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Abstract
Trait-based approaches provide a mechanistic framework crossing scales from cellular traits to community

dynamics, while ecological stoichiometry applies first principles to understand how the balance of energy and
elements shape ecological interactions. However, few studies have explicitly linked both frameworks. In this
study, we tested the stoichiometric regulation of a number of carbon (C) based (e.g., extracellular polysaccha-
rides and colony formation) and nitrogen (N) containing traits (i.e., chlorophyll a, phycocyanin, and gas vesicle
content) in cyanobacteria in laboratory experiments and in the field. We exposed the cosmopolitan colony for-
ming freshwater cyanobacterium Microcystis sp. in batch experiments to light, N and phosphorus (P) limitation,
and enhanced CO2 levels, and assessed the regulation of these traits. Cyanobacterial traits followed stoichiomet-
rically predictable patterns, where N containing traits increased with cellular N content, and decreased with
increasing C : N ratios. C-based traits increased with cellular C content and C : N ratios under nutrient, particu-
larly N, limitation. The pattern of colony formation was confirmed with field data from Lake Taihu (China),
showing an increase in colony size when N was limiting and N : P ratios were low. These findings demonstrate
how an explicit coupling of trait-based approaches to ecological stoichiometry can support our mechanistic
understanding of responses of cyanobacteria toward shifts in resource availability.

Changes in the global environment are expected to strongly
affect the structure and functioning of aquatic ecosystems world-
wide (Paerl and Huisman 2009; Huisman et al. 2018). Under-
standing and predicting the implications of shifts in resource
availability are major challenges in aquatic ecology (Litchman
et al. 2015), including the scaling across spatial and temporal
dimensions. Functional traits of a species determine its growth,
survival, and population dynamics under changing biotic and
abiotic environmental conditions (McGill et al. 2006).

Consequently, trait-based approaches allow scaling, from funda-
mental processes at the cellular level to dynamics at the popula-
tion and community level (Edwards et al. 2013; Weithoff and
Beisner 2019). Functional traits reflect a combination of distinct
metabolic processes with specific underlying chemical and struc-
tural properties (Peñuelas et al. 2019), and may be inherently
linked to the elemental composition of an organism (Meunier
et al. 2017). Ecological stoichiometry addresses the balance of
elements in organisms and their interaction with the envi-
ronment (Sterner and Elser 2002). Specifically, ecological
stoichiometry allows the coupling of distinct elemental
ratios to biochemistry, and thereby provides a mechanistic
basis for understanding the regulation of traits (Meunier
et al. 2017). The linkage of elemental composition to func-
tional traits, and functional traits to population and com-
munity interactions allows scaling from impacts of
changing resource availabilities on cellular processes to
altered community dynamics (Fig. 1).

Phytoplankton form the base of many aquatic food webs,
and account for approximately half of the global primary pro-
duction (Falkowski et al. 1998). Some species can produce
toxic metabolites and under favorable conditions may prolifer-
ate to form harmful algal blooms (Smith 2003; Wells
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et al. 2015). In freshwater ecosystems, harmful blooms by cya-
nobacteria are promoted by eutrophication (Paerl 1988;
Huisman et al. 2018), and climate change is expected to exacer-
bate these blooms (Paerl and Huisman 2009). Although cyano-
bacteria generally grow relatively slow compared to their
eukaryotic algal competitors (Reynolds 2006; Lürling
et al. 2013), they possess a number of defensive and competitive
traits facilitating their proliferation (Huisman et al. 2018). Spe-
cifically, colony formation or aggregation, a key functional trait
of some bloom-forming cyanobacteria (Walsby et al. 1997),
often limits the suitability of cyanobacteria as food for filter
feeding zooplankton (Gerphagnon et al. 2015). Gas vesicles,
another key functional trait of bloom-forming cyanobacteria,
provide them with buoyancy (Walsby 1994), resulting a “shad-
ing effect” on other phytoplankton (Reynolds 2006). Both col-
ony formation and buoyancy promote the motility of
cyanobacteria, that is, through vertical migration and horizon-
tal transport of buoyant populations (George and
Edwards 1976), particular in stratified waters enhanced by sea-
sonal and climatic warming (Paerl and Huisman 2009). Light-
harvesting pigments of cyanobacteria, mainly phycocyanin,
can effectively absorb photons in the orange-red part of the visi-
ble spectrum (620–630 nm), which dominates the underwater
light spectra in eutrophic waters, and thus facilitate their com-
petition for light in these regions (Stomp et al. 2007).

Traits rely on specific biomolecules or biochemical pro-
cesses and may thereby exhibit distinct elemental composi-
tion (Geider and La Roche 2002; Meunier et al. 2017). For
example, buoyancy is provided by gas vesicles that are rela-
tively N-rich (� 16% N content), as they are composed
entirely of proteins (Walsby 1994). In comparison, photosyn-
thesis obtains energy through light-harvesting pigments,
which are also relatively rich in N (9.6% N content in phyco-
cyanin and 6.3% N content in chlorophyll a [Chl a]). Colony
formation depends on the synthesis and secretion of extracel-
lular polysaccharides (EPS) that are C-rich matrices (� 40% C;
Pereira et al. 2009) in which cells cluster together from cell
division and/or aggregation of existing cells (Duan
et al. 2018). Thus, functional traits in colony-forming cyano-
bacteria can possibly be linked to their cellular stoichiometry.

Here, we explicitly link ecological stoichiometry and trait-
based ecology by experimentally testing how shifts in resource
availabilities (N, P, and light limitation and elevated CO2 partial
pressure [pCO2]) alter the elemental composition and a number
of key traits in Microcystis, a cosmopolitan colony-forming harm-
ful cyanobacterial genus responsible for blooms in freshwater
lakes worldwide (Harke et al. 2016). We hypothesized decreases
in N-rich traits, such as gas vesicles and light-harvesting pig-
ments, under N limitation, while expecting these traits to
increase under P limitation when N is in relative excess. For the
C-based traits, including EPS and colony formation, we hypothe-
sized that both traits would increase under both N and P limita-
tion. We furthermore expected higher cellular C levels and
enhanced EPS and colony formation with elevated pCO2, and an
increase in N content with greater light-harvesting pigment
requirements under light limitation. Lastly, we tested whether
the laboratory findings were consistent with field observations,
specifically testing whether colony formation was more pro-
nounced when N and P were limiting.

Materials and methods
Culture methods and experimental design

Experiments were conducted using a colonial Microcystis
sp. strain that was isolated from Meiliang Bay of Lake Taihu
(31�2405800N, 120�1201000E) in August 2016. This lake is the
third largest freshwater lake in China and has suffered from
severe Microcystis spp. blooms over the past decades
(Xu et al. 2010). More information on the isolation processes
of the Microcystis sp. strain can be found in Duan et al. (2018).
This strain was maintained in a temperature and light controlled
incubator (Snijders Labs, Tilburg, The Netherlands) with modified
WC-medium (Guillard and Lorenzen 1972) containing
6000 μmol L−1 NO3

− and 300 μmol L−1 PO4
3− (Supporting Infor-

mation Table S1) grown at 24�C and a mean light intensity of
33 μmol photons m−2 s−1 with a 13 : 11 h light : dark cycle that is
comparable to the light cycle of Lake Taihu in summer.

For the experiment, we applied four treatments through
adjusting resource availabilities, including N limitation (−N,
100 μmol L−1 N), P limitation (−P, 3.5 μmol L−1 P), light limitation
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Fig. 1. Schematic overview on the integration of ecological stoichiometry and trait-based ecology for studying a colonial bloom-forming
cyanobacterium.
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(−Light, a low light intensity at 5 μmol photons m−2 s−1 that was
obtained by placing neutral density filters between the light source
and the culturing flasks), and CO2 addition (+CO2), and a nutrient
and light replete control (for detailed experimental conditions and
the experimental setup, see Supporting Information Table S1 and
Fig. S1). Compressed air was provided to the headspace (Supporting
Information Fig. S1), alongwith elevated pCO2mixed for the +CO2

treatment to a level of 1000 μatmwhich resembles a high pCO2 sce-
nario for 2100 (IPCC2014; RCP8.5).Washing bottleswere added to
humidify the air before it flowed into the culture flasks (Supporting
Information Fig. S1). Sterile deionized water was added to the cul-
ture flasks to compensate for evaporation losses. The experiment
was performed in water baths at 27�C, representing the average
water temperature of Lake Taihu in summer (Xu et al. 2010). Prior
to the experiment, in order to reduce the potential effect of historic
culturing conditions, cultures were acclimatized respectively to the
experimental conditions of each treatment for about four genera-
tions by two consecutive transfers (6–10 d). After acclimation, cul-
tures were grown in 500 mL Erlenmeyer flasks containing 400 mL
of growth medium with four replicates of each treatment. Flasks
were gently mixed and randomly repositioned three times a day.
The starting cell density was 1 × 105 cells mL−1 for each treatment.
For growth assessment, all cultures were sampled daily, except the
light-limited treatment that was sampled every 2 d because of the
slowgrowth rate. These sampleswere used to determine cell density
and biovolume using a Multisizer 3 coulter counter (Beckman
Counter Life Science, Indianapolis, U.S.A.) with an aperture size of
100 μm. In the same samples, pH was measured using a calibrated
inoLab®pH-7310 meter (XylemAnalyticsGermany SalesGmbH&
Co. KG,WTW,Weilheim, Germany). Prior to cell counting, 0.1mL
of culture suspension was diluted 100 times with deionized water
and incubated for 1 h at 4�C to disperse colonies into single cells
(Duan et al. 2018). An example of colony dispersion in deionized
water is provided in the Supporting Information Fig. S2. Cultures
were harvested for the assessment of functional traits at early sta-
tionary growth. Growth curves of all treatments and changes in pH
of the culture suspensions can be found in the Supporting Informa-
tion Fig. S3b.

Analyses of functional traits
We focused on five key functional traits: (1) cell size (CS) was

measured as biovolume per cell using the coulter counter. (2) Spe-
cific growth rate (μ) was calculated for each replicate by fitting
an exponential function through the cell count data acquired
during the exponential growth phase: Nt = Noexp

μt, where No is
the cell density at the beginning of exponential growth phase,
and Nt refers to the cell density at time t. (3) Colony formation
(CF) was expressed as percentage of colonial cells. To assess the
number of cells in the colonies (i.e., CF), we transferred the cul-
ture material over a 15 μm sieve and thereby collected the filtrate
(including single cells and very small colonies < 15 μm). We sub-
sequently dispersed this fraction into single cells using deionized
water, and analyzed the population density in this fraction (Cs)
with the Coulter counter as mentioned above. Additional culture

material was taken and the population density was analyzed as
the total fraction (Ct) after the colonies were dispersed using
deionized water. We then took the difference between Ct and Cs

relative to Ct as the fraction of cells in colonies, and used this as
an indicator for colony formation. Accordingly, CF was calcu-
lated to CF = (Ct − Cs)/Ct × 100%. We note that this fraction
does not include very small colonies < 15 μm that only contain
a few cells. The colony size of the Microcystis strain used here
ranged from ten to hundreds of micrometers (Supporting Infor-
mation Fig. S4). (4) Light-harvesting pigments, phycocyanin
(PC) and Chl a, were extracted and measured as light-harvesting
traits. Phycocyanin was extracted using the freeze-thaw method
as described by Horváth et al. (2013), and then measured spectro-
photometrically using a Synergy™ HT Multi-Mode microplate
reader (BioTek, Winooski, Vermont, U.S.A.). The measured values
were calibrated to a standard C-phycocyanin that was extracted
from Spirulina sp. (Sigma-Aldrich, Darmstadt, Germany;
R2 = 0.99). Chl a was extracted using 80% ethanol at 80�C for
10 min, and then measured using an Ultimate 3000 high-
performance liquid chromatograph (ThermoFisher, Waltham,
Massachusetts, U.S.A.). (5) The relative amount of gas vesicles
(GV) was estimated as percentage of cells with gas vesicles using
a BD Influx™ flow cytometer (BD Biosciences, San Jose, Califor-
nia, U.S.A.) according to a method modified from Lee
et al. (2000). In short, the sample of each replicate was split
evenly into two fractions. Gas vesicles in cells of one subgroup
were collapsed sonically (Lee et al. 2000; Rodriguez-Molares
et al. 2014). Both fractions were analyzed using flow cytometry
and the location of cells in the plots of side scatter (SSC)
vs. forward scatter (FSC) was recorded. This allowed gating the
sonicated cell cluster without gas vesicles, as this cluster was pre-
sent at low SSC and relative higher FSC in the collapsed samples
but showed a marked increase in SSC and a decrease in FSC in
the uncollapsed samples (Supporting Information Fig. S5).
In the original samples (the uncollapsed fraction), cells with
higher SSC and located outside the boundaries of the gate
were recorded as cells with gas vesicles (Cgv). Based on these
fractions, GV was estimated according to GV=Cgv/
Ctotal × 100%, where Ctotal is the total count of cells (for
details on the GV estimation, see Supporting Information
Fig. S5). Note that this method is not a direct measurement of
the absolute volume of gas vesicles as described by
Walsby (1994). However, the signal of SSC is strongly corre-
lated to the volume of gas vesicles (Supporting Information
Fig. S6), although there was somewhat of an underestimation
of the mean relative GV under light limitation. Therefore, it
should be considered as an estimation of the gas vesicle con-
tent (Lee et al. 2000; Rodriguez-Molares et al. 2014).

Cellular C, N, and P contents
Cellular C, N, and P were determined at early stationary

growth by collecting 5–25 mL of cultures on prewashed
(100 mL distilled water) GF/F filters (Whatman, Maidstone,
UK). Filters were dried overnight at 60�C and stored in a
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desiccator in darkness. For cellular C and N analyses, a sub-
sample (16%) of each filter was taken by a presterilized hole
puncher, folded into a tin cup and analyzed on a FLASH 2000
organic elemental analyzer (Brechbueler Incorporated, Inter-
science B.V., Breda, The Netherlands). Cellular P was analyzed
by combusting the remainder of the filter (84%) for 30 min at
550�C in Pyrex glass tubes, followed by a digestion step with
5 mL persulfate (2.5%) for 30 min at 120�C. This digested
solution was determined for PO4

3− on a QuAAtro
AutoAnalyzer (SEAL Analytical, Southampton, UK).

Extracellular organic carbon allocation
For estimation of carbon allocation of the cultures under dif-

ferent treatments, extracellular organic carbon of the cultures
including bound EPS and dissolved organic matter (DOM) in the
filtered samples was analyzed. A thermal method that has been
developed and evaluated on extraction efficiency and cell integ-
rity in our previous work was applied to extract the bound EPS
(Duan et al. 2020). Specifically, 50 mL of the cultures was pip-
etted into a tube and then centrifuged at 5000 rpm for 10 min.
The pellets were resuspended into the original volumes using a

borate buffer (0.49 mmol L−1 H3BO3, 0.2 mmol L−1 Na2B4O7,
and 85 mmol L−1 NaCl, pH = 8.4). The suspensions were heated
at 65�C for 30 min, and then rapidly cooled to room tempera-
ture in an ice bath. The cooled suspension was filtered (GF/F,
Whatman, Maidstone, UK), and the filtrate containing the
bound EPS was collected and stored at 4�C until analysis. Carbon
allocation in the DOM of the media was determined as well.
Cultures were filtered (GF/F, Whatman), and the filtrate con-
taining the DOM was collected and stored at 4�C prior to further
analysis. Dissolved organic carbon in these filtrates was analyzed
within 7 d using an E200 TOC-LCPH total organic carbon ana-
lyzer (Shimadzu Benelux B.V., Wemmel, Belgium).

Field data collection and data analysis
To test how nutrient availability affects colony formation

of Microcystis spp. in the field, we collected and reanalyzed
data that were extracted from published studies (Zhu
et al. 2016, 2018a,b) using, Engauge Digitizer software version
4.1 (Mitchell et al. 1991). This field data set includes monthly
averages of total dissolved nitrogen (TDN), total dissolved
phosphorus (TDP), and phytoplankton biomass (measured
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as Chl a concentration) in Meiliang Bay of Lake Taihu from
April 2011 to November 2013, and were originally acquired
by the Taihu Laboratory for Lake Ecosystem Research
(TLLER) (Zhu et al. 2018a). Monthly average data of total
nitrogen (TN) and total phosphorus (TP) in Meiliang Bay of
Lake Taihu during the same periods were extracted from a
published data set (Zhu et al. 2018b). Based on the nutrient
concentrations, we calculated the TN : TP and TDN : TDP
ratios. Monthly average data of colony size in Microcystis
spp. were measured in Meiliang Bay of Lake Taihu during
the same sampling period (Zhu et al. 2016). Specifically, the
colony size was determined by measuring the diameter of
colonies on images from light microscopy (for details, see
Zhu et al. 2016). These data can be found in the Supporting
Information Table S2.

All statistics were conducted in R version 3.5.2 (R Core
Team 2018). We assessed the effect of the treatments on the
tested functional traits (i.e., CS, μ, CF, PC, Chl a, and GV)
through calculating a log response ratio as ln(Bi,t/Bi,c) where
Bi,t is the value of functional trait i under the treatment t (i.e.,
+CO2, −Light, −P, or −N) and Bi,c is the value of functional
trait i in the control. Significant differences in the expression
of the trait under a treatment compared to that of the control
were analyzed using a one-way ANOVA with significant levels

Fig. 4. Relationships between functional traits and cellular C : N ratio (log) across all the treatments. A two-order polynomial model fitted the correla-
tions in (c) and (d), logarithmic regression in (b) and linear regression in (a). The tested functional traits include colony formation (CF), cell size (CS), gas
vesicles (GV), and light-harvesting pigments phycocyanin (PC) and Chl a. Error bars denote the SD (n = 4).
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of p < 0.05 (*) and p < 0.01 (**). Principal component analysis
(PCA) was performed using the “prcomp” function in the “stats”
package of R to explore the potential correlation between traits
from the laboratory experimental data or between nutrient and
colony size ofMicrocystis spp. from the field data. Linear regression
was conducted to assess the relationships among traits, and four
linear and nonlinear regressionmodels were used to assess the rela-
tionships between traits and the cellular C and N contents, and
C : N ratios across all the treatments using our experimental data.
The models with the minimum Akaike information criterion
values chosen (Supporting Information Tables S3, S4). The rela-
tionships between colony size and field environmental variables
were evaluated using linear regression. Partial redundancy analysis
was conducted to isolate the contributions of different sets of con-
straints (Legendre et al. 2011): nutrient concentration (TN, TP,
TDN, and TDP), nutrient ratios (TN : TP and TDN : TDP), phyto-
plankton biomass (Chl a concentration), and their covariables, to
colony size in the field using the “vegan” package in R (Oksanen
et al. 2015). The significance of those sets of constraints was tested
by a permutation test, and displayed in aVenndiagram.

Results
Functional traits of the Microcystis sp. tested in our study

differed in response to environmental variables, especially
under light- and nutrient-limited conditions, but no signifi-
cant changes were observed in response to CO2 addition
(Fig. 2a). Specifically, cell size (CS), colony formation (CF), and
estimated gas vesicle content (GV) significantly increased in
response to both light and P limitation (Fig. 2b,c). Under N
limitation, colony formation increased while gas vesicles and
light-harvesting pigments (PC and Chl a) were inhibited
(Fig. 2d). The cultures experiencing N limitation were clearly
separated from the cultures of other treatments under the first
PCA axis (PC1) that explained 75.8% of the total variation.
PC1 was positively associated with colony formation and cell
size, but negatively with GV, PC, and Chl a (Fig. 3). We also
observed positive correlations between some functional traits
(Fig. 3), including colony formation and cell size (linear regres-
sion, R2 = 0.81, p < 0.0001, n = 20), and both light-harvesting
pigments (linear regression, R2 = 0.95, p < 0.0001, n = 20).

For several traits, we observed clear and predictable relation-
ships with the cellular stoichiometry (Fig. 4). The estimated gas
vesicle content increased with cellular N content (nonlinear qua-
dratic regression, goodness of fit = 0.91, n = 20; Supporting Infor-
mation Table S4 and Fig. S7a), while cell size (linear regression,
R2 = 0.64, p < 0.0001, n = 20) and colony formation (linear
regression, R2 = 0.73, p < 0.0001, n = 20) were positively corre-
lated with cellular C content (Supporting Information Table S4
and Fig. S7e,f). Moreover, the light-harvesting pigments PC (lin-
ear regression, R2 = 0.69, p < 0.0001, n = 20) and Chl a (linear
regression, R2 = 0.73, p < 0.0001, n = 20) decreased with cellular
C : N ratios (Fig. 4a,c), while both colony formation (nonlinear
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quadratic regression, goodness of fit = 0.94, n = 20) and cell size
(nonlinear logarithmic regression, goodness of fit = 0.77,
p < 0.0001, n = 20) increased with cellular C : N ratio (Fig. 4b,d;
Supporting Information Table S4). For the estimated gas vesicle
content, we observed an optimum at intermediate C : N ratios
(Supporting Information Fig. S7d). Specifically, the contribution
of cells with gas vesicles increased from low to intermediate
C : N ratios approaching Redfield ratio (i.e., � 6.7), after which it
decreased with a further increase in cellular C : N ratio as result
of N limitation.

Both colony formation and cell size were promoted under nutri-
ent limited conditions, especially under N limitation, and both traits
showed a “V-shaped” response to the cellular N : P ratio
(Supporting Information Fig. S8). Nutrient limited conditions caused
a large amount of C accumulation in the cyanobacterial cells
(Fig. 5a). Compared to the control, EPS increased by 94% and
50% under N and P limitation, respectively (Fig. 5b). With regard

to secreted organic C, � 53% was associated with cells as bound
EPS under light and nutrient limited conditions, while approxi-
mately 55–57% was dissolved in the media of the control and
CO2 addition treatments (Fig. 5c).

The field data showed clear seasonal variation in nutrients
and phytoplankton biomass (as Chl a concentration) in Meiliang
Bay, where higher TDN, TDN : TDP, and TN : TP were observed
in winter and spring, while higher TP, TDP, phytoplankton bio-
mass, and large-size colonies occurred in summer and autumn
(Fig. 6a,b). Based on the PCA (Fig. 6c), colony size in Microcystis
spp. was negatively correlated with TDN (linear regression,
R2 = 0.44, p < 0.001, n = 31), TDN : TDP (linear regression,
R2 = 0.45, p < 0.001, n = 31), and TN : TP (linear regression,
R2 = 0.53, p < 0.001, n = 31), but positively associated with phy-
toplankton biomass (linear regression, R2 = 0.29, p < 0.005,
n = 31). No significant relationships were observed between col-
ony size and TN (linear regression, R2 = 0.04, p = 0.281, n = 31),
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TDP (R2 = 0.09, p = 0.098, n = 31), or TP (R2 = 0.11, p = 0.076,
n = 31). As shown in the Venn diagram (Fig. 6d), nutrient con-
centrations (TN, TP, TDN, and TDP concentrations), nutrient
ratios (TN : TP and TDN : TDP), phytoplankton biomass, and the
covariables explained more than 62% of the total variation of
colony size in the field data. Although biomass and its covari-
ables with nutrient concentrations and nutrient ratios together
explained 29% of the total variation in colony size, biomass
alone did not significantly contribute to the variation (1%;
p = 0.38, permutation = 999). More than 33% of the variation
was explained by the combination of nutrient and the ratios
(p = 0.007, permutation = 999), while nutrient ratios alone (13%;
p = 0.04, permutation = 999) explained much more of the varia-
tion than nutrient concentrations alone (5%; p = 0.55,
permutation = 999).

Discussion
Our results demonstrated that the cellular stoichiometry and

functional traits of Microcystis varied substantially in response to
changes in resource availability, except for the CO2 addition
treatment (Figs. 2, 4; Supporting Information Fig. S7). For exam-
ple, Microcystis cells accumulated a large amount of cellular C
under nutrient (N and P) limited conditions, upon which cell
size increased (Fig. 5a). Excess C that cannot be shunted to
growth was presumably stored (see also Wagner et al. 2017), and,
after maximum storage capacity was reached, excreted as EPS,
thereby promoting colony formation (Figs. 2, 5). This is in line
with earlier observations showing that N- and P-limited condi-
tions enhanced EPS production in various species of phytoplank-
ton (Otero and Vincenzini 2003; Urbani et al. 2005). Both
colony formation and cell size strongly relied on the relative
excess of cellular C (Supporting Information Fig. S7c,f), and
increased with cellular C : N ratio (Fig. 4b,d). Other C-based traits
in phytoplankton have been reported to follow stoichiometri-
cally predictable patterns as well. For instance, C-rich toxins seem
to generally increase with cellular C content under both N and P
limitation (Van de Waal et al. 2014). Similarly, a range of C-rich
primary metabolites, such as carbohydrates, fatty acids, and
lipids, were also shown to increase under both N and P limita-
tion (Gao et al. 2018).

We did not observe significant effects of the applied N and P
limiting conditions on growth rate (Fig. 2c,d), presumably because
the applied nutrient concentrations allowedmaximum growth prior
to reaching the nutrient depleted stationary phase (Supporting
Information Fig. S3). We note that growth rate may correlate to cel-
lular P contents, as it requires P-rich ribosomal RNA (Fig. 1; Sterner
and Elser 2002; Elser et al. 2003; but see Flynn et al. 2010). Our cur-
rent data, however, do not allow testing this growth rate hypothesis
in Microcystis sp., for which a broader range in growth rates is
required, together with data on ribosomal RNA contents.

The observed relationships between nutrient limitation and C
allocation may result from stoichiometrically imbalanced condi-
tions. Although N limitation reduces photosynthesis, N-depleted

cyanobacterial cells (e.g., Synechococcus) are forced to allocatemore
energy going into carbohydrate synthesis (Qian et al. 2017).More-
over, it has been shown that in phytoplankton less energy is
required for the synthesis of carbohydrates compared to that of
proteins (Kroon and Thoms 2006). Both can lead to a significant
increase in the proportion of carbohydrates to proteins in cells
under N-limited conditions (Qian et al. 2017). Consequently, an
increase in intracellular carbohydrates promotes the secretion of
EPS (Myklestad 1995), which facilitates colony formation (Duan
et al. 2018). In addition, phycocyanin has been shown to more
rapidly decrease than Chl awhen cells are N starved because phy-
cocyaninmay serve as an N reserve in cyanobacteria (Allen 1984).
This was confirmed by the relatively low PC : Chl a ratio in the N-
limited treatment (Supporting Information Fig. S9). Therefore,
despite a reduction in phycocyanin contents, cells can still capture
lightwith the remainingChl a and continueCfixation (Lemasson
et al. 1973), leading to C accumulation and, subsequently,
enhanced colony formation.

The relationship between the limitation by N and colony for-
mation was also observed in natural Microcystis spp. blooms in
Meiliang Bay of Lake Taihu. As the blooms reached their peak
biomass and persisted through summer into fall, N and P coli-
mitation or exclusive N limitation tended to become more com-
mon (Xu et al. 2010). Microcystis colony size was enhanced
during this period when N concentrations decreased (Fig. 6a),
presumably as result of high N requirements for bloom forma-
tion and high rates of denitrification (Scott et al. 2019), while
TDP levels remained constant or slightly increased (Fig. 6a). Con-
sequently, colony size was generally larger when TN : TP and
TDN : TDP ratios were low (Fig. 6b), indicating N limitation. We
suggest that pronounced colony formation is favored by nutrient
limitation, particularly under N limitation, and most of the vari-
ation in colony size was explained by nutrient stoichiometry
(TN : TP and TDN : TDP ratios) rather than nutrient concentra-
tions (TN, TP, TDN, and TDP) or biomass (Chl a concentration;
Fig. 6d). In turn, colony formation probably benefits ’nutrient,
O2, and CO2 exchange within the “phycosphere” by associated
bacteria, thus minimizing nutrient (especially P) limitation (Paerl
and Millie 1996; Cook et al. 2019). Colony formation may also
benefit the buildup of Microcystis biomass because of the high
resistance of colonies to grazing pressure from zooplankton
(Gerphagnon et al. 2015), and an increased floating velocity of
large colonies allowing more effective light capture in the upper
water column even under wind-wave mixing (Zhao et al. 2017),
which is line with the positive correlation between colony size
and biomass (Fig. 6a,b). We note, however, that the opportunity
for aggregation of colonial Microcystis may increase when there
are more cells (Duan et al. 2018), and thus, alternatively, colony
formation may also be promoted by high biomass.

Colony formation and cell size of Microcystis showed a “V-
shaped” pattern in relation to the cellular N : P ratio, with the
minimum value approximating the “Redfield” ratio
(i.e., log10[N : P] = 1.2; Supporting Information Fig. S8). This
suggests that Microcystis allocated minimum investment to the
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C-based traits under N : P balanced conditions. This is in line
with earlier reported relationships between C-rich traits and
nutrient limitation in phytoplankton. For example, the cellu-
lar contents of C-rich metabolites including C-rich toxins
(e.g., okadaic acid), lipids, and carbohydrates in phytoplank-
ton seem to follow a general “V-shaped” response to N : P
ratios (Granéli et al. 2012; Van de Waal et al. 2014; Gao
et al. 2018), with lowest cellular contents under balanced con-
ditions, and increases under both N and P limitation.

As hypothesized, the estimated amounts of N-rich gas vesi-
cles decreased under N limitation (Fig. 2d) because less N is
available for synthesizing the required proteins (Oliver and
Ganf 2000). While this is potentially limiting buoyancy, it
may also support vertical migration. With reduced gas vesicles,
cells are more prone to sinking, and thereby passively migrate
to nutrient-enriched deeper waters or sediments (Walsby
et al. 1997). These nutrient-rich conditions would, in turn,
promote synthesis of gas vesicles, thus enhancing buoyancy
and migration of cells to the radiant-rich surface. Diel vertical
migration in Microcystis has been associated with carbohydrate
ballast (Kromkamp and Mur 1984), which can be rapidly regu-
lated within hours (Walsby 1994). The synthesis and reforma-
tion of collapsed gas vesicles, however, was shown to be in
the order of days (Walsby 1994), and it is thus unlikely to con-
tribute to diel vertical migration of Microcystis. Yet, our find-
ings do show that the responses of gas vesicle synthesis to
changes in N availability at least would support the direction
of vertical migration.

The Phycocyanin and Chl a increased substantially under light
limitation (Fig. 2b), but decreased under N limitation (Fig. 2d).
With reduced light, higher contents of light-harvesting pigments
will allow maintenance of photosynthesis and C assimilation,
and is in agreement with earlier observations (Langdon 1988;
Laviale and Neveux 2011). Phycocyanin and Chl a are N-rich
compounds that decreased with cellular C : N ratio (Fig. 4a,c).
Under N limitation, phycocyanin and Chl a are depleted for cell
division (Oliver and Ganf 2000) and C is accumulated in cells as
described early, causing an increase in C : N ratio. Besides gas vesi-
cles and pigments, other N-rich traits in phytoplankton have been
reported following cellular elemental stoichiometry as well. For
example, the synthesis of N-rich toxic secondary metabolites
(e.g., microcystins) was shown to generally decrease upon N limi-
tation and increase under P limitation, thus decreasing with cellu-
lar C : N ratio (Van de Waal et al. 2009; Gobler et al. 2016;
Wagner et al. 2019; Brandenburg et al. 2020).

Our results illustrate that functional traits of Microcystis
generally follow stoichiometrically predictable patterns, while
in some cases it is the elemental content rather than the ratios
that can explain a trait response. For example, the estimated
content of gas vesicle increased slightly with the cellular C : N
ratio followed by a sharp decrease at the high C : N ratio that
caused by the N limitation (Supporting Information Fig. S7d).
Shifts in cellular C : N ratios can be derived from changes in
cellular C or N content, or both. Under light or P limitation,

both cellular C and N contents increased, but the relative
accumulation of cellular C was stronger than cellular N, lead-
ing to an increase in the C : N ratio. Therefore, while gas vesi-
cles clearly followed the cellular N quota, this was not
reflected by the C : N ratios (Supporting Information Fig. S7a,
d). Moreover, synthesis of gas vesicles seems to directly
depend on light (Oliver and Ganf 2000), following an inverse
correlation with light intensity (Pfeifer 2012), which is in line
with our data showing an increase in estimated gas vesicle
content with light limitation (Fig. 2b), even though there was
a potential underestimation of the gas vesicle content in the
light limited treatment (Supporting Information Fig. S5b).

The light-harvesting pigments appeared to follow a unimodal
function (Supporting InformationTables S3, S4) in response to cel-
lular N content (Supporting Information Fig. S7b,c), which was
mainly caused by a significant decrease in the pigments under the
P-limited treatment. Under P limitation, cells possibly reallocated
more cellular N to synthesize carriers for P acquisition or alkaline
phosphatase for hydrolysis of organic P rather than pigment pro-
duction (Kromkamp et al. 1989; Wang et al. 2018). Alternatively,
cyanobacterial cells can store excess cellular N as cyanophycin,
functioning as a N- and C-storage polypeptide consisting of argi-
nine and aspartic acid (Allen 1984; VandeWaal et al. 2010),which
may accumulate in cells when they are starved for P. Furthermore,
light-harvesting pigments (e.g., phycocyanin) are degraded in P-
limited cyanobacteria (Allen 1984) probably to prevent oxidative
stress caused byhigh light intensity.

In contrast to what we expected, the CO2 addition treatment
did not result in a significant change in the functional traits and
cellular stoichiometry of colonial Microcystis. This suggests that
the colonial Microcystis was not limited by CO2 under the con-
trol conditions with the current atmospheric pCO2 (� 350 μatm;
Supporting Information Table S1). This might be attributed to
the operation of effective carbon-concentrating mechanisms that
can maintain internal CO2 at near saturating levels under cur-
rent atmospheric pCO2 (Sandrini et al. 2014; Ji et al. 2020).
Moreover, colonial Microcystis strains were shown to have a high
affinity for the uptake of inorganic C, notably HCO3

− (Wu and
Song 2008), while microbes associated to colonies facilitate C
cycling, which may help alleviate C limitation (Paerl and Mil-
lie 1996; Paerl and Pinckney 1996).

Our results confirm a clear coupling between cellular stoi-
chiometry and a number of key functional traits. Although we
tested a single species of Microcystis, some of the relationships
may be more general and also apply to other phytoplankton
species, particularly in response to nutrient availability. Our
results demonstrate how stoichiometric regulation of traits,
notably colony formation, may help explain responses of cya-
nobacteria to shifts in resource availability in the natural envi-
ronment. Thus, by explicitly coupling functional traits to
biological stoichiometry, we show how trait-based approaches
are underpinned by first principles, which may be a step for-
ward in understanding and predicting phytoplankton commu-
nity dynamics in a highly dynamic environment.
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Data availability statement
The data supporting the results are available in https://doi.

org/10.34894/FOSVYR, DataverseNL, V1.
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