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ABSTRACT

The concentrations of ambient nutrients and dissolved organic carbon (DOC) in northern coastal ecosystems
often show large variations, due to the spatiotemporal differences in terrestial inputs. How these variations affect
the stoichiometry of coastal planktonic organisms is, however, poorly known. Here we assessed the spatiotem-
poral variability of C, nitrogen (N), and phosphorous (P) concentrations of the seawater on the elemental stoi-
chiometry of seston and dominant mesozooplankton taxa in a coastal area of the northern Baltic Sea. The
freshwater inflow peaked in spring following the snowmelt and brought a significant amount of DOC, but not N
and P to the coastal system. DOC was the main environmental descriptor for seston C:N stoichiometry. The C:N
ratio of seston from 0.7 to 50 pm and mesozooplankton followed the temporal pattern of water C:N ratio, while
the temporal trend of bacteria C:N showed an opposite pattern. Our results also indicated that the C:N ratio of
seawater controlled both seston and mesozooplankton C:N ratios. Our findings imply that inflows of terrestrial
DOC alter the stoichiometry and reduce the nutritional quality of planktonic food webs in northern coastal

ecosystems.

1. Introduction

Coastal ecosystems connect land with the open ocean, and provide
important habitats for diverse organisms. In northern Europe, the
coastal ecosystems are increasingly threatened by climate change which
is expected to result in more precipitation in the region within the next
hundred years, followed by concomitant increases in freshwater input to
the estuaries (Kjellstrom and Ruosteenoja, 2007; Andersson et al. 2015;
Reusch et al. 2018). Consequently, larger amounts of colored terrestrial
organic matter and nutrients (such as inorganic and organic nitrogen (N)
and phosphorus (P)) could be transported from land to coastal waters,
which will alter the physicochemical environment and potentially affect
the ecological interactions, basal production and therefore ecosystem
functions (Walve and Larsson, 2010; Stenzel et al., 2017; Moreno and
Martiny, 2018).

The carbon (C), N and P concentrations are generally more variable
in coastal waters than in the open ocean (Klausmeler et al., 2004; Sar-
dans et al. 2012), due to the dual influence from land and offshore water.

* Corresponding author.

In northern Europe, the largest freshwater inflow usually occurs in
spring when the snowmelt creates large floods to the coastal areas. In
comparison to the offshore water, the freshwater inflow is usually
browner and richer in terrestrial dissolved organic carbon (DOC) (Bauer
etal., 2013; Reader et al. 2014; Harvey et al. 2015) instead of N and/or P
(Stepanauskas et al. 2002; Fleming-Lehtinen et al. 2015), thus it can
potentially change the water C:N:P ratios in the estuaries.

Changes in elemental stoichiometry of the water can affect the
structure at the base of the coastal pelagic food web, i.e. seston (Walve
and Larsson, 2010; Stenzel et al. 2017; Moreno and Martiny, 2018).
Heterotrophic bacteria and phytoplankton are major seston components
that differ in size, C sources, and metabolic and nutrient demands, thus
they potentially respond to the stoichiometric changes in water differ-
ently (Elser et al. 2002; Kendrick and Benstead, 2013; Yvon-Durocher
et al. 2017). Bacteria are generally considered as N-rich and have C:N
ratios between 5:1 and 7:1 (Cotner et al. 2010), while phytoplankton
stoichiometry is thought to be more variable (Klausmeier et al. 2008).
Also, with increases in inputs of terrestrial DOC, the production of
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heterotrophic bacteria may be favored since they can utilize DOC for
maintenance, energy and growth (Cotner et al. 2010; Wikner and
Andersson, 2012). However, the stoichiometric changes of bacteria and
phytoplankton in response to changes in DOC and ambient nutrient
concentrations in these ecosystems have not been explored. This
knowledge gap hinders our understanding of the climate-change con-
sequences for dietary stoichiometric constraints of zooplankton, which
are the key prey of fish.

Alterations in the elemental composition of bacteria and phyto-
plankton caused by increased DOC inputs can potentially influence the
stoichiometry of zooplankton. Consumers (e.g. zooplankton) can
generally maintain relatively stable elemental stoichiometry, i.e. ho-
meostasis (Sterner and Elser, 2002; Persson et al. 2010). This means that
the variability of C:N:P ratios in the diet has little effect on the stoichi-
ometry of consumers within species (Andersen and Hessen, 1991;
McManamay et al. 2011). However, the stoichiometry of different
consumers can differ, for example, cladocerans have generally lower N:P
and C:P ratios than copepods (Sterner and Elser, 2002). Therefore, al-
terations in the seston stoichiometry could influence the abundance of
different zooplankton species (Van De Waal et al. 2010; Meunier et al.
2016). In northern aquatic ecosystems, copepods and cladocerans are
common mesozooplankton taxa (Johansson et al. 2004). Copepods are
N-dependent and able to selectively feed on large phytoplankton (<80
pm), while cladocerans are relatively P-rich and opportunistic filter
feeders on the smaller seston size fractions (<30 pm) that contain mainly
small phytoplankton (Sommer and Sommer, 2006). Cladocerans also
feed more on flocculated DOC than do copepods when DOC is increas-
ingly available (Tanentzap et al. 2017). It is likely that the elemental
composition of cladocerans and copepods is affected differently by the
stoichiometry of their prey and the DOC availability. Increases in DOC
inputs will potentially increase the C:nutrient ratios of meso-
zooplankton, i.e. lower their food quality for fish, and the effects on the
stoichiometry of cladocerans are expected to be stronger than those of
copepods in northern coastal ecosystems. However, these effects are yet
to be verified.

In this study, we used coastal sites of the northern Baltic Sea as the
study systems. The Baltic Sea is one of the largest brackish water systems
in the world. The northernmost Baltic Sea is generally nutrient poor
(Andersson et al., 1996), and hence, altered nutrient inputs from adja-
cent landscapes resulting from anthropogenic activities and
climate-driven processes are likely to affect the structure and function of
the coastal ecosystems there. Our knowledge of how fluctuations in
coastal physicochemical characteristics will affect organism stoichiom-
etry is necessary before we can quantify the impacts of environmental
pressures. Thus, we assessed the effects of spatial and temporal changes
in the physicochemical environment, especially in the concentrations of
DOC and ambient nutrients, on plankton stoichiometry in four bays of
the northern Baltic Sea, which receive varying amounts of freshwater
from relatively undisturbed catchments. We aimed to answer how
fluctuations in water physicochemical characteristics, especially its
elemental stoichiometry, will affect the seston and zooplankton stoi-
chiometry in these coastal ecosystems.

2. Methods
2.1. Study bays and approach

Four bays in the northern Baltic Sea were sampled monthly from May
to September 2018; Angerén (63°34.400N, 19°50.666E), Kalvarsskatan
(63°36.072N, 19°53.140E), Stadsviken (63°33.026N, 19°47.647E), and
Valviken (63°32.468N, 19°46.725E) (Fig. S1). These bays received
variable amounts of freshwater inflow particularly in spring (Fig. S2).
Samples for all variables were collected at a station with a water depth of
3 m. Stadsviken and Valviken were not sampled in May due to logistic
reasons.
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2.2. Physiochemical characteristics

Salinity and water temperature were measured at 0.5 m below sur-
face with a WTW ProfiLine Cond 3110 conductivity-meter. For chemical
measurements, water samples were collected at 0.5 m depth and filtered
through Supor membrane syringe filters (0.2 pm pore size, non-
pyrogenic, Acrodisc®, Pall). Concentrations of dissolved inorganic
phosphorus (DIP, i.e. phosphate PO4) and dissolved inorganic nitrogen
(DIN, i.e. nitrate, nitrite and ammonium) of the samples were analyzed
using the Seal QuAAtro39 auto-analyzer (Grasshoff et al. 1999). Samples
for total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP)
were analyzed in the same way as the DIN after an oxidation step using
peroxodisulphate. The dissolved organic nitrogen (DON) or phosphorus
(DOP) concentrations were determined by subtracting DIN or DIP from
TDN or TDP. Water samples for DOC concentration measurements were
acidified (18 mM HCI, final concentration) and analyzed using a Shi-
madzu TOC-5000.

2.3. Primary production

Primary production rates were measured using the *C uptake
method (Gargas, 1975) at 0.5, 1.5 and 2.5 m depth. For each depth, 20
ml of seawater were placed in four glass vials (three light and one dark)
and incubated in situ at their sampling depth with NaH'#CO5 (activity
100 pCi ml~!, DHI lab products, Denmark) at a final concentration of
0.1 pCi ml™! for a minimum of 4 h. After incubation, 5 ml of each sample
were transferred to a scintillation vial and gently bubbled with 300 pl of
6 M HCI for 30 mins. Subsequently, 15 ml of Optiphase HiSafe 3 scin-
tillation fluid were added, and samples were measured in a PerkinElmer
TriCarb 2910 TR scintillation counter. Dissolved inorganic carbon was
calculated based on temperature and salinity according to Gargas
(1975). Daily net primary production was calculated using the “light
factor method” as described in Gargas (1975) and Andersson et al.
(1996).

2.4. Seston and mesozooplankton stoichiometry

At each bay, approximately 1 1 of water from 0.5 m depth was filtered
onto glass-fiber filters of different pore sizes to collect four size fractions
of seston: 0.3-0.7 pm, 0.7-10 pm, 10-50 pm and >50 pm (hereafter Size
1, Size 2, Size 3 and Size 4, respectively) (Table S1). Size 1 mainly
consisted of heterotrophic bacterioplankton, Size 2 comprised pico- and
nano-phytoplankton and heterotrophic nanoflagellates, and Size 3
contained large nano-phytoplankton, microphytoplankton, ciliates and
rotifers. Larger microphytoplankton dominated in Size 4, where larger
grazers (e.g. copepods) could also occasionally be present (Tables S1 and
S3). Flocculated terrestrial DOC might be present in all seston classes
(Bauer and Bianchi, 2012). In previous studies, most of the filtration
methods for natural bacterial assemblages used a size range from 0.7 to
1.0 pm (Makino et al. 2003; Cotner et al. 2010; Hall et al. 2011; Scott
et al. 2012; Stenzel et al. 2017). However, since the 0.7-1.0 pm size
fraction contained not only bacteria but also small picophytoplankton
(Table S1), we used the seston size fraction 0.3-0.7 pm to represent
mainly bacteria. To our knowledge, this smaller seston size class has not
been assessed in marine ecosystems, and thus its importance for the
stoichiometry of overall seston and mesozooplankton remains unknown.

Mesozooplankton samples were collected using a plankton net of 90
(May—June) or 200 pm mesh size (July—September). These mesh sizes
were judged most suitable for the sampling occasions, i.e. smaller
mesozooplankton were dominant in the spring while larger meso-
zooplankton became abundant in summer. The collected meso-
zooplankton samples were first starved at 4 °C in 0.2 pm filtered
seawater overnight to empty their guts before sorting individual taxa.
The abundant mesozooplankton taxa, each constituting >10% of total
mesozooplankton abundance in each bay, were sorted under a stereo-
microscope. Individuals of the same taxon were pooled to ensure
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sufficient materials for the stoichiometric analyses. Overall, the
analyzed mesozooplankton genera included two copepods (Acartia sp.
(Acartiidae) and Eurytemora sp. (Temoridae)) and three cladocerans
(Bosmina sp. (Bosminidae), Podon sp. (Podonidae) and Evadne sp.
(Podonidae)) (Table S3). All mesozooplankton samples were then
freeze-dried.

The mesozooplankton samples of approximately 1.0 mg dry mass
and the filter samples of different seston size fractions were packed into
tin capsules (Santis Analytical, Teufen Switzerland). They were then
analyzed for their C and N content using an elemental analyzer (PDZ
Europa ANCA-GSL; Sercon Limited, Cheshire, UK) at the University of
California Davis Stable Isotope Facility (U.S.A.). The P content of mes-
ozooplankton and seston was quantified using the ash-hydrolysis
method (Solorzano and Sharp, 1980).

2.5. Statistical analyses

All stoichiometric ratios (C:N, C:P and N:P) of the water, seston
fractions and mesozooplankton are molar ratios. The water C:N:P ratios
were calculated based on the concentrations of DOC, TDN, and TDP in
the water samples. Principal component analysis (PCA) was used to
analyze the spatial and temporal patterns of the physicochemical char-
acteristics and primary production of the bays.

We calculated the relative C, N, and P mass content of different size
fractions to evaluate the seston size composition. Two-way ANOVA was
used to analyze the spatial and temporal differences in C:N:P ratios of
seston and mesozooplankton, using bay and month, from June to
September, as fixed factors. The May samples were excluded because of
the unbalanced number of observations for each bay. Due to the lack of
sample replicates, we did not include the interaction between bay and
month in the ANOVA. To compare the differences of C:N:P ratios be-
tween two major mesozooplankton groups, copepods and cladocerans, a
paired t-test from May to September was performed by using the stoi-
chiometric ratios of copepods and cladocerans.

We identified the environmental descriptors for the stoichiometry of
individual seston size fractions using redundancy analyses (RDA).
Separate RDA were conducted for seston C:N, C:P, and N:P. Prior to the
RDA, we examined the correlations between the environmental data (i.
e. physicochemical characteristics and primary production of the bays),
as RDA is sensitive to multicollinearity of explanatory variables (Dor-
mann et al. 2013). Some highly correlated environmental variables
(when the Pearson’s r > 0.7) were removed to avoid overfitting the RDA
models. For example, primary production was strongly correlated with
DOC (r = 0.7) and therefore not included in the RDA. The RDA
model-building procedure started from the unconstrained model, i.e.
without any environmental variable, and used stepwise forward selec-
tion based on the Akaike’s information criterion to select the best model.
Permutation tests were used to assess whether the explanatory envi-
ronmental variables, i.e. constraints, were significant (p < 0.05) at each
step when a constraint was added. The RDA with forward selection
showed that no environment variables could significantly explain the
seston C:P and N:P ratios. Therefore, the RDA results of only seston C:N
were presented.

To explore the relationship between the C:N ratios of 1) water and
seston, and 2) seston and individual mesozooplankton groups, i.e. co-
pepods and cladocerans, we used a combination of Size 2 and Size 3 to
represent seston, as these size fractions were most dominant in seston.
Four regression models (up to order 4 polynomial regression) were
evaluated, and the linear models were selected as the best models in all
regression analyses based on the F-test (analysis of variance). Tthe
nonlinear, polynomial models were not significantly different from the
linear model p > 0.05, therefore, the simpliest model was selected. The
significant relationships between seston C:N and zooplankton C:N (the
whole mesozooplankton group as one) was also evaluated using partial
correlation to assess whether the relationships was controlled by the
water C:N.
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Data were In-transformed to approximate normal distribution for all
regressions, PCA, ANOVA, and RDA. All variables used in PCA and RDA
were also Z-score standardized. The autocorrelation was not analyzed
for individual sites before the PCA because of the limited number of time
points, i.e. five months. All statistical analyses were conducted using R
version 3.5.2 (R Core Team, 2019). We used the “vegan” package
(Oksanen et al. 2020) for PCA and RDA. The significance level was set at
a = 0.05.

3. Results
3.1. Temporal and spatial variation of physicochemical variables

The physicochemical variables showed larger temporal than spatial
variation among the study bays. In May, the water temperature was
10-12°C (Fig. 1a), while maximum values of 20-23 °C were observed in
July. The temperature then dropped to below 16 °C in September. The
salinity of Anger&n and Kalvarsskatan was ca. 2.5 in May and increased
to ca. 4 in later months (Fig. 1b). Primary production was highest in
May, decreased during the summer and was generally lowest in August,
and then increased slightly again in September (Fig. 1¢). Contrary to the
temporal trend of salinity, DOC concentrations were substantially higher
in May than in the subsequent sampling months (Fig. 1d). This was likely
a consequence of the spring flood after the snowmelt, which had
transported substantial amounts of terrestrial DOC into the bays
(Fig. S2). During the spring flood, the DOC concentrations of the bays
reached ca. 6 mg C 17}, while during summer they dropped to ca. 4 mg C
171, The dissolved inorganic nitrogen (DIN) concentration was the
lowest in August (Fig. 1le). The dissolved organic nitrogen (DON) con-
centration reduced from May to June but then increased to higher levels
again in July-September (Fig. 1f). Phosphate concentrations remained
low (<1 pg P 1I7!) throughout the whole study period (Fig. 1g). The
dissolved organic phorsphrus (DOP) concentration was the lowest in
May and increased afterward, which may suggest that the high fresh-
water inflow in spring did not contribute to DOP loads in the coastal area
(Fig. 1h).

Principal component analysis (PCA) showed a clear spatiotemporal
pattern of the environmental conditions in the study bays, where the
first two axes together explained 58.1% of the total variance (Fig. 2).
The first axis was negatively correlated to DOC and primary production,
and positively correlated to DOP and salinity. Along this axis, the May
samples were separated from the August-September samples, and the
June-July samples appeared as an intermediate group. The second axis
was positively correlated with DIN and POy, and negatively correlated
with temperature. The June and July samples were mainly separated on
this axis. Overall, the PCA results confirmed that the temporal variation
was larger than the spatial variation of environmental variables in the
bays, i.e. the samples from different bays were not clearly separated in
the PCA.

3.2. Stoichiometry of water, seston and mesozooplankton

The C:N:P ratios of water, all individual seston size fractions (Size 1:
0.3-0.7 pm, bacteria dominated; Size 2: 0.7-10 pm, dominated by pico-
and nanoplankton; Size 3: 10-50 pm, dominated by nano-
microplankton; and Size 4: >50 pm, dominated by larger micro-
plankton; see details in Table S1 (Olenina et al. 2006; Telesh et al. 2009),
and the mesozooplankton groups generally did not differ between bays,
except that the C:P ratio of Size 4 and cladocerans differed between bays
(Table 1). However, there were temporal differences in C:N ratios of
water, Size 2 seston and copepods, and in the C:P ratio of cladocerans
among sampling months from June to September (Table 1). The C:N
ratios of water and copepods decreased over the study period (Fig. 3). A
similar but statistically non-significant decreasing trend in C:N ratios
over time was observed for cladocerans (Table 1; Fig. 3). Similarly, the
C:N ratios of Size 2 seston was the highest in spring (May-June), and
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Fig. 1. Temporal variation of potentially explanatory variables in the study bays. a) temperature, b) salinity, ¢) primary production (PP), d) dissolved organic carbon
(DOQ), e) dissolved inorganic nitrogen (DIN), f) dissolved organic nitrogen (DON), g) dissolved inorganic phosphorus, i.e. PO4, and h) dissolved organic phos-

phorus (DOP).

then decreased in summer (July-September). A similar temporal pattern
was observed for Size 3 and Size 4 seston (Table S2; Fig. 3), but it was not
statistically significant (Table 1). In contrast to the C:N patterns found in
other seston fractions, the C:N ratio of Size 1 seston, i.e. bacteria, showed
a trend to increase from May to September, although the temporal dif-
ferences in C:N of Size 1 seston were not significant (Table 1). The C:N
ratios were generally higher in water than in seston and meso-
zooplankton (Fig. 3), and those of seston tended to decrease from the
smallest to the largest size fraction, with Size 2 and Size 3 seston having

similar values. The C:N ratio of Size 4 seston was relatively similar to
that of mesozooplankton (Fig. 3). The C:N ratios of water and Size 1-3
seston were higher than the Redfield ratio (7), but those of Size 4 seston
and mesozooplankton were similar to or below the Redfield ratio.

The C:P ratios were generally much higher in the water than in seston
and mesozooplankton (Fig. 3). Significant temporal differences in C:P
were observed for cladocerans, but not for water, seston, and copepods
(Table 1). The C:P ratios of all seston fractions and mesozooplankton
groups were similar to the Redfield ratio (106; Fig. 3). The C:P ratio of
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Table 1

Summary of two-way ANOVAs of temporal (between month) and spatial (be-
tween bays) effects on water, seston and mesozooplankton stoichiometry at the
study bays in June-September 2018. Signifcant diferences at p value * < 0.05, **
< 0.01 and *** <

Between Month Between Bay

F p F p
Seawater CN 13.280 0.001** 0.477 0.706
C:P 1.206 0.362 0.454 0.721
N:P 0.358 0.785 0.344 0.794
Size 1 CN 0.129 0.941 0.700 0.575
C:P 3.377 0.068 1.591 0.259
N:P 3.049 1.352 0.318
Size 2 CN 33.887 1.421 0.299
C:P 1.215 0.359 0.910 0.474
N:P 0.592 0.636 0.811 0.519
Size 3 C:N 0.555 0.659 0.443 0.729
C:P 0.405 0.754 0.305 0.822
N:P 0.329 0.805 0.050 0.984
Size 4 C:N 2.044 0.209 0.459 0.721
C:P 8.707 0.105 42.859 0.023*
N:P 0.112 0.949 2.006 0.255
Copepods C:N 8.292 0.015* 1.319 0.352
C:P 2.190 0.190 1.042 0.439
N:P 2.514 0.155 1.002 0.454
Cladocerans C:N 1.607 0.406 1.382 0.420
C:P 30.950 0.032* 49.38 0.020*
N:P 8.948 0.102 17.645 0.054

Size 1 seston increased over time and was higher in September than in
earlier months, but this was not statistically significant (Table 1; Fig. 3).
The differences in C:P ratios between Size 1 and Size 2 or Size 3 seston
were generally larger in spring than in summer (Table S2).

No significant temporal difference in N:P ratio was detected in water,
seston and mesozooplankton (Table 1; Fig. 3), and there was no
consistent temporal trend in N:P among seston size fractions (Fig. 3).
The N:P ratios were higher in water than in seston and mesozooplankton
(Fig. 3). Size 3 and Size 4 seston had larger variability in N:P than did
Size 1 and Size 2 seston. The N:P of Size 1 seston remained much lower
than the Redfield ratio (16) from May to September (Fig. 3), possibly
because the bacteria fraction was deficient in N and/or rich in P
(Fig. S3).

The relative C, N and P content of individual seston size fractions
varied over time (Fig. S3). Size 2 seston fraction was the most dominant
in all months. It had higher C, N and P relative content than did any of
the other seston size fractions, reflecting that its biomass was also higher
(Fig. S3). Its dominance in seston C and N gradually increased from May

to September. Its contribution to overall seston P was also high, but more
variable in the study period (Fig. S3). These results suggest that small
phytoplankton (<10 pm) were the most abundant basal resource in the
pelagic food web. The contribution of Size 3 to overall seston C and N
was high in May but decreased in the later months. In contrast, the
contribution of Size 1 to overall seston C, N and P increased from May to
September.

Overall, cladocerans generally had higher C:N ratios than did co-
pepods (Table 2 & S4; Fig. 3). The C:N, C:P and N:P ratios of all meso-
zooplankton taxa were close to or below the Redfield ratios (Fig. S4).
The variability of C:P and N:P ratios of individual mesozooplankton
group were larger than that of the C:N ratio.

3.3. Environmental descriptors for seston and mesozooplankton
stoichiometry

Results of the redundancy analysis (RDA) showed that 79.7% of the
total variance in seston C:N ratios was explained by the first two axes of
the constrained model, in which DOC, water temperature and phosphate
were identified as significant environmental descriptors (Fig. 4). The C:
N ratios of Size 2, Size 3, and Size 4 seston increased with increasing
DOC concentration and decreasing water temperature in the bays. The
C:N ratio of Size 1 seston increased with decreasing phosphate con-
centration, however, this relationship was mainly driven by an extreme
value of phosphate concentration in July. Overall, the spatial variation
(among-bays ordination distance) was smaller in June than in other
months (Fig. 4). No significant RDA models were found for seston C:P
and N:P.

The seston C:N (Size 2 and 3) showed a strong positive linear rela-
tionship with the water C:N (Fig. 5a). The C:N ratios of both copepods
and cladocerans increased with increasing seston C:N (Fig. 5b). How-
ever, the partial correlation analysis indicated that the mesozooplankton
C:N was not correlated with the seston C:N (r = 0.533, p = 0.061) after
controlling the effect of water C:N. This result indicated that the changes
in both seston and zooplankton C:N were mainly caused by changes in
the water C:N.

4. Discussion

Our results showed that the temporal variation in elemental stoi-
chiometry of coastal water, seston and zooplankton was more pro-
nounced than the spatial variation, with the largest temporal changes
generally occurring during the transition from spring to summer (i.e.
from May to July). The stoichiometry of coastal water was highly
influenced by freshwater and terrestrial organic matter inputs in spring,
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Fig. 3. Temporal variation of C:N, C:P and N:P ratios in water, seston size fractions 1-4 and mesozooplankton (copepods and cladocerans). All the data are In-
transformed and the average values for the 4 bays are presented. Error bars represent standard error. Dashed horizontal lines show the Redfield ratios.

Table 2

Paired t-test comparing copepods and cladocerans stoichiometry at the study
bays in May-September 2018. Signifcant diferences at p value * < 0.05, ** <
0.01 and *** < 0.001.

Ratio Between Group
t p
C:N —6.701 <0.001 ***
C:P -1.620 0.144
N:P —0.488 0.638

during which the DOC concentrations in the bays also increased. Cor-
responding to the larger DOC inputs in May-June, the C:N and C:P ratios
of seston (particularly Size 3 and Size 4) and zooplankton were also
higher, suggesting that the water stoichiometry influenced the seston
and zooplankton stoichiometry. DOC was the main descriptor of changes
in seston C:N stoichiometry. Zooplankton stoichiometry also changed
most drastically in the spring-summer transition, although the C:N:P
ratios of zooplankton were less variable than those of seston. The C:N
stoichiometry of both seston and zooplankton was determined by that of
water, as the relationships between seston C:N and mesozooplankton C:
N were not significant after controlling the effect of water C:N. Our
findings imply that increases in inputs of DOC will likely result in lower

nutritional quality (i.e. higher C:N) of crustacean zooplankton, which
may have repercussions for the pelagic food web and fish production.

In the coastal areas of the northern Baltic Sea, the DOC concentration
in the seawater is strongly affected by the increased terrestrial inputs
from nearby landscapes during the snowmelt in spring (i.e. May)
(Reader et al. 2014). Our results showed that the increased inputs of
terrestrial DOC to the bays in spring had strong effects on water and
seston C:nutrient ratios. As the supply of terrestrial DOC is expected to
increase in the future due to increased precipitation and higher tem-
perature (Larsen et al.,, 2011; Andersson et al.,, 2015), and as the
catchments inputs to the northern Baltic Sea coast are already P-poor
(Andersson et al. 1996; Stepanauskas et al. 2002, 2008; Tamminen and
Andersen, 2007; Liu et al. 2017; Voss et al. 2021), our results imply that
climatic changes will lead to increased C:nutrient ratios in the coastal
planktonic food webs, and the coastal ecosystems in the northern Baltic
Sea may become more P-limited in the future.

The stoichiometric responses of seston to temporal changes were size
specific. The temporal variability in C:N:P ratios of the bacterial fraction
(Size 1) were constrained within a relatively small range, while the other
size fractions of seston were more variable, especially in their C:P and N:
P ratios. The larger seston fractions (Size 2-4) were predominant and
had higher C:N ratios than the Redfield ratio in May, and their C:N ratios
became close to the Redfield ratio in autumn. These results could have
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selection was 0.52. CN1 to CN4 are the C:N ratios of specific seston size frac-
tions (e.g., CN1 is the C:N ratio for Size 1 seston).

been due to the temporal differences in the taxonomic composition of
seston, as not only autotrophs but also heterotrophs and mixotrophs
composed Size 2-4 seston (Table S1), and the largest change of seston
size classes occurred from May to June. In May, Size 2 and Size 3 seston
together represented more than 90% of the overall seston C biomass
(Fig. S1), but in later months the Size 2 seston became increasingly
dominant. Our data showed that primary production decreased from
spring to autumn. Autotrophic organisms have been shown to dominate
the coastal seston biomass in the Baltic Sea in spring, while autotrophic
and heterotrophic organisms have similar biomass during autumn
(Andersson and Rudehall, 1993). In comparison to the autotrophs, the
heterotrophic organisms have generally lower C:N ratios (Sterner and
Elser, 2002). When the proportion of heterotrophic organisms increased
in Size 24 seston, the C:N ratios of these seston fractions were likely
reduced concomitantly, indicating the importance of community
composition to the stoichiometry of different seston size fractions.

In this study, the C:N ratios of Size 1 seston (bacterial fraction) were
ca. 15:1 on average, much higher than the commonly reported ratio for
natural bacterial assemblages (ca. 5:1 to 7:1) (Elser et al. 1995; Cotner
et al. 2010; Zimmerman et al. 2014; Stenzel et al. 2017). Such high C:N
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ratio of bacteria may indicate that the bacterial community was rela-
tively deficient in N, although bacteria in the study area have been
shown to be either C- or P-limited based on nutrient addition experi-
ments (Zweifel et al. 1993). Another possible explanation is that we
measured bacterial stoichiometry using a size fraction different from
that in previous studies where bacterial stoichiometry was usually
analyzed using the seston size 0.7-1 pm. However, in natural seawater,
the size range 0.7-1 pm commonly contains mostly picophytoplankton
(generally 0.5-2 pm) and possibly makes such stoichiometric measure-
ments not specific for bacteria. In this study, we analyzed the elemental
composition of bacteria by using the seston size range 0.3-0.7 pm (i.e.
Size 1), which had excluded most picophytoplankton and likely better
represented the heterotrophic bacterial community. In contrast to seston
Size 24, the C:N ratio of Size 1 seston, tended to increase from spring to
autumn and did not directly reflect the changes in the water C:N. During
the spring flood, the lower bacterial C:N ratio may be mainly due to 1)
the competitive advantage of bacteria in taking up N over phyto-
plankton and 2) bacteria taking advantage of the exudates produced by
the phytoplankton spring bloom. Nevertheless, our temporal C:N data of
Size 1 seston suggest that bacteria are possibly not N-rich as previously
proposed (Cotner et al. 2010).

Our data did not support that mesozooplankton stoichiometry is
strictly homeostatic. The C:N ratios of copepods and cladocerans, at both
group and genus levels, followed the seston C:N pattern caused by the
temporal changes in water C:N ratio. The relationships between C:N
ratios of Size 2-3 seston (i.e. the most dominant seston size classes) and
mesozooplankton were especially strong. Also, the C:N ratio of cladoc-
erans was generally higher than that of copepods. This could be due to
the higher N demand of copepods (Sommer and Sommer, 2006). Our
results are in line with the findings of Walve and Larsson (1999) which
showed that cladocerans have a higher C:N ratio than copepods in the
Baltic Sea, and that copepods have a more stable C and N content. The
stoichiometric differences between copepods and cladocerans might
result from their different feeding modes: copepods are selective feeders
of relatively large nano-and microplankton, while cladocerans are
opportunistic filter feeders that prefer small pico- and nanoplankton
below 20 pm (Sommer and Sommer, 2006; Herstoff et al. 2019). Also,
the less selective feeding of cladocerans could have led to their greater
use of flocculated DOC than did the copepods (Tanentzap et al. 2017),
leading to the high C:N of cladocerans. Even though there is a prey-size
overlap among copepods and cladocerans, the Size 2 seston was
potentially a more important food source for cladocerans, while Size 3
seston was more favorable for copepods. The C:N ratios of both co-
pepods and cladocerans were elevated in spring, likely caused by the
concurrent increases in C:N ratios of their major diet (seston Size 2 and
Size 3). These results imply that Size 2-3 seston had relatively lower
food quality for zooplankton in spring than in summer. Therefore,
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Fig. 5. A hypothesized flow chart of elemental stoichiometry from water to mesozooplankton, with the linear relationships between a) water and seston C:N ratios,
and b) seston and mesozooplankton (copepods and cladocerans) C:N ratios from the study bays in May-September 2018. Seston C:N ratios used for this flow chart
were from the main mesozooplankton prey fractions: Size 2 and Size 3 seston. All data were In-transformed.
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increasing inputs of DOC to the coastal waters might consequently
reduce the overall food quality of mesozooplankton for their predators.

The environmental conditions of the study bays were unexpectedly
homogeneous, possibly because precipitation was unusually low
compared to the same period in previous years. Yet, after excluding the
May samples in the RDA, DOC still was the main descriptor for C:N ratios
of larger seston fractions (Size 2-4). The C:N ratio of Size 1 seston
(bacterial fraction) was not correlated with DOC but instead weakly
correlated with water temperature in the study area. Earlier study
(Cotner et al. 2006) showed that increasing temperature could led to
increased cellular C and N content of bacteria resulting in minor varia-
tion of their C:N ratio.The low temporal variability of the C:N ratio of
Size 1 seston indicated a certain degree of homeostasis in bacteria
compared to the larger seston size groups, and that terrestrial DOC in-
flows to the study bays had weaker effects on C:N ratios of bacteria than
those of the larger seston fractions. Overall, the seston and meso-
zooplankton C:N ratios were not affected by variations of N but rather of
DOC, whose concentrations in the bays were dependent on the temporal
changes in terrestrial inflow. Altogether, our results suggest that DOC is
important in affecting the seston and mesozooplankton C:N stoichiom-
etry regardless of the magnitude of freshwater inflow and terrestrial
organic matter inputs in the nutrient-deficient coastal areas of the
northern Baltic Sea. Increasing DOC concentration in the coastal area
would impose stronger effects on C:N ratios of larger seston fractions
than the bacteria, and will likely result in higher C:N ratios of larger
seston.

5. Conclusion

The high DOC concentration after the spring flood was found to alter
the C:N ratio in the coastal water, which in turn affected the stoichi-
ometry of seston and mesozooplankton. DOC was the main descriptor
for the stoichiometry of seston especially the larger size fractions, i.e. >
0.7 pm. Copepods generally had a lower C:N ratio than cladocerans, but
both copepods and cladocerans showed similar temporal changes in C:N
as the water and the >0.7 pm seston. Knowledge on stoichiometric
changes of individual seston size fractions is important for understand-
ing the impacts of environmental stressors on the zooplankton stoichi-
ometry. Climate change-induced increases in precipitation and inflow of
freshwater and DOC would possibly increase the C:N ratios of the
planktonic food chains in northern coastal ecosystems, which in turn
might affect the quality and production of higher trophic levels.
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