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Picophytoplankton in the Baltic Sea includes the simplest unicellular cyanoprokaryotes
(Synechococcus/Cyanobium) and photosynthetic picoeukaryotes (PPE).
Picophytoplankton are thought to be a key component of the phytoplankton community,
but their seasonal dynamics and relationships with nutrients and temperature are
largely unknown. We monitored pico- and larger phytoplankton at a coastal site
in Kalmar Sound (K-Station) weekly during 2018. Among the cyanoprokaryotes,
phycoerythrin-rich picocyanobacteria (PE-rich) dominated in spring and summer while
phycocyanin-rich picocyanobacteria (PC-rich) dominated during autumn. PE-rich and
PC-rich abundances peaked during summer (1.1 × 105 and 2.0 × 105 cells mL−1)
while PPE reached highest abundances in spring (1.1 × 105 cells mL−1). PPE was the
main contributor to the total phytoplankton biomass (up to 73%). To assess nutrient
limitation, bioassays with combinations of nitrogen (NO3 or NH4) and phosphorus
additions were performed. PE-rich and PC-rich growth was mainly limited by nitrogen,
with a preference for NH4 at >15◦C. The three groups had distinct seasonal dynamics
and different temperature ranges: 10◦C and 17–19◦C for PE-rich, 13–16◦C for PC-rich
and 11–15◦C for PPE. We conclude that picophytoplankton contribute significantly
to the carbon cycle in the coastal Baltic Sea and underscore the importance of
investigating populations to assess the consequences of the combination of high
temperature and NH4 in a future climate.

Keywords: Synechococcus, picoeukaryotes, phycoerythrin, phycocyanin, Baltic Sea, nitrate, ammonium,
temperature

INTRODUCTION

Marine picophytoplankton (here defined as autotrophic cells <2 µm in diameter) is a diverse
group consisting of picocyanobacteria (Prochlorococcus, Synechococcus, and Cyanobium), and
photosynthetic picoeukaryotes (PPE). In oligotrophic systems, they account for more than 50%
of the total chlorophyll a (Chl a) (Peña et al., 1990; Agawin et al., 2000; Durand et al., 2001)
and can be responsible for most of the primary production (Magazzu and Decembrini, 1995;
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Uitz et al., 2010; Rii et al., 2016). Their success in low-nutrient
environments is mainly explained by their small size, which
provides them with a high surface-to-volume ratio, resulting
in a competitive advantage for nutrient uptake compared to
larger phytoplankton cells (Partensky et al., 1999; Pittera et al.,
2014). Picophytoplankton are also abundant in eutrophic waters
(Caroppo, 2015), in both coastal (Calvo-Díaz et al., 2004; Morán,
2007) and estuarine systems (Paerl et al., 2020; Sathicq et al.,
2020), suggesting that they have a significant role in carbon
cycling and ecosystem functions. Understanding which factors
control picophytoplankton biomass is important for determining
their role in the marine food web.

In the Baltic Sea, an estuary-like semi-enclosed large brackish
water body, picophytoplankton are a key component of the
phytoplankton community and reports of their contribution
to Chl a, as a proxy for biomass, ranges from 15 to 85%
(Sondergaard et al., 1991; Stal et al., 1999, 2003; Ohlendieck et al.,
2000; Tamm et al., 2018). Baltic Sea picophytoplankton consists
of the simplest cyanoprokaryotes Synechococcus and Cyanobium
(hereafter referred to as picocyanobacteria; Flombaum et al.,
2013; Celepli et al., 2017) and PPE. Cyanobium is a genera closely
related to Synechococcus which has typically been associated
with freshwater (Komárek et al., 1999; Callieri and Stockner,
2002; Sánchez-Baracaldo et al., 2005). The large contribution
and diversity of picocyanobacteria in the Baltic Sea have
recently been recognized (Stal et al., 2003; Herlemann et al.,
2011; Bertos-Fortis et al., 2016; Hu et al., 2016; Celepli et al.,
2017), but there is currently no systematic monitoring of
picocyanobacteria in the Baltic Sea Proper. Coastal areas in
the Baltic Sea are dynamic, and nutrient runoff has been
related to increase in picocyanobacteria abundances (Lagus
et al., 2007); however, abundance measurements in coastal
areas remain scarce. Likewise, the PPE community is thought
to be diverse and important in coastal ecosystems, but their
distribution and abundance in the Baltic Sea are largely
unknown (Kuosa, 1991; Tamm et al., 2018). Although knowledge
of the picophytoplankton in the Baltic Sea is increasing,
information about the ecological role, community composition,
and distribution of picophytoplankton, especially in coastal
areas, is lacking.

Picocyanobacteria can be divided into two populations
based on the presence of the two phycobiliprotein pigments
phycoerythrin (PE), and phycocyanin (PC) (Stomp et al., 2007;
Liu et al., 2014; Tamm et al., 2018). PE-rich picocyanobacteria
(PE-rich) strains are adapted to blue and green light absorption,
and phycocyanin-rich picocyanobacteria (PC-rich) strains
are adapted to red light absorption. Consequently, PE-rich
are better adapted to low-turbidity waters (generally open
waters); meanwhile, PC-rich are better adapted to turbid
waters (generally coastal waters) (Campbell and Carpenter,
1987; Vörös et al., 1998; Stomp et al., 2007; Rajaneesh
et al., 2015). The Baltic Sea picocyanobacteria community
is dominated by a unique PE pigment cluster (Mazur-
Marzec et al., 2013; Larsson et al., 2014; Tamm et al., 2018).
However, PC-rich populations have been observed to have
similar contributions to the picocyanobacterial community
as PE-rich in areas with higher turbidity such as the Gulf

of Finland, and some coastal areas (Stomp et al., 2007;
Haverkamp et al., 2008). PE-rich and PC-rich frequently
co-occur in estuarine environments, and recent studies
from diverse coastal areas suggest that physio-ecological
adaptations to nutrients and temperature affect their distribution
and seasonality (Rajaneesh et al., 2015; Jiang et al., 2016;
Paerl et al., 2020).

Picophytoplankton seasonal dynamics are determined by
temperature, light, nutrient concentration (Otero-Ferrer et al.,
2018; Hunter-Cevera et al., 2019; Fowler et al., 2020), and biotic
factors (Ohlendieck et al., 2000; Ploug et al., 2011). The few
studies focusing on picophytoplankton seasonality in the Baltic
Sea suggest that their community composition and abundance
have a strong seasonal variation (Kuosa, 1991; Bertos-Fortis
et al., 2016). Maximum picocyanobacteria cell concentrations
of 105–106 cells mL−1 have been observed during summer,
coinciding with high-temperature and low-nutrient conditions
(Kuosa, 1991; Albertano et al., 1997; Hajdu et al., 2007; Tamm
et al., 2018). Peak cell abundances for PPE of up to 103 cells
mL−1 have been reported during the autumn in a non-stratified
water column (Kuosa, 1991). Thus, the dynamics and relative
importance of picocyanobacteria and PPE along different seasons
are expected to vary. In a global perspective, PPE appear to be
better adapted to low temperatures and NO3 availability while
picocyanobacteria is generally favored by high temperatures
and NH4 availability (Glibert et al., 2016; Otero-Ferrer et al.,
2018). Picocyanobacteria preference of NH4 over NO3 has
been observed in laboratory experiments on isolates (Moore
et al., 2002; Tan et al., 2019). Similar observations from natural
populations have also been reported from bulk populations
in nutrient addition bioassays during summer phytoplankton
blooms (Stal et al., 1999; Kuuppo et al., 2003; Lagus et al.,
2007). This was also confirmed by recent studies at the single-
cell level (Berthelot et al., 2018; Klawonn et al., 2019). In
the Baltic Sea, the occurrence of picocyanobacteria during late
summer has been linked to the presence of dinitrogen (N2)-fixing
cyanobacterial blooms (Ohlendieck et al., 2000; Stal and Walsby,
2000; Ploug et al., 2011), suggesting that interactions with larger
phytoplankton may be an important factor driving seasonal
dynamics of picophytoplankton. However, disentangling the
nutrient effect from other factors such as temperature is necessary
to understand the seasonal changes in picophytoplankton
community composition.

This study aims to explore the abundance, apparent net
growth rate, and nutrient limitation of three populations of
picophytoplankton, i.e., PE-rich, PC-rich, and PPE, over an
annual cycle at a coastal sampling station located in the
Baltic Sea Proper. Weekly field sampling was conducted in
March to December in 2018, and a series of nutrient addition
bioassays were performed to assess how nutrient limitation drives
picophytoplankton growth. This study provides high-resolution
data on the dynamics of picophytoplankton and nutrient controls
during different seasons. The results show that the response
and contribution to total biomass of the different populations
vary with nutrients and season and highlight the importance
of picophytoplankton to the total phytoplankton community
throughout the year.
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MATERIALS AND METHODS

Field Sampling
The sampling was carried out at the K-station (56◦39′25.4′′N
16◦21′36.6′′E, 3 m deep, Supplementary Figure 1), a station
located in the southeast coast of Sweden, in the Kalmar
Sound, in the city of Kalmar. The Kalmar Sound waters are
eutrophic and are highly influenced by coastal anthropogenic
activities, particularly agriculture. This has affected the yearly
primary production, which has roughly doubled over the last
century (Legrand et al., 2015). Surface water (1 m depth) was
sampled weekly using a Ruttner sampler and a 10-L acid-
washed polycarbonate carboy. Sampling lasted from March
until December 2018, covering spring (March, April, May),
summer (June, July, August), autumn (September, October,
November), and winter (December). Temperature and salinity
were measured using a conductivity/temperature/depth sensor
(CTD R© Castaway). Water from the carboy bottle was filtered
through a 200-µm mesh gauze to remove large particles. Samples
were collected for dissolved inorganic nutrients, Chl a, and pico-
and larger phytoplankton abundance measurements. Water for
the nutrient addition bioassays was collected on 11 occasions.
Experiments were initiated within 1 h of sample collection and
incubated in the laboratory under controlled conditions for 48 h.

Abiotic and Biotic Parameters
Samples for dissolved inorganic nutrients (NO2 + NO3 and
PO4, SiO2, TN, and TP) were filtered (400 mL) through a
GF/F filter and frozen at −20◦C until analysis using standard
protocols (UV-Spectrophotometer, Valderrama, 1995). Chl a was
extracted and measured following Jespersen and Christoffersen
(1987). Briefly, 50–200 mL seawater was filtered on (A/E)
glass fiber filters in duplicates (∼1 µm pore size, Pall Life
Sciences, Ann Arbor, MI, United States) under low vacuum and
extracted in ethanol (96%) in darkness. Chl a concentrations
were measured using a Turner fluorometer (Turner design
Model #040, Tucson, AZ, United States). Samples for larger
phytoplankton (>5 µm) community composition were collected
and counted microscopically (Nikon TMS, Tokyo, Japan) after
preservation with acidic Lugol’s solution (1% final concentration)
following Utermöhl (1958). Phytoplankton was identified to
genus or species level, and cell measurements were used to
calculate the carbon biomass following Edler (1979); Olenina
et al. (2006), and HELCOM Phytoplankton Expert Group (2013).

Samples for picophytoplankton abundance were fixed with
glutaraldehyde solution Grade I 25% in H2O (Sigma-Aldrich,
MO, United States; 1% final concentration) and stored at −80◦C
until flow-cytometry analysis. Cells of PE-rich and PC-rich and
PPE were identified and counted using a CyFlow R© Cube 8 flow
cytometer (Partec R©, Jettingen-Scheppach, Germany) equipped
with a blue pumped solid-state laser (20 min W) at 488 nm
and a red laser diode (25 mW) at 638 nm. For each sample,
50 µL was analyzed at an average flow rate of (10 µL s−1). For
the cell characterization, four optical parameters were used at
a logarithmic scale: forward scatter (FSC) as a proxy for cell
diameter, FL2 (590/50 nm, blue laser dependent) as a proxy

for PE content, FL3 (675/50 nm, blue laser dependent) as a
proxy for Chl a, and FL4 (675/50 nm, red laser dependent) as a
proxy for PC content.

Picocyanobacteria were identified and separated into two
groups depending on their specific pigment characteristics:
PE-rich with a high FL2 signal and PC-rich with a high
FL4 signal. PPE was identified based on larger diameter
and higher FL3 signal compared to the other groups. The
diameters were estimated in the FSC with the help of
1- and 3-µm beads. For a more detailed description of
the picophytoplankton identification, see Supplementary
Information and Supplementary Figure 2. Gating and
visualization of the flow cytometric data were carried out
using the R (version 3.6.1) packages flowCore, flowWorkspace,
openCyto, and CytoRSuite (Hammill, 2019). The relative
contribution of picophytoplankton based on the carbon
biomass concentration was estimated for each value included in
Supplementary Table 1.

Nutrient Addition Bioassays at in situ
Temperature
To examine the seasonal variation of nutrient (nitrogen and
phosphorus) limitation of picophytoplankton at the K-station,
a total of 11 short-term (48 h) nutrient addition bioassays
were conducted during different seasons (see Supplementary
Table 2): in spring (7th and 22nd of May), summer (4th and
21st of June, 3rd of July and 29th of August), autumn (12th and
25th of September and 9th and 23rd of October), and winter
(11th of December). The bioassay treatments were nutrient
addition nutrients in excess concentrations: NH4 (200 µM), NO3
(200 µM), PO4 (10 µM), NO3 (200 µM) + PO4 (10 µM),
NH4 (200 µM) + PO4 (10 µM), and controls without nutrient
addition (Supplementary Figure 3). Triplicates were done for
each treatment in 650-mL acid-washed polycarbonate bottles.
The bioassays were incubated in the laboratory at a light intensity
of 90 µE m−2 s−1, a photoperiod of 12L:12D, at in situ
temperature provided with a constant inflow and outflow of
seawater. Bottles were shaken manually every 24 h to avoid
sedimentation. The abundance of PE-rich, PC-rich, and PPE were
measured at the beginning and end of each experiment. The
apparent net growth rate was calculated according to:

Apparent net growth rate
(

day−1
)
=

ln (NT48/NT0)

2 days

Where N refers to the cell concentration, T48 refers to the
last day of the experiment, and T0 refers to the day of the
experimental setup.

Statistical Analysis
A principle component analysis was used to analyze the
relationship between the picophytoplankton cell abundance
and measured biotic and abiotic variables: PE-rich, PC-
rich, PPE, NO2 + NO3, PO4, SiO2, temperature, salinity,
phytoplankton biomass (total biomass, dinoflagellates, diatoms,
total cyanobacteria, and N2-fixers) and Chl a. All variables were
transformed [log(x+ 1)] prior the analysis.
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The effect of nutrient limitation in the bioassays was analyzed
by comparing the apparent net growth rates under different
nutrient conditions. Each bioassay was analyzed separately using
one-way ANOVA (n = 18, p < 0.05) followed by Tukey’s
range test (p < 0.05) to test the statistical differences between
treatments. Normality and heteroscedasticity were assessed
via quantile–quantile plots and Cochran’s C test (p = 0.05),
respectively. All statistical analyses were performed using R
version 3.6.1 (R Core Team, 2019).

RESULTS

Field Observations
At the K-station, seawater temperature (1 m depth) ranged
from 0 to 24◦C from early spring to mid-summer and 18–3◦C
from autumn to winter (Figure 1A). Temperature was above
20◦C from July to September. Salinity varied from 6.5 PSU
during spring–summer after the ice melting period up to 7.5
PSU in October after a dry summer (Figure 1B). The highest
concentrations of dissolved inorganic nitrate (NO2 + NO3)
were recorded in mid-March (4.3 µM; Figure 1C). Nitrate
concentrations decreased gradually to the end of the spring and
remained low throughout the summer and autumn (<0.06–
0.7 µM) followed by a small rise in the winter. Concentrations
of NH4 were not recorded for 2018 but typically ranged between
1 and 2.52 µM at the K-station during 2019 and 2020 (data not
shown). The concentrations of dissolved inorganic phosphorus
(PO4) decreased in spring (1 to 0.2 µM) with occasional peaks of
up to 1.2 µM between March and September (Figure 1D). Silicate
(SiO2) concentrations ranged from 1.1 to 26.6 µM with strong
peaks in summer, autumn, and early winter (Figure 1E). Total
nitrogen (TN) levels ranged from 1.4 to 11.2 µM during spring–
summer and decreased to below detection during autumn–winter
(Figure 1F). Total phosphorus (TP) levels increased from spring
(5.8 µM) to winter (14.1 µM; Figure 1G).

Phytoplankton Dynamics
Chl a, as a proxy for phytoplankton biomass, showed seasonal
variation with a spring bloom maximum in April (up to
15 µg L−1), relatively constant summer concentrations (4–
8 µg L−1), and a gradual decline after late autumn (<4 µg
L−1; Figure 2A). In the spring, the phytoplankton community
was dominated by diatoms reaching a maximum biomass of
52 mg C m−3 (Figures 2B,C). After the spring bloom, biomass
dropped to 25–15 mg C m−3 consisting of a diverse community
of dinoflagellates, haptophytes, ciliates, and large cyanobacteria
(Figure 2C). During summer, as temperatures increased
above 20◦C, filamentous nitrogen (N2)-fixing cyanobacteria,
dominated by Aphanizomenon (87% relative contribution in
June), Dolichospermum (69% relative contribution in July), and
Nodularia spumigena (91% relative contribution in August),
bloomed with peaks up to 74.4 mg C m−3. In late summer,
the larger phytoplankton community composition fluctuated,
recording a maximum biomass of 148 mg C m−3 due to a bloom
of Euglenophyta (75% relative contribution). During autumn,
the phytoplankton community biomass decreased to a minimum

of 6 mg C m−3 and was dominated by ciliates, dinoflagellates,
and diatoms. The biomass remained low during early winter,
and the phytoplankton community was dominated by diatoms
(Figures 2B,C).

Cell abundances of picophytoplankton showed a strong
seasonality that differed for the three groups (Figure 2D). PPE
had highest abundance during May and PE-rich and PC-rich
reached maximum cell abundances in July. PE-rich and PC-rich
maximum cell abundances (PE-rich: 2.6 × 105 cells mL−1, PC-
rich: 2.1 × 105 cells mL−1) were more than double of that of
PPE (1.1 × 105 cells mL−1). In spring, the picocyanobacteria
community was strongly dominated by PE-rich cells (Figure 2E).
During summer, PC-rich increased its cell abundance to 50% of
the picocyanobacteria community. During autumn, PC-rich had
a maximum cell abundance of 65% but decreased down to 10%
by the end of November (Figure 2E).

Literature values of picophytoplankton carbon biomass
conversion factors show a large variation depending on the
methods used for determination, the season, region, or taxon in
the case of PPE (Supplementary Figure 4 and Supplementary
Table 1). In this study, we estimated the median, minimum, and
maximum possible contributions of picophytoplankton to the
total phytoplankton community (Figure 3). Picophytoplankton
median contribution was 53% on average throughout the
sampling period. Picophytoplankton maximum contributions
were recorded from May to early July (max. May 14th, median:
89% relative contribution). The highest contribution of PE-rich
and PC-rich occurred during summer (Figure 3A, PE-rich June
26th, median: 27% relative contribution, Figure 3B, PC-rich
July 3rd, median: 18% relative contribution). The PPE median
contribution to the total carbon biomass was close to 40% for
most of the year, with a maximum relative contribution of 73%
during May. The minimum contribution of PPE took place in
the period between mid-July and early August (median 3–19%
relative contribution; Figure 3C).

The principal component analysis explained 52% of the
variation in the two first principal components (Figure 4). PC1
accounted for 35% of the variance with a negative load of PE-rich,
PC-rich, PPE, NO2 + NO3, PO4, temperature, phytoplankton
biomass (total biomass, dinoflagellates, total cyanobacteria, and
N2 fixers), and Chl a (Fig. PCA). PC2 accounted for 17%
of the total variation with a negative load of total PC-rich,
cyanobacteria, N2-fixers, temperature, SiO2, and salinity.

Nutrient Limitation of Picophytoplankton
Apparent net growth rates for PE-rich (−0.07 to 0.82 day−1),
PC-rich (−1.10 to 0.78 day−1), and PPE (−0.01 to 0.91 day−1)
were in line with previous observations in the Baltic Sea but were
generally lower than rates reported from tropical and subtropical
environments (Tables 1, 2).

PE-rich and PC-rich growth patterns and their response to
nutrients could be divided into two periods: from May to July
and from end-August to October/December. During the first
period, PE-rich apparent net growth rates ranged from −0.01
to 0.82 day−1 while in the second period they were near zero
(Table 1). During the first period, PE-rich growth was limited
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FIGURE 1 | K-station weekly measurements during 2018 for (A) temperature (◦C), (B) salinity (PSU), (C) NO2 + NO3 (µM), (D) PO4 (µM), (E) SiO2 (µM), (F) total N
(TN; µM), and (G) total P (TP; µM). Ticks on the x-axis mark the dates when a bioassay was performed.
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FIGURE 2 | K-station weekly measurements for (A) Chl a (µg L-1), (B) total phytoplankton (>5 µm in diameter) carbon biomass concentration (mg C m-3) based on
microscopy, (C) relative contribution of phytoplankton divisions (>5 µm in diameter) to total biomass (mg C m-3) calculated from microscopic counts microscopy,
(D) PE-rich, PC-rich, and PPE cell concentration in a logarithmic scale (cells mL-1), and (E) relative contribution of PE-rich and PC-rich (%) based on flow cytometry
cell counts. Ticks on the x-axis mark the dates when a bioassay was performed.
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FIGURE 3 | K-station weekly relative carbon biomass contribution to the total phytoplankton community for (A) PE-rich, (B) PC-rich, and (C) PPE. The relative
contribution of picophytoplankton based on the carbon biomass concentration was estimated for each value included in Supplementary Table 1. Ticks on the
x-axis mark the dates when a bioassay was performed.

exclusively by nitrogen with a preference for NH4 over NO3
except on May 9th and June 19th (Supplementary Tables 3, 4).
On May 9th, apparent net growth rates were co-limited by
nitrogen (with a preference for NO3 over NH4) and phosphorus
(Supplementary Tables 3, 4). On June 19th, the NO3 treatment
showed significantly lower rates than the control. During the
second period, the growth was limited by nitrogen at the end of
September (preference for NH4) and at the beginning of October
(preference for NO3). At < 15◦C, NO3 was the preferred form
of nitrogen, while at >15◦C NH4 was preferred (Figure 1A and
Table 1). PC-rich growth showed opposite dynamics to PE-rich.
In the first period, PC-rich had poor apparent net growth rates
while in the second period apparent net growth rates ranged from
0.34 to 0.78 day−1 (Table 1). During the first period, PC-rich
growth was co-limited by nitrogen (with preference for NH4)
and PO4 on June 4th and limited by nitrogen (with preference
for NH4) on July 3rd (Supplementary Tables 3, 5). During the
second period, growth was co-limited by nitrogen (both NO3 and
NH4) and PO4 during October. At < 15◦C, both NO3 and NH4

yielded a similar increase in apparent net growth rates compared
to the control, while at >15◦C, NH4 was the preferred form of
nitrogen for PC-rich (Figure 1A and Table 1).

Photosynthetic picoeukaryotes apparent net growth rates were
low in summer and high in spring and autumn (Table 1).
During the two experiments in May, PPE apparent net growth
rates ranged from 0.40 to 0.52 day−1 and increased significantly
with PO4 addition and NH4 addition on the 6th and 20th of
May, respectively (Supplementary Tables 3, 6). In the period
from June to August, apparent net growth rates decreased from
0.33 to −0.01 day−1 and the addition of NO3, NH4, and PO4
reduced apparent net growth rates significantly compared to the
control. During autumn, apparent net growth rates increased
again to 0.56–0.91 day−1. PO4 limitation was observed during
September. The highest apparent net growth rates for PPE
were at temperatures 11–15◦C. Nutrient addition at higher
temperatures generally caused a significant decrease of the
apparent net growth rates compared to the controls (Figure 1A
and Table 1).
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FIGURE 4 | Principal component analysis ordination plot (PC1 × PC2) of
PE-rich, PC-rich, PPE, NO2 + NO3, PO4, SiO2, temperature, salinity,
phytoplankton biomass (total phytoplankton biomass (Biom.), dinoflagellates
(Dino.), diatoms (Diat), total cyanobacteria (Cyano), and N2-fixers), and Chl a.

DISCUSSION

Picophytoplankton have a competitive advantage for nutrient
uptake in oligotrophic environments where they contribute
significantly to the total Chl a (Peña et al., 1990; Agawin et al.,
2000; Durand et al., 2001). However, several observations have
also pointed out the ecological relevance of picophytoplankton
in coastal and eutrophic environments (Morán, 2007; Caroppo,
2015; Pulina et al., 2017; Paerl et al., 2020). Information about
the seasonal abundance of picophytoplankton in the Baltic
Sea is limited. As a consequence, picophytoplankton biomass
contribution is frequently estimated using Chl a fractionation
(Sondergaard et al., 1991; Stal et al., 1999, 2003; Ohlendieck et al.,
2000; Tamm et al., 2018) or not included in the calculations
(Uusitalo et al., 2013; Olofsson et al., 2020). At the K-station
during 2018, picocyanobacteria were present throughout the year,
with maximum abundances during summer (4.7 × 105 cells
mL−1). These numbers were comparable to other observations
in the Baltic Sea Proper during summer (1.5× 105 to∼5.5× 105

cells mL−1) (Albertano et al., 1997; Mazur-Marzec et al., 2013),
suggesting that picocyanobacteria abundances at the coast are
as high as in offshore locations. PE-rich cell abundance during
spring at <10◦C was notably higher than previous reports in the
Baltic Sea and other temperate ecosystems (Kuosa, 1991; Hunter-
Cevera et al., 2019). Similar abundances have also been recorded
in the southern Baltic Proper (Mazur-Marzec et al., 2013) in
line with observations of positive growth of Synechococcus at
<2◦C (Paulsen et al., 2016), suggesting that picocyanobacteria is
adapted to low temperatures in the Baltic Sea. PPE abundance
reached 1.1 × 105 cells mL−1 during spring, around two orders
of magnitude higher than the maximum abundances reported
from the Gulf of Finland (Kuosa, 1991), and one order of
magnitude higher than the maximum observed in other estuaries

TABLE 1 | Bioassay average apparent net growth rates (day−1) on each date and
treatment for PE-rich (day−1), PC-rich (day−1), and PPE (day−1) calculated from
cell abundances measured using flow cytometry at T0 and T48.

DATE Control PO4 NO3 NO3 +

PO4

NH4 NH4 +

PO4

Effect

PE-rich

2018-05-07 0.83 1.05 1.12 1.21 0.92 1.17 NO3↑, PO4↑

2018-05-22 0.34 0.27 0.41 0.27 0.70 0.47 NH4↑

2018-06-04 0.42 0.46 0.51 0.43 0.62 0.66 NH4↑

2018-06-19 0.38 0.29 0.21 0.31 0.40 0.44 NO3↓

2018-07-03 −0.01 0.04 0.01 0.01 0.34 0.36 NH4↑

2018-08-29 0.19 0.10 0.09 0.11 0.15 0.19 –

2018-09-12 −0.03 −0.11 −0.03 0.02 −0.08 0.04 –

2018-09-25 0.34 0.35 0.26 0.35 0.49 0.34 NH4↑

2018-10-09 −0.08 −0.03 0.10 −0.01 −0.02 0.08 –

2018-10-23 −0.03 0.07 0.10 0.04 0.00 −0.05 –

2018-12-11 −0.05 −0.09 −0.01 −0.01 −0.06 −0.01 –

PC-rich

2018-05-07 −1.11 −1.28 −1.15 −0.94 −1.48 −1.39 –

2018-05-22 −0.53 −0.48 −0.57 −0.60 −0.53 −0.58 —

2018-06-04 −0.12 −0.05 −0.10 −0.08 0.00 0.06 NH4↑, PO4↑

2018-06-19 0.14 0.07 0.00 0.04 0.17 0.18 –

2018-07-03 −0.51 −0.49 −0.61 −0.53 −0.08 0.11 NH4↑

2018-08-29 0.43 0.36 0.40 0.40 0.39 0.32 –

2018-09-12 0.78 0.77 0.82 0.83 0.87 0.78 –

2018-09-25 0.34 0.45 0.38 0.40 0.42 0.42 –

2018-10-09 0.51 0.59 0.91 0.91 0.84 0.82 NH4↑, PO4↑

2018-10-23 0.40 0.58 0.61 0.56 0.52 0.60 NO3↑, PO4↑

2018-12-11 −0.10 −0.05 −0.06 −0.10 0.02 −0.02 –

PPE

2018-05-07 0.52 0.61 0.53 0.52 0.57 0.55 PO4↑

2018-05-22 0.40 0.37 0.40 0.37 0.50 0.50 NH4↑

2018-06-04 0.33 0.31 0.17 0.30 0.33 0.34 NO3↓

2018-06-19 0.20 0.09 0.04 0.07 0.14 0.14 NO3↓, PO4↓

2018-07-03 −0.01 −0.03 0.17 0.21 0.20 0.32 NH4↑, PO4↑

2018-08-29 0.45 0.33 0.37 0.31 0.26 0.27 NH4↓

2018-09-12 0.56 0.57 0.57 0.54 0.57 0.47 –

2018-09-25 0.27 0.40 0.22 0.21 0.29 0.36 PO4↑

2018-10-09 0.91 0.81 0.80 0.96 0.90 0.89 –

2018-10-23 0.77 0.64 0.63 0.65 0.82 0.72 –

2018-12-11 0.47 0.43 0.40 0.36 0.48 0.47 –

The column on the right shows the significant effect of the nutrients, indicating ↑
when the effect is positive and ↓ when the effect is negative.

(Rajaneesh et al., 2015; Mohan et al., 2016). The current study
(K-station) highlights the contribution of picocyanobacteria and
PPE to the total phytoplankton biomass in the estuarine and
eutrophic coastal Baltic Sea over an annual cycle.

Picophytoplankton is composed of multiple populations
spanning diverse physiological adaptations and ranges
(Rajaneesh et al., 2015; Tamm et al., 2018). Recent studies,
in other estuarine and coastal areas, have separated
Synechococcus/Cyanobium into pigment-based populations (PE-
rich and PC-rich), suggesting differences in distribution patterns
between the groups (Mitbavkar et al., 2015; Li et al., 2019; Paerl
et al., 2020). In this study, the three populations, PE-rich,
PC-rich, and PPE, had significant differences in regard to (1)
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TABLE 2 | Compilation of reported net growth rates (day−1) of Synechococcus sp. and PPE from incubation experiments.

Picocyanobacteria

Area Temperature (◦C) Dates Net growth rate (day−1) References

Baltic Sea (K-station) 6.8–19.2 May-December (2018) −1.10–0.78 (PC-rich)
−0.07–0.82 (PE-rich)

This study

Baltic Sea (Tvärminne Långskär station) 0.7–23.3 All seasons (1988) −0.07–0.47 Kuosa, 1991

North West Atlantic (Martha’s Vineyard Observatory) −2–22 All seasons (2003–2019) −0.6–0.6 Hunter-Cevera et al., 2019

Mediterranean Sea (Bay of Blanes) 11–24 Feb-Jan (1996–1997) 0.2–1.5 Agawin et al., 1998

North Atlantic Ocean (Cape Hatteras, stations P1 and P2) – Jul-Aug (1984) 0.01–0.56 Campbell and Carpenter,
1986

North Atlantic Ocean (Skidaway Institute of Oceanography) 28.5–31.2 Jun-Aug (2017) −0.88–1.02 Anderson et al., 2018

North Pacific Subtropical Gyre (Kaneohe Bay, Hawaii) – Sep (1982) 1.03–1.84 Landry et al., 1984

North West Indian Ocean (R.R.S. Charles Darwin, Gulf of
Oman and South east of the Arabian peninsula)

– Sep-Oct (1986) −0.21–0.15 Burkill et al., 1993

South East Pacific (RV Southern Surveyor, Australia) 14.3–22.5 Oct (2010) −0.45–0.32 Doblin et al., 2016

PPE

Baltic Sea (K-station) 6.8–19.2 May-Dec (2018) −0.01–0.91 This study

North Atlantic Ocean (Skidaway Institute of Oceanography) 28.5–31.2 Jun-Aug (2017) −0.52–1.61 Anderson et al., 2018

seasonal dynamics, (2) biomass contribution, (3) temperature
regimes, and (4) nutrient limitation. These results emphasize
the importance of high-resolution studies of ecological relevant
populations in order to understand the dynamics of the genetic
and physiologically diverse picophytoplankton (Not et al., 2009;
Bertos-Fortis et al., 2016).

Seasonal variations in the PE-rich and PC-rich contributions
to the picocyanobacteria community have previously been
observed in tropical and subtropical estuaries (Liu et al., 2014;
Rajaneesh et al., 2015; Jiang et al., 2016; Li et al., 2019). At
the K-station, PE-rich and PC-rich abundances increased during
spring and peaked during early summer. During this period,
PE-rich dominated the picocyanobacteria community (up to
99%). This was consistent with previous observations of PE-rich
dominance in the Baltic Sea during the spring–summer period
(Mazur-Marzec et al., 2013; Larsson et al., 2014; Tamm et al.,
2018). During the autumn, PE-rich abundance declined, resulting
in PC-rich dominance. The reduction in irradiance from summer
to autumn can cause a transition from PE-rich to PC-rich (Stomp
et al., 2007). However, other environmental factors such as
nutrient concentration may also influence the picocyanobacterial
community composition (Mitbavkar et al., 2015). PPE increase in
abundance is thought to be related to low temperatures and high
nutrient concentration (Kuosa, 1991; Otero-Ferrer et al., 2018).
Our observations showed that PPE abundances peaked during
spring, at 11–15◦C. The low PPE abundances during autumn
contrast with the peak abundances observed by Kuosa (1991)
during the same period. These patterns could be explained by the
long-lasting summer of 2018 (Humborg et al., 2019), which could
have shifted PPE favorable temperatures to later in the autumn
while concurrent light limitation may have restricted PPE growth
(Fowler et al., 2020).

The biomass estimates at the K-station confirmed that the
pico-fraction (<2 µm) is a major contributor to the total
phytoplankton biomass, in line with previous recordings in the
Baltic Sea based on Chl a measurements (Sondergaard et al., 1991;

Stal et al., 1999, 2003; Ohlendieck et al., 2000; Tamm et al., 2018),
and can dominate the phytoplankton community during spring,
early summer, and autumn. Resolving the biomass estimates into
the three populations reveal that on an annual basis, PPE was
the main contributor to the phytoplankton community except
during the bloom of N2-fixers at the end of July (>18◦C).
This highlights the importance of PPE in coastal environments
(Worden et al., 2004). A high contribution of both PE-rich
and PC-rich co-occur with high temperatures, in line with
previous studies (Stal et al., 2003). A community composition
shift from PPE to picocyanobacteria can have large impacts on
the microbial food web and should be systematically included
in future phytoplankton biomass studies and carbon flux models
(Schmidt et al., 2020).

Range adaptation to temperature showed different patterns
among the picophytoplankton groups. The highest apparent
net growth rates were observed during spring and beginning
of summer at 10◦C and 17–19◦C for PE-rich and at 11–
15◦C for PPE. The temperature range for PC-rich was 13–
16◦C, as the highest apparent net growth rates were during
autumn. The apparent net growth rates of picocyanobacteria
were in line with previous observations in temperate ecosystems
(Table 2). Similarly to the high-resolution growth dynamic study
by Hunter-Cevera et al. (2016), in this Baltic Sea study, apparent
net growth showed no increase at >16–17◦C. However, higher
apparent net growth rates of Synechococcus (up to 1.84 day−1)
have been reported in warmer climate (Table 2). Thus, an
increase in temperature due to climate change might result
in an increase of Synechococcus growth at higher latitudes
(Stawiarski et al., 2016). The apparent growth calculations
did not account for grazing or viral lysis. Grazing by ciliates
and flagellates (2–20 µm) is considered an important top-
down control on picophytoplankton (Grinienë et al., 2016).
However, some observations have reported that grazing fails
to control picocyanobacterial blooms, particularly in nutrient-
rich environments (Kuuppo et al., 2003; Samuelsson, 2003).
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On the other hand, viral lysis can also influence
picophytoplankton growth (Tsai et al., 2015) but may be a minor
factor, particularly for PPE (Tsai et al., 2018).

The bioassays showed that NH4 was the preferred form
of nitrogen for picophytoplankton. The preference of NH4
over NO3 for Synechococcus/Cyanobium has been extensively
documented (Moore et al., 2002; Berthelot et al., 2018; Klawonn
et al., 2019; Tan et al., 2019). This study shows that both PE-
rich and PC-rich can use NO3 and NH4 at low temperature
but showed preference for NH4 at higher temperatures (>15◦C–
17◦C). This is in line with the effect of temperature on
nitrogen assimilation enzymatic pathways (Glibert et al., 2016).
The assimilation of NH4 generally occurs through the GS-
GOGAT pathway, while NO3 uptake depends on the enzyme
nitrate reductase (NR). GS-GOGAT is positively correlated with
temperature, while NR is negatively correlated (Glibert et al.,
2016). As a result, NH4 assimilation will be higher than NO3
assimilation at high temperatures. Thus, the uptake of NH4
is an advantageous adaptation for Synechococcus/Cyanobium to
compete with other NO3 specialists such as diatoms under
nitrogen limitation during the warm periods (Glibert et al., 2016).
It should be noted that our results shows that Baltic Sea PE-rich
were better adapted to high temperatures than PC-rich, and as
a consequence PE-rich may benefit more from NH4 uptake. In
coastal areas and shallow water ecosystems (<50 m depth), NH4
from benthic or riverine origin can be the main nitrogen source
for the phytoplankton community (Herbert, 1999; Klawonn et al.,
2019), which could benefit PE-rich at high temperatures. In line
with the observations by Berthelot et al. (2018), PPE growth
increased in NH4 addition treatments during nitrogen limitation.
However, nutrient additions outside of the temperature range
resulted in significant reductions of the apparent net growth rates
of PPE. This was likely because nutrient addition in a nutrient-
limited system can favor competitors better adapted for high
temperatures than PPE such as PE-rich.

This study provides an annual high-resolution description
of picophytoplankton abundance and dynamics in the coastal
Baltic Sea Proper. It also investigates apparent net growth rates
and nutrient limitation of three functional picophytoplankton
groups. In this study, PE-rich, PC-rich, and PPE showed different
seasonal dynamics defined by different temperature ranges and
nutrient limitation. To understand the dynamics of genotypes,
future research should include the molecular diversity within
each group. This study shows, for the first time, the contribution
and importance of picophytoplankton over a full annual cycle
and situates PPE as one of the most important components of
the phytoplankton community in terms of biomass especially
during spring and early summer. The results further suggest that
in eutrophic coastal systems where NH4 is the main nitrogen

species (agricultural landscape), PE-rich will be favored over PPE.
This effect could be further magnified during earlier and more
extensive blooms of N2-fixing cyanobacteria that are projected
as a consequence of global warming (Neumann et al., 2012;
Andersson et al., 2015). Such events could favor PE-rich over PC-
rich and PPE, leading to picophytoplankton community shifts
having consequences on the contribution to the total carbon
biomass in coastal areas.
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