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A B ST R ACT

Ongoing climate warming alters precipitation and water column stability, leading to salinity and nutrient supply changes in the euphotic zone
of many coastal ecosystems and semi-enclosed seas. Changing salinity and nutrient conditions affect phytoplankton physiology by altering
elemental ratios of carbon (C), nitrogen (N) and phosphorus (P). This study aimed to understand how salinity stress and resource acquisition
affect phytoplankton stoichiometry. We incubated a phytoplankton polyculture composed of 10 species under different light, inorganic nutrient
ratio and salinity levels. At the end of the incubation period, we measured particulate elemental composition (C, N and P), chlorophyll a and
species abundances. The phytoplankton polyculture, dominated by Phaeodactylum tricornutum, accumulated more particulate organic carbon
(POC) with increasing salinity. The low POC and low particulate C:N and C:P ratios toward 0 psu suggest that the hypoosmotic conditions
highly affected primary production. The relative abundance of different species varied with salinity, and some species grew faster under low
nutrient supply. Still, the dominant diatom regulated the overall POC of the polyculture, following the classic concept of the foundation species.

K E Y W O R D S: Baltic Sea; salinity; carbon accumulation; phytoplankton stoichiometry; environmental filtering

INTRODUCTION
Climate warming is associated with changes in the chemistry
and circulation of the oceans, altering light and nutrient regimes
(Arteaga et al., 2014), leading to changes in phytoplankton com-
munity structure and productivity (Henson et al., 2021). Simul-
taneously, rising global temperatures and changing precipitation
patterns affect the global water cycle (Durack et al., 2012), result-
ing in salinity fluctuations that affect phytoplankton physiology
and the allocation of essential elements (nitrogen and phospho-
rus) in their cells. Our understanding of salinity effects on phyto-
plankton traits is still limited compared to other environmental
factors, such as temperature and pCO2. We have little informa-
tion on how resources are allocated when the phytoplankton
communities are exposed to hypo- and hyperosmotic conditions
and how these changes can affect essential cellular activities such
as photosynthesis (Kirst, 1989; Mohammed and Shafea, 1992;
Hernando et al., 2015).

Numerous studies have investigated the impact of limited
resources on phytoplankton composition and elemental stoi-
chiometry (Huisman and Weissing, 2001; Sterner and Elser,
2002; Litchman et al., 2004; Dickman et al., 2006; Klausmeier
et al., 2008; Yoshiyama et al., 2009; Tanioka and Matsumoto,
2017). A phytoplankton community under nutrient-replete
conditions tends to have a carbon:nitrogen:phosphorus (C:N:P)
ratio of 106:16:1 (Redfield, 1958), but research indicates that
individual species differ in their elemental composition (Geider
and La Roche, 2002), which can be attributed to changes

in the available nutrient supply, irradiance, temperature, and
pCO2 (Klausmeier et al., 2004; Galbraith and Martiny, 2015;
Tanioka and Matsumoto, 2017; Yvon-Durocher et al., 2017;
Velthuis et al., 2022). Therefore, C:N:P proportions in natural
phytoplankton assemblages often deviate from the Redfield ratio,
varying spatially and temporarily (Martiny et al., 2013; Arteaga
et al., 2014; Bonachela et al., 2016). Generally, phytoplankton
communities in the subtropical oceans have higher C:N and C:P
ratios (C:nutrients) due to low nutrient availability (Galbraith
and Martiny, 2015; Tanioka and Matsumoto, 2020), while the
communities in the colder regions have a low N:P ratio from
increased P-rich molecules, such as ribosomal RNA, in the cold-
adapted phytoplankton (Toseland et al., 2013; Daines et al.,
2014).

Light availability is another critical factor controlling phy-
toplankton composition and growth. For example, freshwater
and estuarine phytoplankton communities grew slower under
low-light conditions (Lionard et al., 2005), but different phy-
toplankton have species-specific light requirements, and some
taxa are better adapted to low-light conditions (Brauer et al.,
2012; Edwards et al., 2015). Light availability directly affects
the functioning of photosynthetic apparatus, but it also affects
phytoplankton dynamics and elemental composition (Litchman
and Klausmeier, 2001; Striebel et al., 2008; Brauer et al., 2012). In
general, increased irradiance results in higher photosynthetic car-
bon fixation (Sterner et al., 1997; Dickman et al., 2006; Striebel
et al., 2008; Tanioka and Matsumoto, 2020), but under strong
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Table I: List of phytoplankton species used in the experiment

Species Strain Phylum Cell cover Cell size
(μm)∗

Geometric shape∗ Remarks

Phaeodactylum
tricornutum

TV 335 Bacillariophyta Silica frustules 15–27 Half parallelepiped Form multiple
morphotypes

Diatoma tenuis DTTV B5 Bacillariophyta Silica frustules 40–80 Parallelepiped Form zig zag
colonies

Skeletonema marinoi C1407 Bacillariophyta Silica frustules 13 Cylinder Chain forming
Alexandrium ostenfeldii AOF 0940 Miozoa Cellulose thecate 24–40 Rotational ellipsoid PSP-toxin producer
Levanderina fissa GFF 1101 Miozoa Athecate 5–74 Flattened ellipsoid
Kryptoperidinium
foliaceum

KFF 0901 Miozoa Cellulose thecate 30–50 Sphere-25% Large eyespot

Rhodomonas marina CRYPTO 07B1 Cryptista Periplast 20 Cone + half sphere
Diacronema lutheri TV 03 Haptophyta Naked 7–9 Flattened ellipsoid
Monoraphidium sp. TV 70 Chlorophyta Naked 6–60 Spindle
Synechococcus sp. TV 65 Cyanobacteria Naked 1–3 Sphere Not document-

ed/observed to fix
nitrogen

Note: ∗cell size and geometric shape are based from Olenina et al., 2006

salinity stress, the positive effect becomes negligible due to the
failure of the photosynthetic machinery (Kirst, 1989; Coupel
et al., 2015; Hernando et al., 2015).

Our understanding of how light and nutrients regulate
phytoplankton growth, coexistence, trophic transfer efficiency
and ecosystem productivity is progressing, but how these effects
interact with salinity remains unresolved. Research in the last
decade has primarily focused on the effects of warming on
phytoplankton production and stoichiometry (Biermann et al.,
2015; Yvon-Durocher et al., 2017). The consequences of climate-
driven salinity change garnered less attention, and we still need to
establish how salinity affects phytoplankton resource acquisition
and storage (Cunillera-Montcusí et al., 2022). On the individual
level, salinity changes can affect metabolic rates of algal cells
due to osmotic adjustments done through the production of
more osmolytes (hyperosmotic conditions) or active removal of
solutes from the cell (hypoosmotic conditions), influencing algal
stoichiometry (Kirst, 1989). On the community level, research
suggests that salinity has little effect on the phytoplankton
resource use efficiency, but it might cause phytoplankton
dominance shifts (Olli et al., 2023) resulting in changes in
the phytoplankton community response to resource limitation
(Marcarelli et al., 2006).

Salinity is a strong environmental filter, structuring phyto-
plankton communities and potentially leading to local extinc-
tions when conditions become unfavorable, especially for species
with narrow salinity tolerance (Flöder et al., 2010; Cloern et al.,
2017). Therefore, phytoplankton diversity is reduced in brackish
ecosystems, such as estuaries and coastal waters, with a minimum
species richness falling between 7 and 8 psu (Olli et al., 2019).
The majority of phytoplankton species die off when exposed to
stressful salinity conditions (below or above species tolerance
threshold) due to a lack of pathways to synthesize osmolytes
in freshwater lineages or an inability to downregulate osmolyte
production in marine lineages (Olli et al., 2023).

For our study, we composed an artificial phytoplankton
assemblage of 10 species isolated from the Baltic Sea and exposed
this polyculture to different salinity, nutrient supply and light

conditions. Selected species had different set of traits (cell size,
shape, type of exoskeleton and motility) and are co-occurring in
the Baltic Sea. Predicted freshening of the Baltic Sea (Meier et al.,
2012; Vuorinen et al., 2015; Lehmann et al., 2022) is expected
to put additional pressure on species with higher salinity
optima, potentially leading to local extinctions, reorganization
of community structure and disruption of ecosystem functions,
including carbon storage capacity.

With our experiment, we aimed to answer the following ques-
tions:

1. How does salinity influence the elemental composition of
a phytoplankton assemblage under different levels of light
and nutrient conditions?

2. To what extent do changes in species relative abundances
explain the variation in particulate C:N:P ratios of the phy-
toplankton community along the salinity gradient?

We expected that salinity and resource supply would affect
phytoplankton community structure, stoichiometry and conse-
quently biomass production.

MATERIALS AND METHOD
Preparation of phytoplankton cultures

Ten monoalgal cultures (co-occurring Baltic Sea species)
from the FINMARI Culture Collection at the Tvärminne
Zoological Station, Finland (Table I), were used to create an
artificial phytoplankton assemblage. Species were selected to
maximize the diversity of traits, which can be affected by
salinity change (e.g. cell size, shape, type of exoskeleton). The
monocultures were maintained under controlled conditions
before the experiment (salinity = 5 psu, temperature = 16◦C,
nutrient supply: F/2 media, light setting: 130 μmol photons
m−2 s−1, 16:8 h light:dark cycle). For the polyculture experi-
ment, species monocultures were mixed in equal proportions
based on their in vivo chlorophyll a fluorescence. Because
cellular chlorophyll a content varies between species affecting
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their fluorescence, it cannot be assumed that the species in the
polyculture had equal initial cell density, but the community
composition at the start of the experiment was the same among
the experimental units and the treatments. This procedure
might have affected carbon and nutrient partitioning between
the species in the polyculture, but not the observed treatment
effects.

Experimental set-up
A three-factorial experiment was designed by combining
different light (photosynthetic photon flux density = 10 and
130 μmol photons m−2 s−1), inorganic nutrient ratio (N:P = 16,
80, 2 and 10), and salinity (0, 5, 12 and 24 psu) conditions with
three replicates for each treatment, resulting in 96 experimental
units (volume: 540 mL unit−1) randomly distributed in a
temperature-controlled room (16◦C). We used six-channel
sunlight spectrum LED lamps (Aquarius plant, Aqua Medic
GmbH) programmed to have a 16:8 hours light–dark cycle.
The different salinity levels were achieved by adding Aquarium
System Sea Salt (Instant Ocean Spectrum) (15, 20, 30 and
35 psu) or MilliQ water (5 psu) to prefiltered (0.2 μm), sterilized
seawater (6 psu) collected offshore of the Tvärminne Zoological
Station at Storfjärden (59◦ 51.318’ N, 23◦ 15.796′ E). MilliQ
water was used to mimic the freshwater condition. Desired
initial nutrient conditions were achieved by modifying the
nitrate and phosphate components of F/2 media, while the
trace metals and vitamin components were retained (Guillard
and Ryther, 1962). The N:P ratio of 16 (NO3 = 80 μM,
PO4 = 5 μM) represents a balanced nutrient supply defined by
Redfield (Redfield, 1934, 1958) and is referred to as nutrient-
replete conditions throughout the manuscript. The N:P ratio
of 10 represents nutrient-depleted conditions, where both
nutrients are depleted (NO3 = 10 μM, and PO4 = 1 μM).
The N:P ratios of 80 (NO3 = 80 μM, PO4 = 1 μM) and 2
(NO3 = 10 μM, PO4 = 5 μM) simulate P and N-depleted
conditions, respectively. All treatment ratios refer to the ini-
tial conditions. Phosphorus and nitrogen uptake at the end
of the incubation period were confirmed by measurements
of the residual dissolved inorganic nutrient concentrations
(Fig. S3). Both, N:P = 16 and 10 treatments were nitrogen
and phosphorus depleted by the end of the experiment. All
nutrient ratios throughout the manuscript are provided as molar
ratios.

Sampling
The initial phytoplankton biomass of every experimental unit
was measured 12 hours after the culture preparation using chl-a
fluorescence as a proxy (t0). After that, fluorescence was moni-
tored every other day at the same time of the day to follow the
phytoplankton growth and estimate when the cultures reached
the stationary phase. Each experimental treatment was termi-
nated when all replicates reached the stationary phase of growth,
therefore the incubation period ranged from 9 to 27 days depend-
ing on the treatment (Fig. 1).

At the end of the incubation period, samples were collected
for measurement of dissolved nutrients (NH4, NOx, PO4 and
Si), particulate organic carbon (POC), nitrogen (PON) and

phosphorus (POP), chl-a concentration and cell density. Sam-
ples for microscopy were preserved with acidified Lugol’s iodine
solution. The abundance of Synechococcus sp. was estimated from
samples preserved with formaldehyde (2% final concentration)
and stored at −80◦C until analysis.

Chlorophyll a and Pheophytin a
Samples were collected on a glass fiber filter (GF/F Whatman).
The chl-a was extracted using 94% ethanol for 24 hours. The
extracted chl-a fluorescence was measured using a Cary Eclipse
Fluorescence Spectrophotometer (excitation = 430 nm, and
emission = 670 nm). Subsamples were acidified using HCl
(0.008 M final concentration) to determine pheophytin a (phe-
a) concentration (Parker et al., 2016). The chl-a values were cor-
rected by subtracting the corresponding phe-a concentrations.

Dissolved and particulate nutrients
To measure dissolved inorganic nutrients, samples were filtered
through cellulose acetate filters (0.2 μm pore size) and ana-
lyzed using a continuous flow autoanalyzer (AAII) following the
Hansen and Koroleff protocol (Hansen and Koroleff, 2007).

The POC, PON and POP samples were collected on acid-
washed, pre-combusted GF/F filters. The POC/N samples were
dried at 60◦C for 24 h and analyzed using an elemental analyzer
(Vario MicroCube, Elementar, Germany). The POP samples
were combusted at 450◦C for 4 h and analyzed colorimetrically
following the protocol of Koistinen et al. (Solorzano and Sharp,
1980; Koistinen et al., 2017).

Species abundance and growth rate
Cell counting was performed following the Utermöhl method
(Utermöhl, 1958) using a DM IRB inverted microscope (Leica,
Wetzlar, Germany) with the aid of LAS X software. Counting
was guided by HELCOM proceedings (Lund et al., 1958;
HELCOM, 2018).

The Synechococcus sp. samples were analyzed using a BD
Accuri C6 plus flow cytometer. The cell density was calculated
using C6 plus analysis software (BD Biosciences).

The growth rate was calculated using the in vivo chl-a fluores-
cence measured during the incubation. The following equation
was used:

μ = ln f 1 − ln f 0

�t
(1)

Where: μ = growth rate
f1 = in vivo chl-a fluorescence at the end of the incubation

period
f0 = in vivo chl-a fluorescence at t0
�t = incubation period (days)
The contribution of each species to the total final biomass of

the polyculture was calculated using the biovolumes obtained
from the monocultures (Figs S1 and S4). Equations from Olen-
ina et al. (Olenina et al., 2006) were used to calculate the respec-
tive biovolume and carbon content of each species.

Statistical analyses
All statistical analyses were performed using R statistical soft-
ware ver. 4.2.0 (R Core Team, 2022). The packages Factoextra
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Fig. 1. Growth curves of the experimental phytoplankton community under different salinities and inorganic nutrient ratios. From left to right:
N:P = 16, 80, 2 and 10. From top to bottom: salinity = 0, 5, 12 and 24 psu. Curves are based on the in vivo chl-a fluorescence measurements, and
the smoothing functions were generated using ggplot2 with shaded area representing 95% confidence intervals (smoothing method = loess).

(Kassambara and Mundt, 2020) and ggplot2 (Wickham, 2016)
were used to visualize the results.

Multiple factor analysis (MFA) (Pages, 2002) was used to
test which group of variables (treatments, phytoplankton com-
munity, elemental stoichiometry, residual nutrients) contributed
the most to the overall variability among the experimental units.
The package FactoMineR (Le et al., 2008) was used to analyze the
results.

Generalized linear models (GLMs) were used to determine
the effects of light (two levels) and nutrient conditions (four
levels) along the salinity gradient on the phytoplankton ele-
mental stoichiometry, growth rate (μ), extracted chlorophyll-a
and maximum chlorophyll-a fluorescence (Fluomax). Salinity

was treated as a continuous explanatory variable, while light
and inorganic nutrient ratios were treated as categorical factors.
Models were fitted using maximum likelihood estimation, and
model selection was performed using the Akaike information
criterion. The interaction terms are reported whenever they
were significant. Variance partitioning was calculated from
McFadden’s R2.

RESULTS
Phytoplankton growth and community composition

The polycultures reached the stationary phase of growth
between 9 and 27 days, depending on the treatment (Fig. 1).
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Fig. 2. Final cell density of the 10 phytoplankton strains (a–j) along the salinity gradient under different combinations of light (circle = 10,
triangle = 130 μmol photons m−2 s−1), and nutrient (N:P molar ratios, top-bottom) conditions. Smoothing function was generated using the
ggplot2 package (method = loess) and shaded area represents 95% confidence intervals.

Light intensity had a significant effect on the growth rate (μ) and
maximum chlorophyll a fluorescence (Fluomax) (Fig. S2). The
growth rate under low-light intensity (μ = 0.18–0.30 day−1)
was, on average, 1.8 times slower than under high-light con-
ditions (μ = 0.32–0.64 day−1) (GLM: ß = 1.80, SE = 1.34,
P < 0.001), regardless of salinity and inorganic nutrient ratio
of the medium. On the other hand, the polycultures under
low-light intensity reached 1.2 times higher maximum chl-
a fluorescence (Fluomax = 13.39–41.18 a.u.) than under high
light intensity (Fluomax = 3.43–19.75 a.u.) (GLM: ß = 0.23,
SE = 0.47, P < 0.001). Nutrient depletion led to a decline of
Fluomax by nearly half compared to nutrient-replete conditions
(GLM: ß = 0.46, SE = 0.714, P < 0.001). Salinity solely had no
significant effect on μ and Fluomax (P > 0.5), and its effect on
phytoplankton growth was dependent on light and nutrient
conditions (Fig. S2).

The residual inorganic nutrient concentrations (NOx =
NO3 + NO2, NH4, and PO4) were generally under the detec-
tion limit by the end of the incubation period at higher salinities,
but not at lower salinity conditions (Fig. S3a). Nitrogen was not
completely taken up under P-depleted conditions (N:P = 80),

PO4 was reduced by at least 90% across all treatments. Low
salinity conditions were characterized by higher ammonia
(NH4) concentrations compared to high salinity treatments,
regardless of light and nutrient supply. Silicate utilization
increased with salinity only under N:P = 16 (Fig. S3a).

The total chl-a concentration increased with salinity, was
higher under low-light intensity, and decreased in response
to nutrient limitation (Fig. S3b). The chl-a concentration
was positively correlated with Fluomax, POC and PON, and
negatively correlated with μ (Fig. S5).

The diatom Phaeodactylum tricornutum dominated the
polycultures by the end of the incubation period in all of
the treatments (Fig. S4), in terms of cell density (Fig. 2) and
biovolume (Fig. S4), with increasing values under higher salinity
conditions (Fig. 2). The final abundance of Synechococcus sp.
also increased with salinity and was positively correlated with P.
tricornutum (Fig. S6). In contrast, the final abundance of Mono-
raphidium sp. increased under freshwater conditions and was
negatively correlated with P. tricornutum. Other species reached
the highest final cell density at intermediate salinity levels
(Fig. 2).
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Fig. 3. Results of the MFA. (a) Contribution of variables sorted by group. (b) Contribution of the quantitative variables to the variation in the
first two dimensions. (c) Clustering of observations by light intensity (left panel), inorganic nutrient ratio (center) and salinity conditions
(right). Phae = Phaeodactylum tricornutum, Diat = Diatoma tenuis, Skel = Skeletonema marinoi, Alex = Alexandrium ostenfeldii,
Kryp = Kryptoperidinium foliaceum, Leva = Levanderina fissa, Rhod = Rhodomonas marina, Mono = Monoraphidium sp., Diac = Diacronema
lutheri, Syne = Synechococcus sp., residual nutrients: iPO4 = phosphate, iNO3 = nitrate, iNH4 = ammonium, iSi = silica, particulate nutrient:
POC = particulate organic carbon, PON = particulate organic nitrogen, POP = particulate organic phosphate, molar ratios:
CN = carbon:nitrogen, CP = carbon:phosphorus, NP = nitrogen:phosphorus.

Sources of variation between experimental units
MFA identified experimental treatment (salinity × light ×
nutrient ratio) as the main source of variation, followed by
POC:PON:POP stoichiometry. Residual inorganic nutrient
concentrations and community composition contributed less
to the variability between experimental units (Fig. 3a). The
first two dimensions explained 33% of the variation, sorting
the observations by salinity along the first dimension, and by
nutrient ratio treatment along the second dimension (Fig. 3c).

POC was positively correlated with dimension 1, contributing
10% to the variation along this axis, while POP was positively
correlated with dimension 2 contributing 12%. N:P ratio was
negatively correlated with dimension 2, contributing 12% to the
variation (Fig. 3b).

The MFA also confirmed species salinity preferences. The
diatom P. tricornutum, which had the highest relative abundance
under 24 psu, was located on the opposite side to the green algae
Monoraphidium sp. thriving under 0 psu conditions (Fig. 3).
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Fig. 4. (a) POC, (b) PON and (c) POP concentration at different combinations of salinity (0, 5, 12 and 24 psu), light (circle = 10, triangle =
130 μmol photons m−2 s−1) and nutrient ratio (N:P molar ratio = 16, 80, 2 and 10, left to right panel) conditions. The lines are predicted
values from the GLMs with 95% confidence intervals.

Most species were distributed at the center of the plot (Fig. 3b)
indicating their preference for salinity levels within the range
5–12 psu.

The abundance of P. tricornutum was highly correlated with
POC and POP (Fig. S7). The inorganic nutrient ratio and
salinity conditions explained 81% of the variation in P. tricor-
nutum cell density. In turn, P. tricornutum cell density explained
48% of the variation in POC, and 28% of the variation in POP
(Fig. S8).

Particulate organic carbon, nitrogen and phosphorus
GLMs were formulated to analyze the effect of salinity, light and
nutrient conditions on particulate organic concentration and car-
bon, nitrogen and phosphorus ratios of the polycultures. POC,
PON and POP concentrations increased with salinity (Fig. 4).
Salinity explained 41% of the variation in POC, 6% of the varia-
tion in PON and 1% of the variation in POP. Nutrient treatments
explained the largest proportions of variation in PON and POP
(34 and 87%, respectively, Fig. S8). Light intensity significantly
affected POC (6% variation) and POP (1%) but not PON. The
POC was 0.81 times lower and POP 1.04 times higher under high
light conditions compared to low-light conditions.

The C:nutrient ratios increased significantly with salinity
(Fig. 5). Salinity explained 30% of the variation in POC:PON
ratio and 17% in POC:POP ratio. The average C:nutrient ratios
were higher in low-light conditions compared to high light

conditions. Light intensity explained 10% of the variation in
POC:PON ratio and 8% in POC:POP. The PON:POP ratio
was affected only by the initial nutrient supply, which explained
71% of the variation.

DISCUSSION
Salinity is an important environmental parameter that deter-
mines the optimal growth conditions for phytoplankton, and
different species and strains can have different salinity optima
and tolerance ranges (Brand, 1984; Orizar and Lewandowska,
2022). Extended exposure to lower or higher salinity outside the
optimal range challenges phytoplankton cells, causing hypo- or
hyperosmotic stress (Kirst, 1989). Phytoplankton responses to
osmotic stress require reallocating resources to resist its harm-
ful effect. Therefore, resource availability and acquisition are
essential for phytoplankton to survive salinity fluctuations. Salin-
ity changes can also facilitate shifts in community composition
according to species-specific optima, thereby affecting the ele-
mental composition of the phytoplankton community (Hille-
brand et al., 2013; Sharoni and Halevy, 2020).

First, we asked how the elemental composition of the phy-
toplankton assemblage varies along the salinity gradient when
grown under different levels of light intensity and inorganic nutri-
ent ratios. We determined a stronger salinity effect on POC
compared to nutrient ratio and light intensity. The POC con-
centrations increased along the salinity gradient with a similar

https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbae031#supplementary-data
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Fig. 5. The molar ratio of (a) POC:PON, (b) POC:POP and (c) PON:POP under different combinations of salinity (0, 5, 12 and 24 psu), light
(circle = 10, triangle = 130 μmol photons m−2 s−1), and nutrient supply (N:P molar ratio = 16, 80, 2 and 10, left to right panel) conditions.
The lines are predicted values from the GLMs with 95% confidence intervals.

slope for all light and nutrient ratio conditions (Fig. 4a). A similar
trend was observed from coastal phytoplankton community in
the Antarctic, wherein low salinity conditions caused oxidative
stress leading to a decrease in biomass (Hernando et al., 2015).
The decrease in POC under fresher conditions in the polyculture
emphasizes the importance of salinity for phytoplankton carbon
capture potential.

The PON and POP concentrations were less dependent on
salinity than POC and clearly corresponded to the applied nutri-
ent treatment, i.e. we measured low PON concentrations in N-
depleted treatments and low POP concentrations in P-depleted
treatments by the end of the experiment (Fig. 4). Such PON/P
response is expected as phytoplankton elemental composition
often reflects the type of nutrient limitation in the environment
(Hillebrand et al., 2013; Galbraith and Martiny, 2015). Con-
sequently, we measured lower PON:POP ratios in N-depleted
treatments and higher PON:POP ratios in the P-depleted treat-
ment, but no significant PON:POP response to salinity change
(Fig. 5c).

As a result of rising POC accumulation with salinity,
POC:PON and POC:POP ratios also increased (Fig. 5).
POC:PON ratios were higher under low-light conditions except
at low salinities when N supply was depleted (Fig. 5). This

corresponded well to the results of Fluomax (Fig. S2a) and chl-a
concentrations at the end of the experiment (Fig. S3b). Nitrogen
is an essential nutrient in synthesis of pigments, and increased
cellular chl-a content in photoautotrophs is typically needed
under light limitation to maximize photon capture (Geider
et al., 1998; Moreno and Martiny, 2018). In our experiment,
the polycultures were dominated by P. tricornutum (Fig. S4),
which has been shown to upregulate genes responsible not
only for the synthesis of chl-a, but also accessory pigments,
such as fucoxanthin, under low-light conditions (Agarwal et al.,
2023).

Second, we asked to what extent changes in phytoplankton
stoichiometry can be explained by shifting proportions of
different species in the polyculture. Intermediate salinity levels
(5 and 12 psu), corresponding to the environmental conditions
where all phytoplankton species were isolated, were optimal
for most species (Fig. 2), and resource limitation played only
a minor role in modulating phytoplankton response to salinity
change. The abundance of the dominant species, P. tricornutum,
increased with salinity (Fig. 2) and was strongly correlated with
POC (Fig. S7). In contrast to P. tricornutum, the abundance of a
green algae - Monoraphidium sp. declined with salinity (Fig. 2).
Although green algae have a rather high N:P ratio, compared to

https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbae031#supplementary-data
https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbae031#supplementary-data
https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbae031#supplementary-data
https://academic.oup.com/plankt/article-lookup/doi/10.1093/plankt/fbae031#supplementary-data
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diatoms (Finkel et al., 2010; Hillebrand et al., 2013), we did not
observe significant change in PON:POP ratio of the polyculture
along the salinity gradient corresponding to the shift in com-
munity composition (Fig. 5). Overall, community composition
explained only a small proportion of the variation between
experimental units, as indicated by MFA (Fig. 3). This suggests
that the functioning of the polyculture and its response to salinity
fluctuations were relying on the performance of the dominant
P. tricornutum, following the classic concept of the foundation
species (Dayton, 1975). As P. tricornutum showed euryhaline
characteristics with relatively high growth rates across all salinity
treatments, other species with a narrower salinity tolerance
range were outcompeted, even under a limited nutrient supply.
Nevertheless, small spherical species, such as a haptophyte
Diacronema lutheri, thrived under P-depleted conditions (Fig. 2)
due to their high surface area to volume ratio, which makes it
easier to assimilate limited nutrients (Padisák et al., 2003; Finkel
et al., 2010; Durante et al., 2019; Ryabov et al., 2021). Similarly,
a small cyanobacteria Synechococcus sp., which, although not
observed to perform nitrogen fixation, can utilize diverse forms
of nitrogen (Moore et al., 2002; Aldunate et al., 2020), was a good
competitor under N-depleted conditions (Fig. 2).

CONCLUSIONS
Results of our experiment suggest that changes in carbon accu-
mulation and elemental stoichiometry of phytoplankton com-
munities along the salinity gradient were determined by the per-
formance of the dominant species (in this study, P. tricornutum).
In brackish areas like the Baltic Sea and estuaries, where salinity
is predicted to decline in the future (Meier et al., 2012; Vuorinen
et al., 2015; Lehmann et al., 2022), low carbon accumulation by
phytoplankton at low salinities emphasizes the risk of hypoos-
motic stress for the functioning of coastal ecosystems and their
carbon sequestration potential, as most species have higher salin-
ity optima.

ACKNOWLEDGEMENTS
We thank technical staff at the Tvärminne Zoological Station
for their laboratory assistance. Maria Stockenreiter and Achim
Weigert (Seeon Limnological Station, Germany) are acknowl-
edged for their help with particulate nutrient analyses.

FUNDING
This study was funded by the Walter and Andreé de Nottbeck
Foundation and the phytoplankton cultures are a part of the
FINMARI Culture Collection.

DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be
made available by the authors,without undue reservation.

REFERENCES
Agarwal, A., Levitan, O., Cruz De Carvalho, H. and Falkowski, P.

G. (2023) Light-dependent signal transduction in the marine
diatom Phaeodactylum tricornutum. Proc. Natl. Acad. Sci. USA, 120,
e2216286120. https://doi.org/10.1073/pnas.2216286120.

Aldunate, M., Henríquez-Castillo, C., Ji, Q., Lueders-Dumont, J., Mul-
holland, M. R., Ward, B. B., von Dassow, P. and Ulloa, O. (2020)
Nitrogen assimilation in picocyanobacteria inhabiting the oxygen-
deficient waters of the eastern tropical North and South Pacific. Lim-
nol. Oceanogr., 65, 437–453. https://doi.org/10.1002/lno.11315.

Arteaga, L., Pahlow, M. and Oschlies, A. (2014) Global patterns of phyto-
plankton nutrient and light colimitation inferred from an optimality-
based model. Glob. Biogeochem. Cycles, 28, 648–661. https://doi.o
rg/10.1002/2013GB004668.

Biermann, A., Lewandowska, A., Engel, A. and Riebesell, U. (2015)
Organic matter partitioning and stoichiometry in response to rising
water temperature and copepod grazing. Mar. Ecol. Prog. Ser., 522,
49–65. https://doi.org/10.3354/meps11148.

Bonachela, J. A., Klausmeier, C. A., Edwards, K. F., Litchman, E. and
Levin, S. A. (2016) The role of phytoplankton diversity in the emer-
gent oceanic stoichiometry. J. Plankton Res., 38, 1021–1035. https://
doi.org/10.1093/plankt/fbv087.

Brand, L. E. (1984) The salinity tolerance of forty-six marine phyto-
plankton isolates. Estuar. Coast. Shelf Sci., 18, 543–556. https://doi.o
rg/10.1016/0272-7714(84)90089-1.

Brauer, V. S., Stomp, M. and Huisman, J. (2012) The nutrient-load
hypothesis: patterns of resource limitation and community structure
driven by competition for nutrients and light. Am. Nat., 179, 721–740.
https://doi.org/10.1086/665650.

Cloern, J. E., Jassby, A. D., Schraga, T. S., Nejad, E. and Martin, C. (2017)
Ecosystem variability along the estuarine salinity gradient: examples
from long-term study of San Francisco Bay. Limnol. Oceanogr., 62,
S272–S291. https://doi.org/10.1002/lno.10537.

Coupel, P., Ruiz-Pino, D., Sicre, M. A., Chen, J. F., Lee, S. H., Schiffrine,
N., Li, H. L. and Gascard, J. C. (2015) The impact of freshening on
phytoplankton production in the Pacific Arctic Ocean. Prog. Oceanogr.,
131, 113–125. https://doi.org/10.1016/j.pocean.2014.12.003.

Cunillera-Montcusí, D., Beklioğlu, M., Cañedo-Argüelles, M., Jeppesen,
E., Ptacnik, R., Amorim, C. A., Arnott, S. E., Berger, S. A. et al. (2022)
Freshwater salinisation: a research agenda for a saltier world. Trends
Ecol. Evol., 37, 440–453. https://doi.org/10.1016/j.tree.2021.12.005.

Daines, S. J., Clark, J. R. and Lenton, T. M. (2014) Multiple environmen-
tal controls on phytoplankton growth strategies determine adaptive
responses of the N : P ratio. Ecol. Lett., 17, 414–425. https://doi.o
rg/10.1111/ele.12239.

Dayton, P. K. (1975) Experimental evaluation of ecological dominance
in a rocky intertidal algal community. Ecol. Monogr., 45, 137–159.
https://doi.org/10.2307/1942404.

Dickman, E. M., Vanni, M. J. and Horgan, M. J. (2006) Interactive effects
of light and nutrients on phytoplankton stoichiometry. Oecologia, 149,
676–689. https://doi.org/10.1007/s00442-006-0473-5.

Durack, P. J., Wijffels, S. E. and Matear, R. J. (2012) Ocean salinities reveal
strong global water cycle intensification during 1950 to 2000. Science,
336, 455–458. https://doi.org/10.1126/science.1212222.

Durante, G., Basset, A., Stanca, E. and Roselli, L. (2019)
Allometric scaling and morphological variation in sinking rate of
phytoplankton. J. Phycol., 55, 1386–1393. https://doi.org/10.1111/
jpy.12916.

Edwards, K. F., Thomas, M. K., Klausmeier, C. A. and Litchman,
E. (2015) Light and growth in marine phytoplankton: allomet-
ric, taxonomic, and environmental variation: light and growth in
marine phytoplankton. Limnol. Oceanogr., 60, 540–552. https://doi.o
rg/10.1002/lno.10033.

Finkel, Z. V., Beardall, J., Flynn, K. J., Quigg, A., Rees, T. A. V. and
Raven, J. A. (2010) Phytoplankton in a changing world: cell size and
elemental stoichiometry. J. Plankton Res., 32, 119–137. https://doi.o
rg/10.1093/plankt/fbp098.

Flöder, S., Jaschinski, S., Wells, G. and Burns, C. W. (2010) Dominance
and compensatory growth in phytoplankton communities under
salinity stress. J. Exp. Mar. Biol. Ecol., 395, 223–231. https://doi.o
rg/10.1016/j.jembe.2010.09.006.

Galbraith, E. D. and Martiny, A. C. (2015) A simple nutrient-
dependence mechanism for predicting the stoichiometry of marine

https://doi.org/10.1073/pnas.2216286120
https://doi.org/10.1073/pnas.2216286120
https://doi.org/10.1073/pnas.2216286120
https://doi.org/10.1073/pnas.2216286120
https://doi.org/10.1073/pnas.2216286120
https://doi.org/10.1002/lno.11315
https://doi.org/10.1002/lno.11315
https://doi.org/10.1002/lno.11315
https://doi.org/10.1002/lno.11315
https://doi.org/10.1002/2013GB004668
https://doi.org/10.1002/2013GB004668
https://doi.org/10.1002/2013GB004668
https://doi.org/10.1002/2013GB004668
https://doi.org/10.3354/meps11148
https://doi.org/10.3354/meps11148
https://doi.org/10.3354/meps11148
https://doi.org/10.3354/meps11148
https://doi.org/10.3354/meps11148
https://doi.org/10.1093/plankt/fbv087
https://doi.org/10.1093/plankt/fbv087
https://doi.org/10.1093/plankt/fbv087
https://doi.org/10.1093/plankt/fbv087
https://doi.org/10.1093/plankt/fbv087
https://doi.org/10.1093/plankt/fbv087
https://doi.org/10.1016/0272-7714(84)90089-1
https://doi.org/10.1016/0272-7714(84)90089-1
https://doi.org/10.1016/0272-7714(84)90089-1
https://doi.org/10.1016/0272-7714(84)90089-1
https://doi.org/10.1016/0272-7714(84)90089-1
https://doi.org/10.1086/665650
https://doi.org/10.1086/665650
https://doi.org/10.1086/665650
https://doi.org/10.1002/lno.10537
https://doi.org/10.1002/lno.10537
https://doi.org/10.1002/lno.10537
https://doi.org/10.1002/lno.10537
https://doi.org/10.1016/j.pocean.2014.12.003
https://doi.org/10.1016/j.pocean.2014.12.003
https://doi.org/10.1016/j.pocean.2014.12.003
https://doi.org/10.1016/j.pocean.2014.12.003
https://doi.org/10.1016/j.pocean.2014.12.003
https://doi.org/10.1016/j.pocean.2014.12.003
https://doi.org/10.1016/j.pocean.2014.12.003
https://doi.org/10.1016/j.tree.2021.12.005
https://doi.org/10.1016/j.tree.2021.12.005
https://doi.org/10.1016/j.tree.2021.12.005
https://doi.org/10.1016/j.tree.2021.12.005
https://doi.org/10.1016/j.tree.2021.12.005
https://doi.org/10.1111/ele.12239
https://doi.org/10.1111/ele.12239
https://doi.org/10.1111/ele.12239
https://doi.org/10.1111/ele.12239
https://doi.org/10.2307/1942404
https://doi.org/10.2307/1942404
https://doi.org/10.2307/1942404
https://doi.org/10.1007/s00442-006-0473-5
https://doi.org/10.1007/s00442-006-0473-5
https://doi.org/10.1007/s00442-006-0473-5
https://doi.org/10.1007/s00442-006-0473-5
https://doi.org/10.1126/science.1212222
https://doi.org/10.1126/science.1212222
https://doi.org/10.1126/science.1212222
https://doi.org/10.1126/science.1212222
https://doi.org/10.1126/science.1212222
https://doi.org/10.1111/jpy.12916
https://doi.org/10.1111/jpy.12916
https://doi.org/10.1111/jpy.12916
https://doi.org/10.1111/jpy.12916
https://doi.org/10.1002/lno.10033
https://doi.org/10.1002/lno.10033
https://doi.org/10.1002/lno.10033
https://doi.org/10.1002/lno.10033
https://doi.org/10.1093/plankt/fbp098
https://doi.org/10.1093/plankt/fbp098
https://doi.org/10.1093/plankt/fbp098
https://doi.org/10.1093/plankt/fbp098
https://doi.org/10.1093/plankt/fbp098
https://doi.org/10.1093/plankt/fbp098
https://doi.org/10.1016/j.jembe.2010.09.006
https://doi.org/10.1016/j.jembe.2010.09.006
https://doi.org/10.1016/j.jembe.2010.09.006
https://doi.org/10.1016/j.jembe.2010.09.006
https://doi.org/10.1016/j.jembe.2010.09.006
https://doi.org/10.1016/j.jembe.2010.09.006


396 • Journal of Plankton Research Volume 46 Number 4 Pages 387–397 2024

ecosystems. Proc. Natl. Acad. Sci. USA, 112, 8199–8204. https://
doi.org/10.1073/pnas.1423917112.

Geider, R. and La Roche, J. (2002) Redfield revisited: variability of C:N:P
in marine microalgae and its biochemical basis. Eur. J. Phycol., 37, 1–17.
https://doi.org/10.1017/S0967026201003456.

Geider, R. J., Maclntyre, H. L. and Kana, T. M. (1998) A dynamic
regulatory model of phytoplanktonic acclimation to light, nutri-
ents, and temperature. Limnol. Oceanogr., 43, 679–694. https://doi.o
rg/10.4319/lo.1998.43.4.0679.

Guillard, R. R. L. and Ryther, J. H. (1962) Studies of marine planktonic
diatoms. I. Cyclotella nana Hustedt and Detonula confervacea. Can. J.
Microbiol., 8, 229–239. https://doi.org/10.1139/m62-029.

Hansen, H. P. and Koroleff, F. (2007) Determination of nutrients. In
Grasshoff, K., Kremling, K., and Ehrhardt, M. (eds) Methods of Seawa-
ter Analysis. Completely Revised and Extended edn, Wiley Blackwell,
Germany, pp. 159–228.

HELCOM. (2018) State of the Baltic Sea – Second HELCOM Holistic
Assessment 2011–2016, HELCOM – Helsinki Commission, Helsinki.

Henson, S. A., Cael, B. B., Allen, S. R. and Dutkiewicz, S. (2021) Future
phytoplankton diversity in a changing climate. Nat. Commun., 12,
5372. https://doi.org/10.1038/s41467-021-25699-w.

Hernando, M., Schloss, I. R., Malanga, G., Almandoz, G. O., Ferreyra,
G. A., Aguiar, M. B. and Puntarulo, S. (2015) Effects of salinity
changes on coastal Antarctic phytoplankton physiology and assem-
blage composition. J. Exp. Mar. Biol. Ecol., 466, 110–119. https://doi.o
rg/10.1016/j.jembe.2015.02.012.

Hillebrand, H., Steinert, G., Boersma, M., Malzahn, A., Meunier, C.
L., Plum, C. and Ptacnik, R. (2013) Goldman revisited: faster-
growing phytoplankton has lower N : P and lower stoichiometric flex-
ibility. Limnol. Oceanogr., 58, 2076–2088. https://doi.org/10.4319/
lo.2013.58.6.2076.

Huisman, J. and Weissing, F. J. (2001) Fundamental unpredictability
in multispecies competition. Am. Nat., 157, 488–494. https://doi.o
rg/10.1086/319929.

Kassambara, A. and Mundt, F. (2020) Factoextra: Extract and Visualize
the Results of Multivariate Data Analyses. R Package Version 1.0.7.
https://CRAN.R-project.org/package=factoextra.

Kirst, G. O. (1989) Salinity tolerance of eukaryotic marine algae. Annu.
Rev. Ecol. Evol. Syst., 40, 21–53.

Klausmeier, C. A., Litchman, E., Daufresne, T. and Levin, S. A. (2004)
Optimal nitrogen-to-phosphorus stoichiometry of phytoplankton.
Nature, 429, 171–174. https://doi.org/10.1038/nature02454.

Klausmeier, C. A., Litchman, E., Daufresne, T. and Levin, S. A. (2008)
Phytoplankton stoichiometry. Ecol. Res., 23, 479–485. https://doi.o
rg/10.1007/s11284-008-0470-8.

Koistinen, J., Sjöblom, M., and Spilling, K. (2017) Determining inorganic
and organic phosphorus. In Spilling, K. (ed.), Biofuels from Algae.
Methods in Molecular Biology. Springer, New York, NY, pp. 87–94,
https://doi.org/10.1007/7651_2017_104.

Le, S., Josse, J. and Husson, F. (2008) FactoMineR: an R package for mul-
tivariate analysis. J. Stat. Softw., 25, 1–18. https://doi.org/10.18637/
jss.v025.i01.

Lehmann, A., Myrberg, K., Post, P., Chubarenko, I., Dailidiene, I., Hin-
richsen, H.-H., Hüssy, K., Liblik, T. et al. (2022) Salinity dynamics
of the Baltic Sea. Earth Syst. Dynam., 13, 373–392. https://doi.o
rg/10.5194/esd-13-373-2022.

Lionard, M., Muylaert, K., Gansbeke, D. V. and Vyverman, W. (2005)
Influence of changes in salinity and light intensity on growth of phy-
toplankton communities from the Schelde river and estuary (Bel-
gium/The Netherlands). Hydrobiologia, 540, 105–115. https://doi.o
rg/10.1007/s10750-004-7123-x.

Litchman, E. and Klausmeier, C. A. (2001) Competition of phytoplank-
ton under fluctuating light. Am. Nat., 157, 170–187. https://doi.o
rg/10.1086/318628.

Litchman, E., Klausmeier, C. A. and Bossard, P. (2004) Phytoplank-
ton nutrient competition under dynamic light regimes. Limnol.

Oceanogr., 49, 1457–1462. https://doi.org/10.4319/lo.2004.49.4_pa
rt_2.1457.

Lund, J. W. G., Kipling, C. and Le Cren, E. D. (1958) The inverted
microscope method of estimating algal numbers and the statistical
basis of estimations by counting. Hydrobiologia, 11, 143–170. https://
doi.org/10.1007/BF00007865.

Marcarelli, A. M., Wurtsbaugh, W. A. and Griset, O. (2006) Salinity
controls phytoplankton response to nutrient enrichment in the Great
Salt Lake, Utah, USA. Can. J. Fish. Aquat. Sci., 63, 2236–2248. https://
doi.org/10.1139/f06-113.

Martiny, A. C., Pham, C. T. A., Primeau, F. W., Vrugt, J. A., Moore, J. K.,
Levin, S. A. and Lomas, M. W. (2013) Strong latitudinal patterns in the
elemental ratios of marine plankton and organic matter. Nat. Geosci., 6,
279–283. https://doi.org/10.1038/ngeo1757.

Meier, H. E. M., Müller-Karulis, B., Andersson, H. C., Dieterich, C., Eilola,
K., Gustafsson, B. G., Höglund, A., Hordoir, R. et al. (2012) Impact of
climate change on ecological quality indicators and biogeochemical
fluxes in the Baltic Sea: a multi-model ensemble study. Ambio, 41,
558–573. https://doi.org/10.1007/s13280-012-0320-3.

Mohammed, A. A. and Shafea, A. A. (1992) Growth and some metabolic
activities of Scenedesmus obliquus cultivated under different NaCI
concentrations. Biol. Plant., 34, 423–430. https://doi.org/10.1007/
BF02923592.

Moore, L. R., Post, A. F., Rocap, G. and Chisholm, S. W. (2002) Utilization
of different nitrogen sources by the marine cyanobacteria Prochloro-
coccus and Synechococcus. Limnol. Oceanogr., 47, 989–996. https://
doi.org/10.4319/lo.2002.47.4.0989.

Moreno, A. R. and Martiny, A. C. (2018) Ecological stoichiometry
of ocean plankton. Annu. Rev. Mar. Sci., 10, 43–69. https://doi.o
rg/10.1146/annurev-marine-121916-063126.

Olenina, I., Hajdu, S., Edler, L., Andersson, A., Wasmund, N., Busch,
S., Göbel, J., Gromisz, S., et al. (2006) Biovolumes and Size-Classes of
Phytoplankton in the Baltic Sea. HELCOM Balt. Sea Environ. Proc., 144,
1–144.

Olli, K., Ptacnik, R., Klais, R. and Tamminen, T. (2019) Phytoplankton
species richness along coastal and estuarine salinity continua. Am.
Nat., 194, E41–E51. https://doi.org/10.1086/703657.

Olli, K., Tamminen, T. and Ptacnik, R. (2023) Predictable shifts in
diversity and ecosystem function in phytoplankton communities
along coastal salinity continua. Limnol. Oceanogr. Letters, 8, 173–180.
https://doi.org/10.1002/lol2.10242.

Orizar, I. D. S. and Lewandowska, A. M. (2022) Intraspecific trait vari-
ability of a diatom and a dinoflagellate along a salinity gradient. Front.
Mar. Sci., 9, 880309. https://doi.org/10.3389/fmars.2022.880309.

Padisák, J., Soróczki-Pintér, É. and Rezner, Z. (2003) Sinking properties
of some phytoplankton shapes and the relation of form resistance to
morphological diversity of plankton – an experimental study. Hydrobi-
ologia, 500, 243–257. https://doi.org/10.1023/A:1024613001147.

Pages, J. (2002) Analyse factorielle multiple appliquée aux variables qual-
itatives et aux données mixtes. Rev. Statistique Appliquee, L, 5–37.

Parker, S. P., Bowden, W. B. and Flinn, M. B. (2016) The effect of acid
strength and postacidification reaction time on the determination
of chlorophyll a in ethanol extracts of aquatic periphyton. Limnol.
Oceanogr. Methods, 14, 839–852.

R Core Team (2022) R: A Language and Environment for Statistical Com-
puting. Vienna, Austria. https://www.R-project.org/.

Redfield, A. C. (1934) On the proportions of organic derivatives in
sea water and their relation to the composition of plankton. In
Daniel, R. J. (ed) James Johnstone Memorial Volume, University of
Liverpool, England.

Redfield, A. C. (1958) The biological control of chemical factors in the
environment. Am. Sci., 46, 205–221.

Ryabov, A., Kerimoglu, O., Litchman, E., Olenina, I., Roselli, L., Basset,
A., Stanca, E. and Blasius, B. (2021) Shape matters: the relationship
between cell geometry and diversity in phytoplankton. Ecol. Lett., 24,
847–861. https://doi.org/10.1111/ele.13680.

https://doi.org/10.1073/pnas.1423917112
https://doi.org/10.1073/pnas.1423917112
https://doi.org/10.1073/pnas.1423917112
https://doi.org/10.1073/pnas.1423917112
https://doi.org/10.1073/pnas.1423917112
https://doi.org/10.1017/S0967026201003456
https://doi.org/10.1017/S0967026201003456
https://doi.org/10.1017/S0967026201003456
https://doi.org/10.1017/S0967026201003456
https://doi.org/10.4319/lo.1998.43.4.0679
https://doi.org/10.4319/lo.1998.43.4.0679
https://doi.org/10.4319/lo.1998.43.4.0679
https://doi.org/10.4319/lo.1998.43.4.0679
https://doi.org/10.1139/m62-029
https://doi.org/10.1139/m62-029
https://doi.org/10.1139/m62-029
https://doi.org/10.1139/m62-029
https://doi.org/10.1038/s41467-021-25699-w
https://doi.org/10.1038/s41467-021-25699-w
https://doi.org/10.1038/s41467-021-25699-w
https://doi.org/10.1038/s41467-021-25699-w
https://doi.org/10.1038/s41467-021-25699-w
https://doi.org/10.1016/j.jembe.2015.02.012
https://doi.org/10.1016/j.jembe.2015.02.012
https://doi.org/10.1016/j.jembe.2015.02.012
https://doi.org/10.1016/j.jembe.2015.02.012
https://doi.org/10.1016/j.jembe.2015.02.012
https://doi.org/10.1016/j.jembe.2015.02.012
https://doi.org/10.4319/lo.2013.58.6.2076
https://doi.org/10.4319/lo.2013.58.6.2076
https://doi.org/10.4319/lo.2013.58.6.2076
https://doi.org/10.4319/lo.2013.58.6.2076
https://doi.org/10.1086/319929
https://doi.org/10.1086/319929
https://doi.org/10.1086/319929
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://CRAN.R-project.org/package=factoextra
https://doi.org/10.1038/nature02454
https://doi.org/10.1038/nature02454
https://doi.org/10.1038/nature02454
https://doi.org/10.1038/nature02454
https://doi.org/10.1038/nature02454
https://doi.org/10.1038/nature02454
https://doi.org/10.1007/s11284-008-0470-8
https://doi.org/10.1007/s11284-008-0470-8
https://doi.org/10.1007/s11284-008-0470-8
https://doi.org/10.1007/s11284-008-0470-8
https://doi.org/10.1007/7651_2017_104
https://doi.org/10.1007/7651_2017_104
https://doi.org/10.1007/7651_2017_104
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.5194/esd-13-373-2022
https://doi.org/10.5194/esd-13-373-2022
https://doi.org/10.5194/esd-13-373-2022
https://doi.org/10.5194/esd-13-373-2022
https://doi.org/10.1007/s10750-004-7123-x
https://doi.org/10.1007/s10750-004-7123-x
https://doi.org/10.1007/s10750-004-7123-x
https://doi.org/10.1007/s10750-004-7123-x
https://doi.org/10.1007/s10750-004-7123-x
https://doi.org/10.1086/318628
https://doi.org/10.1086/318628
https://doi.org/10.1086/318628
https://doi.org/10.4319/lo.2004.49.4_part_2.1457
https://doi.org/10.4319/lo.2004.49.4_part_2.1457
https://doi.org/10.4319/lo.2004.49.4_part_2.1457
https://doi.org/10.4319/lo.2004.49.4_part_2.1457
https://doi.org/10.4319/lo.2004.49.4_part_2.1457
https://doi.org/10.4319/lo.2004.49.4_part_2.1457
https://doi.org/10.1007/BF00007865
https://doi.org/10.1007/BF00007865
https://doi.org/10.1007/BF00007865
https://doi.org/10.1007/BF00007865
https://doi.org/10.1139/f06-113
https://doi.org/10.1139/f06-113
https://doi.org/10.1139/f06-113
https://doi.org/10.1139/f06-113
https://doi.org/10.1038/ngeo1757
https://doi.org/10.1038/ngeo1757
https://doi.org/10.1038/ngeo1757
https://doi.org/10.1038/ngeo1757
https://doi.org/10.1007/s13280-012-0320-3
https://doi.org/10.1007/s13280-012-0320-3
https://doi.org/10.1007/s13280-012-0320-3
https://doi.org/10.1007/s13280-012-0320-3
https://doi.org/10.1007/BF02923592
https://doi.org/10.1007/BF02923592
https://doi.org/10.1007/BF02923592
https://doi.org/10.1007/BF02923592
https://doi.org/10.4319/lo.2002.47.4.0989
https://doi.org/10.4319/lo.2002.47.4.0989
https://doi.org/10.4319/lo.2002.47.4.0989
https://doi.org/10.4319/lo.2002.47.4.0989
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1146/annurev-marine-121916-063126
https://doi.org/10.1086/703657
https://doi.org/10.1086/703657
https://doi.org/10.1086/703657
https://doi.org/10.1002/lol2.10242
https://doi.org/10.1002/lol2.10242
https://doi.org/10.1002/lol2.10242
https://doi.org/10.1002/lol2.10242
https://doi.org/10.1002/lol2.10242
https://doi.org/10.3389/fmars.2022.880309
https://doi.org/10.3389/fmars.2022.880309
https://doi.org/10.3389/fmars.2022.880309
https://doi.org/10.3389/fmars.2022.880309
https://doi.org/10.3389/fmars.2022.880309
https://doi.org/10.1023/A:1024613001147
https://doi.org/10.1023/A:1024613001147
https://doi.org/10.1023/A:1024613001147
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/ele.13680
https://doi.org/10.1111/ele.13680
https://doi.org/10.1111/ele.13680
https://doi.org/10.1111/ele.13680


I.D.S. Orizar et al. Phytoplankton stoichiometry along the salinity gradient • 397

Sharoni, S. and Halevy, I. (2020) Nutrient ratios in marine partic-
ulate organic matter are predicted by the population structure of
well-adapted phytoplankton. Sci. Adv., 6, eaaw9371. https://doi.o
rg/10.1126/sciadv.aaw9371.

Solorzano, L. and Sharp, J. H. (1980) Determination of total
dissolved phosphorus and particulate phosphorus in natural
waters. Limnol. Oceanogr., 25, 754–758. https://doi.org/10.4319/
lo.1980.25.4.0754.

Sterner, R. W. and Elser, J. J. (2002) Ecological Stoichiometry: The Biology
of Elements from Molecules to the Biosphere, Princeton University Press,
U.S.A.

Sterner, R. W., Elser, J. J., Fee, E. J., Guildford, S. J. and Chrzanowski,
T. H. (1997) The light: nutrient ratio in lakes: the balance of energy
and materials affects ecosystem structure and process. Am. Nat., 150,
663–684. https://doi.org/10.1086/286088.

Striebel, M., Spörl, G. and Stibor, H. (2008) Light-induced changes of
plankton growth and stoichiometry: experiments with natural phyto-
plankton communities. Limnol. Oceanogr., 53, 513–522. https://doi.o
rg/10.4319/lo.2008.53.2.0513.

Tanioka, T. and Matsumoto, K. (2017) Buffering of ocean export produc-
tion by flexible elemental stoichiometry of particulate organic matter:
stoichiometric buffer effect. Glob. Biogeochem. Cycles, 31, 1528–1542.
https://doi.org/10.1002/2017GB005670.

Tanioka, T. and Matsumoto, K. (2020) A meta-analysis on
environmental drivers of marine phytoplankton C : N : P. Bio-
geosciences, 17, 2939–2954. https://doi.org/10.5194/bg-17-2939-20
20.

Toseland, A., Daines, S. J., Clark, J. R., Kirkham, A., Strauss, J., Uhlig, C.,
Lenton, T. M., Valentin, K. et al. (2013) The impact of temperature
on marine phytoplankton resource allocation and metabolism. Nature
Clim. Change, 3, 979–984. https://doi.org/10.1038/nclimate1989.

Utermöhl, H. (1958) Methods of collecting plankton for various pur-
poses are discussed. SIL Communications, 9, 1–38. https://doi.o
rg/10.1080/05384680.1958.11904091.

Velthuis, M., Keuskamp, Joost, A., Bakker, E. S., Boersma, M., Sommer, U.,
Donk, E. and Van De Waal, D. B. (2022) Differential effects of elevated
p CO 2 and warming on marine phytoplankton stoichiometry. Limnol.
Oceanogr., 67, 598–607. https://doi.org/10.1002/lno.12020.

Vuorinen, I., Hänninen, J., Rajasilta, M., Laine, P., Eklund, J., Mon-
tesino-Pouzols, F., Corona, F., Junker, K. et al. (2015) Scenario sim-
ulations of future salinity and ecological consequences in the Baltic
Sea and adjacent North Sea areas–implications for environmental
monitoring. Ecol. Indic., 50, 196–205. https://doi.org/10.1016/j.eco
lind.2014.10.019.

Wickham H. (2016). ggplot2: Elegant Graphics for Data Analysis.
Springer-Verlag New York. ISBN 978-3-319-24277-4, https://ggplo
t2.tidyverse.org.

Yoshiyama, K., Mellard, J. P., Litchman, E. and Klausmeier, C. A. (2009)
Phytoplankton competition for nutrients and light in a stratified water
column. Am. Nat., 174, 190–203. https://doi.org/10.1086/600113.

Yvon-Durocher, G., Schaum, C.-E. and Trimmer, M. (2017) The temper-
ature dependence of phytoplankton stoichiometry: investigating the
roles of species sorting and local adaptation. Front. Microbiol., 8, 2003.
https://doi.org/10.3389/fmicb.2017.02003.

https://doi.org/10.1126/sciadv.aaw9371
https://doi.org/10.1126/sciadv.aaw9371
https://doi.org/10.1126/sciadv.aaw9371
https://doi.org/10.1126/sciadv.aaw9371
https://doi.org/10.1126/sciadv.aaw9371
https://doi.org/10.1126/sciadv.aaw9371
https://doi.org/10.4319/lo.1980.25.4.0754
https://doi.org/10.4319/lo.1980.25.4.0754
https://doi.org/10.4319/lo.1980.25.4.0754
https://doi.org/10.4319/lo.1980.25.4.0754
https://doi.org/10.1086/286088
https://doi.org/10.1086/286088
https://doi.org/10.1086/286088
https://doi.org/10.4319/lo.2008.53.2.0513
https://doi.org/10.4319/lo.2008.53.2.0513
https://doi.org/10.4319/lo.2008.53.2.0513
https://doi.org/10.4319/lo.2008.53.2.0513
https://doi.org/10.1002/2017GB005670
https://doi.org/10.1002/2017GB005670
https://doi.org/10.1002/2017GB005670
https://doi.org/10.1002/2017GB005670
https://doi.org/10.5194/bg-17-2939-2020
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1038/nclimate1989
https://doi.org/10.1080/05384680.1958.11904091
https://doi.org/10.1080/05384680.1958.11904091
https://doi.org/10.1080/05384680.1958.11904091
https://doi.org/10.1002/lno.12020
https://doi.org/10.1002/lno.12020
https://doi.org/10.1002/lno.12020
https://doi.org/10.1002/lno.12020
https://doi.org/10.1016/j.ecolind.2014.10.019
https://doi.org/10.1016/j.ecolind.2014.10.019
https://doi.org/10.1016/j.ecolind.2014.10.019
https://doi.org/10.1016/j.ecolind.2014.10.019
https://doi.org/10.1016/j.ecolind.2014.10.019
https://doi.org/10.1016/j.ecolind.2014.10.019
https://doi.org/10.1016/j.ecolind.2014.10.019
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1086/600113
https://doi.org/10.1086/600113
https://doi.org/10.1086/600113
https://doi.org/10.3389/fmicb.2017.02003
https://doi.org/10.3389/fmicb.2017.02003
https://doi.org/10.3389/fmicb.2017.02003
https://doi.org/10.3389/fmicb.2017.02003
https://doi.org/10.3389/fmicb.2017.02003

	 Phytoplankton stoichiometry along the salinity gradient under limited nutrient and light supply
	INTRODUCTION
	MATERIALS AND METHOD
	RESULTS
	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	Funding
	Data availability statement
	References


