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1.  INTRODUCTION 

Picophytoplankton (<2 μm diameter) are a diverse 
group of primary producers consisting of picocyano-
bacteria and photosynthetic picoeukaryotes (PPE), 
which can dominate phytoplankton biomass in oligo-
trophic oceans (Pena et al. 1990, Agawin et al. 1998, 
Durand et al. 2001) as well as coastal, eutrophic, and 
brackish environments (Søndergaard et al. 1991, Bui-
tenhuis et al. 2012, Caroppo 2015). Due to their small 

size, picophytoplankton have a high surface to vol-
ume ratio which gives them a competitive advantage 
for nutrient uptake compared to larger phytoplank-
ton cells (Partensky et al. 1999, Pittera et al. 2014). 
With climate change, picophytoplankton are ex -
pected to increase in abundance and replace larger 
phytoplankton due to increased temperatures, more 
extended periods of stratification, and de-eutrophica-
tion (Bopp et al. 2013, Cabré et al. 2015). Moreover, 
picocyanobacteria are expected to have a compet-
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itive advantage over PPE in warm, nutrient-deficient 
environments (Schmidt et al. 2020). Changes in 
phytoplankton community structure and specifically 
within the picophytoplankton size fraction could 
cause alterations in carbon pathways within the 
microbial food web and have a cascading effect on 
upper trophic levels (Capuzzo et al. 2017). Thus, 
quantifying and understanding the mechanisms 
behind picophytoplankton growth and mortality and 
its implications for carbon transfer is key to predict-
ing scenarios under climate change conditions. 

Picophytoplankton predatory mortality occurs by 
grazing or viral lysis (Christaki et al. 2002, Wang et al. 
2011, Tsai et al. 2012). Carbon pathways through the 
food web differ depending on whether picophyto-
plankton cells succumb to lysis or grazing (Fuhrman 
1999). When picophytoplankton are grazed, carbon is 
passed directly to higher trophic levels (Fuhrman 
1999, Landry & Calbet 2004). However, when cells are 
lysed, the lysis products are passed into a semi-
enclosed microbial loop and later upcycled through 
the trophic chain with some energy loss (Calbet & 
Landry 2004, Suttle 2005). Traditionally, ciliates and 
flagellates have been considered the main grazers of 
picophytoplankton (Dolan & Šimek 1998, Hadas et al. 
1998, Christaki et al. 1999, Grinienė et al. 2016), but 
some observations suggest that they can also be 
grazed by mesozooplankton (Motwani & Gorokhova 
2013, Novotny et al. 2021). Grazing has been 
observed to stabilize but not reduce abundances of 
the picocyanobacterium Synechococcus (Dolan & 
Šimek 1999, Tsai et al. 2015a, Hunter-Cevera et al. 
2020). Conversely, grazers have been observed to 
effectively control PPE abundances in both marine 
(Pasulka et al. 2015, Fowler et al. 2020) and brackish 
environments (Evans et al. 2003). Size is an important 
factor driving prey selection (Christaki et al. 2002). 
Most observations suggest that grazing pressure is 
higher on the larger PPE than the smaller Synecho-
coccus (Samuelsson & Andersson 2003, Worden et al. 
2004), which could be a consequence of selective 
pressure due to size or the lower food quality that Syn-
echococcus provides grazers (Apple et al. 2011). Prey 
selection can also be specific to strains within both 
the Synechococcus genera (Stoddard et al. 2007, 
Apple et al. 2011) and the highly diverse group of 
PPEs (Blanc-Mathieu et al. 2017) but the mechanisms 
of selection remain poorly understood. Viral lysis has 
been reported to exert pressure similar to grazing on 
picophytoplankton populations (Pasulka et al. 2015, 
Tsai et al. 2015b). In brackish environments, viral lysis 
on Synechococcus can increase during the cold 
months, when grazing is reduced (Tsai et al. 2015a), 

while for PPE, viruses may not cause a population 
decline (Cottrell & Suttle 1995). 

The modified dilution approach (Evans et al. 2003) 
is a thoroughly replicated experimental design used 
to calculate mortality rates of phytoplankton (Kim-
mance et al. 2007, Baudoux et al. 2008, Pasulka et al. 
2015, Tsai et al. 2015a, 2018). The setup is based on 
the dilution technique proposed by Landry & Hassett 
(1982) to calculate microzooplankton grazing rates, 
with the additional inclusion of a series of dilutions 
with virus-free water, which allows for the calculation 
of viral lysis rates (Evans et al. 2003). This method-
ological approach has been extensively used in mar-
ine environments, although its implementation in 
brackish waters is still limited (Staniewski & Short 
2018). The experimental design operates under 4 as -
sumptions: (1) phytoplankton growth is not affected 
by the presence or absence of other phytoplankton; 
(2) mixotrophic phytoplankton are not affected by 
changes in the concentration of dissolved organic 
matter, and thus growth is not affected by dilution; (3) 
grazing is related to prey concentration; and (4) 
phytoplankton growth is exponential (Landry & Has-
sett 1982, Cram et al. 2016). Moreover, as heterotro-
phic bacteria grow faster than phytoplankton in the 
dilution treatments, short-term experiments are rec-
ommended (Cram et al. 2016). In combination with 
molecular identification, dilution experiments offer 
insights into mortality dynamics with high taxonomi-
cal resolution and have the potential to resolve mech-
anisms of specific prey selection (Cram et al. 2016). 

In this study, we used the modified dilution ap -
proach to study grazing and viral mortality as well as 
carbon transfer rates to upper trophic levels in Baltic 
Sea Proper picophytoplankton communities, where the 
picocyanobacteria and PPE communities represent a 
seasonal contribution of the total phytoplankton bio-
mass up to ~75 and ~15%, respectively (Alegria Zufia 
et al. 2021). The Baltic Sea picophytoplankton com-
munities are formed by a large array of co-occurring 
ecotypes with strong seasonality and diverse physiol-
ogies (Haverkamp et al. 2009, Bertos-Fortis et al. 
2016, Alegria Zufia et al. 2022). The picocyano -
bacterial population in the Baltic Sea consists of a 
diverse assemblage of Synechococcus sp., Cyanobium 
sp., Aphanothece sp., and Synechocystis sp. among 
others, hereafter referred to as SYN. SYN community 
composition can also be divided into phylo genetic 
subgroups and clades with distinct physio logical 
characteristics. Baltic Sea Proper SYN communities 
are dominated by freshwater clades (clade A/B or 
clade B) from winter to spring, while during summer, 
low NO3+NO2 concentrations and high tempera-
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tures promote the dominance of subgroup 5.2 (S5.2), 
normally coinciding with peak SYN abundances 
(~105 cells ml–1) (Larsson et al. 2014, Alegria Zufia 
et  al. 2022). Conversely, PPE peak abundances 
(~104  cells ml–1) normally take place during early 
spring and/or in the late-summer to autumn period 
(Kuosa 1991, Albertano et al. 1997, Tamm et al. 2018, 
Alegria Zufia et al. 2021). PPE community composi-
tion is largely unknown, although some studies indi-
cate the presence of chlorophytes of the Class 
Mamiellophyceae (Hu et al. 2016). 

Picophytoplankton are important contributors to 
the Baltic Sea carbon cycle (Kuosa 1991, Søndergaard 
et al. 1991, Stal et al. 2003) and new studies are reveal-
ing how environmental conditions control its abun-
dance and community composition (Larsson et al. 
2014, Alegria Zufia et al. 2022). However, little is 
known regarding how mortality controls picophyto-
plankton abundance and community composition as 
well as carbon transfer rates to upper trophic levels. 
Few studies have used the dilution approach to calcu-
late grazing rates for picophytoplankton in the Baltic 
Sea (Reckermann 1996, Aberle et al. 2007, Grinienė et 
al. 2016), and there are currently no observations on 
viral lysis rates. Observations in the Kiel Fjord before 
and during the spring bloom showed that picophyto-
plankton are not significantly grazed during this 
period (Aberle et al. 2007). Reckermann (1996) 
observed significant grazing rates on the picophyto-
plankton community during summer in the Gotland 
Sea, with the daily production of SYN and PPE grazed 
at 133 and 80%, respectively. Furthermore, Donali et 
al. (1999) showed significant carbon transfer rates 
from the picophytoplankton fraction during summer 
in the Gulf of Riga. Finally, observations during 
autumn in the Curonian lagoon showed that grazing 
rates on the picophytoplankton community were 
higher than their growth (Grinienė et al. 2016). These 
findings suggest that grazing is an important control 
for picophytoplankton in the Baltic Sea, but more 
research is needed to assess the predatory mortality 
and selectivity on SYN and PPE, respectively.  

In this study, we combine the modified dilution 
approach (Evans et al. 2003) in an in situ incubation 
with a detailed analysis of the community composi-
tion to study the effect of grazing and viral lysis on 
SYN and PPE during and after the phytoplankton 
summer bloom coinciding with peak SYN abundance. 
Additionally, we inferred carbon transfer rates to 
upper trophic levels from the identified mortality 
rates. This information will provide novel insights 
into the role of picophytoplankton in the microbial 
food web in the Baltic Sea Proper. 

2.  MATERIALS AND METHODS 

2.1.  Experimental setup 

Seawater was collected at 1 m depth from the Lin-
naeus Microbial Observatory (LMO; 56° 55.8540’ N, 
17° 3.6420’ E) approximately 10 km offshore from 
Kårehamn, Öland, Sweden, in the Baltic Sea Proper 
on 10 August (Grazing 1) and 14 September (Grazing 
2) 2020 using a 5 l Ruttner sampler, and mixed in 70 l 
acid-washed opaque barrels. Conductivity, tempera-
ture, and depth profiles were measured using a CTD 
probe (AAQ 1186-H, Alec Electronics). The water was 
transported to the field station in Kårehamn and fil-
tered through a 200 μm mesh filter upon arrival at the 
shore (~30 min after sampling) to remove large 
grazers; the water was kept in the shade until the start 
of the experiments. The experimental setup consisted 
of a non-filtered seawater control treatment (W), and 
seawater diluted to 50% (50) and 90% (90) in tripli-
cate-acid-washed 4.7 l Nalgene bottles (Fig. 1). The 
number of dilutions was limited because of the size of 
the incubation arrays and the larger volumes needed 
for molecular work (see below). Grazer-free dilutions 
were set up with 0.2 μm filtered seawater. In the Graz-
ing 2 experiment, an additional set of dilutions to 50% 
(50-V) and 90% (90-V) were performed with virus-free 
seawater, which was produced using a 100 kDa TFF 
filter (Fig. 1). Three bottles from the W treatment 
were sampled immediately after they had been filled. 
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Fig. 1. Schematic illustration of the experimental setup, with 
the grazer-free 50% dilution (50), the grazer-free 90% dilu-
tion (90), the virus- and grazer-free 50% dilution (50-V), the 
virus- and grazer-free 90% dilution (90-V), and the whole 
water control treatment (W). Treatments 50-V and 90-V were 
only included in the Grazing 2 experiment. All treatments  

were done in triplicate
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The remaining bottles were mounted onto incubation 
arrays positioned outside the Kårehamn harbour at 
1 m depth and sampled after a 24 h in situ incubation. 
Water temperature and light intensity were recorded 
every 5 min for the duration of the experiments using 
HOBO® loggers. 

2.2.  Nutrients, chlorophyll a and phytoplankton 
community (>5 μm) 

Samples for inorganic nutrients (nitrate-nitrite: 
NO3+NO2; phosphate: PO4 ; silicate: SiO2) were col-
lected in acid-washed polycarbonate bottles (400 ml) 
and frozen at –20°C until analysis using a 4-channel 
continuous flow analyzer (San++, Skalar) with stand-
ard colorimetric methods (Grasshoff et al. 1983). NO3 
was calculated as the difference between NOx and 
NO2. Samples for chlorophyll a (chl a) concentration, 
as a proxy for phytoplankton biomass, were collected 
(500 ml) and filtered through a 25 mm diameter 
glass fiber filter (A/E) under low vacuum (>0.2 bar 
[200 hectopascal]). Chl a was extracted in 96% etha-
nol for 24 h and measured using a fluorometer (Turner 
Design model #040; Jespersen & Christoffersen 1987). 

Samples for larger phytoplankton (>5 μm) commu-
nity composition were collected and counted micro-
scopically (Nikon TMS) after preservation with acidic 
Lugol’s solution (1% final concentration) following 
Utermöhl (1958). Phytoplankton carbon biomass con-
centration was calculated using cell abundances and 
estimates of carbon content per cell based on taxon-
omy and size fraction (Edler 1979, HELCOM Phyto-
plankton Expert Group 2013). 

2.3.  Picophytoplankton abundance and community 
composition 

Picophytoplankton and nanoflagellate abundance 
samples were fixed with glutaraldehyde solution 
Grade I 25% in H2O (1% final concentration) and 
stored at –80°C until analysis with a BD FACSverse 
(BD Biosciences) flow cytometer equipped with a 
blue and a red laser. Picophytoplankton were 
counted as 3 populations: PPE, phycoerythrin (PE)-
rich SYN cells and phycocyanin (PC)-rich SYN cells 
based on the gating described in Alegria Zufia et al. 
(2021). For identifying the populations, 4 optical 
parameters were used at a logarithmic scale: forward 
scatter 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 (see Fig. S1 in the Supple-
ment at www.int-res.com/articles/suppl/m735p063_
supp.pdf). 

To count the nanoflagellates, samples were stained 
with SYBRgreen (Sigma-Aldrich; 1% final concentra-
tion), and the population was identified using side 
scatter (SSC), FL1 (530/30 nm, blue laser dependent), 
and FL3 as described in Christaki et al. (2011). Briefly, 
stained cells were identified (FL1 vs. SSC), and then 
heterotrophic cells were discriminated from auto-
trophic cells following a 2-step process: first using 
FL3 vs. SSC and finally, FL3 vs. FL1 (Fig. S2). Gating 
and visualization of the flow cytometric data was done 
using FCSalyzer v.0.9.22-alpha (Mostböck 2021). 

Picophytoplankton (SYN and PPE) community 
composition was determined through 16S rRNA gene 
amplicon sequencing. Samples for DNA extraction 
were collected by filtering 500 ml of seawater through 
a 0.22 μm Sterivex membrane filter and were then 
stored at –80°C until extraction. The DNA was 
extracted using the FastDNA™ SPIN Kit for Soil from 
MP Biomedicals according to the manufacturer’s 
instructions with the addition of 1 h incubation with 
Proteinase K (20 mg ml–1, final concentration) at 
55°C. A 2-step PCR amplification was performed, as 
described in Mattsson et al. (2021), targeting the 
V3–V4 region of the 16S rRNA gene using the 341F 
and 805R primers (Herlemann et al. 2011). Samples 
were pooled at equal concentrations and sequenced 
using MiSeq Illumina technology (2 × 300 bp) at the 
National Genomics Infrastructure in Stockholm. 

The 16S rRNA gene amplicon data was denoised 
and screened for chimera removal with ampliseq 
(v1.1; https://github.com/nf-core/ampliseq), which 
runs on QIIME2 (2019.10; Caporaso et al. 2010) and 
DADA2 (1.10.0; Callahan et al. 2016). Taxonomy 
assignment of the amplicon sequencing variants 
(ASVs) was done using the SILVA 132 database with a 
90% identity threshold. The Shannon diversity index 
was calculated, and the bacterial community compo-
sition was observed to assess whether the dilution 
treatments in the experiment affected the overall bac-
terial community (e.g. shifts in community composi-
tion or loss of diversity). The utilization of 16S rRNA 
primers also results in the amplification of chloroplast 
sequences associated with eukaryotic cells (Hu et al. 
2016, Li et al. 2019). Consequently, we filtered the 
obtained sequences into 2 distinct data sets compris-
ing ASVs from SYN and chloroplasts. Each data set 
was subsampled to the level of the least deeply 
sequenced sample (SYN: 269; chloroplasts: 121) using 
scaling with ranked subsampling (Bec et al. 2005). 
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Chloroplast ASVs were mapped to the PhytoRef data-
base (Decelle et al. 2015) to identify the correspond-
ing species. ASVs affiliating with species classified 
with a diameter of <2 μm were identified as PPE. For 
the phylogenetic analysis for SYN, only ASVs that 
represented >1% of the total SYN reads were 
included. All ASVs were first aligned using ClustalW 
and later included in a maximum likelihood method 
in MEGAX software (Kumar et al. 2018) following the 
GTamura-Nei model (bootstrap values inferred from 
1000 replicates). The differences in community com-
position between treatments and experiments were 
analyzed by applying a permutational multivariate 
analysis of variance (PERMANOVA) comparing the 
community composition of dilution treatments with 
control treatments after 24 h. All statistical analyses 
were performed using R v.3.6.1 (R Core Team 2019) 
and the ‘vegan’ package (Oksanen et al. 2020). 

2.4.  Calculation of SYN and PPE growth and 
mortality rates 

SYN and PPE net growth rates (μenv, d–1) were cal-
culated according to Eq. (1): 

 
                        

                                                                                                 

(1) 

where Nt1 refers to the starting cell abundance (cells 
ml–1), Nt2 refers to the final cell abundance in the 
experiment (cells ml–1) and t refers to the number of 
experimental days. Specific growth rates (μ, d–1) were 
taken as the y-intercept, while the grazing (mg, d–1) 
and viral (mv, d–1) rates were derived from the slope 
from a simplified linear regression of μenv versus dilu-
tion (Liu et al. 1995). The slope from the 0.2 μm dilu-
tion series regression equation represented mg, while 
the slope of the 100 kDa dilution series represented 
mg + mv. 

The significance of each regression was determined 
to check whether the slopes were significantly differ-
ent from 0 (p = 0.05). If the regression of the 0.2 μm 
dilution series was not significant, mg = 0. Further-
more, an F-test was employed to assess the signifi-
cance of the differences between the regressions 
obtained within each experiment (p =0.05). The cal-
culations of mv were based on the criteria specified in 
Staniewski & Short (2018): 
(1) if both regressions were significant and significant -

ly different from each other: mv = (mg + mv) – mg; 
(2) if both regressions were significant but not signifi-

cantly different from each other: mv = 0; 
(3) if both regressions were not significant: mv = 0; 

(4) if mg was significant but mg + mv was not: mv = 
−mg; 

(5) if mg + mv was significant but mg was not: mv =  
mg + mv. 

Additionally, a power analysis was performed to 
test the sensitivity of the modified dilution approach 
to detect viral mortality (Kimmance et al. 2007), using 
the R package ‘pwr’ (Champley 2020). The power 
analysis was calculated at a significance level of 0.05 
and 2 tails while Cohen’s D (d) was calculated with 
Eq. (2): 

 
                        

 
(2) 

where Δb is the difference between the slopes of the 
regressions of the 2 dilution series and σmv+mg and σmg 
are the standard deviation of the 100 kDa and 0.2 μm 
series, respectively. If the power was <80%, mv was 
considered not determined (n.d.) since it was inter-
preted that the experiment lacked the sensitivity to 
detect the viral effect. 

The carbon biomass (B, μg C l–1) of PPE and SYN at 
the beginning of the experiment was calculated 
according to Eq. (3): 

                                     B = C × Nt1                                    (3) 

where C is the estimated cell carbon content of SYN 
and PPE (μg C cell–1). There are several C values for 
SYN and PPE available in literature (Buitenhuis et al. 
2012); in this study, we included all C values available 
for SYN and PPE from a literature compilation of con-
version factors (Alegria Zufia et al. 2021), obtaining 
one B value for each C. 

Production rates (P, μg C l–1 d–1) for SYN and PPE 
were calculated according to Eq. (4): 

                                          P = B–1                                      (4) 

The carbon transfer rate (F, μg C l–1 d–1) was calcu-
lated according to Eq. (5): 

                                       F = Bmg/v–1                                   (5) 

Since a different value for B was calculated for each C, 
corresponding P and F values were calculated for 
each B. 

3.  RESULTS 

3.1.  Nutrients, chl a, and phytoplankton 
 community (>5 μm) 

The temperature during the 24 h in situ incubations 
ranged from 20.3–23.3°C during Grazing 1 and 10.7–
16.0°C during Grazing 2 (Table 1, Fig. S3). Salinity 
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was the same in both experiments (7.15 PSU; Table 1). 
Initial nutrient concentrations were similar for PO4 
(0.38 μM for Grazing 1 and 0.38 μM for Grazing 2) and 
SiO2 (9.6 μM for Grazing 1 and 10.2 μM for Grazing 2) 
but NO3+NO2 was higher in Grazing 2 (0.51 μM) than 
Grazing 1 (0.35 μM; Table 1). During Grazing 1, day-
light was ~3 h longer and light intensity was higher 
than during Grazing 2 (Fig. S3). 

The initial concentration of chl a in Grazing 1 was 
higher than in Grazing 2 (3.3 and 1.9 μg l–1 respec-
tively; Table 1). After 24 h, the dilution gradient 
remained in the 50 and 90 treatments, measuring ~50 
and ~10% of the chl a concentration compared to that 
of W (Fig. S4). Phytoplankton biomass (>5 μm diame-
ter) had an initial concentration of 219 μg C l–1 in 
Grazing 1, and the phytoplankton community was 
dominated by cyanobacteria (55%; of which 92% were 
filamentous cyanobacteria) followed by ciliates (36%; 
Fig. S4). Over the 24 h incubation, the contribution of 
ciliates increased slightly in both the W and dilution 
treatments (50 and 90) and became the larger contrib-
utor to phytoplankton biomass. In Grazing 2, the ini-
tial phytoplankton biomass was 8.7 μg C l–1 and was 
dominated by ciliates (62%) followed by cyanobac-
teria (10%; Fig. S4). Dinoflagellates, Euglenophyta, 
Crysophyta, Chlorophyta, and Cryptophyta were also 
present in higher proportion than in Grazing 1 and 
showed various responses in the different treatments 
over the 24 h incubation. Nanoflagellates had an ini-
tial concentration of 1.1 × 104 cells ml–1 in Grazing 1 
and 5.3 × 104 cells ml–1 in Grazing 2 (Table 1). Ciliates 
had an initial concentration of 3.2 × 104 cells ml–1 in 
Grazing 1 and 4.4 × 104 cells ml–1 in Grazing 2 
(Table 1). 

3.2.  Picophytoplankton abundance and 
community composition 

Picophytoplankton were counted as 3 
populations: PPE, PE-rich SYN and PC-
rich SYN. PC-rich SYN were not observed 
in either of the experiments. The initial 
SYN cell abundance was lower in Grazing 
1 than in Grazing 2 at 1.1 × 105 and 2.6 × 
105 cells ml–1, respectively (Table 1). PPE 
cell abundances were similar for both ex-
periments at 3.0 × 104 and 2.7 × 104 cells 
ml–1, respectively (Table 1). In Grazing 1, 
initial PPE biomass was higher than SYN 
(SYN median value: 19.7 μg C l–1, PPE 
 median value: 29.2 μg C l–1), while in Graz-
ing 2, initial SYN biomass was higher than 
PPE (SYN median value: 44.3 μg C l–1, PPE 
median value: 26.7 μg C l–1; Fig. S5). 

The analysis of the 16S rRNA gene libraries compo-
sition revealed that the Shannon diversity index 
remained constant throughout Grazing 1 and Grazing 
2, confirming that the dilution did not affect diversity 
(Fig. S6). At the start of Grazing 1, the bacterial com-
munity was dominated by cyanobacteria (42%) and 
proteobacteria (17%). After 24 h, cyanobacteria de -
creased while the proteobacteria contribution in -
creased and dominated the community. At the start of 
Grazing 2, the bacterial community was dominated by 
actinobacteria (39%) and proteobacteria (23%; Fig. S4). 
The bacterial community remained stable after 24 h 
with the exception of 90-V, where actinobacteria con-
tribution decreased and proteobacteria increased. 

SYN sequences had an average relative contrib-
ution of 3.2 and 4.4% to the total bacterial community 
at the start of Grazing 1 and Grazing 2, respectively. 
The phylogenetic analysis showed that the SYN com-
munity was formed by S5.1, S5.2/B (S5.2 and clade B 
could not be separated by the analysis), and clade A 
(Fig. S7). Observations on the data set filtered for 
SYN sequences showed that the starting SYN com-
munity composition differed between experiments. In 
Grazing 1, the SYN community was dominated by 
S5.2/B, followed by clade A (Fig. 2A). In Grazing 2, 
the starting community was dominated by clade 
S5.2/B, followed by A and S5.1. In Grazing 1, PERM-
ANOVA showed significant differences in the com-
munity composition among treatments. After 24 h in 
the 90 treatment, S5.2/B had a mean 14% higher con-
tribution, and clade A and S5.1 had a 40 and 27% 
lower contribution, respectively compared to the W 
treatment (Table 2, Fig. 2A). No significant differ-
ences were observed in Grazing 2. 
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                                                                 Grazing 1                        Grazing 2 
Date                                                  10 August 2020          14 September 2020 
 
Temperature (°C)                             21.28 ± 0.69                   11.48 ± 0.43 
Salinity (PSU)                                           7.15                                   7.15 
NO3+NO2 (μM)                                0.35 ± 0.04                     0.51 ± 0.12 
PO4 (μM)                                             0.38 ± 0.04                     0.38 ± 0.01 
SiO2 (μM)                                            9.60 ± 0.67                     10.2 ± 0.92 
Chl a (μg l–1)                                        3.3 ± 0.3                          1.9 ± 0.0 
Phytoplankton (mg C m–3)            219.0 ± 109                     8.65 ± 9.01 
SYN (cells ml–1)                                   1.1 × 105                          2.6 × 105 
PPE (cells ml–1)                                    3.0 × 104                          1.9 × 104 
Nanoflagellates (cells l–1)       1.1×107 ± 1.3×106       5.3 ×106 ± 8.1×105 
Ciliates (cells ml–1)                   3.2×104 ± 1.4×104       4.4×103 ± 4.8×104

Table 1. Initial conditions of the Grazing 1 and Grazing 2 experiments. 
Temperature and salinity were measured in situ. NO3+NO2, PO4, SiO2, chl 
a, phytoplankton, photosynthetic picoeukaryotes (PPE), picocyanobac -
teria (SYN), nanoflagellates, and ciliates were measured from the experi- 

mental bottles (data are presented as mean ± SD)
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Chloroplast sequences had an average relative con-
tribution of 3.4 and 3.7% to the total 16S rRNA gene 
amplicon sequencing libraries at the start of Grazing 
1 and Grazing 2, respectively. At the beginning of the 

experiments, Chrysophyta dominated the chloroplast 
sequences in both Grazing 1 (relative contribution 
57%; Fig. 2B) and Grazing 2 (relative contribution 
29%; Fig. 2B). A total of 19 ASVs affiliating with PPEs 
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Fig. 2. (A) Picocyanobacterial (SYN) clade composition based on 16S rRNA gene V3–V4 amplicon sequencing in Grazing 1 
and Grazing 2 and (B) chloroplast sequences in Grazing 1 and Grazing 2 at the initial time point (0) and after 24 h in situ incu-
bation. Treatments consisted of a seawater control treatment (W), seawater diluted to 50% (50) and 90% (90) with grazer-free 
water in Grazing 1 and Grazing 2. Additionally, Grazing 2 involved an extra set of dilutions to 50% (50-V) and 90% (90-V) with  

virus-free water
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were identified as chlorophytes of the Phylum 
Mamiellophyta (Table 3). The chloroplast identifica-
tion provides an approximation of the PPE commu-
nity; however, it does not provide a complete list of 
the PPE community and thus no statistical analysis 
was performed on them. 

3.2.  Mortality, production, and carbon transfer 
rates 

Grazing rates on SYN (Grazing 1: –1.1 d–1, F1,7 = 
45.48, p < 0.001; Grazing 2: –0.24 d–1, F1,7 = 8.05, p < 
0.025) were equal to the growth rates in both experi-
ments (Grazing 1: 1.1 d–1; Grazing 2: 0.24 d–1; Table 4, 

Fig. 3A,C). Grazing rates on PPE (Grazing 1: –0.62 d–1, 
F1,7 = 73.74, p < 0.001; Grazing 2: –0.31 d–1, F1,7 = 
5.72, p < 0.048) exceeded the growth rates in both ex-
periments (Grazing 1: 0.49 d–1, Grazing 2: 0.025 d–1; 
Table 4, Fig. 3B,D). The regression lines in the 100 kDa 
dilution series in Grazing 2 were not significant for 
either SYN or PPE (SYN: F1,7 = 1, p = 0.15; PPE: F1,7 = 
0.001, p = 0.97) and were not significantly different 
from the 0.2 μm dilution series (SYN: F1,14 = 1.69, p = 
0.21; PPE: F1,14 = 1.18, p = 0.58); hence, mv = –mg in 
both SYN (mv = 0.24 d–1; Table 4) and PPE (mv = 
0.31 d–1; Table 4). The power analysis indicated that 
the experiment had enough sensitivity to determine 
mv in SYN (σmv+mg = 0.82, σmg = 0.09, power = 94%); 
however, it lacked the sensitivity to determine mv in 
PPE (σmv+mg = 0.60, σmg = 0.13, power = 32%); hence, 
mv in PPE was treated as ‘not determined’ (Table 4). 

The production and carbon transfer rates to higher 
trophic levels were calculated based on the growth 
and grazing rates. In Grazing 1, SYN had a higher 
median production than PPE (SYN median value: 
25.6 μg C l–1 d–1; PPE: 4.2 μg C l–1 d–1), while in Graz-
ing 2, SYN had higher production rate than PPE (SYN 
median value: 1.5 μg C l–1 d–1; PPE: 0.1 μg C l–1 d–1; 
Fig. S5). The low primary production rate for PPE was 
a result of the negative growth rate in Grazing 2. Car-
bon transfer rates were higher for SYN compared to 
PPE in Grazing 1 (median values, SYN: 25.6 μg C l–1 
d–1, PPE: 7.1 μg C l–1 d–1), but similar in Grazing 2 
(median values, SYN: 1.5 μg C l–1 d–1, PPE: 1.8 μg C 
l–1 d–1; Fig. 4). 
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ASV ID               Acc. Number        Acc. Number          Species                                             ID (%)           Counts in       Counts in  
                                (PhytoRef)                (NCBI)                                                                                                   Grazing 1        Grazing 2 
 
ASV_01207               4604                   FN563099             Bathycoccus prasinos                     100                      0                        12 
ASV_01799               4604                   FN563099             Bathycoccus prasinos                     100                      2                         0 
ASV_00387                765                                                     Micromonas pusilla                         100                     21                     409 
ASV_00469               4487                   FN563097             Micromonas pusilla                         100                      0                      295 
ASV_00353                168                                                     Micromonas sp.                                100                     98                     443 
ASV_01973               6245                 NC_012575           Micromonas sp.                                94.2                     1                         0 
ASV_01374                672                                                     Ostreococcus lucimarinus             98.6                     0                         7 
ASV_01916                167                     AY702161             Ostreococcus sp.                              96.7                     0                         1 
ASV_00320                683                     AY702141             Ostreococcus tauri                           100                      0                      412 
ASV_00528               6244                 NC_008289           Ostreococcus tauri                           100                      0                      219 
ASV_01103               6244                 NC_008289           Ostreococcus tauri                          99.8                     0                        17 
ASV_00944                748                                                     Picochlorum sp.                                98.9                     0                        30 
ASV_00312                 32                      AY702125             Rhizochromulina sp.                       95.6                    95                     485 
ASV_00427                 32                      AY702125             Rhizochromulina sp.                       96.6                   167                      0 
ASV_00464                 32                      AY702125             Rhizochromulina sp.                       96.6                   127                      0 
ASV_00577                 32                      AY702125             Rhizochromulina sp.                       95.8                    49                      87 
ASV_00695                 32                      AY702125             Rhizochromulina sp.                       95.3                     0                         6

Table 3. Amplicon sequence variants (ASVs) affiliated with photosynthetic picoeukaryotes (PPE) in the Grazing 1 and Grazing 
2 experiments. Accession numbers (PhytoRef and NCBI), species identification, and % identity are also given along with the  

number of counts in each experiment

SYN                 df        SS          MS    F model      R2       Pr(>F)  
 
Grazing 1                                                                                          
Treatment       2      0.115     0.057     8.244      0.767     0.018* 
Residuals        5      0.034     0.006                     0.232                  
Total                 7      0.149                                         1                      
Grazing 2 
Treatment       4      0.108     0.027     0.807      0.287     0.655   
Residuals        8      0.267     0.033                     0.712                  
Total                12     0.375                                         1              

Table 2. PERMANOVA analysis comparing the 16S rRNA 
gene libraries of picocyanobacteria (SYN) and chloroplasts 
within treatments and time points for the Grazing 1 and 
Grazing 2 experiments. SS: sum of squares; MS: mean  

squares; *p < 0.05
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4.  DISCUSSION 

The combination of the modified dilu-
tion approach (Evans et al. 2003) with a 
detailed analysis of community structure is 
a method that allows us to study the effect 
of grazing and viral mortality on specific 
taxa (Cram et al. 2016). This setup operates 
under the assumption that growth rates 
remain constant after the dilutions, allow-
ing fast-growing organisms with high mor-
tality rates to increase in abundance. In 
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                                                                    SYN                                   PPE 
                                                     Grazing 1   Grazing 2      Grazing 1   Grazing 2 
 
Net growth rate (μenv)                 0.12           0.026          –0.10         –0.24      
Specific growth rate (μ)              1.1              0.24               0.49           0.025 
Grazing mortality (mg)            –1.1          –0.24            –0.62         –0.31      
% of daily production grazed      100              100                 126            1240 
Viral mortality (mv)                       –              0.24                 –        0.31 (n.d.) 

Table 4. Growth and mortality rates (d–1) from the Grazing 1 and Grazing 2 
experiments for picocyanobacteria (SYN) and photosynthetic picoeuka-
ryotes (PPE). If the power was <80%, mv was considered not determined  

(n.d.)
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this study, 2 experiments (Grazing 1 and Grazing 2) 
were performed which represented bloom and post-
bloom microbial communities in the Baltic Sea 
Proper. To mimic natural conditions, incubations 
were done using in situ incubation arrays. Grazing 1 
exhibited higher temperatures and lower NO3 con-
centrations than Grazing 2, displaying typical physio-
chemical characteristics of the respective seasons 
(Alegria Zufia et al. 2022, Fridolfsson et al. 2023). The 
experiments provide novel insights about the mortal-
ity pressure of different functional groups of picophy-
toplankton. 

For SYN, equal levels of mortality (grazing and viral 
lysis) and growth rates were observed, suggesting a 
tight coupling between the processes. Grazing may 
stabilize the accumulation of SYN in temperate 
(Hunter-Cevera et al. 2020) and sub-tropical regions 
(Tsai et al. 2008). Thus, we hypothesize that grazing is 
an important factor for keeping SYN abundances at 
~105 cells ml–1 during the summer–autumn period in 
the Baltic Sea (June–October; Fig. S3) (Kuosa 1991, 
Mazur-Marzec et al. 2013, Alegria Zufia et al. 2021). 
Such dynamics are common in other high-latitude 
locations, where phytoplankton peak abundances are 
determined by a trade-off between temperature, 
nutrient availability, and the time required for grazers 
to reach critical biomass where grazing rates equal 
growth (Landry et al. 2002, Verity et al. 2002, 
Schmoker et al. 2013). In the Baltic Sea Proper, time 

series observations and nutrient bioassay experi-
ments revealed that SYN growth is strongly limited by 
nitrogen before reaching peak abundances during 
the summer bloom (Alegria Zufia et al. 2021). Further 
experiments using a modified dilution approach dur-
ing the early stages of the summer bloom could offer 
relevant information about the role of grazers in con-
trolling environmental SYN abundances. 

Grazing rates on PPE were higher than growth 
rates, which indicates that grazing could be a factor 
determining PPE bloom decline (Kimmance et al. 
2007, Fowler et al. 2020). Previous reports in the Baltic 
Sea during mid-summer showed that SYN was more 
intensively grazed than PPE (Reckermann 1996). 
However, during the time of the experiments, a 
higher proportion of PPE production than SYN pro-
duction was lost to grazing, in line with most observa-
tions in marine environments (e.g. Samuelsson & 
Andersson 2003, Worden et al. 2004). The results of 
this study are among the few reports of the largely 
unknown PPE composition and dynamics in the Bal-
tic Sea, despite its ecological relevance in productive 
coastal areas (Kuosa 1991, Tamm et al. 2018, Alegria 
Zufia et al. 2021, 2022). 

Median carbon transfer rates of the total picophy-
toplankton community (SYN and PPE) (Grazing 1: 
32.6 μg C l–1 d–1; Grazing 2: 3.2 μg C l–1 d–1) were in 
a  similar range as a study in the Gulf of Riga based 
on  tritiated thymidine incorporation experiments 
(summer: 35.1 μg C l–1 d–1; autumn: 14.6 μg C l–1 d–1; 
Donali et al. 1999). In that study, picophytoplankton 
had a large contribution to the total primary produc-
tion: 65% during summer and 44% during autumn. 
These results suggest that picophytoplankton carbon 
transfer rates during late summer are also important 
in the Baltic Sea Proper. Furthermore, the experimen-
tal results showed that carbon transfer rates were 
higher for SYN despite PPE’s dominance in terms of 
biomass and production in Grazing 1. This indicates 
that SYN, although it is very small and is considered a 
low-quality food (Christaki et al. 2002, Apple et al. 
2011), is a significant contributor to carbon cycling as 
previously indicated by (Kuosa 1991). 

Observations on viral mortality rates generally 
range between –0.1 and 0.1 d–1 (Staniewski & Short 
2018). Moreover, the methodological limitations asso-
ciated with the modified dilution approach have led 
authors to conclude that this method lacks the power 
to consistently detect mortality rates of <0.1 d–1 
(Kimmance et al. 2007, Staniewski & Short 2018). 
In this study, mv > 0 was observed for SYN (0.24 d–1), 
but the experiment lacked the sensitivity to detect 
the viral effect for PPE (Kimmance et al. 2007). Future 
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Fig. 4. Carbon transfer rates from each experiment (Grazing 
1 and Grazing 2) for picocyanobacteria (SYN) and photosyn-
thetic picoeukaryotes (PPE). Rates were calculated based on 
all the C values available for SYN and PPE from a literature 
compilation of conversion factors (Alegria Zufia et al. 2021). 
Boxplots represent median and 25–75% interquartile non- 

outlier range; points beyond are outliers
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studies might consider increasing the dilution of the 
treatments to increase the power to detect viral mor-
tality rates (Staniewski & Short 2018). Dilution 
approaches with higher dilution levels have the 
advantage that they can accurately detect non-linear 
responses. However, a recent study indicated that 
2-point dilution, as used in this study, and 4- to  
5-point dilution methods result in similar rate esti-
mates for growth and mortality (Morison & Menden-
Deuer 2017). It should also be taken into account that 
the present study represents a single measurement 
that took place during late summer, whereas studies 
that included experiments across different seasons 
showed that viral mortality was more prevalent 
 during cold seasons (Wells & Deming 2006, Tijdens  
et al. 2008). Therefore, it would be necessary to per-
form repeated studies across different seasons to 
understand the role of viruses in picophytoplankton 
mortality. 

The Baltic Sea is warming rapidly (Neumann et al. 
2012, Meier et al. 2019). Warmer temperatures are 
expected to decrease overall phytoplankton biomass 
while increasing picophytoplankton biomass (Bopp 
et al. 2013, Cabré et al. 2015, Legrand et al. 2015). 
Time-series observations in other environments indi-
cate that SYN has a competitive advantage over PPE 
under climate change conditions (Schmidt et al. 
2020), thus higher contributions of SYN to the carbon 
transfer pathways could be expected. Microzoo-
plankton (flagellates and ciliates) are considered the 
main grazers of SYN, and different SYN strains can 
significantly affect their growth efficiency (Apple et 
al. 2011). In Grazing 1, the significantly lower contrib-
ution of clade A in the 90% dilution compared to the 
control could indicate that this clade is selectively 
grazed, while the higher contribution of clade 5.2/B 
in the same treatment could indicate higher grazing 
resistance by this clade. Clades A and B have been 
observed to dominate SYN communities in the Baltic 
Sea Proper, particularly during the autumn to spring 
period in the Baltic Sea (Alegria Zufia et al. 2022). 
Thus, grazing may play an important role in SYN 
community structure and dynamics. Recent observa-
tions in the Baltic Sea revealed that SYN may also be 
an important food source for mesozooplankton dur-
ing summer, and that the preference towards SYN can 
be different among mesozooplankton species (Mot-
wani & Gorokhova 2013, Novotny et al. 2021). 
However, SYN lacks elemental biomolecules neces-
sary for mesozooplankton growth (Patil et al. 2007, 
Jónasdóttir 2019, Ruess & Müller-Navarra 2019). 
Thus, to make accurate assessments on the fate of the 
energy transfer through the trophic chain under cli-

mate change conditions, we first would need to 
understand how the growth of different species of 
grazers is affected by an increase of SYN abundance 
over PPE. 

In summary, this study shows that grazing is an 
important control for picophytoplankton during the 
late summer in the Baltic Sea. SYN mortality was 
tightly coupled with growth while PPE grazing effec-
tively reduced its biomass. In the case of SYN, results 
indicate that grazing may have an important role in 
SYN community composition and seasonality. Since 
SYN abundance and community composition under -
go strong seasonal changes, similar studies should be 
conducted over longer timescales to further to under-
stand the relationship between grazing and viral mor-
tality with SYN seasonal dynamics. Picophytoplank-
ton grazing also showed high contributions to the 
carbon pool relative to the rest of the phytoplankton 
community, potentially situating this size fraction as 
one of the most important components of the phyto-
plankton community during summer. 
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