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3Departament de Biologia Evolutiva, Ecologia i Ciències Ambientals. Universitat de Barcelona, Barcelona, Catalonia, Spain
4Centre d’Estudis Avançats de Blanes (CEAB), CSIC, Blanes, Catalonia, Spain

5CSIC, Cerdanyola del Vallès, Catalonia, Spain
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Abstract. Planktonic communities are naturally subjected to episodic nutrient enrichments that may
stress or redress the imbalances in limiting nutrients. Human-enhanced atmospheric nitrogen deposition
has caused profound N:P imbalance in many remote oligotrophic lakes in which phosphorus has largely
become limiting. These lakes offer an opportunity to investigate the relationship between the changes in
plankton stoichiometry, productivity, and community structure occurring during nutrient fluctuations in
P-limited conditions. We performed P (PO3�

4 ) and N (NHþ
4 or NO�

3 ) pulse additions to the summer epilim-
netic community of an ultraoligotrophic lake using self-filling ~100-L enclosures and analyzed the response
to varying P availability, N:P imbalance, and N source. Seston C:N:P proportions remained fairly
unchanged to P additions that were within the range of values seasonally found in the lake. However, the
seston N:P ratio abruptly shifted and approached Redfield’s proportions at P additions typical of meso-
trophic conditions that provided non-limiting conditions. N surplus did not affect seston C:N:P propor-
tions. The patterns of seston N:P stability and shift were similar for both N sources. In contrast,
productivity was highly sensitive to low and medium P additions and decelerated at high P additions. Phy-
toplankton biomass dominated particulate organic matter. The autotrophic community differentiated
almost linearly across the P gradient. Chrysophytes’ dominance decreased, and diatoms and cryptophytes
relative abundance increased. Nonetheless, the stoichiometry stability and non-linear shift involved large
biomass proportions of the same species, which indicates that the bulk stoichiometry was related to similar
physiological behavior of phylogenetically diverse organisms according to the biogeochemical context.
The C:N:P seston stability in P-limited conditions—with loose coupling with productivity, nutrient supply
ratios, and species dominance—and the sudden shift to Redfield proportions in P-repleted conditions sug-
gest a complex regulation of P scarcity in planktonic communities that goes beyond immediate acclimation
growth responses and might include alternative physiological and biogeochemical states.
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INTRODUCTION

The biomass of all living organisms consists of
more than 20 essential elements in quite defined
proportions, and whichever of these elements is
in shortest supply than demand may be limiting
the growth (Hessen et al. 2013). Demand for
nitrogen (N) and phosphorus (P) is high in all
organisms (e.g., synthesis of proteins and nucleic
acids) and, indeed, typically limits productivity
in many aquatic ecosystems (Elser et al. 2007).
Human activities have not only increased the
nutrient availability and productivity in lots of
ecosystems, but also unbalanced natural N:P
supplies and changed limiting conditions. At
present, we still do not fully understand the links
between stoichiometry, productivity, and species
composition to evaluate the consequences of this
fertilization and imbalance in planktonic com-
munities. The elemental composition of phyto-
plankton and seston in aquatic ecosystems is
less constrained to 106C:16N:1P than formerly
thought (Geider and La Roche 2002, Sterner et al.
2008), although fast-growing phytoplankton pre-
sents a more rigid and P-rich elemental composi-
tion (Hillebrand et al. 2013). In P-limited
conditions, strong negative relationships
between growth and N:P have been suggested
based on observations (Hillebrand et al. 2013)
and model approaches that consider the protein:
RNA ratio. In particular, the growth rate hypoth-
esis (GRH) states that achieving high specific
growth rates requires high concentrations of
ribosomes, which are P-rich and increase the P
content of organisms (Sterner and Elser 2002).
According to the GRH, the N:P molar ratio of 16
(Redfield 1963) had been suggested to have no
intrinsic optimality significance (Klausmeier
et al. 2004a) and, quite the opposite, being the
optimal stoichiometry in nutrient-replete condi-
tions when the feedbacks between the protein
and rRNA synthesis processes are considered
(Loladze and Elser 2011). Experimental and field
observations have provided mixed support to
GRH, and other processes influencing the P cell
quota also appear potentially relevant in defining
cell C:N:P ratios (Moreno and Martiny 2018). Dif-
ferent stoichiometry states across the oceans also
are fostering a system-wide view in which many
unknowns remain concerning physiological and
biogeochemical processes (Martiny et al. 2013).

Inputs of N and P into remote ecosystems
through atmospheric deposition can be particu-
larly unbalanced, as P—unlike N—has no gas-
eous phase and its presence in the atmosphere is
necessarily associated with particles (e.g., dust,
sea-salt, biogenic particles, combustion ashes;
Mahowald et al. 2008). In general, non-dusty
regions of Europe and North America show N:P
depositional ratios several-fold higher than the
Redfield ratio (Peñuelas et al. 2013, Wang et al.
2014), what is intensifying P limitation in aquatic
ecosystems (Elser et al. 2009). The planktonic
lake communities in these P-limited ecosystems
are subjected to episodic P and N enrichments
that modify for short periods (days to weeks) the
P availability and the N:P imbalance. The way
the communities respond to these fluctuations
might provide some light to the stoichiometry
regulation in P-limited conditions. However,
nutrient fluctuations co-occur with temperature
and light fluctuations throughout the lake’s sea-
sonal changes, which also may affect the plank-
ton stoichiometry. Field experiments using
nutrient additions within the range naturally
occurring should help to disentangle nutrient
supply effects on stoichiometry from other
potentially confounding factors.
Consequently, the ENEX experiment in Lake

Redon (Pyrenees) aimed to investigate the stoi-
chiometry of P-limited planktonic communities
using pulse nutrient additions on self-filling
enclosures. The experiment was performed in the
epilimnion, shortly after the onset of summer
stratification, when the annual lowest nutrient
concentrations in the lake water are found. The
experiment consisted of phosphorus (PO3�

4 ) and
nitrogen (NO�

3 or NHþ
4 ) additions to 20 m-long

columnar enclosures to investigate a gradient of
P enrichment and a gradient of N:P imbalance
with alternative N sources. P and N additions
were within the range of values seasonally found
in the lake and other oligotrophic lakes of the
Pyrenees, with further treatment with P levels
typical of mesotrophic conditions that provided
non-limiting conditions. Based on prevalent cur-
rent views, the expected results were that (1) if
cell stoichiometry and growth are tightly linked,
the plankton (seston) N:P ratios would change
coherently with productivity across the P enrich-
ment gradient and should be close to Redfield
ratio in non-limiting conditions; (2) if the N:P
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supply ratio is similarly relevant to P supply
quantities, changes should also occur across the
N:P imbalance gradient with fix P availability;
and, finally, (3) if protein synthesis plays a pri-
mary role in P-limited conditions, NO�

3 or NHþ
4

supply could result in different productivity effi-
ciency and stoichiometric ratios. These points
could be summarized in an overall main expecta-
tion, that is, a high correlation between C:N:P
ratios, productivity, and community composition
across treatments. The results showed no such
tight coupling between the three components of
plankton response to nutrient treatments. There
were non-linear relationships between them with
a particularly stable stoichiometry in all P-lim-
ited conditions.

METHODS

Study site
The ENEX experiment was performed in

Lake Redon, an ultraoligotrophic high-moun-
tain lake located in the Central Pyrenees
(42°38033″ N, 0°36013″ E, 2232 m a.s.l). Lake
Redon is quite sensitive to changes in atmo-
spheric nutrient inputs such as the human-in-
duced increase in N deposition, and the events
of P enrichment caused by northern Africa dust
deposition (Camarero and Catalan 2012). The
lake is P-limited but shows marked seasonal
changes in P, NO�

3 , and NHþ
4 availability (Ven-

tura et al. 2000) due to seasonally changing
external and internal loads during summer, and
under-ice stratification periods, snowpack thaw-
ing and spring and fall water column overturns.
The lake has been the center of intense limno-
logical research for over 30 yr (Catalan et al.
2006). It is a dimictic lake with a surface area of
24 ha, and maximum and mean depths of 73
and 32 m, respectively (Catalan 1988). The lake
is ice-covered about six months a year. During
the ice-free period, the penetration of solar radi-
ation is high, and the photic zone (40–50 m)
extends beyond the seasonal thermocline
(15–20 m). Phytoplankton is the main fraction
of planktonic biomass and is usually dominated
by chrysophytes (Felip et al. 1999). Other
groups can be occasionally relevant during the
mixing period (chlorophytes, diatoms), during
summer stratification (dinoflagellates) or at
greater depth (cryptophytes).

Enclosure features and manipulation
In the ENEX experiment, we used self-filling

enclosures that were built using tubular-shaped
polythene bags (diameter 8.5 cm; length 20 m)
and two polyvinyl chloride (PVC) tubes,
attached one at each extreme of the bag (Fig. 1).
The tube at the lower end was closed and served
as a 0.5 m long sediment trap. The upper tube
(1.5 m) enabled the gaseous exchange with the
atmosphere. An expanded polystyrene float was
attached to the upper tube to hold the enclosure
at the water surface, and weight was tied at the
sediment trap to stretch the bag. The enclosures
were self-filled with ~100 L of water from 0 to
20 m lake depth, avoiding disturbances for the
organisms. Once the enclosures were installed,
we proceeded to specific enrichments. For each
enclosure, a 20 m-long thin plastic tube was
filled with 0.9 L of nutrient-enriched water, intro-
duced inside the enclosure, and the solution was
released homogeneously along the enclosure’s
water column as the tube was gently retrieved.
The enclosures were deployed on 5–6 August

2013 and recovered 25 d later. An integrated
water sample (i.e., ~5 L, from 0 to 20 m deep)
was obtained from each enclosure at the end of
the experiment, using 20 m long plastic tubes
pumping the water volume inside these tubes.
The water sample was immediately filtered
through a 250-µm pore size mesh to discard large
zooplankton. There were three crustacean zoo-
plankters in the lake. Two of them (Diaptomus
cyaneus and Daphnia pullicaria) showed an avoid-
ance reaction during filling, and they were
absent or extremely low in the enclosures. The
densities of Cyclops abyssorum did not decline
respect to the water column, but the results did
not show any significant correlation with the dif-
ferences between enclosures. The sediment trap
was collected just before removing the enclosure.
The trap water content was decanted into a plas-
tic bottle and kept until filtration in the labora-
tory. Once on land, water samples were filtered
for dissolved nutrient analyses through precom-
busted (5 h, 450°C) glass fiber filters (GF/F,
Whatman), and the material on the filters was
used for particulate analyses. Samples were
stored frozen until analyses in the laboratory.
Between one and two liters of water were also
filtered on glass fiber filters for chlorophyll a
(Chl a) analyses, wrapped in aluminum foil, and
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frozen in liquid nitrogen to prevent degradation.
Two subsamples were fixed to estimate microbial
abundance: A 10 mL subsample was processed
for prokaryotes following Medina-Sánchez et al.
(2005), whereas a 200 mL subsample was pre-
served with 0.5% (vol/vol) alkaline Lugol’s solu-
tion for protists (Sournia 1978). An integrated
sample was collected on 6 August 2013 and pro-
cessed as previously described to assess Chla
and microbial abundance at the beginning of the
experiment. Regarding the initial levels of C, N,
and P in the dissolved and particulate fractions,
we used samples collected on 8 August 2013.

Experimental design
To assess the stoichiometry response to nutri-

ent enrichment, we established one gradient of
increasing P availability (P enrichment), and
another gradient of increasing N availability (N:
P imbalance; Fig. 2). Both P and N were added in
all enriched treatments because the concentra-
tions were initially relatively low for both nutri-
ents, and the addition of only one nutrient could
produce the other to become limiting. N and P
were added in three different levels: low, inter-
mediate, and high (Fig. 2A). The concentrations
just after the nutrient addition of total dissolved
phosphorus (TDP) and dissolved inorganic nitro-
gen (DIN) were estimated using the added mass
of P and N, the water volume of the enclosures,
and the initial concentrations of TDP and DIN in
the lake (TDP, 0.022 µmol/L; DIN, 4.4 µmol/L).

Thus, P additions resulted in rounded TDP initial
concentrations of 0.06, 0.21, and 1.90 µmols/L,
whereas N additions resulted in rounded DIN
initial concentrations of 17, 35, and 73 µmol/L.
The low P and N-enriched condition (N_P) emu-
lated the initial DIN:TDP ratio (223:1) in the lake,
but with higher concentrations (Fig 2B). From
this N_P condition, the P enrichment was
obtained maintaining the DIN level and increas-
ing the P addition to medium (N_P+) and high
levels (N_P++). Likewise, the N:P imbalance was
obtained maintaining the low TDP level in N_P
and increasing the N addition to medium
(N+_P) and high levels (N++_P).
Initial lake DIN concentrations were domi-

nated by nitrate (NO�
3 , 4.2 µmol/L; NHþ

4 ,
0.2 µmol/L). To determine the potential effects of
varying NHþ

4 :NO�
3 supply on stoichiometry (N

source effect), N was added as NH4Cl in five
treatments and as KNO3 in the other five. P was
always added as K2HPO4. To specify which
form of DIN was added, the treatment coding
includes an H after the N when the form was
NHþ

4 (NH++_P, NH+_P, NH_P, NH_P+,
NH_P++) and an O when it was NO�

3
(NO++_P, NO+_P, NO_P, NO_P+, NO_P++). A
total of 22 enclosures were deployed. They
included two replicates for each treatment, plus
two non-enriched control enclosures. Unfortu-
nately, we had technical incidences with some
enclosures at different steps of the experiment.
We lost one replicate of non-enriched, NO_P++,

Fig. 1. (A) Enclosure deployment in Lake Redon. (B) Underwater view of the upper part of the enclosures.
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and NH++_P treatments, respectively. Results
are shown in the figures as dots for the average
value of the treatment replicates and a line indi-
cating the range (e.g., Fig. 2B). Treatment effects
were evaluated using ANOVA and considering
three factors (i.e., initial DIN and TDP levels and
N source form). To avoid overpopulating the
text with P-values, when we use the term signifi-
cant in the results, it refers to P-values always
lower than 0.03 and usually much lower. The
experiment data can be accessed in the Dryad
repository (Catalan et al. 2020).

Chemical analyses
Total dissolved phosphorus (TDP) was deter-

mined by colorimetry using a segmented flow
autoanalyzer (AA3HR, Seal/Bran + Luebbe)
with an automated method based on Murphy
and Riley’s (1962) method (Bran + Luebbe
method G-175-96), with samples previously
digested by the acid persulphate oxidation
(Grasshoff et al. 1983). NHþ

4 and NO�
2 were

determined by automated versions of the blue
indophenol (Berthelot reaction) method (B + L
G-171-96) and the Griess reaction (B + L G-173-

96), respectively, and analyzed by colorimetry
using the segmented flow autoanalyzer. NO�

3
was measured by capillary electrophoresis
(Quanta 4000, Waters). Dissolved inorganic nitro-
gen (DIN) was calculated as the sum of NO�

3 ,
NO�

2 , and NHþ
4 . Dissolved organic carbon

(DOC) was determined by catalytic combustion
and infrared spectrometric detection of the CO2

produced (TOC5000 Shimadzu analyzer). Partic-
ulate C and particulate N were determined using
a Carlo Erba elemental analyzer. Filters for par-
ticulate P analyses were firstly digested using the
acid persulphate wet oxidation, and the extracts
analyzed by the same colorimetric method
already specified for TDP. Stoichiometry ratios
are expressed in molar terms throughout the text.
Chla was firstly extracted in 5 mL 90% acetone
with a sonication probe (Sonopuls GM70 Delft,
The Netherlands; 50W, 2 min), and the extracts
were subsequently centrifuged (4 min at 1006 x g,
4°C) and filtered through a Whatman Anodisc
25 (0.1 μm). Chla was analyzed by ultra-
performance liquid chromatography (UPLC,
Acquity, Waters, Milford, Massachusetts, USA),
as reported in Buchaca et al. (2005).

Fig. 2. (A) Experimental design indicating the initial DIN and TDP concentrations for each experimental condi-
tion and controls (black dots). The P-enrichment gradient and N:P imbalance are indicated. Note that treatment
N_P belongs to both gradients. (B) Change of DIN and TDP concentrations from the beginning (black dot) to the
end of the experiment for the respective treatments (squares, circles, and diamonds). Dashed lines indicate DIN:
TDP molar ratios. Note that axes are in logarithmic scale.
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Plankton community, biomass, and productivity
The abundance of eukaryotes was estimated

using the Utermöhl method (Sournia 1978). Bio-
volume was determined by measuring the main
cell dimensions and assimilating its shape to
known geometric forms (Hillebrand et al. 1999).
We estimated the changes in the autotrophic
community composition as the Hellinger dis-
tance (Legendre and Gallagher 2001, Borcard
et al. 2011, Oksanen et al. 2016) between each
enriched enclosure and the non-enriched condi-
tion, using the biovolume of the major phyloge-
netic groups of autotrophs.

The abundance of prokaryotes was estimated
as DAPI counts. Cells were filtered through
0.2 µm polycarbonate filters (Millipore, GTTP,
25 mm filter diameter), stained with DAPI (4’,6’-
diamidino-2-phenylindole; 1µg/mL final concen-
tration), and mounted on glass slides using
Citifluor (Citifluor, UK). Slides were stored at
−20°C in the dark until counting at the epifluo-
rescence microscope at ×1000 magnification
(>2000 cells per sample). We also examined the
presence of autotrophic picoplankton at the epi-
fluorescence microscope, but its abundance was
negligible, in agreement with previous studies in
Lake Redon (Felip et al. 1999).

The eukaryotic biovolume was transformed
into carbon using a conversion factor of 0.2 pg
C/µm3 following Felip et al. (1999). Although this
factor is size-dependent, we keep it constant
because the range of size was small compared to
other systems (Mullin et al. 1966, Menden-Deuer
and Lessard 2000). According to their mean bio-
volume (0.051 µm3), and the allometric equa-
tion proposed by Norland (1993), we transformed
the abundance of prokaryotic cells to C biomass
using a conversion factor of 0.014 pg C/cell. The
sum of prokaryotes and eukaryotes will be
referred to as “cellular particulate C” (Ccell).
Because the system can be assumed as closed for
dissolved and particulate organic carbon, net pri-
mary production (NetPP) was estimated by the
balance between the final and the initial total
organic carbon in the enclosures, including dis-
solved and particulate fractions.

At the end of the experiment, we checked the
bags’ surface microscopically. Only in the highest
P enrichments, there were some localized spots of
Spirogyra (filamentous chlorophyte). Bacterial bio-
films cannot be discarded across treatments.

Nevertheless, the nutrient levels in the enclosures
remained high during the experiment; therefore,
the potential wall activity could not have modified
the planktonic growth conditions significantly.

RESULTS

Productivity and C export
Net primary production (NetPP) increased sig-

nificantly with P enrichment (Fig. 3). Particulate
C mainly determined the NetPP patterns, with
significant differences between N supply forms,
increasing up to ~3.7× with NHþ

4 , and ~2.8× with
NO�

3 in the highest P additions (Fig. 3B).
Nonetheless, DOC increase constituted a sub-
stantial fraction of the NetPP (~40–90%), with a
similar absolute amount at all P levels (Fig. 3C).
The NetPP response to P enrichment tended to
decelerate at high P levels (note the logarithmic
scales in Fig. 3); the relative increase was higher
in N_P+ than in N_P++ treatments.
In contrast to P enrichment, NetPP barely

changed across the N:P imbalance gradient
(Fig. 3A). The DOC contribution to NetPP was
about twice the particulate contribution (Fig. 3B).
Between 3% and 13% of NetPP was exported

to sediment traps during the experiment. The
percentage of exported C was lower in the more
productive conditions (6–8% at N_P+, and 3–4%
at N_P++). Although NetPP significantly
increased at N_P+ and N_P++, the amount of
particulate C accumulated in the sediment traps
did not (Fig. 3D).

Seston components
The biomass of autotrophs was always higher

than that of heterotrophs (prokaryotes plus eukary-
otes). The percentage of autotrophs to all microor-
ganisms ranged from 55% up to 88%. Initially, this
percentage was 66% and only slightly declined
under non-enriched conditions (62%). Lower per-
centages were observed at N:P imbalanced condi-
tions (N++_Pmean = 59%; N+ _Pmean = 64%) than
at the rest of treatments (N_Pmean = 79%;
N_P+mean = 86%; N_P++mean = 81%). The high
contribution of autotrophs to cellular particulate C
was reflected in nearly identical patterns to P enrich-
ment andN:P imbalance (Fig. 4A,E).
The biovolume of autotrophs highly correlated

with Chla (n = 19, P < 0.0001, R2 = 0.95) and
NetPP (n = 19, P < 0.0001, R2 = 0.91) showing
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similar patterns of response to P enrichment: a
steep increase at medium P additions and a
decelerated increase at high (Fig. 4A,B). The
increase of autotrophs at high P additions was
also significantly more intense with NHþ

4 (~4.3×)
than with NO�

3 (~2.1×) dominance.
The autotrophic biovolume achieved in the N:

P imbalance treatments was similar to those ini-
tially present in the lake and the non-enriched
enclosures. The patterns of response differed
slightly from those of NetPP. There was a signifi-
cant negative effect of the N:P imbalance in the
autotrophs’ biovolume (Fig. 4A).

The pattern of eukaryotic heterotrophs resem-
bled that of autotrophs. The biovolume of eukary-
otic heterotrophs declined in non-enriched and

low P-enriched, and N:P imbalance treatments
compared to initial values (Fig. 4C). However,
high P additions significantly increased this bio-
volume (2–5×).
The patterns of prokaryotes showed some

differences from that of eukaryotes (Fig. 4D).
Prokaryotic abundance increased in all experi-
mental conditions, and the enhanced N:P imbal-
ance did not negatively affect their abundance.
The prokaryote response to high P additions was
significantly much higher than to medium P
additions. NO�

3 -rich treatments were signifi-
cantly higher than the NHþ

4 at the highest P addi-
tions.
The amount of extracellular particulate C—

assessed as the difference between particulate C

Fig. 3. Effects of P enrichments and N:P imbalance on Net Primary Production (A), water column particulate
carbon change (B), DOC change (C), and sediment trap particulate carbon flux (D). For comparison between pan-
els, data are provided in changes of homogenized concentrations throughout the 100 L of the enclosure during
the 25 d of the experiment.
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and cellular particulate C—was less variable than
the cellular fraction (Fig. 4F) and ranged from
33% to 82% of total particulate C. The initial 41%
increased up to 66% under non-enriched condi-
tions. The extracellular fraction was proportionally
higher at N:P imbalanced than P-enriched condi-
tions (N++_Pmean = 77%; N+_Pmean = 72%;

N_Pmean = 60%; N_P+mean = 46%; N_P++mean =
45%). Microscope observations showed that deb-
ris of dead organisms, prokaryotes, and also
eukaryotes were often found within mucilagi-
nous lumps and aggregates. In absolute terms,
higher amounts of extracellular particulate were
detected at the most P-enriched conditions,

Fig. 4. Effects of P enrichment and N:P imbalance on different seston components: autotrophs (A), eukaryotic
heterotrophs (C), prokaryotic heterotrophs (D), cellular particulate C (E), and extracellular particulate C (F). In
(B), chlorophyll a levels are shown for comparison with the autotrophic biovolume. In (A) and (C), left Y-axes
show biovolume units, whereas right Y-axes show biomass units. In (D), the left Y-axis shows abundance units,
whereas the right Y-axis shows biomass units. Dashed lines indicate initial lake levels.
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where the visual detection of mucilaginous
aggregates also increased.

Structure of the autotrophic community
Both P enrichment and N:P imbalance treat-

ments differentiated the autotrophic community
respect to the non-enriched enclosure, though
the effects produced by P enrichment were sig-
nificantly stronger (Fig. 5A). Also, the differen-
tiation was significantly higher with NHþ

4
addition. The abundance of chrysophyceae was
a primary driver of changes in the autotrophic
community since it was the dominant phyto-
plankton group (Fig. 5B). The relative abun-
dance of chrysophyceae reached maximum
values at N_P (61–71%) and declined with
increasing P and N availability. Cryptophyta
and Bacillariophyta became relevant groups
and co-dominated the autotrophic community
at the most P-enriched conditions. In the case
of Bacillariophyta, the growth was significantly
more intense with NHþ

4 than with NO�
3 . Bacil-

lariophyta also became relevant in relative
terms in the most N:P imbalanced enclosures
as they did not decline in absolute terms as
chrysophyceae.

There were a few species with a substantially
higher contribution to the biomass of the plank-
tonic community in each treatment (Fig. 6).
However, one of these species rarely contributed
more than 25% of the total biomass, and the few
more abundant rarely more than 50%
(Appendix S1: Fig. S1). Thus, a wealth of the bio-
mass was generally the result of small contribu-
tions by many species. In fact, two of the
dominant taxa (i.e., Chromulina spp [5 µm] and
Ochromonas spp [7 µm]) were combinations of
several species by their size. The diatom Fragi-
laria nanana was the single species with higher
contribution to biovolume (Fig. 6), specifically, in
the P+ and P++ treatments but also in NO++_P
treatments (Appendix S1: Fig. S1).

C to N and P ratios
Seston C:N ratio declined in all experimental

conditions respect to the initial 9.6C:1N (Fig. 7A).
Seston C:N was highly constant at the end of the
experiment, ranging from 8.1 up to 8.9, with the
only exception of the most P-enriched condition,
which ratios were significantly lower (6.1–6.4).
Conversely, seston C:P tended to increase in most
experimental conditions respect to the initial

Fig. 5. Effects of P enrichment and N:P imbalance on the structure of the autotrophic community. (A) The Hel-
linger distance of autotrophic community in each treatment respect to the non-enriched treatments. (B) Changes
in the biomass proportion of the main phytoplankton groups: Chrysophyceae (purple), Bacillariophyceae (or-
ange), and Cryptophyta (red). The sum of these three groups represented 66% up to 91% of total autotrophic bio-
mass. Squares, circles, and diamonds stand for non-enriched, NHþ

4 -enriched, and NO�
3 -enriched conditions,

respectively.
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value of 285 (Fig. 7B) and typically ranged from
280 to 520. However, the most P-enriched condi-
tions showed seston C:P ratios significantly
lower (80–110).

The C to N and P ratios calculated using the
cellular particulate C (Ccell) instead of total par-
ticulate C should indicate a lower limit estima-
tion of the cell stoichiometry ratios as it assumes
that there is no extracellular particulate N and P.
Ccell:N ranged from 1.5 to 5.6, and Ccell:P from 40
to 260 (Fig. 7A,B). These ratios were markedly
lower than the corresponding seston ratios. In
any case, both Ccell:N and Ccell:P were too low
for cellular material, suggesting that the assump-
tion of no extracellular particulate presence of N
and P was wrong and thus that seston ratios
were likely indicative of the dominant cell stoi-
chiometry.

Particulate matter exported to sediment traps
was N-impoverished under non-enriched condi-
tions (C:N = 12.3) respect to the initial and final
seston ratios (Fig. 7C). As observed for seston,
the C:N ratio of the sediment trap matter signif-
icantly declined at high P additions. NO�

3 :P

imbalance did not affect the C:N of the sedi-
ment trap matter, but the NHþ

4 :P treatments
showed significantly slightly lower C:N ratios.
The sediment trap matter was more P-rich (or
more C-poor) than seston at N_P and N_P+
conditions (Fig. 7D), but the differences between
sediment and seston were considerably smaller
at N_P++.

N:P stoichiometry
Contrasting DIN:TDP conditions among treat-

ments were maintained until the end of the
experiment despite the likely progressive uptake
during the execution. The concentrations of DIN
and TDP in the enclosures remained almost
unchanged under non-enriched conditions dur-
ing the experiment (Fig. 2B). TDP concentrations
declined markedly at low and medium P addi-
tions, and the decline of DIN was proportion-
ately small. Consequently, DIN:TDP increased
markedly at the end of the experiment in these
treatments. Net assimilation of TDP increased
when DIN availability was higher (N:P imbal-
ance). At high P additions, TDP fell even more

Fig. 6. Distribution of the relative biovolume of the main taxa found in the ENEX experiment ranked by their
mean contribution. Box-plots indicate the median (crossbar), the 25 and 75 interquartile range (box), and 1.5× this
interquartile range (whiskers). NI, non-identified.
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sharply, but DIN also declined importantly, and
DIN:TDP ratios barely changed (~10:1).

The stoichiometry of seston did not mirror the
N:P proportions in the supply nutrients. In most
treatments, seston N:P increased from an initial
value of ~30 to a range between ~33–65.
Nonetheless, noteworthy, N:P significantly
declined at N_P++ to Redfield proportions
(~13–17) (Fig. 8A). Seston from non-enriched and
NO_P treatments—which had similar initial
DIN:TDP but different absolute concentrations of
DIN and TDP—showed no significant differ-
ences. As observed for seston C:P, seston N:P
tended to be higher when NHþ

4 was the domi-
nant form of DIN, although variation was high
and overall not significant.

In the sediment traps, the general pattern of N:
P ratios was similar to that in seston but with a
shift to lower values (Fig. 8B)— ~20–35 in most
treatments and ~9–10 in N_P++—and without
differences between treatments of distinct forms
of N supply (Fig. 8B).

DISCUSSION

Seston stoichiometric stability under P limitation
In the experiment, seston C:N:P was rather

stable (~340C:40N:1) at P levels within the typical
annual lake range but shifted drastically and
approached the Redfield ratio (106C:16N:1P) when
mesotrophic levels of P (TDPinitial ~ 2µmol/L) were
added. Although in this latter situation, the

Fig. 7. Effects of P enrichment and N:P imbalance on C:N and C:P ratios of water column particulate matter
(A, B) and sediment trap particulate matter (C, D). In (A) and (B), C:nutrient ratios were calculated using the total
particulate (C) (light blue) and the cellular particulate C (dark blue). Dashed and dotted lines indicate initial lake
ratios of total particulate C and cellular particulate C, respectively.
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source DIN:TDP ratio was slightly below the
Redfield ratio, the absolute levels of P and Nwere
so high compared with the potential demand by
the plankton biomass that growth could be con-
sidered to occur in N- and P-repleted conditions.
In all treatments within the P-limitation range,
the seston stoichiometry was resistant to changes
in absolute and relative P availability. The

comparison of non-enriched and NO_P treat-
ments is particularly illustrative. At the beginning
of the experiment, these treatments had similar
DIN:TDP ratio (256:1) but different concentra-
tions of DIN and TDP. Considering the P defi-
ciency of the lake, we could expect that seston of
the NO_P treatment would become P-richer than
the seston of the non-enriched treatment if seston
stoichiometry were driven by the nutrient supply
ratio (Klausmeier et al. 2004a). However, this was
not the case, the seston N:P ratio barely changed.
Nonetheless, productivity was considerably
higher at NO_P than at non-enriched conditions.
In fact, the increase in productivity between non-
enriched and NO_P conditions had a similar rate
of change than between NO_P and NO_P+
(Fig. 9), indicating that such increase was driven
by the addition of P rather than a co-effect of P
and N. Therefore, there was no hard dependence
between the stoichiometry ratio and productivity
in P-limited conditions.
High DIN additions (i.e., >17µM DINinitial;

>256:1 molar DIN:TDPinitial) did not produce
any significant effect on seston N:P. In a recent
meta-analysis of seston stoichiometry, more than
90% of N:P ratios placed below ~60 (Sterner et al.
2008). In Lake Redon, seston N:P beyond ~60
also appears unlikely, regarding the maximum
values annually detected in this lake (Ventura
and Catalan 2005). Some constraints may pre-
vent higher seston N:P imbalances, such as the
minimum P quotas and maximum N storage
capacity of organisms (Hall et al. 2005). N excess
availability did not lower seston C:N either.
Indeed, seston C:N:P was remarkably insensitive
to varying DIN and TDP levels above
~64DIN:1TDP. Wider ranges for seston C:N:P in
Lake Redon along the year have been reported
(Ventura and Catalan 2005), suggesting that
other factors (e.g., light, temperature) may also
affect seston C:N:P throughout the year (Hessen
et al. 2013).
The extracellular particulate material can influ-

ence seston C:N:P proportions. In Lake Redon,
DOC is highly correlated with particulate C,
probably through a link with the extracellular—
or detrital—fraction (Camarero et al. 1999).
Prokaryotic abundance and extracellular particu-
late showed similar response patterns to experi-
mental treatments (Fig. 4), which suggests that
the presence of the mucilaginous aggregates

Fig. 8. N:P stoichiometry of seston (A) and sediment
trap matter (B). Strict stoichiometric flexibility is
accomplished when N:P of consumers reflects N:P of
supplies, following the same slope that the solid black
line. In contrast, strict homeostasis appears when N:P
of consumers stays constant, independently of supply
(a horizontal line). The horizontal dotted line indicates
the seston N:P ratio at the beginning of the experi-
ment.
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could favor prokaryotes, or, as occurs in marine
snow, actively contribute to their formation
(Azam and Malfatti 2007). C compounds did not
exclusively constitute the extracellular matter.
The Ccell:N and Ccell:P were unrealistically low
when assuming that no N or P was present in the
extracellular material. Thus, it does not seem that
extracellular material played any significant role
in seston C:N:P variation. The extracellular car-
bon regularly increased in both P enrichment
and N:P imbalance gradients.

Seston stoichiometric driven by phytoplankton
Seston is a mixture of autotrophs, hetero-

trophs, and detritus that can hardly be separated.
Changes in nutrient availability and productivity
may affect the proportion of the different seston
fractions. Since autotrophs are frequently the
dominant fraction, and the major contributors to
detritus, the C:N:P composition of seston is com-
monly assigned to primary producers. Also, C:N:
P composition of heterotrophic organisms tends
to be more homeostatic than the autotrophic
(Persson et al. 2010). Major algal groups present
distinguishable C:N:P compositions (Quigg et al.
2003), and, therefore, changes in the phytoplank-
ton community could also directly affect the ses-
ton C:N:P proportions. In our experiment, as the
living matter was dominated by autotrophs
(~80%), we expected that changes in the auto-
trophic community should have a dominant
effect on seston composition. Indeed, neither the
proportion of cellular to total particulate matter
nor the proportion of autotrophic to total living
biomass changed substantially between the
N_P+ and N_P++ treatments. In contrast, the
increase of prokaryotic abundance between these
treatments was substantial (i.e., 5–8% in N_P+
and 10–14% in N_P++), but prokaryotes only
represented a small fraction of the living biomass
and, hence, cannot account for the seston stoi-
chiometric changes. Therefore, phytoplankton
appears as the driver of the stoichiometry

Fig. 9. Comparison of patterns of productivity, auto-
trophic community (phytoplankton) change, and ses-
ton C:N:P across the P-enrichment gradient. Note that
the elemental composition of seston is shown as N:C
and P:N ratios (instead of C:N and N:P ratios) to easily
compare the patterns of change in productivity and
community structure. Only NO�

3 -dominated condi-
tions are shown for simplicity. Original values were
standardized using the mean and standard deviation
of NO_P, NO_P+, and NO_P++ enclosures. NHþ

4 -
dominated treatments provide similar results. Solid
lines indicate the tendency within the study range,
whereas dashed lines extend that tendency to lower

and higher P availability. The non-enriched condition
(squares) had lower DIN concentrations initially than
the other conditions (diamonds), and, consequently, it
is only shown as a reference.

(Fig. 9. Continued)
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stability in the variety of P-limited conditions
and the non-linear change in P-repleted condi-
tions. We may wonder whether these patterns
were due to a dominance of some particular spe-
cies or related to a rather general change in cell
stoichiometry across the community.

Chrysophyceans were the dominant phyto-
plankton group and mostly responsible for the
observed pattern. The highest chrysophycean
biovolume was found at medium P additions,
and their relative contribution diminished pro-
gressively from N_P to N_P++ conditions
(Fig. 5), in favor of diatoms and cryptophytes.
Actually, the differentiation of the autotrophic
community composition took place almost lin-
early with P addition and followed a different
pattern than those observed for productivity and
stoichiometry (Fig. 9). The relative abundance of
chrysophyceans, diatoms, and cryptophytes
already changed at N_P+ compared to N_P,
while the change of seston C:N:P between these
treatments was small. Moreover, if chryso-
phyceans had higher N:P ratios than diatoms
and cryptophytes, we would have expected
higher seston N:P at NO_P++ (where they repre-
sented ~29% of autotrophic biomass) than at
NH_P++ conditions (~14% of autotrophic bio-
mass), but the opposite was the case. Usually,
diatoms show lower N:P ratios than the rest of
phytoplankton groups (Quigg et al. 2003, Weber
and Deutsch 2010), although the variation
between phylogenetically close species is consid-
erable. Diatoms increased their relevance in
N_P++ treatments, but their contribution to bio-
mass was always lower than 30%. Furthermore,
although a few species in each treatment gener-
ally dominated phytoplankton biomass, these
species differed depending on the treatment.
Also, there were cases in which the same species
was largely dominant in samples of contrasting
seston N:P ratios (e.g., Fragilaria nanana in
NH_P++ and NO++_P treatments). Therefore,
all evidence point that the stoichiometric shift
was not driven by the change in species domi-
nance but, preferably, by the change of the C:N:P
cell composition of many organisms.

Phytoplankton stoichiometry homeostasis in
P-limited conditions

Accepting that the observed seston stoichiome-
try changes in our experiment were mainly

driven by phytoplankton, our results indicate C:
N:P homeostasis in the range of P limitation nat-
urally occurring in the lake. Although productiv-
ity was increasing with higher P availability, the
stoichiometry ratios did not change. It seems that
alternative growth rates could be achieved with
a similar P cell quota within P limitation. The C:
N:P ratios shifted to Redfield proportions when
P additions provided nutrient-repleted condi-
tions. Early chemostat experiments with single
species had shown non-linear relationships
between growth rate, and internal and external
nutrient concentrations: slow growth cells show-
ing lower minimum P quota than fast growth
cells, with a threshold transition between the two
states (Droop 1974).
The elemental composition of autotrophs

depends on the relative abundance of structural
macromolecules and nutrient stores (Rhee 1978,
Elrifi and Turpin 1985). Ribosomes have received
much attention because they may be a relevant
pool of P in organisms (Geider and La Roche
2002) and are related to the growth capacity of
organisms (Sterner and Elser 2002). In our experi-
ment, seston C:N:P ratios achieved Redfield pro-
portions in treatments released from P deficiency.
According to the latest GRH formulations
(Loladze and Elser 2011), the mutual feedback
between protein synthesis and rRNA synthesis
will result in a stable protein:rRNA mass ratio of
3 � 0.7, which corresponds to an N:P Redfield
ratio, under nutrient-repleted conditions. In that
sense, results agree with expectations.
Ribosomes also provide an explanation for

declining of phytoplankton N:P ratios at increas-
ing growth rates (Goldman et al. 1979, Hille-
brand et al. 2013). Some theoretical models
predict non-linear and drastic transitions from
the optimal N:P states at N- and P-limited condi-
tions, toward the optimal N:P state at exponen-
tial growth conditions (Klausmeier et al. 2004b).
However, these models expect a connection
between the nutrient supply ratios and the cell
N:P ratios within P-limited conditions, which did
not correspond with our observations. In our
experiment, productivity and seston N:P were
clearly decoupled (Fig. 9), and stoichiometry was
stable within P limitation at different growths
and nutrient supply ratios.
The growth rate hypothesis has been ques-

tioned (Flynn et al. 2010) because it does not
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consider P accumulation in non-ribosomic pools
that could underlie stoichiometry relationships
with growth (Hillebrand et al. 2013). For
instance, phytoplankton can use non-phosphorus
membrane lipids under P deficiency but increase
phospholipid synthesis when it is more available
(Van Mooy et al. 2009). Besides, a considerable
amount of P can be adsorbed at the cellular sur-
face of phytoplankton (Sañudo-Wilhelmy et al.
2004, Fu et al. 2005), which may directly link P
availability in the medium and the P content of
organisms. All these processes would affect the
N:P ratio. If ribosome-P were only a minor com-
ponent of the P quota, the association between C:
P or N:P and growth rate under P limitation
would not be necessary.

In our experiment, seston C:N also declined
substantially at high P additions, and, therefore,
the stoichiometric shift was not only related to a
change of P content but points to the general reg-
ulation of the cell stoichiometry, including pro-
teins. Nutrient limitation effects on all N and P
cell pools, including storage, and their regulation
still require much investigation.

Nitrogen effects on P-limited conditions
The increase of N excess in the treatments

resulted in a decline of total phytoplankton bio-
mass, and the alteration of the community struc-
ture (Figs. 4A–B, 5A–B). This N negative effect
offset the potential positive effect of the low
amounts of P added as well. A possible increase
in grazing should be discarded since the abun-
dance of eukaryotic heterotrophs also declined.
More likely, high DIN concentrations could be
toxic for some phytoplankton species. The
decline of autotrophic biomass was not paral-
leled by a similar reduction of particulate C, due
to slight increases of prokaryotic and extracellu-
lar C. These latter planktonic compartments are
expected to respond to the presence of dead
organisms. Lower TDP levels at the end of the
experiment under high N:P imbalanced condi-
tions—but higher DIN than initially (Fig. 2B)—
might be regarded as a consequence of the
increased prokaryotic decomposing activity.
Nonetheless, the seston N:P ratio did not change
beyond the range observed in the P enrichments.

Accumulation of dead organisms and their
decomposition can also influence seston C:N:P
proportions. Under non-enriched conditions,

sediment trap matter was markedly N-impover-
ished compared to the initial and final seston C:
N:P composition in the water column. This fea-
ture indicated that mineralization of particulate
N was higher than that of C and P. Indeed, the C:
P of the sediment trap matter placed between the
initial and final seston C:P, showing that mineral-
ization of both elements was similar. The low
mineralization of P in comparison with N (or
even C) has been previously described for lakes
(Elser and Foster 1998). Some P-containing mole-
cules and aggregates (e.g., polyphosphates) can
be difficult to mineralize in the water column
(Diaz et al. 2008) and thus contribute to P defi-
ciency in the ecosystem. Absolute C sedimenta-
tion did not substantially vary among
experimental conditions, and, hence, the percent-
age of C in the sediment traps to NetPP declined
as P availability, and productivity increased
(from ~10% up to ~3% at N_P++). Lower mortal-
ity of organisms and enhanced mineralization of
organic matter under P-enriched conditions may
drive that tendency. Indeed, C:P and C:N ratios
in the sediment traps linearly declined with
increased P enrichment, whereas they were quite
stable and similar to the initial matter in the N:P
imbalance treatments. P shortage seems to
enhance nutrient recycling from decaying organ-
isms.

CONCLUSIONS

The C:N:P seston stability in P-limited condi-
tions found in our experiment—with loose cou-
pling with productivity, nutrient supply ratios
and species dominance—and the sudden shift to
Redfield proportions in P-repleted conditions
suggest a complex regulation of P scarcity in
planktonic communities, which may go beyond
immediate acclimation growth responses and
might include alternative physiological and bio-
geochemical states.
Although P quotas have been suggested to be

more sensitive to nutrient limitation (Moore et al.
2013) and thus C:P and N:P ratios may show
more variation than C:N, our results suggest a
linked regulation of N and P quotas. Performing
similar experiments in N-limited systems (War-
ner et al. 2017) should improve the perspective of
cell stoichiometry regulation in nutrient-limiting
conditions. Rather than limited to elemental
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measurements, experiments will benefit from
assessing different P and N pools and indicators
of growth regulation. For instance, direct mea-
surements of ribosome content at the single-cell
level (Biswas et al. 2019) would be useful to
investigate whether the homeostasis is shared by
most of the species in the community or
restricted to some dominant subset.

The observed enhanced recycling of decaying
organisms in P-limited conditions also indicates
that stoichiometry stability may include interac-
tions in biogeochemical processes in addition to
physiological cell regulation (Moreno and Mar-
tiny 2018). We may ask if some regulation at the
community level emerges from individual home-
ostasis and interactions between autotrophs and
eukaryotic and prokaryotic heterotrophs. We
may conjecture that the seston stability observed
at P limitation and the non-linear shift in
P-repleted conditions could be attributed to alter-
native states in the stoichiometry organization of
the planktonic microbial community. If such
states do exist, experiments submitting the com-
munity to back and forth shift between P-limited
and P-repleted conditions will allow identifying
a range of P availability in which the system will
show hysteresis in the transition between the
two hypothetical alternative states.
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Peñuelas, J., et al. 2013. Human-induced nitrogen-
phosphorus imbalances alter natural and managed
ecosystems across the globe. Nature Communica-
tions 4:2934.

Persson, J., P. Fink, A. Goto, J. M. Hood, J. Jonas, and S.
Kato. 2010. To be or not to be what you eat: regula-
tion of stoichiometric homeostasis among auto-
trophs and heterotrophs. Oikos 119:741–751.

Quigg, A., Z. V. Finkel, A. J. Irwin, Y. Rosenthal, T.-Y.
Ho, J. R. Reinfelder, O. M. Schofield, F. M. M.
Morel, and P. G. Falkowski. 2003. The evolutionary
inheritance of elemental stoichiometry in marine
phytoplankton. Nature 425:291–294.

 v www.esajournals.org 17 September 2020 v Volume 11(9) v Article e03249

FRESHWATER ECOLOGY GIMéNEZ-GRAU ETAL.
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