and then decreasing again. Thereby, this
transformed Julian Day variable reflects the transition towards
“summerness.” As size has strong phylogenetic constraints,
taxonomy was added as a nested random term with species
nested in genus, in order, in class and in phylum, which
allows for different intercepts at all these taxonomic organiza-
tional levels. Given very uneven distribution of measurements
across taxa, we refrained from adding random slopes as well;
instead, differences in species-specific slopes are explicitly con-
sidered in the analysis of H2. In addition, we allow for differ-
ent intercepts at different stations (stationID) and in different
years (yearID). Adding a random yearID effect in models on
temporal dynamics has been highly recommended (Daskalova
et al. 2021), because year as a continuous fixed effect tests the
hypothesis, whereas yearID as a categorical random effect
allows for different intercepts, which could, for example,
reflect unusual conditions in certain years (but see alternative
approaches under “Sensitivity analyses”). We used the auto-
correlation function in R to check for temporal autocorrela-
tion in the model, which however was negligible. Thus, we
did not conduct autoregressive models here. We used the
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Fig. 1. (A) Density plot of all measured cell sizes across the entire 1710
samples analyzed in the NLWKN monitoring data. Black line is the density
for the reduced data set (identified to species level); the red area is the
density of the full data set (including algae not identified to species level).
(B) Single cell size measurements over time, colors represent classes (the
most dominant are listed in Fig. 2). Black line is the significant fixed effect

of time (year), dotted lines the 95% CI of the predicted effect.

GLMM with year and transformed Julian Day as fixed effects
and year ID, stationID and phylogeny as random effects for all
measured cells identified to species level (N = 273,888). This
approach provides more data points for more abundant and
dominant species. Therefore, we reran this model using sample
means per species, that is, the average cell size per species per sta-
tion and date (N = 29,678).

To explicitly test for intraspecific changes in size (H2), we
conducted separate GLMMs analogous to the above for each
species, with year and transformed Julian Day as continuous
fixed effects and stationID and yearID as categorical random
terms. As the models were species specific, the nested random
term on taxonomy used in the main model was not included.
To avoid biased estimates from species that occurred only very
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rarely or only in a short time window, we only used species
occurring over a period of at least 5 yr and represented by at
least 100 measured cells. In addition to interpreting the
species-specific slopes, we tested whether the slopes generally
were different from 0. For this, we conducted a random effect
weighted meta-analysis using the “metafor” package in R ver-
sion 3.0-2 (Viechtbauer 2010). We used the GLMM slope esti-
mate with year as an effect size and its standard error as
sampling variance and obtained the overall slope across all
species-specific changes in cell size.

The analysis of weighted mean cell size (H3) was conducted
in a similar way as for testing H2, the GLMM comprised year
and Julian day as fixed continuous effects and stationID and
yearID as categorical random terms (N = 1369). Finally, we
tested the relationships between the changes in mean cell size
and environmental variables (H4) with a GLMM comprising
fixed effects of temperature, pH, salinity as well as log
transformed concentrations of TN, TP, Si, and SPM. Log-
transformation was conducted to conform the data to normal-
ity. In this model, stationID and yearID appeared as categori-
cal random terms. As environmental information was not
available for all stations, the number of samples in this
analysis was reduced to N = 525.

Sensitivity analyses

We conducted a series of sensitivity analyses to make sure
that our results do not depend on model specification or anal-
ysis decisions. First, we reran the models testing H1, H3, and
H4 for the entire data set, that is, including the taxa that were
not identified to species level. This increases the number of
measurements for H1 to 344,578 (all measurements) and
54,886 (species-specific mean size per sample), for H3 to 1705
samples and H4 to 646 samples (as more samples met the cut-
off criterion of 10 observations for calculating mean cell size).
An analogous sensitivity analysis for H2 was not useful, as to
assure that the species-specific trends reflect the same, clearly
identified species, only fully identified taxa were used.

Second, the use of yearID as additional random effect has
proven useful in other contexts (Giilzow et al. 2019; Werner
et al. 2020), but is still under discussion (Seibold et al. 2021).
Therefore, we redid the model for H1 without yearID. Third,
the first year of observation in a newly established monitoring
may differ as approaches need to be streamlined. Therefore,
we checked whether results depended on the first year of the
time series (2006) and used the model for H1 with data from
2007 onwards. For H2, we finally tested whether using ordi-
nary least square regressions resulted in different outcomes
than the GLMM-derived slopes.

Results

Cell size of the Wadden Sea phytoplankton varied several
orders of magnitude across all samples (Fig. 1A) and at any
point in time (Fig. 1B). Distinct peaks of highly frequent cell
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Table 1. Mixed effect linear model on species-specific cell size over time based on all available measurements and species-specific
means per sample, respectively. The table gives the estimate and its Cl as well as significance level for the intercept and the fixed effects
of year and Julian day (see Methods). For the random terms, we show the variance represented by the random factors (zo0), the
intraclass correlation coefficient (ICC) for mixed models (i.e., the proportion of variance explained by the grouping structure), the num-
ber of unique levels in the random factors (N), the number of observations total (Obs.), and the marginal (mR?) as well as conditional

(cR?) explained variance.

All measurements

Sample means

Predictors Estimates Cl p Estimates Cl p
Intercept 89.046 69.612-108.479 <0.001 85.234 62.631-107.823 < 0.001
Year —0.041 —0.050 to —0.031 <0.001 —0.039 —0.050 to —0.027 < 0.001
Julian day —0.001 —0.001 to —0.001 < 0.001 —0.001 —0.001 to —0.001 < 0.001
Random effects
o2 0.37 0.41
700 2.7 8species:(genus:(order:[class:phyluml)) 2.67 species:(genus:(order:[class:phyluml))

2.33genus:(order:[class:phylum]) 2.15genus:(order:[class:phylum])

1.230rder:(class: phylum) 1.400der:(class: phylum)

1.04jass: phylum 1.07 dass:phylum

1.47 gyt 1.50phylum

0.00stationiD 0.00stationip

0.01yeari> 0.01yearip
ICC 0.96 0.96
N 1625pecies 1625pecies

85 genus 85genus

40order 400rder

12¢1ass 12ass

8 hylum 8 phylum

14yearip 14yeariD

205tati0nID ZostationID
Obs. 273,881 29,678
mR?/cR? 0.003/0.960 0.003/0.956

sizes emerged throughout the size spectrum and these
remained virtually unchanged between the full data and the
reduced set with only taxa identified to species level (Fig. 1A).
The median percentage of total sample biomass recovered in
the species-level data was 89.9%.

The overall model on all measured cells found a major pro-
portion of the variance associated to the random intercepts in
the nested phylogeny (phylum, class, order, genus, species),
whereas location (stationID) and timing (yearID) did not con-
tribute substantially to the conditional R? (Table 1). Portions
of the variance were associated to all taxonomic levels from
species to phylum, indicating that size is phylogenetically
constrained on morphology and physiology.

On top of these random intercepts, both fixed effects, year
and Julian Day, were significant negative predictors of cell size
(Table 1; Fig. 1B), indicating that cell sizes decreased over the
duration of the monitoring time series and toward summer.
These reductions in size remained consistent and nearly iden-
tical when redoing the analyses on sample mean cell size per
species rather than all measured cells (Table 1). The slopes of
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the temporal decline per year (—0.041 and —0.039 for all mea-
sured cells and species means per sample, respectively) are for
log-transformed cell size and reflect a decline in average size
by ~ 33% over a decade, thus a cell of 1000 um® would be
reduced to (or replaced by) a cell of 670 yum® in 10 yr.

Sensitivity analyses showed that these outcomes are not
strongly dependent on model choices, as neither the model
without yearID as a random factor nor the model without the
first year 2006 showed different results (Supporting Informa-
tion Table S1). Redoing the model for all taxa, also for those
not identified to species, did not alter the overall results either,
irrespective whether using all measured cells or species-specific
sample means (Supporting Information Table S1).

Testing for intraspecific trends, 63 of 73 species showed a
decline in cell size over time (Fig. 2A,B), which in the GLMM
was significant for 27 species (at p < 0.1) and for 55 species in
the ordinary least square regressions (Supporting Information
Table S2). Only three species showed significant increases in
cell size according to the GLMMs. Consequently, the grand
mean slope was significantly negative (random effect meta-
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Fig. 3. Temporal change in the cell size of some dominant species in the monitoring time series of Wadden Sea phytoplankton, by color coded taxo-
nomic class. Intensity increases with number of measurements. The 25 species represent a subset of the species listed in Table Supporting

Informa

tion Table S2.

analysis, mean fixed effect of year = —0.045, 95% confidence
interval [CI] —0.060 to —0.030, p <0.001). Results were highly
similar when ordinary least square slopes were used (Supporting

Information Table S2, mean slope = —0.056, 95% CI —0.078 to
—0.034, p<0.001). There was no obvious relationship change
between the species’ slopes of size with time and either its average
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Fig. 4. (A) Community weighted mean cell size for 1710 samples in the Wadden Sea monitoring program over time. Black line is the significant fixed
effect of time (year), dotted lines the 95% confidence interval of the predicted effect. (B-D) Raw data and predicted fixed effect of temperature (B), total
P (C), and total N (D). In these panels shading reflects the transformed Julian Day variable, with denser shading for summer values.

size (Fig. 2A) or its average relative abundance (Fig. 2B), but from
the 27 species experiencing significant size reductions, 25 were
diatoms.

In Fig. 3, examples for such strong declines can be seen in
Asterionellopsis ~ glacialis, Cerataulina pelagica, ~Chaetoceros
socialis, Delphineis surirella, Eunotogramma dubium, Rhaphoneis
amphiceros, and Thalassiosira minima. The euglenophyte
Eutreptiella marina was a non-diatom species experiencing a
similarly strong size reduction. Some of the most abundant
diatoms also showed conspicuous declines, even though less
steep, such as Actinoptychus senarius, Cylindrotheca closterium,
or Leptocylindrus danicus. However, some species counteracted
this overall trend, as they showed an increase in size over
time, which was true for the diatom Trieres regia. Other, highly
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abundant species, such as Pseudo-nitzschia delicatissima,
Skeletonema costatum, Guinardia delicatula, Thalassionema
nitzschioides, or Odontella aurita showed weak to absent
changes in size with time. Dinoflagellates (Prorocentrum
micans, Prorocentrum triestinum, Protoperidinium bipes) generally
seemed to be less responsive. Some species, here exemplified
by the diatoms Ditylum brightwelli and Thalassiosira gravida,
underwent more cyclic changes in size.

When characterizing the size of the entire community by
weighted mean cell sizes, we again observed a significant
decline over the years as well as toward summer within years
(Fig. 4A; Table 2). The strong cyclic pattern of seasonal reduc-
tions overlays an interannual trend (Table 2, slope = —0.035),
which corresponds in magnitude to the slopes reported above.
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Table 2. Community weighted mean cell sizes in Wadden Sea phytoplankton analyzed in relation to temporal and environmental fac-
tors in a GLMM. Mean cell size is based on taxa identified to species level, see Supporting Information Table S3 for an alternative with
all taxa. Year and transformed Julian day (see Methods section) were fixed effects in the temporal model. In the two environmental
models, variables included were measured alongside the phytoplankton samples and included temperature (°C), TN (all nutrients in
umol L"), TP, Si, pH, salinity and SPM. [log] denotes natural-log transformed variables. The annual environmental model comprises
annual means, which reduces the number of observations to 43, therefore a reduced set of predictors was used. The estimate, its confi-
dence interval and the significance level is noted for each fixed effect. The random effects are reported as in Table 1. The environmental
model is done on a subset of the temporal data, as abiotic variables were only monitored for four stations. Significance levels p < 0.05
are highlighted in bold.

Temporal model Environmental model Annual Env model

Pred Est/Cl p Est/CI p Est/Cl p
Int 83.050 0.003 6.188 0.001 11.640 <0.001
27.412-138.687 2.400-9.977 8.618-14.662
Year —0.038 0.007
—0.066 to —0.010
Julian day —0.004 <0.001
—0.005 to —0.003
Temp —0.057 <0.001 —0.051 0.147
—0.075 to —0.039 —0.120 t0 0.018
TN [log] -0.319 0.022 —1.349 0.003
—0.592 to —0.046 —2.252 to —0.445
TP [log] 0.368 0.019 0.737 0.183
0.061-0.674 —0.348 to 1.822
SPM [log] —-0.010 0.872
—0.136 t0 0.115
Si [log] -0.092 0.177
—0.227 to 0.042
pH 0.269 0.238
—0.178 t0 0.716
Salinity —0.017 0.152

—0.040 to 0.006
Random effects

0_2

700

ICC
N

Obs.
mR?/cR?

0.99

0.01 stationID
0.03ycarp
0.04

1 9stationID

14yearID
1369
0.051/0.087

0.72

0.01 stationlD
0.04ycarp
0.07
4stationID

12yearID
525
0.083/0.147

0.19
0'045tationID

0.16

4stationID

43
0.254/0.373

When testing the impact of environmental factors, the condi-
tional R? increased to 14.7% (Table 2), and temperature and
nutrients turned out to be the most important predictors
(Fig. 4B-D). Smaller mean cell size was strongly associated to
high temperatures and marginally significant to low TP and
high TN (Table 2). Because seasonal variation in temperature
was larger than the
(Supporting Information Fig. S2), we used annual averages of
mean cell size, temperature, TN and TP in a separate model to
test whether the observed results were solely inferred by sea-
sonality. We qualitatively found again that mean cell size

and nutrients

interannual trend
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declined with temperature and TN but increased with TP
(Table 2). However, the temperature trend turned nonsignifi-
cant, whereas the TN effects appeared even stronger than in
the previous model.

Redoing the model for mean cell size based on all taxa
(i.e., also those not identified to species level) did result in
slight changes in the outcome (Supporting Information
Table S3). In the temporal model, the interannual decrease in
mean cell size became marginally nonsignificant (p = 0.07),
whereas the seasonal decline towards summer remained
unchanged. In the environmental model, the decline in mean
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cell size with temperature pertained to the full data set as well,
but nutrients were not significant in that model. Instead,
small cell size was associated to low suspended particulate
matter concentrations and high pH as well as salinity.

Discussion

Using a long-term monitoring data set from the Lower Sax-
ony section of the Wadden Sea, we showed significant reduc-
tions in phytoplankton cell size over the observation period of
14 yr (hypothesis H1). This interannual decline in cell size was
observed in 63 out of 73 species in this data set (H2), 25 of the
27 significant declines were associated to diatoms. Even
though three species showed opposing trends and others no
temporal trends, the average intraspecific slope was signifi-
cantly smaller than zero. The same pattern could be observed
at the community level, where mean cell size declined over
time and toward summer (H3). Lower mean cell size was con-
sistently associated to high temperatures (H4), whereas the
impact of nutrients and other environmental factors differed
when analyzing all taxa or the subset identified to species
level only.

We tested the sensitivity of our results to details of the
model setup and found our main results to be unaffected. The
decline of cell size was consistent irrespective of whether we
looked at all taxa or only those identified to species level,
included or excluded the first year or yearID as additional ran-
dom term. The only difference we observed was for the nutri-
ent effects on mean cell size as observed in our environmental
model (cf. Table 2 and Supporting Information Table S3),
which disappeared when we extended the model to all sam-
ples (also those that had less than 10 species identified to spe-
cies level).

Our analyses suggest that the observed overall decline in
cell size occurs both for individuals within species as for the
composition of the community. Whereas the range of size
changes in species is large (Fig. 2), the average intraspecific
slope (—0.056) and the slope of the decline in mean cell size
(—0.038) are highly comparable. Moreover, the decline not
only appeared across years but also toward summer within
years. The generality of the decline in cell size at different time
scales and both at the community and species level indicates
that the reason behind the decline might be rather deeply
rooted in general metabolic principles such as the effects of
temperature (Brown et al. 2004) or resource requirements
(Irwin et al. 2006). However, the quest for disentangling
drivers for changing size structure in these long-term monitor-
ing data is challenged by covariances between temperature
and nutrient concentrations. Moreover, other temporal ana-
lyses corresponding to ours are largely missing such that we
mainly have to relate to information from spatial patterns of
marine phytoplankton or experiments to explain the impact
of the environmental factors on cell size. Still, nutrients
declined and temperature increased both toward summer and
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over the entire time period (Supporting Information Fig. S2),
which make them potential key drivers for the observed
reduction in cell size at both time scales.

Declines in the size of unicellular species with temperature
have been predicted and observed (Atkinson et al. 2003; For-
ster et al. 2012; Bernhard et al. 2018). Declines in cell size
have also been observed in climate warming experiments
(Daufresne et al. 2009; Yvon-Durocher et al. 2011). We see sea-
sonal variation of sea surface temperatures of > 15°C and an
interannual increase by 2.1°C over the 14 yr of measurement
(Supporting Information Fig. S2A), which is consistent with
the significant upwards trends in surface temperature found in
the region since 1980s (van Aken 2010; Desmit et al. 2020).
However, the magnitude of change in cell size we observe is
much higher than predicted. For instance, Atkinson et al. (2003)
found a 2.5% decline per°C for protists, which would translate
into an expected 5% decrease in the Wadden Sea phytoplankton
cell size, whereas we see a decline of 30%. Thus, while tempera-
ture remains a candidate factor, its effects potentially are multi-
plied by other factors such as declining nutrient concentrations
(van Beusekom et al. 2019) or changes in size-selective grazing.

At macroecological scales, low nutrient concentrations are
often coupled with high SST (Acevedo-Trejos et al. 2013;
Mousing et al. 2014), as both are primarily driven by thermal
stratification (Sarmiento et al. 2004). The water column strati-
fication induced by increasing temperature enhances the
effect of cell sinking on the biomass loss (Ryabov and Blas-
ius 2008) and because sinking rates increase with cell size
(Portalier et al. 2016; Durante et al. 2019), the stratification
gives an additional advantage to small cells in competition
with larger cells. The Lower Saxony Wadden Sea under consid-
eration in the current study (Supporting Information Fig. S1),
however, is a shallow, tidally energetic system, characterized
by strong horizontal salinity gradients. It is also subject to
intermittent stratification driven by tidal straining (Burchard
et al. 2008), depending also on the wind direction, phase of
the spring-neap cycle and riverine discharge events (Chegini
et al. 2020). In this highly dynamic area, such short-lived
stratification events are not likely to have systematic effects
on the nutrient environment of phytoplankton.

More directly though, a reduction in nutrients driven by
riverine loadings from Ems and Weser, which in turn is a
result of measures taken to reduce eutrophication of the North
Sea (van Beusekom 2019), may be relevant, locally reflected by
reduced TN and TP in recent years at the Wadden Sea stations
we inspected (Supporting Information Fig. S2). We found
smaller mean cell size to be associated to low TP periods of
time, and thus potential P-limitation. Given a high N : P ratio
(mean molar ratio of TN : TP across the stations = 22.2 £+ 9.1),
N is likely not limiting for a majority of the year (Loebl
et al. 2009), except by the end of summer when P is released
from sediments and N is removed by benthic denitrification
(van Beusekom et al. 2019). This corresponds to the
macroecological finding that smaller phytoplankton cells are
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considered to dominate over larger cells under low nutrient
supply regimes, for instance in the low-latitude oligotrophic
gyres of the ocean, as detected by synoptic in situ observations
(Marafién et al. 2012; Marafién 2015; Mousing et al. 2018)
and by remote sensing products (Kostadinov et al. 2010). This
pattern is often explained by higher nutrient affinity of
smaller cells (Kigrboe 1993; Irwin et al. 2006; Litchman
et al. 2007), assuming that low nutrients select for small cells
(Ward et al. 2012; Maraiién et al. 2015; Acevedo-Trejos
et al. 2018). At the same time, low nutrients may also be the
consequence of a dominance of small cells, as decreased nutri-
ent concentrations may be induced by increased consumption
of nutrients by small cells attributable to their high nutrient
affinity (Edwards et al. 2012) and lower resource requirements.
It should be noted though that the TP concentrations in the
Wadden Sea remains high compared to oligotrophic open
ocean waters. In addition, the TP effect in the GLMMs was
not as consistent as the temperature effect and amended by
an apparent negative relationship between cell size and the
potentially not limiting nitrogen concentrations. Thus, while
the changing nutrient concentrations likely contribute to the
observed size changes, we are not able to fully quantify this
relationship and its interaction with the temperature effect.

A third potential driver of altered cell size structure is graz-
ing, but we have no direct observation on the intensity of
feeding by zooplankton and filtering macroinvertebrates in
the Wadden Sea area, let alone an estimate of how much the
size structure is affected by consumers. However, typical
ranges of preferred food for copepods (Sommer and Som-
mer 2006) or mussels (Strohmeier et al. 2012) are rather at the
medium to large range of species, whereas escape from preda-
tion can be considered the major advantage of the largest cells
(Kigrboe 1993; Irigoien et al. 2005; Cloern 2018). Therefore,
potential shifts in grazing pressure during the observation
period are well able to contribute to the observed shifts in cell
size. However, the extent of this top-down effect on phyto-
plankton size remains speculative at this point.

At the same time, it is to be expected that the observed
reduction in cell size by itself will trigger changes in the con-
sumer community. In experiments, warming induced reduc-
tions in phytoplankton cell size reduced the grazing efficiency
of the metazoan zooplankton, but increased the role of protis-
tan grazers such as ciliates (Aberle et al. 2012). A stronger link
between phytozooplankton and protozooplankton will poten-
tially result in altered matter and energy flow in pelagic sys-
tems (Sommer et al. 2012; Aberle et al. 2015). Thus,
considering shifts in cell size structure is a core ingredient in
predictions of responses of marine and freshwater systems to
changing environmental conditions (Klauschies et al. 2012).

Another consequence of altered size structure we expect is
changes in biodiversity and morphological composition of
phytoplankton, as the size of unicellular algae is closely
related to the diversity of species and cell shapes (Ryabov
et al. 2021). Cells of intermediate volume (1000 to
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10,000 um®) comprise the greatest species and morphological
diversity, including a full range from flat to externally elon-
gated cell shapes. In contrast, smaller and larger classes are less
species-rich and comprise predominantly compact cell shapes,
such as spheres or cubes. Thus, a shift of the cell-size distribu-
tion towards small cells may result in a corresponding change
of the pool of viable species and cell shapes and may indi-
rectly alter the diversity of cell shapes and species.

Finally, our analysis makes a strong case for the time-
consuming but more accurate measurement of cell volume per
sample, with multiple individuals per species (Hillebrand
et al. 1999). Many monitoring series use standard (literature or
once measured) values per species, which not only precludes
observing the intraspecific shifts in cell size we found here:
Cell volumes are used to transfer abundances into carbon esti-
mates (Montagnes et al. 1994; Menden-Deuer and
Lessard 2000), which then are fed into carbon budgets. More-
over, carbon fixation per cell allometrically scales to cell size,
whereas C-specific carbon fixation shows a nonlinear pattern
(Taguchi 1976; Marafo6n et al. 2007; Malerba et al. 2021). Not
accounting for temporal shifts in cell size might thus lead to
highly biased estimates for phytoplankton biomass and
performance.

Data availability statement

The data used for this analyses and the complete code are
available at Zenodo (DOI: https://doi.org/10.5281/zenodo.
5799263, URL: https://zenodo.org/record/5799263).
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