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ABSTRACT: Phytoplankton are the major primary producers in the pelagic system. They greatly
influence biogeochemical cycles but little is known about the importance of shifting phytoplank-
ton community composition for carbon dynamics. This study investigates the impact of seasonal
changes in coastal phytoplankton communities on pelagic carbon fluxes. A field sampling cam-
paign, covering an annual cycle in primary production, was conducted to assess the seasonal
changes of phytoplankton communities and relevant organic carbon parameters in the coastal
Baltic Sea. The monitoring frequency ranged from 1 to 3 wk, adapted to match the seasonal phyto-
plankton blooms. In addition, sediment traps were deployed to determine the particulate carbon
and nutrient export to the seafloor in every season. We found that the phytoplankton biomass dur-
ing the spring bloom was as high as 550 pg C 17! and was dominated by diatom species (88 % of total
phytoplankton biomass). In comparison, the more species-rich summer bloom reached a combined
maximum biomass of 236 pg C 1=, However, the highest export flux of particulate organic carbon
was found in the middle of August (561 mmol C m~2d~!) and, not as expected, around the spring
bloom in May (226 mmol C m~2 d~!), suggesting a high potential for carbon recycling within the
pelagic food web rather than being exported to the seafloor or advected laterally. Our study
emphasizes the importance of keystone species and diversity for carbon transport processes in
marine coastal ecosystems and highlights complex relationships between phytoplankton biomass
production, community composition and carbon dynamics.

KEY WORDS: Organic carbon dynamics - Phytoplankton community composition - Phytoplankton
bloom ‘- Phytoplankton monitoring - Baltic Sea

1. INTRODUCTION

Phytoplankton is the basis of marine life and has a
significant effect on climate due to its role in carbon
cycling (Basu & Mackey 2018) and contribution to
global atmospheric oxygen production (Behrenfeld
et al. 2001). The growth of phytoplankton is strongly
linked to the annual climatic cycle (Gasitunaité et al.
2005), and studies have shown that phytoplankton
react quickly to changes in their environment (Mitra
& Zaman 2015). The composition of phytoplankton
communities, in terms of species diversity, relative
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abundance and biomass, is recognized as a key
driver of autochthonous organic carbon dynamics
(Duarte & Cebrian 1996, Hjerne et al. 2019). There-
fore, changes in phytoplankton community com-
position can have a strong impact on the carbon
cycle, including direct effects on higher trophic
levels and benthic communities, due to individual
phytoplankton traits regulating carbon fluxes (Litch-
man et al. 2015, Griffiths et al. 2017).

There is considerable variability among phyto-
plankton species in their potential support of carbon
export to the seafloor as a result of species-specific
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variation in the uptake of inorganic carbon (Beardall
et al. 2009), the cellular carbon-to-volume relation-
ship (Menden-Deuer & Lessard 2000), sinking veloc-
ity and turnover rates (Carstensen et al. 2015). Hence,
phytoplankton community composition in the eupho-
tic zone largely determines the quality and quantity
of organic matter that sinks to depths where it can
potentially be sequestered (Basu & Mackey 2018).

Fast-growing and bloom-forming diatoms typically
promote carbon burial because of their large size,
heavy silica shells and high sinking velocity (Car-
stensen et al. 2015). By contrast, picoplankton such as
cyanobacteria likely contribute to the carbon efflux
to the atmosphere because of their low sinking veloc-
ities and high turnover rates in the microbial loop
(Basu & Mackey 2018). These 2 groups are dominant
during different seasons. The spring bloom in the
northern Baltic Sea is dominated by fast-growing dia-
toms (e.g. Skeletonema spp.) and dinoflagellates (e.g.
Peridiniella catenata), while the summer bloom is
dominated by filamentous cyanobacteria (e.g. Plank-
tothrix agardhii) (Gasitnaité et al. 2005, Carstensen
et al. 2019).

Phytoplankton community structure is of high im-
portance for the biological carbon pump, which trans-
ports organic carbon produced by primary producers
in the euphotic layer to the deep sea (Basu & Mackey
2018, Henson et al. 2021). Therefore, seasonal changes
in phytoplankton community composition can be cru-
cial in determining the role of phytoplankton in the
pelagic carbon flow and its contribution to carbon
fluxes (Spilling et al. 2018). However, the impact of
phytoplankton and specific species compositions on
carbon fluxes along with the resulting consequences
for the carbon budget have not yet been sufficiently
researched and are rarely considered in carbon-
climate research (Finkel et al. 2010).

To address these knowledge gaps, the aims of this
study were 2-fold: (1) to assess the impact of seasonal
environmental changes and shifts in the phytoplank-
ton community composition on the pelagic carbon
cycle and (2) to quantify the main pelagic carbon flow
driven by the phytoplankton community.

We expected that seasonal environmental changes
affect nutrient availability, phytoplankton commu-
nity composition and biodiversity, and, consequently,
carbon transport. We hypothesised that season-
specific phytoplankton community composition will
lead to different amounts of carbon accumulating in
the water column and sinking to the seafloor. In par-
ticular, the phytoplankton community in spring was
expected to accumulate more carbon that sinks to the
seafloor due to higher sinking velocities of the domi-

nant diatoms (Carstensen et al. 2015), while the
summer bloom community was expected to have a
lower carbon content and lower sinking velocities.
This difference was expected to contribute to a faster
carbon turnover in the microbial loop in summer and
thereby lead to increased carbon outgassing to the
atmosphere.

2. MATERIALS AND METHODS

To understand how phytoplankton biodiversity af-
fects carbon dynamics in coastal ecosystems, we con-
ducted a field monitoring campaign over an annual
cycle in the coastal Baltic Sea. Between October 2021
and October 2022, we collected samples to analyse
water chemistry, organic carbon quantity and charac-
teristics as well as phytoplankton biomass and com-
munity composition. Sampling frequencies ranged
from 1 wk during the bloom periods (April—May 2022
and July—August 2022) to 3 wk during the winter sea-
son (October 2021 —February 2022 and September—
October 2022). In the remaining time, samples were
taken biweekly. In addition, every 3 mo, sediment
traps were deployed to determine the amount and
stoichiometric characteristics of the sinking organic
matter.

2.1. Sampling area and procedure

Samples were taken in the north-western Gulf of
Finland at the coastal area close to the Tvarminne
Zoological Station. The sampling point presented
in Fig. 1 is located north of Idgrund (59.8424°N,
23.2509° E), with a water depth of 4.6 m. This area is
characterised by low salinity (from 4.5—6.6 PSU) and
strong seasonal changes in water temperature (0.4—
20.5°C). In addition, horizontal currents are rather
weak at the sampling site and resuspension is not an
issue due to the low organic matter content of the sea-
floor (T. Jilbert pers. comm.).

Surface water samples were taken for water chemis-
try analyses and phytoplankton using a 2 1 Limnos-
type water sampler. A Valeport mini CTD was used
for a depth profile measuring temperature, salinity,
conductivity and pressure. Additionally, sediment
traps consisting of 2 tubes (1.8 1 volume, 45 cm high,
7.2 cm inner diameter, 6.25:1 aspect ratio) were de-
ployed for 24 h, 3 m below the surface in every season
(13 Oct 2021, 8 Mar 2022, 11 May 2022, 23 Jun 2022,
17 Aug 2022). The sediment traps were retrieved by
carefully decanting about two-thirds of the contents
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Fig. 1. Map showing the monitoring site. The coordinates of the sampling site are 59.8424° N, 23.2509° E

into a wide-mouth Nalgene bottle. The last third was
thoroughly homogenised and transferred into the
bottle to ensure that the whole water volume of the
sediment trap (1.81) and all material that sank was col-
lected for lab analysis. The contents of the bottle were
mixed before the fractions for the various analyses
were taken.

2.2. Water chemistry

All samples (water column and sediment trap
samples) were analysed for total suspended matter
(TSM), chlorophyll a (chl a), particulate organic phos-
phorus (POP), particulate organic carbon (POC), par-
ticulate organic nitrogen (PON), dissolved organic
carbon (DOC), dissolved inorganic nitrogen (DIN, in-
cluding NHy, NO,; and NO3; + NO,), dissolved inor-
ganic phosphorus (DIP), total phosphorus (TP), total
nitrogen (TN) as well as chromophoric and fluor-
escence dissolved organic matter (CDOM and
FDOM).

Samples for TP and TN analysis were taken directly
from the water samples. The remaining water was fil-
tered through acid-washed and combusted (450°C for

4 h) glass fibre filters (Whatman GF/F, 0.7 pm mesh
size). The filters were used for TSM, chl a, POP, POC
and PON analyses. For DIN, DIP, DOC, CDOM and
FDOM analyses, the filtrate was used. DOC samples
were fixed with 2 mol HCL before analysis. For TSM,
water was filtered through a pre-weighed glass fibre
filter dried for 12 h at 60°C and reweighed. The TSM
was calculated by subtracting the weight of the clean
filter from the filter weight containing the sample of
organic matter. Total and dissolved nutrients were
analysed using a continuous flow autoanalyser (All)
after Hansen & Koroleff (1999). DOC was analysed
in 3 replicates following Cauwet (1999) using the
Shimadzu TOC-Vyp with ASI-V auto sampler (and
TNM-1 Total Nitrogen detector for TDN). The mean
value of the replicates was used; outliers were deter-
mined using Cook's distance and removed accord-
ingly. POP was analysed following Koistinen et al.
(2019). To estimate POC and PON, filters were dried
at 60°C for 24 h and folded into tin caps to be analysed
with the Vario micro cube by Elementar following
DIN 38409-46:2012-12 (Hedges & Stern 1984). Chl a
analysis was performed using a Varian fluorescence
spectrofluorometer. Filters were submerged in etha-
nol in the dark for 24 h prior to analysis.
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Analysis of CDOM was performed using a Shimad-
zu UV-2501PC spectrophotometer with a 1 cm quartz
cuvette over a spectral range of 200—800 nm. As refer-
ences for all samples, Millipore water was used and
later subtracted as a blank from sample absorbance
measurements. FDOM analysis was performed using
a Varian fluorescence spectrofluorometer with a 1 cm
cuvette. The excitation was set to 220 and the
emission ranged from 280 to 600 nm. Processing of
the excitation—emission matrices (EEMs) was done
using the 'eemR' package for R software (Massicotte
2017). A blank sample of ultrapure water was sub-
tracted from the EEMs, and the Rayleigh and Raman
scattering bands were removed from the spectra after
calibration. EEMs were calibrated by normalising to
the area under the Raman water scatter peak (excita-
tion wavelength of 350 nm) of an ultrapure water
sample run in the same session as the samples and
were corrected for inner filter effects with absorbance
spectra (Murphy et al. 2010). For assessing the char-
acteristics and the quality of the DOM pool, fluor-
escence peaks (Coble 1996) were calculated from the
EEMs (peak T: protein-like).

2.3. Calculations for phytoplankton
and carbon flux

Phytoplankton samples for microscopic analysis
were fixed with acidified Lugol's iodine solution and
counted following the Utermohl technique (Utermohl
1958). Due to the limited volume of the sediment traps,
it was not possible to take phytoplankton samples for
microscopic analysis. Cell biovolume was calculated
using average cell sizes after Karlson et al. (2022) fol-
lowing approximation to geometric standards estab-
lished by Hillebrand et al. (1999).

Phytoplankton community evenness was calcu-
lated using Pielou's Index (Pielou 1966), and carbon
content was estimated based on species-specific cell
biovolume following Olenina et al. (2006) and its an-
nually updated annex (version 2023). In addition,
phytoplankton carbon content (POC [Phyto]) was
calculated from the chl a content following Jakobsen
& Markager (2016) using values for estuaries. This
was done to directly compare carbon quotas between
the sediment traps and the water column even with-
out the microscopic phytoplankton cell counts from
the sediment traps.

The export fluxes in (mmol m~2d~!) were calculated
from the POC, PON, POP and POC (Phyto) content in
the sediment traps and corrected for the respective
concentrations in the water column considering the

size of the traps and deployment time. The correction
was achieved by subtracting the content of the water
column from the content of the sediment traps.

3. RESULTS
3.1. Annual changes in environmental conditions

Temperature dynamics followed the typical annual
cycle in boreal regions, with the highest temperatures
in August and the lowest in February. Nutrients, or-
ganic carbon and chl a showed high variability
throughout the year (Table 1). For example, TP con-
centrations in the water column ranged from 0.42—
1.08 pmol 17! with a peak in February, while TN had
a range of 10.9—27.9 pmol 1=! with maximum values
observed in September. The TN:TP ratio, on the other
hand, showed a maximum in May and had a range
of 18.3—42.7.

An increase in DIN concentrations was observed in
the water column during winter (highest in February
at 9.95 pmol 17!; Table 1) and a rapid decrease was
seen in spring (May: 0.31 pmol 17}). DIP followed an
annual pattern similar to DIN, decreasing at the
beginning of spring and increasing at the end of
summer and in the winter months. The same changes
were observed for both DIN and DIP in the sediment
traps (Fig. 2a,c). DOC in the water column slowly in-
creased from October until August, and the sediment
traps showed no pronounced differences in relation
to the water column except in August, when higher
DOC was detected in the water column than in the
sediment traps (Fig. 3c).

As expected, POC concentrations in the water col-
umn increased with the spring bloom in March and de-
creased at the beginning of May. POC values were
stable during the summer. PON slowly increased in
the water column from April until September, and the
POC:PON ratio varied 4-fold over the year in a range
of 2—8. The sediment traps showed an increase in POC
and PON sinking to the seafloor during the growing
season. The highest amount of POC and PON in the
sediment traps was found in August (POC: 168 pumol
1% PON: 38.9 umol 17!; Fig. 3a,b). In general, the
POC:PON ratio was higher in the sediment traps than
in the water column except in August (Fig. 3d).

The chl a concentration in the water column was
low during the winter (0.3 pg 17!) and increased
rapidly in March and April (5.96 pg 17!), indicating
the spring phytoplankton bloom. Another increase
was detected from the end of June (1.47 pg 17!) until
the end of October (4.9 ug 17!). Corresponding maxi-
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Table 1. Ranges (min. —max.) and mean values for water chemistry parameters measured in the water column and sediment traps.
TSM: total suspended matter; TP: total phosphorus; TN: total nitrogen; DIP: dissolved inorganic phosphorus; DIN: dissolved in-
organic nitrogen; DOC: dissolved organic carbon; POP: particulate organic phosphorus; POC: particulate organic carbon; PON:

particulate organic nitrogen; POC (Phyto): phytoplankton carbon content

—— Water column —— Sediment trap Month with highest value
Range Mean Range Mean ‘Water column Sediment trap
TSM (mg 17}) 0.65—4.20 1.61 2.90—12.0 7.80 Apr Aug
TP (umol 171 0.42—-1.08 0.81 0.85—1.64 1.22 Feb Jun
TN (umol 171 10.9-27.9 21.3 21.9-32.9 26.3 Sep Aug
TN:TP 18.3—42.7 27.7 17.8—26.6 22.3 May Mar
DIP (umol 171 0.01-0.26 0.13 0.04—0.21 0.09 Feb Mar
DIN (pmol 17} 0.31-9.95 4.01 1.93-9.14 3.92 Feb Mar
DIN:DIP 5.72—90.9 33.6 24.2—64.5 46.9 May Aug
DOC (pmol 171 360—602 421 372—423 396 Aug Jun
POP (umol 17}) 0.06—0.40 0.20 0.21-1.37 0.70 Apr Aug
POC (umol 17} 10.4—-72.7 27.8 25.6—168 85.1 Apr Aug
PON (pumol 17}) 1.32—15.3 6.43 4.50—38.9 15.7 Aug Aug
POC:PON 2.08—8.43 5.00 4.32—-9.38 6.20 May May
Chla (pgl™) 0.32—-5.96 2.01 0.77-9.29 3.89 Apr Aug
POC (Phyto) (umol 171 0.75—13.2 4.53 1.76—20.4 8.63 Apr Aug
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Fig. 2. Seasonal patterns at the monitoring site, showing (a) dissolved inorganic nitrogen (DIN), (b) total nitrogen (TN), (c)
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Fig. 3. Seasonal patterns for carbon-related parameters at the monitoring site, showing (a) particulate organic carbon (POC),
(b) particulate organic nitrogen (PON), (c) dissolved organic carbon (DOC), (d) POC:PON ratio, (e) phytoplankton carbon
content (POC [Phyto]) and (f) chlorophyll a (chl a). Graph components as in Fig. 2

mum concentrations of POC (Phyto) were 0.75 pumol
17! in winter, 13.6 pmol C I~! during the spring bloom
in April and May, and 8.33 umol C 17! in June. In line
with the results of POC and PON, the highest concen-
tration of chl a in the sediment traps was measured in
August (9.3 mg 17!), with corresponding POC (Phyto)
of 20.4 pmol C 17! (Fig. 3). TSM in the water column
increased and decreased in accordance with chl a.
The sediment traps captured a steep increase in TSM
from April to late August (2.9—12.0 pg 17!; Table 1).

The DOM humification index (HIX), which indi-
cates dead organic matter, and the DOM biological
index (BIX), which indicates fresh organic matter,
showed clear seasonal patterns (Fig. 4a,b) with higher
HIX values in winter and higher BIX values in
summer. Protein-like fluorescence (peak T), which
suggests labile autochthonous production of DOM,
decreased from October until February and increased
from mid-March until mid-August (Fig. 4c).

3.2. Particle fluxes — annual shifts in export fluxes
from the pelagic to the benthic system

A strong decrease in carbon flux to the seafloor was
detected from October (287 mmol C m~2 d~!) until
March (59 mmol C m~2d~!). The carbon flux increased
rapidly from March until May (226 mmol C m~2 d ™),
with a slight decrease in June (187 mmol C m~2d~!).
The highest carbon flux to the seafloor was detected in
the middle of August (561 mmol C m~2 d~!; Fig. 5a).
POC (Phyto) as a fraction of the total POC flux in-
creased from March (3.4 mmol m—2d~, 5.8% of total
POC) until May (19.7 mmol m~2 d~}, 8.6% of total
POC). A slight decrease occurred in June (17.3 mmol
m~2d~!, 9.2% of total POC), with another strong in-
crease in August (59.6 mmol m~2 d~!, 10.6% of total
POC,; Fig. 5c). The proportion of the POC (Phyto) frac-
tion to the total POC flux increased steadily from
March to August. There was a major increase in PON
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related parameters at the monitoring site, showing (a) DOM
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export flux from March until August (1.1 mmol N m~2

d~'and 144 mmol N m~2d~!, respectively; Fig. 5b). The
export flux of POP increased from March (0.5 mmol P
m~2d~!) until August (4.4 mmol m~2d~!; Fig. 5d).

3.3. Ecology — seasonal shift in
phytoplankton community

Strong seasonal patterns in phytoplankton commu-
nity composition and diversity were detected during
the 1 yr sampling period. Species richness increased
from October until August (12—34, respectively;
Fig. 6a). Pielou's evenness had the lowest values dur-
ing the spring phytoplankton bloom in late April and
early May (0.31) and the highest values in early
August (0.9; Fig. 6b).
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and (d) particulate organic phosphorus (POP flux)
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Ochrophyta (later referred to as diatoms) were do-
minant in winter and spring, contributing 90% of the
cells to the total phytoplankton abundance (cells 171),
with Skeletonema spp. as the dominant species. Chlo-
rophyta were most abundant in August (34.5%), with
Tetraselmis spp. and Pyramimonas spp. as the domi-
nant species. Cyanobacteria were dominant in summer
(July: 64.4%), with Dolichospermum spp., Pesudana-
baena spp. and Microcystis spp. as the most abundant
species. The contribution of Cryptophytes varied dur-
ing the year, with proportional abundances between
27.5 and 0.4%, and Plagioselmis prolonga and Teleau-
lax spp. as dominant species. Haptophytes were most
abundant in winter (14.5%), with Chrysochromulina
spp. as the dominant species. Myzozoa (later referred
to as dinoflagellates) were abundant in late spring
and early summer (~30% of total abundance), with
Heterocapsa rotundata and Scripsiella spp. as domi-
nant species (Fig. 7).

During April and May, diatoms held 2 times more
carbon (486 pg C 17') than all other phyla combined
(Fig. 7). Among diatoms, the species contributing most
to the carbon pool were Skeletonema spp. (189 pg C17})
and Chaetoceros spp. (179 ug C 17!) in March. Dino-
flagellates had the highest biomass at the end of April
(37 ug C 171). Even though Heterocapsa spp. was

Phylum
. Chlorophyta D Cyanobacteria . Myzozoa
. Cryptophyta . Haptophyta . Ochrophyta

100+
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Fig. 7. Changes in proportional abundance of phytoplankton
phyla during the span of 1 yr (Oct 2021 to Oct 2022)

the most abundant dinoflagellate during that time,
Peridiniella catenata contributed the most carbon
(16 pg C17Y), followed by Scripsiella spp. (12 pg C171).
Heterocapsa spp. accounted only for 3 ug C 17!, Cyano-
bacteria (31 pg C I7!), Chlorophyta (28 pg C 171,
Cryptophyta (6.3 ug C 17!) and Haptophyta (0.2 pg
C 17! all had the highest biomass in June and July.
The peak of Cyanobacteria biomass was reached in
July, with Dolichospermum spp. accounting for 29 pg
C 17! carbon. Chlorophytes had the highest amount of
biomass in July, with Tetraselmis spp. contributing
the most to the carbon quota (26 g C 17!; Fig. 8).

4. DISCUSSION

4.1. Seasonal phytoplankton
community succession

The phytoplankton community composition fol-
lowed a typical successional pattern for the coastal
Baltic Sea, from diatoms to dinoflagellates in spring
and cyanobacteria in summer, according to their
favourable environmental conditions (Sommer et al.
2012, HELCOM 2013, Hjerne et al. 2019, Elovaara et
al. 2020, Griffiths et al. 2020). The first peak of phyto-
plankton biomass in spring was formed by 2 dominant
genera, Skeletonema spp. and Chateoceros spp. (34
and 32% of the total phytoplankton biomass, respec-
tively), while the second peak in summer was charac-
terized by high species richness and evenness.

The diatom-dominated spring bloom contained
more than twice the carbon (550 ug C 17! total phyto-
plankton biomass, 486 pg C 17! in diatom species)
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compared to the peak of the summer phytoplankton
biomass (236 pg C 17}). Similar findings were reported
for the Gulf of Riga by Klais et al. (2011), who sug-
gested that the spring bloom contributes 40—60% to
the annual carbon quota. Furthermore, even though
cyanobacteria were the most abundant taxonomic
group during the summer bloom, they contributed
around the same amount to the total phytoplankton
biomass (31 pg C 17!, 13% of total summer phyto-
plankton biomass) as diatoms, dinoflagellates and
chlorophytes (19, 33 and 28 pg C 17!, respectively).
This emphasises the importance of species-specific
carbon content, while indicating that high species
richness is crucial for the efficiency of carbon uptake
by phytoplankton communities in summer (Kwiat-
kowski et al. 2018, Elovaara et al. 2020).

Our results suggest that the POC flux in spring
relies on the specific carbon uptake and accumulation
by the dominant diatom species, while the species
richness of the whole phytoplankton community is
more important for the primary production and POC
flux in summer. This matches the expectations that a
more diverse community utilises resources more effi-
ciently (Ptacnik et al. 2008), often leading to higher
biomass production (Cardinale et al. 2009, 2011).
Even with specific species being more carbon-rich, it
is the sum of all species contributing to the pelagic
phytoplankton carbon pool in summer.

4.2. Organic matter characteristics
In the study area, high freshwater discharge from

rivers with large inputs of associated allochthonous
material is a common phenomenon in spring after the

snowmelt in the catchment area (Asmala et al. 2013,
2016). The dissolved inorganic nutrients (DIN, DIP)
accumulating during that time were taken up by the
rapid growth of phytoplankton in spring, resulting in
an increase of PON concentrations in April and May
and leading to an enhanced carbon stock (POC and
POC [Phyto]) and a higher POC:PON ratio. Protein-
like DOM (as indicated by Peak T) increased from
winter—spring values of 0.05 to 0.07 raman units with
increasing phytoplankton biomass, indicating pro-
duction and rapid transformation of autochthonous
DOM within the pelagic microbial food web (Asmala
et al. 2018). The influence of the freshly produced
organic matter was also apparent in the dynamics of
the BIX, which is linked to autochthonous production
(Murphy et al. 2008, Huguet et al. 2009). Conversely,
high HIX values were observed during winter and
early spring, when the allochthonous inputs are most
pronounced.

The seasonal dynamic of the POC:PON ratio indi-
cates that phytoplankton in spring were more carbon-
rich, while phytoplankton in summer were richer in
nitrogen. This is due to one of the key diazotrophs in
summer at the sampling site, Dolichospermum spp.
(>50%), an established N,-fixing cyanobacteria (Was-
mund et al. 2001, Adam et al. 2016). Consequently,
cyanobacteria species increased the amount of PON
in the water column. Adam et al. (2016) found that
parts of the fixed N, by Dolichospermum spp. are re-
leased as NH, into the water, which is assimilated effi-
ciently by many phytoplankton species, increasing
the primary productivity of the system and enhancing
the N content of the phytoplankton cells and, conse-
quently, the PON content (McCarthy et al. 1977, Gli-
bert et al. 2016). This increase in PON in the system is
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reflected in the PON export fluxes measured here,
which rose significantly over the phytoplankton
growth period in our study.

The shift in resources from allochthonous to auto-
chthonous sources has implications for higher trophic
levels and the benthic—pelagic coupling processes,
controlling the flow of inorganic nutrients and orga-
nic material (Griffiths et al. 2017). Higher nitrogen
content in phytoplankton has the potential to in-
crease the resource quality for pelagic and benthic
consumers (Sterner & Elser 2002, Van De Waal et al.
2010, Makelin & Villnas 2022), which are dependent
on the organic matter subsidies from the pelagic
realm. Hence, with higher nitrogen input into the
benthic system, benthic primary production is en-
hanced during the summer phytoplankton bloom
(Attard et al. 2019).

4.3. Carbon transport

Based on our data from the sediment traps, the total
POC export and the proportional export of POC
(Phyto) from the pelagic to the benthic system in-
creased from May (226 mmol C m~2d~!, 8.6% of total
POC export as POC [Phyto]) to August (561 mmol C
m~2d~!, 10.6% of total POC export as POC [Phyto]),
indicating that the highest amount of POC is trans-
ported to the seafloor for benthic consumption and po-
tential sequestration at the end of the growing season
—not, as we expected, in spring. Our results show an
order of magnitude higher POC export compared to
deeper sites in the open Baltic Sea (Cisternas-Novoa
etal. 2019), indicating that site-specific characteristics
and time of the year are important factors regulating
POC flux from surface waters to the seafloor.

The highest respiration in various benthic habitats
of the coastal Baltic Sea is typically between June and
August (Attard et al. 2019). However, in August, ben-
thic respiration on coastal bare sand habitats is
40 mmol C m~2d~! (Attard et al. 2019), which equals
7% of the carbon export from the pelagic system. This
shows a strong mismatch in pelagic carbon export
and benthic respiration, suggesting that the carbon
sinking from the pelagic system in August is either
permanently buried in the sediment or transported
laterally to other areas where it is remineralised.

These counter-intuitive POC export results could
be due to an increasing mesozooplankton community
grazing on the phytoplankton caused by shifting
phenology and composition of mesozooplankton
communities with climate warming (Jansson et al.
2020). Long-term data showed that mesozooplankton

is emerging increasingly early in the year at the study
site, especially in warmer years with little to no ice
cover in winter (Forsblom et al. 2024). During the
sampling period, there was little to no ice cover at the
site and the ice disappeared 12—17 d earlier in the
Gulf of Finland than usual (Finnish Meteorological
Institute 2022). This suggests earlier mesozooplank-
ton growth in the year of the study and, consequently,
increased grazing. Similarly, shifting mesozooplank-
ton community composition from copepods, which
are characterised by the long ontogenetic develop-
ment, towards smaller, fast-developing organisms
like cladocerans and rotifers (Suikkanen et al. 2013,
Vehmaa et al. 2018, HELCOM 2023) could shorten
the time window between the phytoplankton bloom
and zooplankton grazing.

An alternative explanation for the low POC export
in spring would be outgassing to the atmosphere, al-
though this scenario is rather unlikely. According
to Asmala & Scheinin (2023) and continuous flux
measurements at the study site (A. Vahd unpubl. data),
the atmospheric fluxes of CO, and CH, in the study re-
gion were lowest in April and July (—15.5 mmol C m™—
d~'and 0.628 mmol C m~2d~!, respectively), reflecting
the seasonal growth pattern of the spring phytoplank-
ton community, which is dominated by fast-growing
diatoms, leading to a higher net CO, influx and remin-
eralization of pelagic OC. As the pelagic OC produc-
tion is an order of magnitude higher than benthic res-
piration rates (Attard et al. 2019) or atmospheric fluxes
(Asmala & Scheinin 2023) observed in the study area,
our results suggest that the high amount of OC pro-
duced by phytoplankton is neither outgassed to the at-
mosphere nor sinking to the seafloor. Instead, it is
likely mostly consumed, transformed and re-used in
the pelagic system during spring, e.g. transported to
higher trophic levels at this time of year, supporting
the pelagic food web (Winder & Schindler 2004,
Sommer et al. 2012, Hjerne et al. 2019, Asmala & Schei-
nin 2023). Thus, there is a high production of OC in
spring, which accumulates in the pelagic system dur-
ing the year (Schneider & Miiller 2018).

Furthermore, the highest CO, and CH, flux values
were observed in October (94.8 mmol C m~2d~! and
7.93mmol C m~2d~}, respectively), indicating that the
sea becomes oversaturated with carbonated green-
house gases at the end of the growing season (Asmala
& Scheinin 2023). The annual phytoplankton growth
dynamic is reflected in these findings, highlighting
the primary production during spring which shifts to
respiration of the accumulated OC at the end of the
growing season (Schneider & Miiller 2018, Asmala &
Scheinin 2023).
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Our results highlight the complex relationships be-
tween phytoplankton biomass, community composi-
tion and carbon dynamics, with strong seasonal vari-
ations observed throughout the year. Our findings
emphasise the critical role of keystone diatom species
for carbon uptake and production in fuelling carbon
turnover in the pelagic food web in spring and the
importance of phytoplankton diversity for ecosystem
productivity and carbon export in summer.

Acknowledgements. This study was supported by the Walter
and Andrée de Nottbeck Foundation (PhD grant) and by the
KONE Foundation, and utilized research infrastructure facil-
ities and the technical department at Tvarminne Zoological
Station as well as the University of Helsinki, as part of FIN-
MARI (Finnish Marine Research Infrastructure Consortium).
We thank Tjardo Stoffers and Iris Orizar for their support.
Maria Stockenreiter and Achim Weigert (Seeon Limnologi-
cal Station, Germany) are acknowledged for the POC analy-
sis. This is a publication from the Center for Coastal Ecosystem
and Climate Change Research (www.coastclim.org).

LITERATURE CITED

ﬁEAdam B, Klawonn I, Svedén JB, Bergkvist J and others (2016)
N,-fixation, ammonium release and N-transfer to the
microbial and classical food web within a plankton com-
munity. ISME J 10:450—459

] Asmala E, Scheinin M (2023) Persistent hotspots of CO, and
CH, in coastal nearshore environments. Limnol Oceanogr

. Lett9:119-127

]“Asmala E, Autio R, Kaartokallio H, Pitkdnen L, Stedmon CA,
Thomas DN (2013) Bioavailability of riverine dissolved
organic matter in three Baltic Sea estuaries and the effect
of catchment land use. Biogeosciences 10:6969—6986

] Asmala E, Kaartokallio H, Carstensen J, Thomas DN (2016)
Variation in riverine inputs affect dissolved organic
matter characteristics throughout the estuarine gradient.

., Front Mar Sci 2:125

N Asmala E, Haraguchi L, Markager S, Massicotte P, Riemann B,
Staehr PA, Carstensen J (2018) Eutrophication leads to
accumulation of recalcitrant autochthonous organic
matter in coastal environment. Global Biogeochem Cycles

. 32:1673—1687

]‘iAttard KM, Rodil IF, Glud RN, Berg P, Norkko J, Norkko A
(2019) Seasonal ecosystem metabolism across shallow
benthic habitats measured by aquatic eddy covariance.
Limnol Oceanogr Lett 4:79—86

A'Basu S, Mackey KRM (2018) Phytoplankton as key medi-
ators of the biological carbon pump: their responses to a
changing climate. Sustainability 10:869

] Beardall J, Stojkovic S, Larsen S (2009) Living in a high CO,
world: impacts of global climate change on marine phyto-
plankton. Plant Ecol Divers 2:191—-205

] Behrenfeld MJ, Randerson JT, McClain CR, Feldman GC
and others (2001) Biospheric primary production during

., an ENSO transition. Science 291:2594—2597

ﬁ* Cardinale BJ, Hillebrand H, Harpole WS, Gross K, Ptacnik R
(2009) Separating the influence of resource 'availability’
from resource ‘imbalance' on productivity—diversity
relationships. Ecol Lett 12:475—487

#‘Cardinale BJ, Matulich KL, Hooper DU, Byrnes JE and

others (2011) The functional role of producer diversity in
.,  ecosystems. Am J Bot 98:572—592
N Carstensen J, Klais R, Cloern JE (2015) Phytoplankton
blooms in estuarine and coastal waters: seasonal patterns
and key species. Estuar Coast Shelf Sci 162:98—109
Cauwet G (1999) Determination of dissolved organic car-
bon and nitrogen by high temperature combustion. In:
Grasshoff K, Kremling K, Ehrhardt M (eds) Methods of
seawater analysis, 3rd edn (revised). Wiley-VCH, Wein-
heim, p 407—420
] Cisternas-Novoa C, Le Moigne FAC, Engel A (2019) Composi-
tion and vertical flux of particulate organic matter to the
oxygen minimum zone of the central Baltic Sea: impact of
a sporadic North Sea inflow. Biogeosciences 16:927—947
] Coble PG (1996) Characterization of marine and terrestrial
DOM in seawater using excitation—emission matrix
spectroscopy. Mar Chem 51:325—346
] Duarte CM, Cebrian J (1996) The fate of marine autotrophic
production. Limnol Oceanogr 41:1758—1766
] Elovaara S, Degerlund M, Franklin DJ, Kaartokallio H, Tame-
lander T (2020) Seasonal variation in estuarine phyto-
plankton viability and its relationship with carbon dyna-
mics in the Baltic Sea. Hydrobiologia 847:2485—2501
] Finkel ZV, Beardall J, Flynn KJ, Quigg A, Rees TAV, Raven
JA (2010) Phytoplankton in a changing world: cell size
and elemental stoichiometry. J Plankton Res 32:119—137
Finnish Meteorological Institute (2022) Ice season 2021/2022.
https://en.ilmatieteenlaitos.fi/ice-winter-2021-2022
] Forsblom L, Stoffers T, Lindén A, Lehtiniemi M, Engstrom-
Ost J (2024) Warming drives phenological changes in
. coastal zooplankton. Mar Biol 171:116
N Gasitnaité ZR, Cardoso AC, Heiskanen AS, Henriksen P and
others (2005) Seasonality of coastal phytoplankton in the
Baltic Sea: influence of salinity and eutrophication.
. Estuar Coast Shelf Sci 65:239—252
A Glibert PM, Wilkerson FP, Dugdale RC, Raven JA and others
(2016) Pluses and minuses of ammonium and nitrate
uptake and assimilation by phytoplankton and implica-
tions for productivity and community composition, with
emphasis on nitrogen-enriched conditions. Limnol
Oceanogr 61:165—197
] Griffiths JR, Kadin M, Nascimento FJA, Tamelander T and
others (2017) The importance of benthic—pelagic coup-
ling for marine ecosystem functioning in a changing
world. Glob Change Biol 23:2179—2196
] Griffiths JR, Lehtinen S, Suikkanen S, Winder M (2020)
Limited evidence for common interannual trends in Bal-
tic Sea summer phytoplankton biomass. PLOS ONE 15:
0231690
Hansen HP, Koroleff F (2007) Determination of nutrients. In:
Grasshoff K, Kremling K, Ehrhardt M (eds) Methods of
seawater analysis, 3rd edn (revised). Wiley-VCH, Wein-
heim, p 159—-228
] Hedges JI, Stern JH (1984) Carbon and nitrogen determina-
tions of carbonate-containing solids. Limnol Oceanogr
. 29:657—663
H HELCOM (Helsinki Commission) (2013) Climate change in
the Baltic Sea area: HELCOM thematic assessment in
2013. Baltic Sea Environment Proceedings No. 137. Hel-
sinki Commission, Helsinki
HELCOM (2023) Zooplankton mean size and total stock.
HELCOM core indicator report. Helsinki Commis-
sion, Helsinki. https://indicators.helcom.fi/indicator/zoo
plankton/
] Henson SA, Cael BB, Allen SR, Dutkiewicz S (2021) Future


https://doi.org/10.1038/ismej.2015.126
https://doi.org/10.1002/lol2.10370
https://doi.org/10.5194/bg-10-6969-2013
https://doi.org/10.3389/fmars.2015.00125
https://doi.org/10.1029/2017GB005848
https://doi.org/10.1002/lol2.10107
https://doi.org/10.3390/su10030869
https://doi.org/10.1080/17550870903271363
https://doi.org/10.1126/science.1055071
https://doi.org/10.1111/j.1461-0248.2009.01317.x
https://doi.org/10.3732/ajb.1000364
https://doi.org/10.1016/j.ecss.2015.05.005
https://doi.org/10.1038/s41467-021-25699-w
https://www.helcom.fi/wp-content/uploads/2019/10/BSEP137.pdf
https://doi.org/10.4319/lo.1984.29.3.0657
https://doi.org/10.1371/journal.pone.0231690
https://doi.org/10.1111/gcb.13642
https://doi.org/10.1002/lno.10203
https://doi.org/10.1016/j.ecss.2005.05.018
https://doi.org/10.1007/s00227-024-04435-0
https://doi.org/10.1093/plankt/fbp098
https://doi.org/10.1007/s10750-020-04267-1
https://doi.org/10.4319/lo.1996.41.8.1758
https://doi.org/10.1016/0304-4203(95)00062-3</jrn
https://doi.org/10.5194/bg-16-927-2019

24

Mar Ecol Prog Ser 745: 13—24, 2024

phytoplankton diversity in a changing climate. Nat Com-
., un12:5372
]‘i Hillebrand H, Diirselen CD, Kirschtel D, Pollingher U,
Zohary T (1999) Biovolume calculation for pelagic and
benthic microalgae. J Phycol 35:403—424
X Hjerne O, Hajdu S, Larsson U, Downing A, Winder M (2019)
Climate driven changes in timing, composition and size
of the Baltic Sea phytoplankton spring bloom. Front Mar
. Sci6:482
A Huguet A, Vacher L, Relexans S, Saubusse S, Froidefond JM,
Parlanti E (2009) Properties of fluorescent dissolved
organic matter in the Gironde Estuary. Org Geochem 40:
. 706=719
N Jakobsen HH, Markager S (2016) Carbon-to-chlorophyll ratio
for phytoplankton in temperate coastal waters: seasonal
patterns and relationship to nutrients. Limnol Oceanogr
. 61:1853—1868
,*Jansson A, Klais-Peets R, Griniené E, Rubene G, Semenova
A, Lewandowska A, Engstrom-Ost J (2020) Functional
shifts in estuarine zooplankton in response to climate
variability. Ecol Evol 10:11591—11606
Karlson B, Andreasson A, Johansen M, Karlberg M, Loo A,
Skjevik AT (2022) Nordic microalgae. http://nordicmicro
- algae.org (accessed 30 August 2022)
N Klais R, Tamminen T, Kremp A, Spilling K, Olli K (2011)
Decadal-scale changes of dinoflagellates and diatoms in
the anomalous Baltic Sea spring bloom. PLOS ONE 6:
e21567
Koistinen J, Sjoblom M, Spilling K (2019) Determining inorganic
and organic phosphorus. Methods Mol Biol 1980:87—94
] Kwiatkowski L, Aumont O, Bopp L, Ciais P (2018) The impact
of variable phytoplankton stoichiometry on projections of
primary production, food quality, and carbon uptake in
the global ocean. Global Biogeochem Cycles 32:516—528
] Litchman E, de Tezanos Pinto P, Edwards KF, Klausmeier
CA, Kremer CT, Thomas MK (2015) Global biogeochemi-
cal impacts of phytoplankton: a trait-based perspective.
. JEcol 103:1384—1396
M Maékelin S, Villnds A (2022) Food sources drive temporal
variation in elemental stoichiometry of benthic con-
sumers. Limnol Oceanogr 67:784—799
] Massicotte P (2017) EemR: tools for pre-processing emission—
excitation matrix (EEM) fluorescence data. R package ver-
sion 1.0.1. https://github.com/PMassicotte/eemR
] McCarthy JJ, Taylor WR, Taft JL (1977) Nitrogenous nutrition
of the plankton in the Chesapeake Bay. 1. Nutrient avail-
ability and phytoplankton preferences. Limnol Oceanogr
. 22:996—1011
A Menden-Deuer S, Lessard EJ (2000) Carbon to volume rela-
tionships for dinoflagellates, diatoms, and other protist
plankton. Limnol Oceanogr 45:569—579
] Mitra A, Zaman S (2015) Blue carbon reservoir of the blue
planet. Springer, New Delhi
] Murphy KR, Stedmon CA, Waite TD, Ruiz GM (2008) Distin-

Editorial responsibility: Steven Lohrenz,
New Bedford, Massachusetts, USA
Reviewed by: 2 anonymous referees

guishing between terrestrial and autochthonous organic
matter sources in marine environments using fluor-
escence spectroscopy. Mar Chem 108:40—58
] Murphy KR, Butler KD, Spencer RGM, Stedmon CA, Boehme
JR, Aiken GR (2010) Measurement of dissolved organic
matter fluorescence in aquatic environments: an interlab-
oratory comparison. Environ Sci Technol 44:9405—9412
] Olenina I, Hajdu S, Edler L, Andersson A and others (2006)
Biovolumes and size-classes of phytoplankton in the Bal-
tic Sea. Baltic Sea Environment Proceedings No. 106.
. HELCOM, Helsinki
A Pielou EC (1966) The measurement of diversity in different
types of biological collections. J Theor Biol 13:131—-144
] Ptacnik R, Solimini AG, Andersen T, Tamminen T and others
(2008) Diversity predicts stability and resource use effi-
ciency in natural phytoplankton communities. Proc Natl
., Acad Sci USA 105:5134—5138
A Schneider B, Miiller JD (2018) Biogeochemical transforma-
tions in the Baltic Sea: observations through carbon
dioxide glasses. Springer Oceanography. Springer, Cham
] Sommer U, Adrian R, De Senerpont Domis L, Elser JJ and
others (2012) Beyond the plankton ecology group (PEQG)
model: mechanisms driving plankton succession. Annu
Rev Ecol Evol Syst 43:429—448
] Spilling K, Olli K, Lehtoranta J, Kremp A and others (2018)
Shifting diatom—dinoflagellate dominance during spring
bloom in the Baltic Sea and its potential effects on bio-
geochemical cycling. Front Mar Sci 5:327
Sterner RW, Elser JJ (2002) Ecological stoichiometry: the
biology of elements from molecules to the biosphere.
Princeton University Press, Princeton, NJ
#A‘Suikkanen S, Pulina S, Engstrom-Ost J, Lehtiniemi M,
Lehtinen S, Brutemark A (2013) Climate change and
eutrophication induced shifts in northern summer plank-
_ ton communities. PLOS ONE 8:€66475
A Utermohl H (1958) Zur Vervollkommnung der quantita-
tiven Phytoplankton-Methodik: mit 1 Tabelle und 15 Ab-
bildungen im Text und auf 1 Tafel (Methods of collecting
plankton for various purposes are discussed). Mitt Int Ver
Theor Angew Limnol 9:1—-38
] Van De Waal DB, Verschoor AM, Verspagen JMH, Van Donk
E, Huisman J (2010) Climate-driven changes in the ecol-
ogical stoichiometry of aquatic ecosystems. Front Ecol
., Environ 8:145—152
A Vehmaa A, Katajisto T, Candolin U (2018) Long-term
changes in a zooplankton community revealed by the
sediment archive. Limnol Oceanogr 63:2126—2139
] Wasmund N, Voss M, Lochte K (2001) Evidence of nitrogen
fixation by non-heterocystous cyanobacteria in the Baltic
Sea and re-calculation of a budget of nitrogen fixation.
Mar Ecol Prog Ser 214:1—14
]\Wmder M, Schindler DE (2004) Climate change uncouples
trophic interactions in an aquatic ecosystem. Ecology 85:
2100—2106

Submitted: February 16, 2024
Accepted: August 15, 2024
Proofs received from author(s): September 13, 2024


https://doi.org/10.1046/j.1529-8817.1999.3520403.x
https://doi.org/10.3389/fmars.2019.00482
https://doi.org/10.1016/j.orggeochem.2009.03.002
https://doi.org/10.1002/lno.10338
https://doi.org/10.1002/ece3.6793
https://doi.org/10.1371/journal.pone.0021567
https://doi.org/10.1002/2017GB005799
https://doi.org/10.1111/1365-2745.12438
https://doi.org/10.1002/lno.12034
https://github.com/PMassicotte/eemR
https://doi.org/10.4319/lo.1977.22.6.0996
https://doi.org/10.4319/lo.2000.45.3.0569
https://doi.org/10.1007/978-81-322-2107-4
https://doi.org/10.1890/04-0151
https://doi.org/10.3354/meps214001
https://doi.org/10.1002/lno.10928
https://doi.org/10.1890/080178
https://doi.org/10.1080/05384680.1958.11904091
https://doi.org/10.1371/journal.pone.0066475
https://doi.org/10.3389/fmars.2018.00327
https://doi.org/10.1146/annurev-ecolsys-110411-160251
https://doi.org/10.1007/978-3-319-61699-5
https://doi.org/10.1073/pnas.0708328105
https://www.sciencedirect.com/science/article/abs/pii/0022519366900130
https://epic.awi.de/id/eprint/30141/1/bsep106.pdf
https://doi.org/10.1021/es102362t
https://doi.org/10.1016/j.marchem.2007.10.003



